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Chapter 1

Introduction
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1.1.1 One Hydrodynamic limit of Boltzmann equation . . . .. . ... ... .. ... 6
1.1.2 The Linear Boltzmann equation limit . . . . . . ... ... ... .. ..... 9
1.1.3 Deterministic resolution schemes to solve (1.22) and (1.30) . . ... ... ... 11
1.1.4  Stochastic resolution schemes to solve (1.22) and (1.30) . . ... ... ... .. 12
1.2 V&V: the role of numerical analysis, UQ and HPC . . . .. ... ... ... 13
1.2.1 Verification & Validation (V&V) . . . . . . . ... . oL L 13
1.2.2 Numerical analysis: the main tool for verification . . . . . . . .. ... ... .. 14
1.2.3  Uncertainty Quantification (UQ): the main tool for validation . . . . . . . . .. 14
1.2.4 Numerical/uncertainty analysis as tools for V&V and the role of HPC . . . . . 15
1.3 Few words on the content and style of this document ... ... ... ... 19
1.3.1 Content and ... . . . ... L 19
13.2 U Style oo 20
1.3.3 Few words on the notations and the presentation tricks . . .. .. .. .. ... 20

This document presents my research contributions to two fields of application: uncertainty quan-
tification for systems of conservation laws (part II), and the numerical (Monte-Carlo) resolution of the
(linear and nonlinear) deterministic Boltzmann equation (part III). Basically, in part II, we present some
strategies to solve stochastic partial differential equations (PDEs) with deterministic methods whereas
in part III we solve deterministic PDEs with stochastic resolution schemes. At first glance, the two
topics may appear different if not orthogonal. In this introductory part, we explain in which sense both
subjects are parts of the same research topic. We suggest two ways to emphasize their common points:

— in section 1.1, we insist on the fact that two models are mainly studied in this document, systems of
conservation laws and the (linear and nonlinear) Boltzmann equation. We first recall they are two
limits of the same more general quadratic Boltzmann equation. There exists several ways to derive
those limits and they are of importance in this document. For this reason, we take few pages to
briefly introduce them to obtain the two main models studied in this manuscript. We also briefly
go through the common resolution schemes for those two limits and put forward analogies: some
well-known numerical methods applied in one field of application can be very useful in the other
once some similarities noticed. It opens to new ideas, new models and new numerical methods
inspired from one field to the other.

— On another hand, in section 1.2, instead of focusing on the models we are solving in parts IT and
II1, we focus on the purposes we aim at achieving with these models in a Verification & Validation
(V&V) context. V&V provides the basic bricks for someone willing to compare efficiently experi-
mental and numerical results. We will see that in part II, we aim at quantifying probabilistically



the fluctuation/discrepancy between experimental observations and numerical results (validation).
On another hand, in part ITI, we focus on reducing the numerical error of Monte-Carlo simulations
(verification).

In brief, in this document, we deal with two models, two different goals with respect to these two models
because of two different needs with respect to V&V. The common objective remains we aim at providing
better simulation codes, improving their capabilities and ensuring better physical interpretations.

1.1 The (quadratic) Boltzmann equation and two of its limits

In this section, we do not aim at being exhaustive on the quadratic Boltzmann equation, its conditions
for relevance [18] nor the resolution strategies for systems of conservation laws or the linear Boltzmann
equation. The material is mainly taken from [207, 248, 128, 60, 18] and rearranged so that it helps
putting forward that the research contributions presented in this document are linked, intertwined and
first steps of an ongoing scientific project.

The (quadratic) Boltzmann equation models the properties of dilute gases by statistically analysing
the elementary collision processes between pairs of molecules. By statistically, we mean it does not aim
at characterising the positions and velocities of each particles of the gases but the probability distribution
f(x,t,v) > 0 of having particles at position x = (71,22, 23)" € D C R3, velocity v = (v1,v2,v3)! € R?
and time ¢t € [0,7] C RT. The unknown consequently depends on 3(x) + 1(¢) + 3(v) = 7 independent
variables. The probability distribution f is in a 7—dimensional space and is vectorial for a mixture of
M different species of non-reacting mono-atomic particles of masses (mi)i€{17.__, M}

f(x,t,v) = (f1(x,t, V), ..., far(x,,V))".

Bach (fi)icf1,...,m3 > 0 denotes the probability distribution for species ¢ and satisfies a coupled nonlinear
integro-differential equation Vi € {1,..., M}

6tfi(x7 t, V) + Vaxfz’(X7 t, V) + FZ‘(X, t, V)avfi(xa t, V) = Qi(fia f)(X, t, V)' (11)

In the above equation, F; denotes the force applied to particle i and the coupling between species is
made via (Q;)icq1,...,my}, the collision kernels. These kernels are given by Vi € {1,....,. M}

M
Qi(fiaf)(x’t7v):ZQi,j(fi)fj)(x?t7v)? (12)

j=1
with

Qi (fi, f3)(x,t,v) =

v Vil (v VG b VAV V) 6 V)~ Fie b s v v )
They are built considering interactions resulting solely from two particles (hence the gquadratic denomi-
nation) that are assumed to be uncorrelated prior to the collision (molecular chaos, see [18, 251, 159]). In
(1.3), the term o; ; denotes the scattering differential cross-sections between species i and j. It describes
the probability of binary collisions between i and j together with the probability for a certain change of
velocities, from v and v; to v/ and v;-. The expression of the scattering kernels with respect to v/ ,v;-
may be too general here (one can for example explicit the relations v’(v,v;) and v/(v,v;) based on

J
kinematic considerations, see [248, 128, 60] and [32]'), but it is not central to illustrate our purpose. Let

IThe notations of this document are very close to the one of this paper regarding collision kernels.



us rewrite system (1.1) in a more concise form by introducing

M

f(x,t,v,A) = Zfi(x7tvv)§i()‘)’
i—1

F(x,t,v,\) —ZF‘XtV )i (M),
i= 1

Q(f, F)(x,t,v,\) Z (fir (%, £, v)8;(N).

Hence, equation (1.1) can be rewritten as a scalar concise equation
O f(x,t, v, A) + vOx f(x,t, v, A) + F(x,t, v, \)Oy f(x,t,v,A) = Q(f, /) (x,£,V, A). (1.4)

Of course, integrate with respect to A in the above expression and we recover (1.1). Expression (1.4),
equivalent to (1.1) but expressed with respect to an additional parameter A, may appear unconventional
but prepares some discussions for the construction of MC scheme? in part III. The global collision kernel
Q(f, f) satisfies conservation properties for

M
mass: [[atpxevmnavar =3 [Qufnety) mdv <o
iijl
momentum: //Q(f, (x,t,v)m(A)vdvdA = Z/Qi(fi,f)(x,t,v) m;vdv =0, (1.5)
. i]\:/[l
energy: [t pixevmgivPavar =3 [ Qi nety) mbvPar —o
i=1

Note that in the above expression, we have m(\) = Zf\il m;0;(A). The kernel also satisfies (a multi-
species version, see [44, 89]) of the H-theorem, i.e. we have?

at/f(x,t,v) ln(f(x,t,v))dv+8x/vf(x,t,v) In(f(x,t,v))dv = /Q(f7 Hx,t,v)In(f(x,t,v))dv <0.

It implies that any local equilibrium is the minimum of the above Boltzmann entropy and has the
form of a local Maxwellian measure [18]: recall v is three dimensional, i.e. v = (vy,v2,v3)%, so that
dv = dv;dvedvs. Then the Maxwellian measure for particle of type ¢ is given by

3
My, wr(x,t,v)dv = [[ My, ;.2 (x,1,05)dv;. (1.6)

=1

n (1.6), u(x,t) = (u1(x,t),uz(x,t),u3(x,t))t and

N4 m; B 4|vi—ui(x,t)|2 1
M) = )0 s (o Ml ). (1.7

with j € {1,..., M} and i € {1,2,3}. If f satisfies the above described equilibrium property, the first

2See how expression (10.62) is built for example.
Swhere f(x,t,v) = /f(x,t,v7 A)dA.



three moments of f are given by

/ m(A) f(x,t,v,\) dvdA = p(x,t), which defines the mass density,

1 m(A) f(x,t,v,\) vdvdA =u(x,t), which defines the bulk velocity, (1.8)

o n) [ ™
e /m(/\)f(x, t,v,\) %|V —u(x,t)[?dvd\ = T(x,t), which defines the temperature,

—_

where p(x,t) = vai1 m;n;(x,t) with n;(x,t) = [ fi(x,t,v)dv, Vi € {1,..., M}. The problem of existence
and uniqueness of solutions, stability around global equilibrium in short/long times etc. of the quadratic
Boltzmann equation must come with proper initial and boundary conditions. Some questions regarding
the previous considerations are still not fully resolved [128, 248, 44, 91, 131]. We keep those kind of
theoretical considerations and discussions for the particular cases treated in parts II and III.

Now, to understand the logical structure of this document, it is enough considering a mixture of only
two species of particles, i.e. we have M = 2: we consider H—particles*, described by fz(x,t,v) > 0,
and [—ones® described by fi(x,t,v) > 0. In this case (1.1) resumes to

Orfu(X,t,v) + vOx fu(x,t,v) + Fr(x,t,v)0y fu(x,t,v)

= Qu(fu, fi)(x,t,v),

= Quu(fu, fu)xt,v)+ Qu.(fu, fi)(x,t,v),
O fi(x,t,v) + vOx fi(x,t,v) + Fi(x,t,v)0y f1(x,t,V)

= Ql(fHafl)(Xat7v)a

= Qui(fi, )%, t,v) + Quu (fi, fr)(x,t, V).

Such kind of model is, for example, intensively used in plasma physics. The heavy particles would be
ions whereas the light ones would be electrons. The forces applied depend on the electric and magnetic
fields. The ion-ion collisions kernels could then model fusion reactions for example.

In the following sections, we study two asymptotical limits for system (1.9) which are central in the
document.

(1.9)

1.1.1 One Hydrodynamic limit of Boltzmann equation

The first limit of equation (1.9) corresponds to the hydrodynamic one. The material of this section
is inspired from [207, 128, 248], only slightly simplified to illustrate our purpose. To describe this
first asymptotical limit, it is enough considering species H is alone, i.e. we have f;(x,t,v) = 0. The
methodology we present remains true and applicable for a mixture, see [207], the resulting model is
only more complex and longer to introduce. Suppose furthermore the force applied to the particles is
negligible, (1.9) simplifies to the scalar equation

Oufu(x,t,v) + vOx fu(x,t,v) = Qu.u(fu, fu)(x,t,v). (1.10)

Let us introduce

Xx=x*X,v=vVt=1t*T,
_ % 1 (1.11)
OH,H = O-H’H)\HH’
where the upperscript * denotes a nondimensional variable. Quantity X corresponds to a macroscopic ob-
servation length scale, Ay g corresponds to the microscopic mean free path of the particles, V corresponds
to the bulk velocity and 7 is the observation time scale. Let us introduce fj;(x*,t*,v*) = fu(x,t,v),
then (1.10) can be rewritten

A0 Fiy (717, V7) + V7 B [ (X1, v7) = Ajﬂ Qi (firs i) (", 5,v7). (1.12)

4H will stand for Heavy.
5] will stand for light.



Dropping the upperscripts *, we can rewrite (1.12) as
Str S (%, 1,v) 4+ VO f1r(%,1,v) = 7= Qurt (Jrr, fro)(x.1,v). (1.13)

In the above expression, Si,. = % is commonly called the Strouhal number and K,, = AHTH the Knudsen

number. Assume K, ~ 0, then local thermodynamic equilibrium is reached almost instantaneously and
fa(x,t,v) ~ M, r(x,t,v). The state of the gas is only determined by the thermodynamic fields p, u, T
In this document, we distinguish three ways to formally derive the different hydrodynamic limits, i.e. to
identify the system of equations satisfied by the thermodynamic fields p,u, T in the stiff regime K, ~ 0:

— applying the extended thermodynamic moment closure, as described in [207], consists in first writing
the local conservation laws

at/me(x,t,v)dv +8x/mfo(x,t,v)dv =0,
/mfo x,t,v)dv +0x /mv@fo(x t,v)dv =0, (1.14)

/m—fotvdv 404 /mv—fotv)dv:O.

In the above expression, we used the conservation relation satisfied by the collision kernel (1.5).
The system is called a system of (hierarchical) moments: the flux of an equation is the unknown of
the next one. It is not closed. The second key ingredient of the extended thermodynamic moment
closure consists is assuming the solution fy minimizes the entropy

s(f)(x,t):/f(x,t,v)ln(f(x,tv))dv. (1.15)

Due to the H-theorem and the choice of considering only the first three moments®, it results in as-
suming f ~ M, 7. The successive moments for the hydrodynamic fields, namely the macroscopic
density p(x,t), the bulk velocity u(x,t) and the temperature T'(x,t) associated to fy(x,t,v) as in
(1.8) satisty:

[mintxtn 1 av = pxeo),
/me(x,t,v) v; dv = p(x, t)u;(x,t), Vi e {1,2,3},
/me x,t,v) v dv

2
A%
[msattw) B av = doee i ol + ot oz,

p(X, t)uz (Xa t)uj (X7 t) =+ 5i,jp(xa t)T(Xa t)7 VZL] € {17 27 3}7

2
v .
/me X, t,V) | 2| v, dv =y (%p(x, tu(x,t)> + %p(x, T (x, t)) , Vied{l,2,3}.
In term of thermodynamic quantities, (1.14) can be rewritten

Op(x,t) +0x (p(x,t)u(x,t)) =0,
Op(x,thu(x,t) +0x (p(x,t)u( I3)=0 (1.16)
3tp(X7 t)e(X, t) +ax (p(X, t)u(x, 3 e(x,

In (1.16), I3 is the identity matrix of size 3, e(x,t) = £(x,t) + 3|u(x,t)|*> and the closure relations
are given by

e(x,t) = %T(x7 t) and p(x,t) = p(x,1)T(x,t) = (v — 1)p(x, t)e(x,t) with v = g (1.17)

System (1.16) together with the closure relation is called the Euler system for a perfect mono-atomic
gas (relative to y = 3). System (1.16) enters the more general fields of systems of conservation laws

6This can be generalized to an arbitrary number of moments.



which are studied, from an uncertainty quantification point of view, in part II. The way the system
is closed, applying the extended thermodynamic moment closure only up to the third moment, is
also known as the M,, closure model with n = 3, i.e. the M3 model. It is generalized to uncertain
systems of conservation laws in part II.

— On another hand, the same hydrodynamic limit can also be recovered performing a Hilbert de-
velopment [128, 248, 143]. It consists in assuming 7~ = O(3) together with S, = O(1) and

expanding fp as a formal power serie fy(x,t,v) = > po, fE(x,t,v)6* which, once plugged into
the dimensionless equation (1.13), leads to

0 0 . Q{I,H(f%,f%) .
) Juo + vy RELE _ [QH’Hoo(fH’fH) +QH’I_{(fff’fH)] ’ . (1.18)
> fiot > fhe* > Quulfin fi)s*
k=2 k=2 k=2 i+j=k

The equations governing the coefficients fF are obtained equating the coefficients multiplying the
successive powers of §. Order 0 (i.e. 6%, first line in (1.18)) gives

QH,H(fj('-JIa ?1) 207

and we recover the leading order f% is the local Maxwellian, of the form (1.6). In other words, the
leading order is solution of the Euler system up to O(9)

ip°(x,t) +0x (p°(x, t)u’(x, t)) = 0(9),
0P’ (x, )ul(x,t)  +0x (p°(x, t)ul(x,t) @ u®(x,t) +p (x,t)13) = 0(9), (1.19)
0ep” (x,8)e’(x,1)  +0x (p°(x, )u’(x,8)e’(x, 1) + u’(x,1)p"(x,1)) = O(9),

with the same closure relations (1.17). Naturally, the Hilbert development allows considering
fluctuations around the leading order 0 by studying orders 1,2, ... (i.e. 61,62, ... and the next lines
of (1.18)) etc. to derive finer corrections. The first order equation is solution of

Oufir +voxfiy = QUfer, fir) + Q(fh. fir), (1.20)

and leads to the Navier-Stokes system, see [128], once plugged into (1.19) and after the introduction
of some O(6?) viscous corrections. Hilbert developments are central in both parts of this document:
in part II they are a useful tool to bridge the gap between perturbation models and Polynomial
Chaos ones (see section 7). In part III, they are used to identify particular (stiff) regimes and make
sure the (Monte-Carlo in part III) resolution scheme we build allows capturing the limit with a
good accuracy. Other different expansions can be encountered in the literature: for example the
Chapman-Enskog development [248, 62] is based on an expansion of general structure fg(x,t,v) =
Mur(x,t,v)(1 4+ O(5)) and consequently requires an a priori hypothesis”.

hsY
—~ =

— Grad’s development is another example of asymptotical expansion to derive limits of the Boltzmann
equations [207]. Tt is based on the identification, up to a certain order, of the coefficients (f¥)ren
in the serie

t,
ZfH (x, V)alﬁv k2

k=0

ak1+k2+k3 k
( ) My ur(x,t,v), (1.21)

’Uzakd V3

once plugged in the Boltzmann equation. It does not rely on any assumption on the form of
the distribution, it is only assumed not too far from the Maxwellian distribution: the first order
f# captures fluctuations around M u,r. Each derivative of the Maxwellian with respect to the
velocity components (v1, v, v3)

akl +ko+ks=k

Hy(vi,v2,v3) = /——F————
8k1 U1 8k2 Ugak?’ V3

Mp,u,T(Xv ta V))

"The Maxwellian form of the O(1) coefficient is assumed and not deduced from an analysis as for the Hilbert one.



corresponds to the k" component of the three dimensional Hermite polynomials, see [5, 117,
207]. Grad’s 13 moments model is based on such development of the Boltzmann equation onto
the components of the (3D) Hermite basis: very similar developments are central in part IT in
an uncertainty quantification context, especially with the introduction of Polynomial Chaos (see
remark 3.1).

Along the previous lines, we built, via different ways, a reduced model from the quadratic Boltzmann
one. The latter is relevant in many regimes (it is intensively used to model rarefied gas, i.e. when K,,»0)
but more complex to solve than Euler system when hypothesis K, ~ 0 applies. The aim of part II is
also to present the construction of reduced models designed to capture probabilistic features of a given
set of stochastic PDE.

Every presented methodologies, extended thermodynamic moment closure or Hilbert developments
or Grad’s model, allow deriving the hydrodynamic limit of Boltzmann equation. It can be recast in the
more general form of a system of conservation laws:

U (x,t) + 0xF(U(x,t)) =0, (1.22)
with
p(x,1) p(x, t)u(x,t)
Ux,t) =1 p(x,t)u(x,t) and F(U(x,t) = | px,t)hu(x,t)@u(x,t)+ p(x,t)I , (1.23)
p(x;t)e(x,t) p(x; thu(x;, the(x, t) +u(x, t)p(x ,t)

together with (1.17). Those systems are of interest in many physical fields: hydrodynamics [195, 48, 78,
79, 182, 154], continuum mechanics [160, 183, 119], plasma physics [274, 276] etc. In section 1.1.3, we
go through some resolution strategies for such systems (in particular for Euler equations) but before we
identify another limit of Boltzmann equation which is intensively studied in part III of this document.

1.1.2 The Linear Boltzmann equation limit

The second limit corresponds to the linear Boltzmann one. To derive it, we rely on a Hilbert development
as in the previous section. Let us consider the coupled system (1.9) (with Fy = F; = 0) and introduce
some nondimensional variables similar to (1.11) for every species:

x=x*X,t=t"T,

v = vV,
v=viV, (1.24)
0',‘7]‘:0';]- e with i,j € {H,l}

In (1.24), we introduce a bulk velocity for each kind of particles. We have (we perform the nondimen-
sionalization and drop the upperscript *)

Ocfu(x,t,vy) +vH%afo(x,t7vH) — HTQHH(fH7fH)(X bva)
VHTQHl(fH,fz)(X t, Vi),
afictv)  villogxtv) = AIQ”(ﬁ’ﬁ)(X ) (1.25)
lTQl a1 (fo, fr)(x,t,v).

In (1.24), the bulk velocities of H—particles is different than the one of particles of type . But we assume
their bulk momentum P = mgVy = my;V; is the same. It allows rewriting (1.25) with respect to mg,



m; and P

— BT Qurpi(frrs frr)(x,t,v)

mH)\H H

mH)\HlQHl(fHafl)(X t,v), (1.26)

Oifi(x,t,v) PT Tocfilxt,v) = ml/\”le(fz,fz)(X t,v)
Quu(fi, fu)(x,t,v).

O fu(x,t,v) v PT 8 fu(x,t,v)

ml)\l H

Now suppose

PT. _ o) = PT - _PT

- mpX miAl,L - MHEAH]
_ PT _ o(1) = PT _ _PT
mX MIANLH  MHNEH

It implicitly makes H-particles heavy ones in comparison to [—ones as ;1 = O(6). Then system (1.26)
becomes

{ Osfu(x,t,v) +voOx fu(x,t,v) = Qu u(fu, fu)(x,t,v) + 0Qu(fu, fi)(x,t,v), (1.27a)
Ocfi(x,1,v) +vOx fi(x,t,v) = 0Qui(fi, /1) (%, t,v) + Quu(fi, fa)(X,t,V). (1.27b)

Let us identify the leading orders in (1.27):

— the O(8°) order for (1.27a) ensures O;f% = Qu.u(f%, f%). It is in agreement with heavy H-
particles being not very inertial so that their flux only depends on higher orders (f%)i>o. Besides,
l—particles do not affect the dynamic of the H—ones.

— The O(48°) order for (1.27b) yields
O fR(x,t,v) + vOx fL(x,t,v) = Quu (f, [)(x,t,v). (1.28)

— The zerot®

order term shows the regime neglects [ — [ collisions (no term Q(f?, f) in (1.28)). The
first order one (i.e. the factor of O(4')) shows the regime ensures a relaxation toward the local
Maxwellian distribution for f; as Q;;(f?, f) = 0 when § becomes non-negligible (for late times for

example).

Now assume we initially have f¥(x,0,v) = M, ur(v), Vx € D. Then Q(f%, f%)(x,0,v) = 0 and
[y (x,t,v) = My, ur(v), ¥x € D,t € [0,T]. For such dense particles H and initial condition, f¥
behaves as a background Maxwellian distribution and (1.25) degenerates toward a scalar equation given
by
atflo(xa tv V) + Vaxflo(xa ta V) = Ql,H(floa MnH,u,T)(Xa t7 V)a
v —valong(v = vi) My, wr (Vi (v, ve)) [P (%, 6V (v ve))dve
[vlos(x,t,vE,v) (129)

Vv —vuloig(v —ve) My, wr(Ve)dve f(x,t,v).

vioe (x.t,v)

We then obtain, after some simple rearrangements, the linear Boltzmann equation more commonly
written

O fi(x,t,v) + vOx fi(x,t, V) + vor(x, t,v) fi(x,t,v) = /vas(x,t,v,v Vfi(x, £, v )dv'. (1.30)
Above, v denotes the norm of the velocity v = |v| € RT of the particles and w = ~ € S? denotes

their direction. Equation (1.30), together with some nonlinear couplings, are central in part III. It is
commonly used to model the transport of neutrons or photons for examples (see the references of part
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IIT). We focus on its resolution with a stochastic (Monte-Carlo) resolution strategy.

In the two next sections (1.1.3) and (1.1.4), we briefly go through few resolution strategies to numer-
ically approximate solutions of the two presented models (1.22) and (1.30). The aim is not to present
an exhaustive list and analysis of common resolution schemes for the two presented limits. But some of
them, or their main principle, are hinted at in the document via references. We think it can ease the
understandability of the manuscript to give some quick illustrations here. They may be of interest for
the reader unfamiliar with some of the notions therein and willing to have a quick glance at them. In
the next section, we briefly recall the main principle of deterministic and stochastic resolution strategies
to solve the two limits of interest (1.22) and (1.30).

1.1.3 Deterministic resolution schemes to solve (1.22) and (1.30)

Let us begin with the numerical resolution of the linear Boltzmann equation (1.30): the first reflex to
solve (1.30) would be to introduce a grid with respect to variables x,¢ and v. Assume x € D = Uf\i‘l D,
a mesh of non-overlapping cells of size Ax for the spatial discretisation, ¢ € [0,T] = UN’ [t",t" 1] and
veERS = Ul | Fi a regular mesh of non-overlapping cells of size Av in the phase domain®. For example,

a Finite Volume (FV) scheme [106] can be built to solve (1.30) by integrating the equation on some
control volume V; ; = D; x F; and introducing

i
Uy = —— u(x, t", v)dxdv,
7 |‘/;7j| Vi

with [V; ;| = AxAv. If we now integrate (1.30) on every control volumes (D; X Fj)ie{1,....Ny,}.j€{1,....No}
and with respect to time in [t",t"*!] we have

M+U1/ ( )dy+1)0’ ZUU wlu (131)
A7 IA% Jop 0%, Ui J '

n (1.31), we
— globally explicited the terms,
— assumed constant velocities 7, =~ v € F;,Vj € {1, ..., Nx},
— and introduced a more general notation for w; = Av.

To close the discrete system (1.31), it remains to define the discretisation of the spatial operator (i.e.
(u(y))jeqr,....N,}) on the boundaries of the spatial counterpart of the control volume (commonly called
the flux). Independently of the discretisation choice for this spatial operator, the coupling in the

—direction is done via the discretised collision kernel?, i.e. wvia (Ug:bi,j,le{l,...,Nx}x{l,..wNv}x{l}..qu}
on the right hand side of (1.31). We do not aim at identifying a particular scheme here!?. We just want
to insist on the fact that, independently of the previous discretisation choices, the size of the mesh can
be important for fine resolutions: for a first order discretisation, in dimension 6, increasing the accuracy
of a factor 2 on a mesh of size N2 x N2 implies having a factor

3 3
- % = 64 on the memory consumption .
3 3
- ZAtXA(tQiVJ’\‘,E = ]%N") = 128 on the computational time (due to the cfl condition demanding At to be

proportional to Ax).

Note that if the control volumes in the velocity direction are chosen as quadrature rules (the weights
(w; # Av)ieqa,..., N,y are not necessarily uniform anymore), such scheme is refered as a discrete ordinate
one or a S, discretisation [16, 92, 61, 116, 56] where n is the number of points of the quadrature (n

8with proper cut-off or weighting at infinity, this is not the purpose of the discussion here.
9.e. if 05 = 0, each equation for j € {1,..., Ny} are independent.
10We refer to [16, 92, 61] and the references therein for this purpose.
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replace Ny as a discretisation parameter). Such strategy is applied in practice to ensure, for the same
number of control volumes in the v—direction, a better accuracy in the integration of the collision kernel.

To avoid an exponential increase of computational effort with the needed accuracy, it is for example
possible to introduce a different basis of approximation for the velocity dimension and a discretisation
parameter n of a different kind. A P,, discretisation implies formally developing the solution u(x,t,v) ~
Y p—o uk(x,t)Pp(v) of (1.30) on the Legendre polynomial basis (Py)ren instead of considering a sum
of weighted Dirac masses as for the S,, one. The construction of the P, model consists in plugging
the previous development in (1.30) and performing a Galerkin projection (i.e. use the orthogonality
of the polynomial basis for a given scalar product). We obtain a reduced model of unknown U(x,t) =
(up(X,t), ..y un(x,t))" depending only on x € D and t € [0,T], see [281, 141] for example. The idea
is to trade dimension (only x,t to treat instead of x,t,v) to the size of the system to solve (U is now
of size n + 1 whereas u was of size 1). The previous development implicitly introduces the closure
hypothesis u(x,t) = 0,Vk > n. A different way to close the system consists in applying the material
of section 1.1.1 with extended thermodynamic of moments: it consists in the same Galerkin projection
together with the assumption that the distribution f; minimizes entropy (1.15) given the constraints
on the moments (ux)refo,....n}. References [226, 133, 279, 228, 94] present an interesting and detailed
example for photontherapy applications. Such closures are commonly called M,, models. They are
intensively studied in part II in an uncertainty quantification for systems of conservation laws’ context.
The three methodologies (S,,, P, M,,) confer to the reduced model the structure of a hyperbolic system
of conservation laws,

U (x,t) + A0, U(x,t) + XU (x,t) = XU (x,t),

where A, ¥, ¥ are particular matrices, see [281, 141]. In fact, such class of models are commonly called
Friedrich’s systems, see [205] and the reference therein. In other words it can be rewritten under the
same general form as (1.22) for the Euler system. The same resolution strategies can consequently be
applied. Such kind of developments and their properties (S,,, P, and M,,) are intensively studied in part
IT of this document, in an uncertainty quantification context.

In this document, when dealing with hyperbolic systems of conservation laws, Finite Volume (FV)
schemes are applied. Some are built in part II of this document for particular systems of conservation
laws. Their construction corresponds to a significant amount of work/time for the resolution strategies
of part II but they are not necessarily detailed here. On another hand, they are fully described in
[236, 232, 237, 243].

1.1.4 Stochastic resolution schemes to solve (1.22) and (1.30)

Stochastic resolution methods imply the sampling of random variables (or vectors) in opposition to
deterministic ones which do not. The term Monte-Carlo usually denotes such strategies. The description
of Monte-Carlo schemes for the resolution of the deterministic linear Boltzmann equation is the object
of part III. They rely on rewriting the integro-differential equation (1.30) as an integral one (and as
an expectation over a set of identified random variables afterward) and demand linearity. The subject
is intensively studied in part III. Despite the nonlinearity of system (1.22), Monte-Carlo methods can
be applied: the methodology is commonly denoted a kinetic scheme and rely on linearizing Boltzmann
equation (1.28) in the vicinity of equilibrium. For Euler system, this resumes to using the Maxwellian
distribution directly in an artificial collision kernel to rewrite:

Oufu(X,t,v) +vOx fu(x,t,v) = —

fH(X,t,V) - Mp,u,T(Xatvv). (132)
T
Equation (1.32) is called the BGK model, see [193, 22, 27] for example, and introduces an additional
parameter 7 (echoing  of the Hilbert development), a relaxation time controling at which speed fgy ~
M. The more 7 — 0, the faster fg — M, and the more its three first moments coincide with
the solution of the Euler system. Of course, as such, (1.32) is not linear as p(fg), u(frr), T(frr). It needs
an additional discretisation hypothesis (for example p,u, T ~ p™,u™, T™ on time step [t",t"T1]). Once
linearized, the material of chapter 9 of part III can be applied. For a nonlinear problem, the choice of
the linearisation is central in practice and can confer interesting (or bad) properties to the numerical
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resolution: chapter 10 of part IIT is strewn with (good and bad) discretisation examples. The chapter
is devoted to the study and analysis of MC solvers for coupled nonlinear systems involving the linear
Boltzmann equation (1.30) and presents my original contribution in this field.

1.2 V&V: the role of numerical analysis, UQ and HPC

In the previous paragraphs, the two parts of the manuscript were presented via two models, systems of
conservation laws and the (non)linear Boltzmann equation. Another way to present those parts is via the
objectives and stakes with respect to these models. The study of Euler system, in this document, is related
to uncertainty analysis. More precisely, it is related to uncertainty propagation, presented in chapter 2
and appendix A. On the other hand, the design of Monte-Carlo schemes for the (non)linear Boltzmann
equation is related to numerical analysis. Both disciplines are tools for Verification & Validation (V&V),
see [13]. The fact the two types of models are related to two different fields of analysis also expresses the
fact that the needs are different with respect to V&V. This is emphasized in the following sections.

1.2.1 Verification & Validation (V&V)

Verification & Validation is of particular importance at the CEA DAM: in an intensive simulation context
to guaranty the performances of devices without being anymore able to perform scale 1 : 1 experiments.
More generally, it is of importance for any industrial willing to make effective use of simulations and
avoid the multiplication'! of dangerous or polluting or costly experiments. The general sketch (see figure

L

Physical Observation I — | Model M*X
Validation

Verification

Simulation Code MX

Figure 1.1: General sketch for Verification & Validation [13].

1.1) sums up the main steps of a V&V framework, its finer bricks will be detailed in the next sections.
Every study aims at validating or invalidating the hypothesis

hypothesis: model MX is relevant to represent my physical observation. (1.33)

The framework depicted in figure 1.1 intends to be general but typically, in part IT of this document,
model MX denotes a system of conservation laws of general term (recall (1.22))

MXE(U(x,1) =0 < 0,U(x,t) + 0 F(U(x,t)) = 0. (1.34)
In part IIT on the other hand, we have (recall (1.30))

MX (u(x,t,v)) =0

> Ou(x,t,v) + voxu(x,t,v) + voy(x,t, v)u(x,t,v) — /vas(x,t,wv’)u(x,t,v’)dv' = O.(1'35)

The concise writing M~ in order to denote the model is convenient but may hide some relevant properties
of the solution of the model. For example, see part II, systems of conservation laws are known to develop

HNote that the aim is to reduce wisely the number of experiments. Some will remain mandatory.
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discontinuous solutions in finite times [81, 260, 81, 261]. The (lack of) regularity of the solution may
be hidden by the too simple black-box notation MX. This is of importance as many numerical methods
strongly depend on some smoothness assumptions (see mainly chapters 4 and 5) which may not hold.
For this reason in the next parts, care will be taken to recall the whole set of PDEs of interest. Notation
MX will in fact only apply in this section 1.2, convenient to denote indifferently the two models of
interest in this manuscript.

Now, as presented in figure 1.1, model M¥X is intermediary between the physical observation of
interest and the simulation code to approximate it. The question is how can we validate or invalidate
hypothesis (1.33) having only access to an approzimation MX of the model M*X? In the next sections,
we briefly present how we can make effective use of the two main tools for V&V, numerical analysis and
uncertainty analysis, to answer the above question.

1.2.2 Numerical analysis: the main tool for verification

Model MX can not, in general, be solved analytically. We need to rely on an approximation of its
unknowns. Its accuracy is here controled by A. In part II, we rely on finite volume schemes with

A=Ax= max |Dl.
ie{1,...Nx}

Numerical parameter Ax is the maximum size of Ny non-overlapping cells in a grid tesselating the
simulation domain D = vale D;. In part III, we rely on Monte-Carlo schemes such that

A= L
Nue
Numerical parameter Njc is the number of MC particles'? of the simulation. Notation A can even
denote a vector of numerical parameters controlling the accuracy of MAX with respect to MX. For
example, suppose model MX couples a system of conservation laws and the linear Boltzmann equation'3.
Suppose furthermore that the former is solved thanks to a finite volume scheme and the latter by a
Monte-Carlo scheme: then A = (Ax, \/ﬁ) In this case (and with well built discretisation schemes),
both discretisation parameters must go to zero in order to obtain a converging approximation. Multiple
discretisation parameter methods will be intensively discussed in this manuscript'4. Making sure A
ensures a converging behaviour of the solution as A — 0 is the purpose of numerical analysis, main tool

for verification. Numerical analysis will better be put in the V&V context in section 1.2.4.

1.2.3 Uncertainty Quantification (UQ): the main tool for validation

Now, model MX | independently of any approximation parameter A, also depends on a vector of physi-
cal'® parameters X. Vector X is typically related to some quantities involved in the closure/constitutive
relations'® of the model or some fluctuations in the initial'” or the boundary'® conditions.

Parameter X affects the model hence its solution. By convention in the literature, when one aims
at performing an uncertainty analysis, the dependence with respect to X of the solution of the model is
made explicit. In other words in part II, our unknown is U(x,t, X) solution of MX = M(U(x,t, X)).

The variability range of X affects considerably the solution. In sketch 1.2, the fluctuations of X
are characterised probabilistically. This is to reproduce something we experimentally observe: two

12 A "MC particle’ will be defined in part III.

13This is the case for example in radiative hydrodynamics, see (48, 178, 59, 203].

HSee for example the discussions related to figure 4.2 (right) in part II or figure 9.3 in part III. See also section 10.2.1 in
which a flaw in a Monte-Carlo scheme for photonics is put forward. The solver has two competing discretisation parameters
A = (Ax, At): taking Ax — 0 and At — 0 does not necessarily ensures MX — MX. A new MC scheme is then introduced
in section 10.2.2, avoiding the previous problematic behaviour.

15The term physical here is mainly used in opposition to the term numerical of the previous paragraph.

16For systems of conservation laws in part II, X can parameter the flux F. It can refer to some parameters in the equation
of state p (such as the heat capacity ratio v for a perfect gas in hydrodynamics), or in the constitutive laws of materials
(such as the Gruneisen coefficient in continuum mechanics) etc. For the linear Boltzmann equation, X can parameter the
cross-sections/opacities (0a)ae{s,t}-

17The exact ambient temperature in the experimental chamber for example.

8The exact incoming velocity of a fluid in a wind tunnel for example [230, 229].
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X ~ dPx 1 ‘ M(U(X,t,X)) =0 ’ U(th’X) ~ dPU(X,t’X)

Uncertainty Propagation ’ / :

A i
Choice of observable:
fpost (U(Xv tv X))

I Sensitivity Analysis

| Inverse problem |

Experimental Data

Figure 1.2: General sketch for uncertainty analysis [271].

independent identical experiments do not necessarily lead to exactly the same results. Notation X ~ dPx
should be read: X follows the distribution having probability measure dPx. In this document, the choice
has been made to rely on probability theory to model the uncertainty. Some alternatives exist, see for
example [86, 88, 87|, but discussions about the relevance of these recent frameworks is beyond the scope
of this manuscript. Besides, probability theory also plays an important role in part III. Parameter
X being characterised by random variables, the solution U(x,t, X) is a random process (see appendix
A). The uncertainty propagation step aims at characterising probabilistically U(x,t, X), i.e. finding
dPy(x,t,x) such that U(x,t, X) ~ dPy(x,:,x). The propagation step is mandatory but often only a first
step toward sensitivity analysis or calibration etc. (see sketch 1.2). In this manuscript, we will focus on
the propagation step, central to carry out any kind of uncertainty study, even if (Bayesian) calibration
[31, 30] or sensitivity analysis [138, 241] were tackled in my publications.

1.2.4 Numerical/uncertainty analysis as tools for V&V and the role of HPC

In order to better understand how numerical and uncertainty analysis can help answer the question
of paragraph 1.2.1 and validating or invalidating hypothesis (1.33), let us perform some very simple
calculations!?.

Assume we observe, during an experiment, a quantity U,.: the subscript .. is for reality. Now, during that
experiment, there are some parameters X which are hard to control and for which we only have a finite

accuracy. As a consequence, we only have access to Uexp, & noisy approximation of U, such that
Ur = Uecxp +9x. (1.36)

The term dx quantifies probabilistically the discrepancy between the observation and reality?®. On the
other hand, we want to recover the same observation U, from a simulation code approximating model
MX. We consequently also have

U =Upx +dpqx. (1.37)

19Many thanks to Marc Sancandi for his help to build this simple but relevant example.

20Note that U, is not necessarily a random variable. For example, Uexp and dx can be random variables but such
that their sum is deterministic, equals to U,: it is like having random variables X and ¥ = 1 — X such that X + Y is
deterministic with X +Y = 1.
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The term 6 ,x characterises a flaw in the model?! which, we hope, is small.

Besides, we never have access to Upqx but rather to Uy x such that Upx = Upgx + 0a where o
quantifies a numerical error??. In other words, (1.37) is equal to

U, = UM)A( + 0a + 5MX. (1.38)

When comparing experimental results and simulation ones, we typically substract (1.36) to (1.38) to get

Uexp—UM)A( :5X—5MX —5A (139)
—_——
do

With the introduction of dg, we want to put forward the fact that the discrepancy between the approxi-
mated model and the observations is a sum of three terms. To validate?® or invalidate hypothesis (1.33),
we consequently need to be able to extract dp x from Jg. This step can be very tricky. Indeed, there
may exist some misleading situations for which

8o~ 0= 0a + Opqx —Ox but Spx = dx — 6a # 0!

Such situation can lead to believe a model is relevant whereas it is not, the experiment and/or the
numerical errors cancelling the model discrepancy. We clearly want to avoid such kind of situations. In
the following, we present how numerical analysis and uncertainty analysis represent ways to avoid such
error compensations.

Expression (1.39) has three unknowns for only one equation. In a sense, numerical analysis and un-
certainty analysis are ways to provide the two remaining equations mandatory to eliminate unknowns

da and 0x in (1.39).

Let us begin with da: ideally, the numerical scheme to approximate M¥X converges so that for A
small enough 64 = O(AS) with ¢ < 0. The exponent ¢ is commonly called the order of the converging
scheme, see [154, 74]. It is prescribed by the scheme definition and must not be evaluated. The previous
notation is equivalent to

for A ~ 0, 3C € R such that |C| < co and O(AS) = CAS. (1.40)

When A is small enough to ensure o = C'A¢, the approximation is said to be in the asymptotic regime.
In this case, this implies C can be estimated and da quantified. One can theoretically find A such that
da is under a certain threshold and such that it can be considered negligible in comparison to the two
other terms

Sa = O(AS) = CAS < min(|dex], [0 ). (1.41)

In order to make sure (1.41) occurs, one must play with A. Decreasing A comes with higher computa-
tional costs. It can occur that the choice of parameters A ensuring (1.41) leads to too costly simulations.
In order to make sure (1.41) occurs with equivalent restitution times?*, there are several levers, commonly
used in the literature, within my publications and throughout this document:

1. the first lever is High Perfomance Computing (HPC). Suppose one has access to a converging
numerical scheme but A can not be made small enough to get (1.41) (for example because the
computations are too time consuming or there is not enough memory available etc.). One first
solution would be to get a new more powerful (faster or with more computational units) computer.
It is supposed to ensure, with the same solver, a better accuracy by taking smaller A with, hopefully,

21For example, it stands for a missing operator in the set of PDEs: can we use Euler system as a model or shall we use
Navier-Stokes equations (part II)? A diffusion equation or a transport one (part III)? Shall we neglect the effect of external
forces F' on our particles (part III)?

22Note that dao can be deterministic (if from a deterministic scheme) or stochastic (if from a stochastic scheme, see the
previous section).

23Validating hypothesis (1.33) would imply verifying that 6 ,,x ~ 0.

241f you are not patient enough to wait for more powerful computers.
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reasonable restitution times. For those not patient enough to wait for the next generation of
machine, better scalable parallel strategies can be studied and implemented. In [99] for example, the
strong and weak scalabilities of several parallel strategies for a Monte-Carlo scheme for neutronics
are studied. The present document is also strewn with HPC discussions.

2. The second lever is the order ¢ of the scheme. Relying on high-order schemes [154, 74], i.e. such
that ¢ < 1 or even ( < 1, ensures improving the quality of the solution for constant A and
with the same computer. Of course, this strategy implies developing new accurate and converging
schemes together with their practical verification. Publications [236, 232, 243] intensively rely on
such strategy.

3. A third possibility consists in working on the constant C: reducing it also allows obtaining a better
accuracy for a constant grid A and with the same computer. It is often called an acceleration
technic or a wvariance reductions method in the context of a Monte-Carlo resolution. This solution
is applied more frequently than one could think: for example, in section 5.3.3 and [240], we show
that Kriging can be understood as a method aiming at reducing the constant multiplying the
convergence rate of a Lagrange interpolation. The design of asymptotic-preserving schemes also
enters this same category and are tackled in my publications [243, 3] and in this document (see
remark 9.1, sections 7 and 9.12 and chapter 10).

Of course, there are some intrications between the three above points. The design of numerical methods
already integrates parallel considerations. The design of new architectures takes into account the type
of calculations needed etc. With the above lines, we briefly presented the main elements of solution to
make sure we can eliminate da in equation (1.39).

Once (1.41) ensured, (1.39) becomes
Uexp_UM’Af =dp= 6an Fopyx —0x =0pmx —0x. (1.42)
oA«

It only remains to be able to differentiate the model discrepancy d,x from the noisy term dx. This is
where uncertainty analysis plays a role. In order to isolate dx, one can

1. either try to reduce dx < 1 so that only remains 0 x.
2. Or, if dx is not easily reducible, try to characterise dx in order to be able to eliminate it from dg.

The first solution may imply relying on several (Nexp) independent experimental results (Uéxp)ie{l,m, Noxp}
of noises ((53()1-6{1’.“’ Nuwp}- The Guide for the expression of Uncertainty in Measurement (GUM, see [112])
provides recommendations to characterise statistically each realisation (63()1-6{1,”_7 Nexp}- We consequently

have

Nexp Nexp
1 : 1 .
UT — Uexp = U’r - fxp Z Uexp = (SX = fxp 6X ~ L (O7Uexp) . (143)
i=1 i=1

The above expression puts forward the fact that dx follows an unidentified centered?® distribution

L(0, 0exp) of variance ngp. If furthermore the experiments are independent and Ney, — 00, the central
26

limit theorem=® ensures

N, N,

1 New 1 New o

U.-U, =U, — —— U! :6X: 51}( ~ K(0,0' ) — g O, xp . (144)
r exp r Nexp ; exp Nexp ; exp exp—>00 oxp

In (1.44), the noise dx is asymptotically gaussian®’. By asymptotically, we mean that the error will be
gaussian only if enough experiments are carried out. Now, in order to reduce dx, one can

25The mean is zero.
26See [256], but it will be stated in the document.
27The term G(0, 1) denotes a gaussian random variable of zero mean and variance one.
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— either increase the number of experiments Nexp,
— or try to reduce Oexp.

Increasing Nexp is simple in practice but may be costly. As a consequence, dx of variance ngp may
not be gaussian. Gaussian or not, an alternative to reduce dx is to work on o2, ,. Variance o2, of dx
is closely related to the performances of the detectors used during the experiments together with the
more or less accurate characterisation of the conditions (modeled by X) of the experimental setting.
The reduction of oexp typically comes with the identification of the components of vector X inducing
the most important fluctuations of the output: this is commonly called performing a sensitivity analysis.
It allows hierarchising the main contributors of dx amongst the components of X. Assuming X has d

independent components X = (X7, ..., X4)?, then ngp can be decomposed [266] into

d d
ngp = ZV, + Z Vi,j + ...+ V1,27___7d = ZVu (145)
i=1 =1 s€S

In the above expression, S = {{1},{2},...{d},{1,1},{1,2},....,{1,2,...,d}} is the set of every 2d combi-
nations of variables. In (1.45), the (V)ses are the relative variances so that (S = UVZ—S)SG& the Sobol

indices [266], express the percentage of variance explained by the set of variable s € §. Once the set
of variables S having the biggest indices identified, i.e. such that UZXP ~ Y s Vs, one can decide, for
example, to invest on ways to reduce the fluctuations of (X;)ses, the relevant components of X. This
will lead to a reduction of gexp. In [138] and [241] for example, Sobol’s indices for sensitivity analysis
are estimated for (respectively) an aerothemal model and the linear Boltzmann equation.

Either ways, reducing oexp or increasing Nexp, aims at making sure dx < 1 so that (1.42) becomes

UCXP_UM)A( =0y = N +5Mx—5X:§Mx— Ox :5Mx. (1.46)
O(A%)x1 <1

The modeling error dx in dg of (1.39) has been isolated, extracted, quantified. It is a deterministic
quantity. We are now able to decide whether it is small enough or whether some modeling efforts remain
to be done.

The above methodology is by far the most simple and efficient. But it also corresponds to the ideal
case. Sometimes, the last analysis is not enough as dx can not be made arbitrary small?® and we remain
with

Uexp*UM)A( :50: 5A +5MX - 5X :5MX *5)( (147)
O(AN)k1 x1

It is certainly in this situation that uncertainty quantification is the most relevant. It provides some
rigorous elements of solution to answer the question of the relevance of hypothesis (1.33). Let us go
through the main principles of the methodology:

— first, let us assume Jx is not negligible but is probabilistically characterised:
Ur — Uexp = 0x ~ dPs,. (1.48)

Probability measure dPs, can, for example, be obtained applying the guidelines described in the
GUM [112].

— The idea now is to propagate the fluctuations induced by the uncertain experimental setting X
through model M and to characterise probabilistically U MX (X). Suppose U MX denotes the mean

of random variable Ujx (X). Then the latter can be decomposed into Upex (X) = Upx + Ox.
The characterisation of U MX (X) consequently resumes to finding the probability measure dP;

28For example, we are not able to perform enough experiments. Or Oexp remains important and reducing it would be
too costly or too complex or technologically out of reach.
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of SX. The characterisation of gX can be done vig an uncertainty propagation of input X through
model MX. Tt can be obtained from a simulation code. Part II sums up my work on uncertainty
propagation [236, 232, 84, 237, 242, 238, 241]. It is dedicated to the design and the analysis of
mathematical and numerlcal methods to estimate probability measures such as d77~ and to be
able to apply the described methodology. Once the propagation step performed, we have access to

U, - UM}A( = gX ~ dPgX. (1.49)

This new probability measure will be central to quantify the likelihood of hypothesis (1.33).

Suppose the uncertainty propagation performed (see part II for the how-to question). We now have two
characterized distributions:

U —Uepy =0x ~dPsy,
{ P X ’ (1.50)

Up—Upy =0x ~dP; .

It is now easy building a new random variable ng =Usp — U MX = gX — 0x which will become our
decision variable for statistical hypothesis testing [256, 1, 250]. This is detailed in appendix B. Statistical
Hypothesis Testing is a key methodology for anyone willing to compare two random variables obtained
from two systems. Its main principles are recalled in appendix B with an illustration of how it can be
applied in a V&V context. Based on dPs, and dPgX, the framework allows quantifying the probability
of validating falsely hypothesis (1.33). Based on this probability, we are able to decide whether accepting
hypothesis (1.33) is risky or not.

1.3 Few words on the content and style of this document

With the above material, we aimed at giving a hint at what can be encountered in the two parts of
the document. In the next sections, we detail the content of both parts, insist on the style and the
presentation choices and discuss some notation tricks which hold all along the manuscript.

1.3.1 Content and ...

Let us begin by the content. As already discussed before, this document has two main parts.

Part II is dedicated to uncertainty quantification for systems of conservation laws. Uncertainty
quantification can be applied intrusively (construction of reduced models as in the P,, M, examples)
or non-intrusively (use of a black-box code) and discussion on the most relevant strategy remains
an open question?. I have research contributions for both, [231, 236, 239, 232, 237, 84, 241] and
[238, 243, 31, 242, 233, 234, 240] respectively. In part II, I first present a toy problem involving the
resolution of the uncertain Euler equations (chapter 2). It allows illustrating what is expected from an
uncertainty analysis in a simplified but still challenging configuration. The problem is a fil rouge in the
sense every presented resolution strategies, intrusive in chapter 4 and non-intrusive from chapters 5 to 8,
are tested on this configuration in the same conditions. Chapter 3 corresponds to an illustrated state-of-
the-art of Polynomial Chaos and its derivations from which are based the forementioned intrusive and
non-intrusive methods. The considerations of the previous sections 1.1.1 and 1.2.3 give a good hint at the
questions arising in chapters 4 to 8. In part II, the uncertain system of conservation laws depend on one
more (random) variable X (i.e. U(x,t, X) instead of U(x,t)) and we build systems of moments intru-
sively (P, M,-like approximations) or non-intrusively (S,-like models) with respect to this variable X
instead of v. Chapters 7 and 8 are slightly different, in the sense they go beyond the fil rouge application.

Part III is devoted to the construction, the description and the implementation of Monte-Carlo
schemes for the resolution of the linear and nonlinear Boltzmann equation. The linear Boltzmann
equation is treated in chapter 9. We try to make the discussion the more complete and progressive
possible. We first build the most classical MC schemes and explain how they can be compared. The

29and may be compared to discussions about choosing a deterministic or a stochastic resolution scheme! Or which one
of Emacs or Vi is the best...
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Hilbert developments introduced in the previous section are central to understand the subtleties of
the MC schemes. The implementation aspect takes an important place in chapter 9: it is strewn with
algorithm descriptions, enriched as we take into account more and more physics (source term, acceleration
etc.). The newness and the originality of the first chapter of part III mainly comes from the presentation
choice (which is discussed in the next section). The new results are mainly gathered in the last sections
(from 9.8 to 9.12) of chapter 9 and in chapter 10. Care has been made to make the material of these
sections complementary to the published papers [241, 3, 99]. In the latter, Asymptotic Preserving
MC schemes are built for two physical applications of interest implying the resolution of the nonlinear
Boltzmann equation (i.e. coupled to an additional equation or set of equations).

1.3.2 ... Style

In this short section, we would like to justify the presentation choices in this manuscript: this work
gathers two different disciplines. We are aware a reader may want to focus on one topic but not the
other. For this reason the two parts are relatively independent. The reader interested in uncertainty
quantification can easily go through the introduction and go on with part II and the reader interested
in the Monte-Carlo resolution of the linear Boltzmann equation can skip part II to go directly to part
III. The parts are not too strongly intertwined even if few references from one part to the other had to
be done to avoid redundancies and insist on analogies®®. The same effort has been made to separate,
within part II, the intrusive methods from the non-intrusive ones as it is commonly known and accepted
in the uncertainty quantification community that some authors are hermetic to one or the other...

The styles in part IT and part III are also different. This is because we think the needs in the two dis-
ciplines are different. Part II is more illustrative than part III for example. Part II describes a relatively
new field and we think that an example-driven discussion helps the readability. On another hand, the
Monte-Carlo resolution of the Boltzmann equation can be considered a more classical one and an original
way to describe it is mandatory to avoid redundancies with the furnished literature. For this reason,
part IIT is progressive, original (I hope) and is more implementation-driven. It aims at overcoming one
difficulty I personally encountered when I started developing a Monte-Carlo method in a simulation
platform: bridging the gap between the description of the MC solver and its implementation. Because
where uncertainty analysts see a black-boxr method in MC resolutions, numerical analysts familiar with
deterministic schemes see black magic'. Whether the part achieves the purpose of demystifying MC
methods or not now depends on the reader’s opinion.

In both parts, depending on the familiarity of the reader with the topic, some discussions might
appear naive and simple. Those discussions are flagged as such and the familiar reader is invited to
skip them. They are addressed to, and have been motivated by questions from, students, interns, PhD
students, summer school ones or colleagues. For this reason, I also hope the document will be adapted
and will benefit future interns and PhD students. Of course, this is not the main aim of the document.
The first one is to present my research contributions to these two fields of applications and explain in
which sense they are articulated, correlated and part of a more ambitious research project. For this, I try
to make the manuscript and my publications the more complementary possible and avoid redundancies.
In many aspects, I hope this document appears more mature than some of my papers. The document
in general deals with very simple examples and configurations and more complex ones are tackled in my
publications. The two parts of the manuscript also contain some unpublished (or not yet published, see
for example chapters 5 and 8 or section 10.2). Sometimes this is due to a lack of time, sometimes because
we think it did not deserve a publication but remains illustrative enough to be in this document.

1.3.3 Few words on the notations and the presentation tricks

To end this introduction, we would like to comment on some notations and presentation tricks we hope
will ease the readability of the document. All along the document, we try to keep as much as possible

30The reader interested in the resolution of the uncertain linear Boltzmann equation may want to go through section
9.11 in which a Monte-Carlo scheme to solve the stochastic Boltzmann equation is built.
31Joke made by Christian Aussourd to who I say hello!
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the same notations for the same quantities. At least for the ones we consider the most important. For
example,

I intensively use footnotes. This can be quite disconcerting for some readers. In this document,
the rule applied when introducing footnotes is the following: it is supposed to help the reader by
introducing additional details which I consider of a lesser®? importance in the text. In other words,
the reader confused by the use of footnote is encouraged to go on with the sentence as if it was not
there.

Notation u or U always denotes the main quantity, the unknow>® we aim at approximating all

along the document. This may lead to unconventional notations: u denotes a neutron density in
section 10.1 for example whereas n is commonly used in the literature for the same quantity. We
think this is part of a presentation trick to help the reader focus on the unknown of interest.

My publications are in red in the document, cf. [236] for example. This trick has already been
used in the previous sections.

This document mainly discusses numerical approximation methods for physical applications one
wants to study given a simulation architecture. In this context, applied mathematics are only
a mean to achieve the physical purpose with the computing device at hand. High Performence
Computing (HPC) is consequently as important as the physical objective. For this reason, wherever
it is relevant, HPC considerations are tackled, mainly at the end of chapters or in summaries of
sections.

Notation x or x always denotes a spatial variable in the spatial domain D.

Notation ¢ denotes the time in [0, 7] where T denotes the final time of the simulation/numerical
experiment.

Notation v or v = |v| always denotes the velocity variable and its norm.

When a spatial grid is introduced, it is denoted by D = UZV:"I D; where the D; are Ny non-
overlapping cells.

In general X denotes a random variable or a random vector and its probability measure is denoted
by dPx.

Variable ¢ is always the small parameter in a Hilbert development.

The more possible, every dependences of the unknowns and quantities are recalled. When they are
not, we explicitly explain why we drop them.

In the document, to characterise a random variable, we prefer dealing with probability measures
instead of probability density functions. They are more general and convenient in the sense they
allow dealing with discrete random variables with the same notations. Besides, we sometimes
have some parametered laws, in the sense we have some quantities which are probability measure
with respect to one variable, independently of all the others: for example, by convention in this
document, if u(x,t,v)dv is a probability measure, then it is Vx, ¢ with respect to variable v.

But despite all these efforts, the document still has some slightly abusive, but convenient, notations.
They generally concern secondary quantities. To give some examples:

in general, we consider probability measure so by convention in this document every measures sum
up to 1: we consequently write [dw = 1. The notation is not conventional but is conciser and
replace both [1j_y y (w)%dw in 1D or [ 1g2 (w)ﬁdw in 2D.

Sometimes, we also use the notation [0,¢ = At] which means At and ¢t denotes the same quantities,
the end of the time step, and are both used in the chapter or the section.

32but not of none, otherwise it would not be in the text at all.

33

u or U as unknown.
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— We also insist that in the following parts, u(x,t,v) and u(x,t) denote two different functions.
In general, the second one is equal to the first one integrated over the velocities, i.e. wu(x,t) =
J u(x,t,v)dv. We think this does not alter the readability of the document as care has been taken
to recall, the more possible, every dependences of every quantities.

With these few lines and precisions, I hope the document will ... Be useful...
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Part 11

Uncertainty quantification for
hyperbolic systems of conservation
laws
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Chapter 2

Physical Motivations and toy
problem (fil rouge)

A fil rouge’ problem to compare intrusive and non-intrusive methods for uncertainty quantification

In this chapter, we focus on limit (1.16) of the Boltzmann equation (1.1). More generally, the material
of the described work can be applied to any system of conservation laws. It corresponds to a particular
form of partial differential equations (PDE), whose general structure (already presented in chapter 1) is

0 U(x,t) + 0. f(U(x,t)) = 0. (2.1)
In (2.1), we have
— (x,t) € D C R3x [0,7],
~ U:Dx[0,T] — Dy C R? is the vector of unknowns,
— f:UeR? — f(U) € R is called the flux.

We nonetheless focus on the Euler system in 1D (one spatial dimension, i.e. x = € D C R here),
modeling compressible gas dynamics, which corresponds to a particular choice of U and of the flux f(U).
It is given by the following coupled equations

Op + Oz (pu) =0,
0y (pu) + 9 (pu® +p) = 0, (2.2)
9 (pe) + 9z (pue + pu) = 0.

For this fil rouge problem, we consider a perfect gas closure p = (y — 1) (pe — p“é) This simplifies the

discussions but the material of the next sections is not limited to such equation of states. System (2.2)
must be completed with proper initial and boundary conditions, they will be dealt with later. With the
above notations,

U(l‘, t) = (p(z, 1), p(z, t)u(m, t)a p(l‘7 t)e(Qj? t))tv

is the vector of conservative variables: p is the mass density of a fluid, u its velocity so that pu is its
momentum, and e is its specific total energy, so that pe is its total energy. The variable p is the pressure
of the fluid, ensuring the closure of the above system.

Let us first spend some time describing the deterministic behaviour of such system in a particular
configuration of interest. It corresponds to a Sod shock tube (also called a Riemann problem). The
initial condition consists in two states!: the left one corresponds to a ’heavy’ fluid (p} = 1,p} = 1)
and the right one, to a 'light’ fluid (p% = 0.125 < pY,p% = 0.1 < p%). Both states are separated by
an interface at z;,; = 0.5 € D = [0, 1] where D denotes the simulation domain. The fluids are initially

Ithe upperscript © stands for t = 0.

24



at rest (u® = v = u% = 0). The boundary conditions are neutral ones (zero gradient) on both sides

of D = [0,1] but the simulation is stopped before the solution interacts with them. As soon as ¢t > 0,
the solution develops discontinuous behaviours?: in figure 2.1 (top right), the mass density at ¢t = 0.14
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Figure 2.1: Left: Initial conditions of the Sod shock tube for p, p,u with respect to the spatial variable
x. Right: solutions at time ¢ = 0.14 for p, p, u with respect to the spatial variable x.

presents four constant states separated by three waves. The first wave is a smooth rarefaction fan in
the heavy fluid. The second one is called either a contact discontinuity or an interface (characteristic
of the initial discontinuity between the two initial states). The last one is a shock in the light fluid.
The pressure and the velocity are smooth at the interface so that they only have three constant states,
separated by a smooth wave: the rarefaction fan in the heavy fluid, and a discontinuous one, the shock
in the light fluid.

We now suggest building a simple uncertainty quantification problem from the previous configuration.
It will be solved thanks to a Monte-Carlo method. The latter remains the reference method in uncertainty
quantification mainly due to its simplicity of application. We will then comment on the probabilistic
properties of the above spatial profiles at time ¢ = 0.14. We suppose the solution no longer only depends
on (x,t) but also explicitly on a random vector X € Q C R?, where (9, F,P) is a probability space

2This is proper to systems of conservation laws, not only the Euler one. Discontinuities can appear dynamically, see
[81, 260, 81, 261].
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[256]. The uncertainty is consequently here modeled thanks to probability theory. Alternatives exist,
as possiblity theory for example [86, 88, 87], but are beyond the scope of this document. The previous
system rewrites

U (x,t, X)) + 0, f(U(z,t, X)) =0,
where
- (2,6, X) e DCRx[0,T] x Q,
~U:Dx[0,T] x Q2 — Dy C R? is the vector of unknowns,
~ f:UeR? — f(U) € R4 is called the flux.
For Euler system, this leads to
Uz, t, X) = (p(x,t, X), p(z, t, X u(z, t, X), p(z,t, X)e(x, t, X))

The vector of unknowns U belonging to a probability space, the solution of the uncertainty quantification
problem is a stochastic process, i.e. random variables parametered by both x and 3. In this sense, solv-
ing an uncertainty quantification problem corresponds to the resolution of stochastic partial differential
equations (SPDE). This is emphasized in the simple example of appendix A.

In our example, the initial uncertainty is modeled by a uniform random variable X ~ U[—1,1] and
affects the position of the interface x;,:(X) = 0.5 + 0.05X between the two initial states. The interface
position is consequently uniformly distributed in the interval [0.45,0.55]. Figure 2.2 (top-left) shows the
initial conditions for three realisations (the extremal ones X = 0.45 and X = 0.55 and the mean one
X = 0) of the interface position. The top right picture of figure 2.2 presents the same three spatial pro-
files at t = 0.14 after applying three deterministic resolutions (runs of a simulation code as a black-box).
The profiles are very close to the one obtained for X = 0, they only correspond to a translation on the
x—axis. Still, the wave positions are affected. On the top pictures of figure 2.2, we only presented the
results obtained for three chosen realisations of the interface position. In order to obtain a reference
solution for this uncertainty quantification problem, we applied an MC resolution with Ny;c = 1000,
where Njs¢ is the number of realisations of X and of resolutions of (2.2).

Regarding the numerical resolution, the attentive reader would have probably noticed the results of
figure 2.1 are analytical. On another hand, the results of figure 2.2 are numerical (see the little imperfec-
tion in the vicinity of the interfaces on figure 2.2 top-right commonly called wall heating). In this section,
we do not aim at being exhaustive on the description the numerical scheme at use. But we insist it is
of importance and must have relevant properties relative to the uncertain configuration of interest for
efficiency*. Here, the numerical scheme needs to capture accurately both the constant states and their
wave positions (chronometry): for this reason we used a 3"® order Lagrange+remap scheme, conserva-
tive, shock capturing and accurate. Its characteristics and properties are detailed in [154, 101],(232] for
example.

Once the Njs¢ resolutions performed, it remains to postprocess the classical probabilistic quantities
(mean, variance, moments, quantiles,...) of interest for the different variables of the system. Figure 2.2
(bottom) presents the spatial profiles of the mean and variance at t = 0 and ¢ = 0.14 for the mass density.
At t = 0, the mean of the mass density is smooth and linear between the two states. The linear form of
the mean of the mass density between the two initial states is closely related to the distribution of the
random variable modeling the initial uncertainty X: a gaussian random variable X for example would
have induced an even more regular form of this same mean (it is here C° but not C'). Note that the
smoothness of the spatial profiles for ¢ > 0 for the mean of the mass density has been proven in [264] for
the same kind of configuration. Concerning the choice of the input random variable, we want to insist
on the fact that it greatly impacts the solutions at later times. We choose X as an uniform variable
but the material of this manuscript allows taking into account arbitrary random variables which are, in
practice, dictated by the physics at stake.

3For example, for fixed z,t, p(z,t, X) is a random variable.
4 An illustration of this affirmation is given in section 9.11.1 of chapter 9.

26



p,t=0 p,t=0.14
1 T T T T T (\ 0.0 T 1 T T T T T T (1 0\14 P T
2,0,0) —— o(z,0.14,0) ——
- o, 6,005 - o(w, 611 0.05
09r [t=0 Pl 06803 — 1 o9 [t=0.14 ’(p(a:.0,1'4.0.0§§ f—
08 b 08 b
2 07 T 07 T
g . : 3 samples = 3 deterministic runs
2 0s6r R 06 - R
g 05 - B 05+ B
=
S 04 E 04 ] E
Q
o o3f E 03 E
T
02 T 02 l l l T
0.1 Il Il Il Il T T T T 0.1 Il Il Il Il Il T T T
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 0 0.1 02 0.3 0.4 0.5 6—07— 0.8 0.9 1
X X
1 T T T T T 0.2 1 T T T T T 0.014
Mnriance (}e s 2:8 —_— &ariance fjle Py %: H%:il —
% ook oyenne de p, t =0 —— - 0.18 09k Moyenne de p, T = 0. 4 0.012
(&) o8k -1 0.16
% ‘ - 0.14 0.01
=071
E 1 012 0.008
- T 70t 0.006
= 05 - 0.08 ’
% 041 - 0.06 0.004
@ sl 7 004 0.002
=l + 002
S 0.2} o
. \—v—v—v—v* °
2 0.1 L L L L L -0.0z -0.00z
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1
X X

Figure 2.2: Top left: initial conditions for three realisations of the uncertain interface position for the
mass density. Bottom left: initial conditions in term of mean and variance for the mass density obtained
with 1000 realisations of the random variable X. Top right: three realisations of the mass density at
time ¢ = 0.14. Bottom right: mean and variance of the mass density at ¢ = 0.14 obtained with 1000
realisations of X.

Let us comment on the bottom pictures of figure 2.2: for the variance of the mass density, it is
easy identifying the spatial area of the domain D affected by the uncertainty. They correspond to the
non-zero areas for the variance. Note that the scale for the variance is on the right hand side. At
t = 0.14, the bottom right picture of figure 2.2 presents the postprocessed mean and variance of the mass
density obtained with the MC method with Nj;c = 1000 realisations of the interface position. First,
one can notice that the mean of the mass density is smoother than for one realisation but still display
four constant states separated by three identifiable waves. The variance of the mass density is non-zero
only in the vicinities of the three waves corresponding to the uncertainties in the rarefaction fan, the
interface and the shock. For this particular configuration, the initial uncertainty is shared between the
three physical waves at later times.

As tackled before, our aim is to solve a SPDE. Mean and variance are not, in general, sufficient or
relevant enough in order to fully characterise a random variable or a stochastic process (see appendix
A for an illustration). Until now, we focused on spatial profiles at ¢ = 0.14. Let us now focus on
t = 0.14, spatial locations x = 0.38 (rarefaction fan), x = 0.61 (interface) and z = 0.73 (shock) and
the random variables p(z = 0.38,t = 0.14, X), p(z = 0.61,t = 0.14, X) and p(x = 0.73,¢t = 0.14, X).
The MC method allows approaching the probability density functions (pdf) of the three latter random
variables thanks to histograms (see appendix A). Figure 2.3 presents the histograms of the pdfs of the
latter random variables obtained by postprocessing the Njy;c = 1000 realisations of the MC method.
The top picture corresponds to the mass density random variable in the vicinity of the rarefaction fan.
It exhibits a continuous/smooth behaviour, the support of the histogram being convex (as the one of the
initial random variable X was). With such probabilistic observable, one can for example conclude that
the state p = 0.85 has about the same probability of occurrence as the state p = 0.87. On the contrary,
the histograms of the mass density in the vicinities of the interface and of the shock (bottom pictures of
figure 2.3) exhibit discontinuous/discrete behaviours. The supports of the states are non-convex: in fact,
here, it even corresponds to two Dirac masses for the states p ~ 0.27 and p ~ 0.42 for the interface and
p ~ 0.13 and p ~ 0.26 for the shock. In the vicinities of the interface and the shock, the mass densities
probabilistically behaves as rigged coins (with one side having twice more probability of occurrence than
the other). The configuration of interest, apparently simple, has been chosen to emphasize this important
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Figure 2.3: Histograms of the pdfs of the random variables p(x = 0.38,t = 0.14, X), p(z = 0.61,¢t =
0.14, X) and p(x = 0.73,¢t = 0.14, X) obtained by postprocessing the Ny;c = 1000 MC realisations.

aspect: the initially continuous random variable X is transformed into a discrete one, presenting what
is commonly called a threshold effect. A small perturbation of the initial interface position can cause a
complete change on some observables such as the mass density in the vicinity of the shock. With such
threshold effect, it is obvious that mean and variance are not relevant probabilistic quantities: the mean
of the random variable E[p(z = 0.73,¢ = 0.14, X )] = 0.24 has no physical value. The mean value of the
random variable ‘throw a 6 faced dice’ is 3.5 and is never computed. The state 3.5 has a zero probability
of occurrence in practice, the mean is not informative, not relevant.

Note that once the uncertainty propagation performed, one can have access to every aspects of an
uncertainty analysis, see [271, 272]. It is often only a first step toward sensitivity analysis, robust op-
timization, probability of failure, resolutions of an inverse problem etc. With this simple example, we
wanted to depict the general conditions of the next studies: we aim at taking into account uncertainties
in systems of conservation laws. The example is in 1D spatial dimension x and 1D stochastic dimension
X but we have in mind applying such analysis to more complex configurations in 3D spatial dimensions
for example, for more complex systems of conservation laws (multi-physics) with several sources of un-
certainties (stochastic dimension Q).

Regarding the sources of uncertainties, we consider the number of uncertain parameters is not very
important @ ~ 5 — 8. We suppose a previous study has been performed in order to identify the most
sensitive ones for the considered outputs. For an interesting and pedagogical overview of the methods
to do so, we refer to [145, 166, 145] but we will not tackle the subject anymore in this document. Our
aim is now to perform an accurate uncertainty analysis on a relatively low number of random variables.
Concerning the physics of interest, we want to tackle multidimensional multiphysics systems of conser-
vation laws (i.e. developping discontinuous solutions) for which a deterministic resolution can be very
expensive in term of computational time. Consequently, an MC method can not be applied, needing an
unaffordable number of system resolutions (runs of a simulation code as a black-box). For this reason
we will study alternative numerical methods for solving SPDEs. For these, all along our studies, we
will have to keep in mind the discontinuous behaviours of the solutions and the threshold effects they
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will trigger from a probabilistic point of view. The numerical methods will have to be computation-
ally efficient, accurate and robust with respect to such unavoidable difficulties, imposed by the PDEs
of interest. As an alternative numerical method to the MC one, in relatively low stochastic dimension,
we got interested in a recent one refered as Polynomial Chaos in the literature. The next chapters aim
at presenting an illustrated state-of-the-art of Polynomial Chaos with a systematic application of the
resolution algorithms to the above hydrodynamical 'fil rouge’ problem.
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Chapter 3

Polynomial Chaos as an alternative
to Monte-Carlo methods for UQ

An illustrated state-of-the-art on Polynomial Chaos methods

Contents
3.1 Wiener’s Homogeneous Chaos [295] and Cameron-Martin’s theorem [55] . 30
3.1.1 On Stone-Weierstrass’ approximation theorem . . . .. ... ... ... .... 31
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3.2 Polynomial Chaos for uncertainty quantification (UQ) . ... ... .. ... 35
3.2.1 Transformation of a gaussian random variable into a uniform one . . . . . . . . 36
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3.4.2 Moments of a probability measure and Hankel determinants . . . . . . . . . .. 42
3.4.3 Christoffel’s formulae, Jacobi’s matrix and construction procedures . . . . . . . 44
3.4.4 Taking into account discrete/categorical input variables with gPC . . . . . . . 46
3.5 Curse of dimensionality and Gibbs phenomenon . . . . . .. ... ... ... 46
3.5.1 Curse of dimensionality . . . . . . . .. . . ... ... .. 46
3.5.2 Sensitivity to the Gibbs phenomenon . . . . . . . .. ..., 47
3.6 Summary for generalized Polynomial Chaos .. ... ... .......... 48

In this chapter we suggest an illustrated state-of-the-art of Polynomial Chaos for uncertainty quantifi-
cation. We aim at describing its pros and cons having in mind the issues triggered by the hydrodynamical
problem of chapter 2. The material of this chapter was published (in a much less detailed version) in
some vulgarization journals [234, 233].

It is commonly accepted that at the basis of Polynomial Chaos for uncertainty quantification, two
main references are unavoidable, [295] and [55]. The term Polynomial Chaos was first introduced in the
seminal work of Wiener, in "Homogeneous Chaos Theory” [295], in 1939. The paper is rich in many ways:
first for its mathematical content and theoretical results. But also through the indirectly tackled fields
of application such as probability theory, approximation theory, ergodic theory, homogeneous turbulence
and even numerical analysis of hyperbolic systems at its very end. It will be discussed in the next section
together with the second one, written in 1957, by Cameron and Martin [55]. In both papers, the authors
demonstrate a convergence theorem on an unbounded function space. The statements are complex and
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general and it may appear hard understanding all their implications in term of approximation theory and
resolution algorithm. In section 3.1, we present a (too) brief analysis of both papers in order to replace
them in nowadays’ practical context. Our main contributions (except for chapter 4), see chapters 6, 7
and 8, often only consist in new algorithmic interpretations of the work presented in both of these papers.

Regarding uncertainty quantification, the term Polynomial Chaos together with its first application
were first introduced by Ghanem and Spanos [124]. The approximation method has since then been suc-
cessfully applied to solve many uncertain problems (stochastic elastic materials [124], finite deformations
[6], heat conduction [290], incompressible flows [307, 215, 186], reacting flows and detonation [179]...).
However, most of these approaches failed in the case of ”complex” flows involving discontinuities with
respect to the random variables. Many authors analysed the approximation method, highlighted some
of its weaknesses and even suggested practical solutions, see for example [67, 66, 185, 294, 121]!. There
has been active ongoing research on this topic over the last ten years and this part II of the document
presents our contributions to the discipline.

In the next sections, we aim at performing an illustrated state-of-the-art of Polynomial Chaos for
uncertainty quantification. By illustrated, we mean that care will be taken to analyse, isolate the
points/notions of interest and imagine simple test-cases emphasizing them. We want to make the state-
of-the-art the more progressive possible and for this, we often introduce difficulties one by one, illustrate
them on simple problems and discuss the material. The reader familiar with Polynomial Chaos may find
some examples and discussions naive and skip this chapter.

The chapter is organized as follow: we first (briefly) discuss Wiener’s Homogeneous Chaos [295] and
Cameron-Martin’s theorem [55]. Section 3.1 is born from notes aiming at investigating the subtleties of
both papers. The papers are very rich and kind of hard to penetrate due to their quite disruptive notations
(at least for me). We here claim no originality and the section, in any way, does not represent a substitute
to the refered works. We hope it may help the beginner with their decryption. The discussion is general
and will probably first seem far from the concrete problem of uncertainty quantification. Attempts will be
made to shorten the gap between the paper and this field of application. As we are aiming at presenting
Polynomial Chaos as a good alternative (under some hypothesis) to Monte-Carlo methods, we want to
identify the spectral counterpart of the Central Limit Theorem [256] invoked when applying Monte-Carlo
approximation strategies. This will lead us to recall first Stone-Weierstrass’ approximation theorem. In
the following sections, we focus on uncertainty quantification applications as introduced first by [124].
We insist on Polynomial Chaos (PC) first and on the need for the introduction of generalized Polynomial
Chaos (gPC) afterward. The step from Polynomial Chaos to generalized Polynomial Chaos is the key of
the methodology. It allows a considerable gain in accuracy, hence its efficient application to even more
complex physics. In section 3.4, we recall some details about the already intensively studied orthogonal
polynomials [273, 5, 117]. They remain the basis of the PC/gPC approximation methods. Our main
contributions to the discipline are presented in the next chapters 4-6-7—-8, motivated by systems of
conservation laws and the ’fil rouge’ problem described in chapter 2.

3.1 Wiener’s Homogeneous Chaos [295] and Cameron-Martin’s
theorem [55]

Before tackling Wiener’s and Cameron-Martin’s publications, we suggest reminding the well-known
Stone-Weierstrass theorem. The work described in [295, 55] may be understood as an attempt to gen-
eralize the latter to unbounded intervals under prescribed hypothesis. Note that the theorem is stated
with uncertainty quantification-friendly notations which will hold all along the document. We aim at
briefly emphasizing what Wiener, Cameron and Martin added in term of results with respect to Stone
and Weierstrass.

INote that the list here is non exhaustive but will be completed all along this chapter.
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3.1.1 On Stone-Weierstrass’ approximation theorem

Stone-Weierstrass’ theorem is at the basis of spectral methods and will be considered a reference for the
analysis of the theorems invoked for PC/gPC representations. Care will be taken to state the different
approximation theorems and properties in similar conditions in order to make comparisons easier. We
recall our aim here is to identify the spectral counterpart of the Central Limit Theorem for Monte-Carlo
methods.

Theorem 3.1 Stone-Weierstrass’ approzimation theorem: suppose u : X € H?Zl[ai,bi] c RY —
w(X)eR, ueC® (H?Zl[ai, bi]), the set of continuous real-valued function together with its L -norm

lle = swp  Ju@)!
€19, [as,bi]

Then there exists a sequence of polynomials (¢n)nen converging uniformly toward uw on H?zl[ai, bi].

The proof is not detailed here but can easily be found in many books, see [105] for example. It implies the
use of Bernstein polynomials and the application of the Central Limit theorem. Both are of importance
in this document: particular families of polynomials will be studied in this part IT and every Monte-Carlo
schemes described in part III will rely on the Central Limit Theorem for convergence. The strength of
the theorem comes from two aspects:

— first the convergence is uniform. But designing efficient engineering/numerical algorithms from the
L°°-norm remains complicated. Less constraining and strong norms may be more convenient.

— Second, the hypothesis of regularity of the solution does not hold for our applications. The fact that
discontinous functions are in Lz(HlQﬂ[ai, b;]) and that polynomials are dense in this space make
it look like an interesting trade-off. The L? space is also very convenient to build approximation
algorithms based on scalar products and projections on a space of both finite and infinite dimension.
For these reasons, in this document, the L?—norm is mainly considered.

— Note there are ongoing researches on Optimal Control and L!-minimization problems, see [85].
They are out of the scope of this document but we will probably study and work on these in the
future in order to understand their subtleties.

In [295], a new approximation theorem (the weak approximation theorem see [295]) is stated under general
conditions but hints toward considering the L? space come very naturally along the paper. In [55], the
authors directly focus on the L? space. In the two following sections, we briefly discuss papers [295] and
[65]. Both papers end with a new approximation theorem extending the Stone-Weierstrass one but in
order to avoid redundances, we focus on their particularties: in Wiener’s paper, the notion of ergodicity
is central. On another end, in [55], the authors state and prove their approximation theorem in a more
general form. These two aspects are described in sections 3.1.2 and 3.1.3.

3.1.2 On Wiener’s Homogeneous Chaos [295]

The most astonishing parts of Wiener’s publication [295] are in my opinion the introduction, untitled
Physical need for theory, and the conclusion, untitled The physical problem. Those parts are short but
hint at a wide range of applications, from homogeneous gas and liquids, states of turbulence and finally
considerations on solutions of nonlinear systems of conservation laws. The last ones are still hot topics
as testifies a recent paper by Tadmor et al. [109].

In his paper, the author focuses on homogeneous dynamical systems for which an ergocidity property
holds. He emphasizes the need for mathematical tools to represent, understand to accurately approzimate,
solutions of dynamical systems bearing this property. Ergodicity allows translating averages over an
infinite range taken with respect to a given measure A into averages over a set of finite measure. In
physical applications, the variable associated to the infinite set A\ is usually the time whereas the spatial
set (simulation domain D such that |D| < oo for example) corresponds to the finite one. Basically, if this
property holds, instead of observing a physical phenomenon during an infinite amount of time, averaging
spatially is enough.
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The main aim of paper [295] is to generalize Birkhoff’s ergodic theorem to multi-dimensional measure A
without any identification with the time variable. This implicitly paves the path toward the possibility
to consider unstationary problems: solutions at a given time can be obtained from averages over some
multi-dimensional measures (A should not be confined to the time and to any infinite set).

As explained before, the author aims at generalizing the ergodic theorem. Chaoses are the objects
on which it applies. To state the ergodic theorem as in [295], we need to introduce several notions and
definitions: in the following section, we try to introduce them in more UQ-friendly notations but we
must admit it is still a long way to achieve a satisfying enough section. Anyway, we make this attempt.
A homogeneous chaos, see [295], is defined as a scalar? measurable function u from

Uy, .., 0, X € R® x [0,1] — u(z1, wzg; X) eR.
In the above expression, X ~ U([0,1]) is such that if V(y1, ..., yg) € R?,VS C R
E[1s(u(z1 +y1, ..., 20 + yo: X)) < oo,
then V(y1,...,4qQ), (1, .- ¥5) € RY x R?
Els(u(zr +v1,-, 20 +y0; X)) =E [15(u(x1 + Yl o + y’Q,X))] .

If w is integrable, it is easier and conciser defining homogeneous chaoses as a set-function of 31 x...xXg =
¥ such that (z1,...,29) € £1 X ... x g =X, i.e.

U, X) :/.../u(ml,...,xQ;X)dwl...de.
b
Of course, U reduces to u, ie. U(X,X) = u(z1,...,x9;X), when the set ¥ reduces to the point
(x1,...,2q), i.e. (z1,...,xq) = . Now define the set X(y1,...,yq) as such,
if (z1,...,2¢Q) € ¥ <= (1 + y1,..,20 + yg) € (Y1, ---, YQ)-
Then in the new notations, the definition of a homogeneous chaos becomes: if ¥(y1, ...,yg) € R, VS CR
E [1S(U(Z(y17 ,yQ)’X))} < o0,
then v(yla EE) yQ)v (yiv 7yég) € RQ X RQ
E[1s(U(S(y1, - 9q), X)) =E [1s(U(Z(y1, - yg): X))] -

Thanks to the previous notions, Wiener’s generalization of the ergodic theorem can be stated as below.

Theorem 3.2 Wiener’s generalization of Birkhoff’s ergodic theorem: let U(X,X) be a homogeneous
chaos. Let the functional
(U(%, X)) = g(X),

be a measurable function of X such that

/ 9(X) log(|g(X)))dPx < 0.

Then for almost all values of X,

1
lim

i s | - [ w0): )iy < .

In the above expression, r* = 2?:1 v, R={(y1,.-,yq) € R? 2?:1 y? < r%} and V(r) the volume of

2

or vector valued, the generalization is straightforward.

33



R. IfU(X, X) is metrically transitive (see [295]),

lim / / (Y1, 90), X))dyi...dyg :/@(U(E,X))dPX, (3.1)

rﬂooV

for almost all values of X .

Now, polynomial chaos, which will be defined in the next section, can be understood as a mathematical
object such that any function of a polynomial chaos of arbitrary order satisfies the ergodic property by
construction.

The latter property of polynomial chaos is scarcely tackled in the literature. I must admit it is still hard
for me acknowledging its relative importance in everyday applications. Still, in [243], more developed in
chapter 7, an attempt is made to take advantage of it.

3.1.3 On Cameron and Martin’s theorem [55]

In this section, we state Cameron-Martin’s theorem [55] with notations specific to the manuscript and,
we hope, friendlier in an uncertainty quantification context. This may appear of poor interest but the
reader unfamiliar with the two results may find easier identifying the common points and the differences,
the stakes and the subtleties of the different invoked theorems. Its statement is complex and is more
general than the way it is applied for uncertainty quantification. Care will be taken to highlight this
point. Understanding every aspect of the theorem may lead to new interpretations and new resolution
schemes (an attempt is made in that direction in chapter 8).

Statement of Cameron-Martin’s theorem

Let C%([a, b]) be the space of continuous functions f : z € [a,b] — f(z) € D, C R. Cameron-Martin’s
theorem uses both the Wiener measure on C°([a, b]) and the completeness of the Hermite polynomials
on R in order to introduce a complete orthonormal set of functionals on C°([a, b]) such that every real-
valued function u(f(z)) in L*(C%([a, b])) has a converging development, in L?, on this complete set. We
denote by (d),? Jken the Hermite polynomials, orthonormal with respect to the inner product defined by
the gaussian measure, i.e. such that?

[V

x

/(/)k 2)6H ()dPe /¢>k 2)H ( m,oo[(x)%dx — 60, Y(k, 1) € N2,

Let us introduce (¢¢)ren, a set of real orthonormal functions of L?(C°([a,b])), such that the quantity

/ o (x)df(x / % (z) f(x)dz exists Vf € CO([a, b]).

Besides, Yh(z1, ..., xp) such that

0o p
| b [[4Pe, (o) <

-0 i=1

exists, we write (notations)

/CO([ab] (/ ¢% (x)df(x /qb“ )df(x )dwfz/_Zh(xl,...@p)f[ldpGi(%)

3Note that we here introduce the notation dPg(x) = 1) o,00[(®) e\/% dz.
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We furthermore define a complete orthonormal set of real functions (@4, ) (m,n)enz belonging to L*(C°([a, b]))
by

b
L (f) = b (/ dﬁf(w)df(x)) ,Y(m,n) € N2, (3-2)

Besides, Vp € N we have

Uontrooomy, (F) = @y 1 (f) X oo X @i, o (f)- (3.3)

Expression (3.3) is called the Fourier-Hermite set in [55]. Then the Cameron-Martin’s theorem is stated
as follows.

Theorem 3.3 Cameron-Martin’s theorem: the Fourier-Hermite series of any real functional u(f) €
L?(C°([a,b])) converges in the L*(C°([a,b])) sense. This means that if u(f) is such that

/ u(f)Pdu f < o,
CO([a,b])

then

/CO([mb])

In the above expression, wm,, . m,p are the Fourier-Hermite coefficients defined by

dupf <oo —» 0. (3.4)
P—o0

Umy,....mp = / u(f)qlml,...,mp(f)dwf'
€O([a,b])

Of course, regarding uncertainty quantification, the set of orthogonal functions (¢¢)xen of L?(C°([a, b)) is
replaced by uncorrelated continuous random variables, i.e. orthogonal continuous applications (X)gen
with Vk € N X; : w € Q@ — Dx C R where Dx is not necessarily bounded. At this stage of the
discussion, the continuity for the considered random variables may appear strong (as random variables
are generally only considered measurable) but more general cases (discrete/discontinuous input random
variables) will be discussed later in the document.

A special case of Cameron-Martin’s theorem [55]

One detail may trigger the curiosity of the uncertainty analyst familiar with the application of Polynomial
Chaos: the summation over P in (3.4) implies a tensorized basis (see expression (3.2)) with components
growing with respect to the number of components of the set (¢f)ren, i.e. in an uncertainty quantifi-
cation context, with respect to the set of random variables (Xj)ren. When commonly applied in such
context, the expansion depends only on a finite number of random variables (X k)ke{l _____ @y modeling the
uncertain input parameters of interest. The theorem usually applied in uncertainty quantification prob-
lems corresponds in fact to a special case of Cameron-Martin’s theorem dealt with (and called ’special
case’) in the same publication [55]. Wiener in [295] in fact only stated this special case, but under less
constraining hypothesis with respect to the regularity of the solutions.

Theorem 3.4 A special case of Cameron-Martin’s theorem: let f(ui1,...,uq) be any Q—dimensional
function such that

u(ug, ...,uQ)e_("er"'Jr“é) € L?*(—o0,0), (3.5)

and

b b
u(f) = ( [ st@as... [ ¢%(w)df(w)> .
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then

w P
Lo it Y g Woma ()] duf <0 = 0 (36)
CO([a,b]) mi,...,mqQ=0

where Up, ... m ore the Fourier-Hermite coefficients defined by

Q

Umy,....mq = /c u(f)\I/ml,...,mQ (f)dwf

([a,b])

The difference between the statement of 3.3 and its special case 3.4 is identifiable comparing expressions
(3.4) and equation (3.6). In the second one, the number of components @ does not grow with P (the
polynomial order is the only convergence parameter). The special case of theorem 3.3 states that any
@Q—dimensional functional from any subset of R (even unbounded ones) into any subset of R (even
unbounded) verifying (3.5) can be expanded in an infinite sum of Hermite-Fourier coefficients on a
Hermite basis of dimension Q.

Remark 3.1 At this stage of the discussion, it is interesting noticing that Grad’s 13 moment model
briefly presented in chapter 1 (see also [207]) is nothing more than a P = 1-truncated Polynomial Chaos
development on the Hermite basis with Q = 3 (with respect to X = (v1,v2,v3)t).

In the next chapters (until chapter 8 in fact), we mainly focus on/invoke the special case of Cameron-
Martin’s theorem. We insist it is implicitly invoked in the literature for uncertainty quantification
problems. In chapter 8, we present our attempt to build a new approximation algorithm, based on gPC,
from the general Cameron-Martin’s theorem (i.e. not its special case).

3.2 Polynomial Chaos for uncertainty quantification (UQ)

Theorem 3.4 is the convergence result at the basis of Polynomial Chaos for uncertainty quantification.
It corresponds to the spectral counterpart of the Central Limit Theorem [165, 256] for Monte-Carlo
methods. The aim of this section is to illustrate what can be asymptotically expected from a PC
approximation. For this, we consider a wvery special case of theorem 3.4: we focus on a 1D application
and state the theorem in a probability space.

Corollary 3.1 A very special case of Cameron-Martin’s Theorem: let (2, F,P) be a probability space.
Let G ~ G(0,1) be a centered normalized gaussian variable with probability measure

_z?
e 2 dzx.

dPg(z) =

™

Let (¢f)en be the basis of Hermite Polynomials, and let u(G) be an unknown random variable written
as a transformation of the gaussian one G.

Suppose that /uz(g)d’Pg = E[u*(G)] < oo, then we have

P 2
up(@) = > wof(G) "2 u(@).
k=0

— 00

In other words, the polynomial development converges in the L*($), P)-norm toward the unknown random
variable u(G). The polynomial coefficients (ux)ken are defined as up = /u(g)¢£(g)d7>g, the projection

of the solution on the Hermite basis with respect to the gaussian scalar product.

Without further details, we illustrate the practical application of the above corollary 3.1 in an uncer-
tainty quantification analysis. To do so, we suggest considering several simple uncertainty propagation
problems.
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3.2.1 Transformation of a gaussian random variable into a uniform one

The first uncertainty quantification problem we consider here transforms a gaussian random variable into
a uniform one. This can be done by the application of u defined by X — u(X) = % + %erf(@X), to
X ~ G(0,1). Then, u(X) ~ U]0,1] is a uniform random variable on the interval [0, 1]. Let us apply the
material of corollary 3.1 in order to approximate X — u(X). Of course, the key step of the method
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Figure 3.1: Histograms of the sampled PC developments of the random variable X ~ G(0,1) — u(X) =
i+ %erf(%X) ~U[0,1] for P =1,3,5,9 with analytically computed coefficients (ux)re(o,p}. The blue
histograms are the analytical ones obtained from sampling a uniform random variable &[0, 1].

consists in the computation of the polynomial coefficients (ux)ieqo,....py- We will explain how they are
computed later in the document: chapters 4 and 5 are dedicated to numerical methods allowing so. In
this chapter, consider they are computed very accurately (even analytically whenever it is possible). We
alm at presenting what can be asymptotically expected from Polynomial Chaos.

Figure 3.1 compares the histograms obtained thanks to an MC method (reference in blue) and the
one obtained by sampling a Gaussian random variable X ~ G(0, 1) and applying the PCp developments
for different truncation orders P (red histograms). Qualitatively, we identify a convergence behaviour:
increasing P allows the approximated histograms to get closer to the target one (in blue). For P =9,
the PCgy and the MC histograms are almost indistinguishable.

Once the polynomial coefficients (ux)ieqo,...,p—9} computed, the PCp histograms are obtained by

sampling from a polynomial X — kazo up@r(X) rather than from a complex functional X — u(X)
potentially costly. In the literature, the PCp expansions are often called metamodels or surrogate models.
In this manuscript, a metamodel is also denoted by reduced model (mainly in chapter 4) or more often a
gPC approximation (in chapter 5).

Once the histogram available, one can work on many statistical features such as mean, variance, high
order moments, failure probabilities etc. depending on the purpose of the uncertainty analysis (see the
main chart in [271]). Consequently, once the histogram is accurately enough computed, we consider the
resolution of the uncertainty propagation step done, the rest being less costful postprocessings.

Now, let us consider the same uncertainty quantification problem as before but from a more quan-
titive point of view. Figure 3.2 presents a convergence study with respect to P in L?-norm for the
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PCp developments of X ~ G(0,1) — u(X) = 5 + %erf(gX) ~ U[0,1]. As can be seen on figure 3.2,

0.1
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Figure 3.2: Convergence study of the PCp approximation for the transformation of a gaussian random
variable X ~ G(0,1) — u(X) =1 + %erf(%X) ~ U]0,1] into a uniform one.

for P > 1, the curve exhibits an exponential convergence rate: linear dependence with respect to P of
log(er2) where ey is the L?-norm of the error. This exponential convergence rate is characteristic of
spectral methods. From a practical point of view, the gain is considerable: with P = 9, the error in
L?-norm is ~ 107%. Such accuracy, with a MC method can only be reached with Nj;c ~ 10'2 samples
which remains unaffordable for many applications. As a consequence, if we are able to compute the co-
efficients (uy)rego,...,py efficiently enough (in comparison to a certain amount of MC runs), PCp stands
for an interesting alternative.

3.2.2 Mapping of a uniform random variable into an Arcsinus and a Binomial
one

We now consider two other simple transformations. They will help understand the subtlety of the
introduction of generalized Polynomial Chaos [305, 291] few years after Polynomial Chaos [124] in an
uncertainty quantification context. For this, we first perform the same kind of convergence study as
before but on the transformation of a uniform random variable X ~ U[0,1] — u(X) = sin(27X)
into an Arcsin law. We then apply the PC development to the transformation of a uniform random
variable into a Binomial one wvia the transformation X ~ U[0,1] — u(X) = 1), 1)(X). The latter
transformation is studied to anticipate the behaviour of the approximation when discontinuous solutions
are appearing (cf. the ’fil rouge’ problem presented in chapter 2).

Mapping of a uniform random variable into an Arcsinus law

We first apply PCp developments for several truncation orders P for transformation X ~ U[0,1] —
u(X) = sin(27X) and display the same convergence study as in figure 3.2. Note that in order to apply
PC here, we first had to map the input random variable X into a gaussian one in order to compute the PC
coefficients on the Hermite basis. The results are presented in figure 3.3 and once again, the test problem
suggests PCp yields an exponential convergence rate. But the curve is much flatter than in the previous
example. Indeed, a 10~2 accuracy is not even reached with P = 9 on this second example. To attain
an equivalent accuracy, the Monte-Carlo method needs about 10* samples: for such transformation, we
can consider both methods compete. The fact that the convergence rate of spectral methods strongly
depends on the regularity of the solution is well-known [42]. This represents a drawback with respect to
MC methods for which it is relatively insensitive. For MC methods, the regularity of u mainly affects
the constant multiplying the convergence rate, not the convergence rate, see section 5.2 of chapter 5.
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Figure 3.3: Convergence study of the PCp approximation for the transformation of a uniform random
variable X ~ U[0,1] — u(X) = sin(27X) ~ A into an Arcsinus one.

Next, in order to anticipate with the kind of solution which can be encountered when dealing with
hyperbolic systems of conservation laws, let us consider another simple transformation of a uniform
random variable into a binomial one.

Mapping of a uniform random variable into a Binomial law

We here apply PCp developments for several truncation orders P on the transformation of a uni-
form random variable X ~ U[0,1] via the application u(X) = 1]700)7%]()(). In this case, the output
u(X) ~ Bo,l(%, i) is a binomial one with state 0 having probability % and state 1 having probability %.
Once again, the input X being non-gaussian, we first need to map X into a gaussian random variable
to compute the PC coefficients on the Hermite basis. We display the same kind of convergence study
as before in figure 3.4. For such discrete output, the PCp approximation does not yield an exponential
convergence rate. Obtaining an accuracy below 107! in the L?-norm is very hard. It needs the compu-
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Figure 3.4: Convergence study of the PCp approximation for the transformation of a uniform random
variable X ~ U[0,1] — w(X) = 1;_,, _1;(X) ~ B into a Binomial one.

tation of more than P = 30 coefficients. The same accuracy in L?-norm can be attained with an MC
method with about Na;e = 100 samples.
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With these last two examples, it is not obvious Polynomial Chaos represents an interesting alternative
to the Monte-Carlo method. In fact, Polynomial Chaos has been quite condemned in many papers be-
tween 1970 and 1980, see for example [66, 67, 103], emphasizing the need of very high order developments
for real life applications (study of turbulence for example, see [66]). The introduction of generalized Poly-
nomial Chaos (gPC) by Karniadakis et al. [305, 291] gave a new breath to the spectral approximation.
It suggests a new approximation method obtained by only slightly changing the approximation basis. It
is described in the next section.

3.3 Introduction of generalized Polynomial Chaos (gPC) for
UuQ

In order to fully understand the differences between generalized Polynomial Chaos and Polynomial Chaos,
we suggest stating a second ’version/corollary’, still in 1D stochastic dimension, of Cameron-Martin
theorem which corresponds to the gPC application in the literature. It has been conjectured and applied
in many numerical examples by Karniadakis et al. (2002-2006) [305, 291] and fully demonstrated in [104].

Corollary 3.2 Convergence of generalized Polynomial Chaos: let (2, F,P) be a probability space. Let
X be an arbitrary random variable of given probability measure dPx (x). Let (¢7% )ken be the basis of
orthonormal polynomials with respect to dPx ()

/ PR X APx = b1, V(k, 1) € N2,

Suppose the define a dense orthogonal set in L*(Q, F,P). Let u(X) be an unknown random variable.

P 2
Suppose that /uz(X)dPX < oo. Then the polynomial development ux(X) = Zukx¢kX(X) LP&P)
— 00
k=0

uw(X), converges in the L?(Q,P)-norm toward the unknown random variable u(X). The polynomial
coefficients (ug)gen are defined by upy = w(X) ok (X)dPx. They are the projection of the solution on

above polynomial basis with respect to the scalar product defined by the probability measure dPx .

Note that the general convergence theorem seems to demand an additional condition in comparison to
Stone-Weierstrass’ or Cameron-Martin’s on the input distribution: it must have a uniquely solvable mo-
ment problem? for the set of polynomial to be dense in L2. This assumption is in fact already in both
seminal theorems because the Hermite polynomials are dense in L?. The hypothesis deserves some more
details, it will be dealt with in the next section regarding the construction of the gPC basis. Paper [104]
also recalls the convergence is ensured for quantiles®, relative moments®, in probability”: in other words,
for every classical mathematical tools to perform a (converging) uncertainty quantification analysis. In
the following sections, we consider random input variable X for which the gPC convergence holds [104].

To sum-up, some complementary theorems ensure the convergence for some particular measures®
dPx but the complete convergence theorem for gPC has been demonstrated in [104]. Now, the efficiency
of gPC vs. PC has been numerically observed in many fields of applications [291, 294, 293, 299, 167, 76,
304, 306, 305, 208]. In the next paragraphs, we suggest revisiting the previous numerical examples with
gPC and compare its performances with PC.

41t is not restrictive for the distribution of the Askey scheme [12, 305, 303, 291] nor discrete and mixed distributions
but may be problematic for the lognormal one [104].

5Relevant when one is interested in approximating a probability of failure.

6Relevant when one is interested in central quantities.

"Relevant when one is interested in approximating the probability density function of the output variable by a histogram.

8For example if the support of dPx is bounded (uniform, arcsinus, beta laws etc.) the Stone-Weierstrass theorem ensures
the convergence of the gPC expansion. For the Poisson distribution (unbounded discrete distribution), the convergence is
ensured by the very same theorem ensuring the convergence of the Gram-Charlier expansion etc.
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Mapping of a uniform random variable into an Arcsinus law: comparison of PC and gPC

Without any further comment, we apply the gPC material to the transformation of a uniform random
variable into an Arcsinus laws, just as in one of the previous paragraph and compare the results obtained
by both approximations, PCp and gPCp. Figure 3.5 (left) compares the convergence studies for X ~
Uo,1] — u(X) = sin(27X) with PCp and gPCp up to order P = 9. The red curve (PCp) is the

gPCp (Legendre) vs. PCp (Hermite) gPCp—g
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Figure 3.5: Left: Comparison of the convergence rates of PCp and gPCp for the transformation of
a uniform random variable X ~ U[0,1] — u(X) = sin(2rX) ~ A into an Arcsinus one. Right:
comparison of the target histogram and the gPCy one (they match exactly).

same as in section 3.2. The blue one (gPCp) is obtained applying the new version of Cameron-Martin
theorem. The convergence rate with gPC is way better on this test-problem. For P = 9, the level of
accuracy of the approximation is ~ 107'°. Such level of accuracy was far from being reached with PC.
Figure 3.5 (right) presents the histogram of the pdf obtained with gPCp_g: it is not distinguishable
from the target histogram of the Arcsin law.

Mapping of a uniform random variable into a Binomial law: comparison of PC and gPC

X))~ B

into a Binomial one with gPC instead of PC. The red curve in figure 3.6 (left) is the same as in figure

Let us revisit the transformation of a uniform random variable X ~ U[0,1] — u(X) =1;_, _

gPCp (Legendre) vs. PCp (Hermite) gPCp_s
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Figure 3.6: Left: Comparison of the convergence rates of PCp and gPCp for the transformation of
a uniform random variable X ~ U[0,1] — w(X) = 1;_, _1y(X) ~ B into a Binomial one. Right:
comparison of the target histogram obtained with MC and the gPCg one.

3.4 obtained with PCp whereas the blue one corresponds to the gPCp convergence study. The gPC

approximation is always (i.e. VP) better than the PC one but the convergence remains non-spectral
(this is predicted by theory, see [42]). Figure 3.6 (right) shows the target histogram obtained with an
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MC method (red) and the one obtained with the gPCg approximation: the gPC approximation poorly
captures the discrete behaviour of the solution. Such oscillating approximation corresponds to what is
commonly called the Gibbs phenomenon in the literature.

Summary

With the previous examples, we aimed at highlighting there exists more or less adapted basis for approx-
imating a given random variable u(X). Above all, this was already implicitly contained in the original
Cameron-Martin’s theorem [55]. In fact, in [291, 305], the authors re-interpreted Cameron-Martin’s the-
orem and put forward there even exists an optimal basis for any given L? random variable u(X). In
table 3.1, few correspondances between optimal basis and random variables are given. Some of those
correspondances were also given in the Askey scheme see [259]. In fact, table 3.1 must be understood

Random variables | Askey Polynomials
Continuous laws gaussian Hermite
gamma, Laguerre
beta Jacobi
uniform Legendre
Arcsinus Chebyshev
Discrete laws Poisson Charlier
Binomial Krawtchouk
negative-Binomiale Meixner
Hypergeometric Hahn

Table 3.1: Askey scheme: correspondances between random variables and optimal gPC basis.

this way: let X be a uniform law, let u(X) be a transformation of X distributed according to an Arcsin
law. Then the development of the target random variable u(X) on a Chebyshev basis yields the fastest
convergence rate: it is analytical with only 2 polynomial coefficients, i.e. order P = 1, ug representing
the mean and wu; the variance. More than that, the same correspondance exists also for discrete laws,
hence for transformation X ~ U[0,1] — w(X) = 1;_, _1,(X) ~ B for which, according to table 3.1,
the Krawtchouk polynomials yields the best convergence rate (perfect accuracy for P = 1). Of course,
knowing the optimal basis implies knowing the output distribution which is precisely the unknown. Still,
having such existence information for the optimal basis allows looking for it and designing algorithm
aiming at it: this is the purpose of chapter 6 describing our contribution to non-intrusive gPC (see
iterative gPC or i-gPC (238, 31, 242)).

Remark 3.2 Corollary 3.2 does not mean gPC is superior to PC: assume w transforms a uniform
random variable X into a gaussian one. Than PC will hold the optimal convergence rate.

The two last sections presented two approximation methods, PC and gPC. They are closely related
in the sense the approximation algorithms for the two approaches come from two slightly different in-
terpretations of Cameron-Martin’s theorem [55]. Its complexity and completeness makes it a probable
source for even newer interpretations, hence new approximation tools.

Before tackling the different practical ways for computing the gPC coefficients, we present in the
next section the construction of the gPC basis for arbitrary random variables (i.e arbitrary probability
measures). Indeed, the first condition for applying corollary 3.2 is to be able to build the orthonormal
basis with respect to the inner product defined by the probability measure of the input random variable

X.

3.4 The construction of the gPC basis

A gPC basis is nothing more than an orthonormal polynomial basis. The gPC procedure only helps the
uncertainty analyst a priori choosing an efficient one. Orthonormal polynomials have been intensively
studied in the literature, see amongst others [273, 5, 117, 129]. In this document, we do not aim at
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being exhaustive on the subject. We only recall their main properties, those useful for the construction
of an arbitrary gPC basis associated to the inner product defined by an arbitrary probability measure
dPx. We also prepare some notions and notations for the question of numerical integration with Gauss
quadrature rules which is central for the non-intrusive application in chapter 5.

3.4.1 Inner product defined by an arbitrary probability measure

Let dPx be an arbitrary probability measure related to an arbitrary random variable X. Care will
be taken in this section to be able to consider any random variable, continuous (gaussian, uniform,...)
and even discrete/categorial (binomial, multinomial,...). We introduce the inner product defined by the
probability measure dPx as

() = [ H@la)dPx (o) 5.7

The above inner product, for a probability measure of a discrete random variable having D + 1 < oo
states (;);eqo,...,p}y With probabilities (p;);eqo,....py > 0, resumes to

.....

D

D
o0y = / F(@)g(x)dPx (x) = / F@)g(@) S pibey @) = 3 pif5)9(z,). (3.8)
=0

Jj=0

In this particular case, the output random variable is in a finite vector space (of size D + 1 < oc0). With
expression (3.8), we insist on the fact that the notation (3.7) is compatible with continuous and discrete
input random variables. The notations are inspired from the ones of [117].

A sequence of P orthogonal polynomials ((Z)i{ )ke{o,...p} associated to the probability measure dPx
has the following properties:

~ ¢ is of degree Fk,

- <q{),§,¢lx>x =0, V(k,1) € {0, ..., P}? such that k # .
The sequence is said

— orthonormal if <¢§7 ¢§>X =1Vke{0,.., P},

— monic if the coefficient of the highest degree (i.e. of z* for ¢ ) for every polynomials of the sequence

.....

monic (orthogonal) polynomials.

Obviously, the families (qbz(’m)keN of monic orthogonal polynomials and (¢3% )xen of orthonormal poly-
nomials are related. Their relative expression will be given in the next section once an additional notion
introduced. For conciseness in the following document, the sequence of polynomials orthonormal with
respect to the inner product defined by a given probability measure dPy is refered as the polynomials
associated to X or dPx. Such sequence is closely related to the statistical moments of its corresponding
random variable X or probability measure dPx. In the next section, we recall this important link.

3.4.2 Moments of a probability measure and Hankel determinants

Consider an arbitrary random variable X having probability measure dPx and suppose Vk € N
sp = /:cdeX(x) < 0. (3.9

Then the sequence of numbers (si\)ren is called the sequence of moments of the random variable X
or of the probability measure dPx. Note that if the support of X/dPx is bounded, the existence
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of the sequence (3.9) of moments such that (3.9) Vk € N is straightforward. We define the Hankel
matrices/determinants of the random variable X or of the probability measure dPx by Vk € N

X X X b'e X b
sy sy .. s 57 §3 e Shy
X _ | X oX X X | X X X
Hy = 85 Spir o Span | Hoprr =1 Sn Spae1 - Shaw |- (3.10)
X X b's X
S e e Sy Shopr o e Shhaq

Determining whether a sequence of finite real numbers (sx)ren are moments of a unique or not random
variable/probability measure is what is commonly called the classical moment problem. If such random
variable/probability measure exists and is unique, the problem is said determinate. If it exists and is not
unique, the problem is said indeterminate. Depending on the support of the random variable/probability
measure, the moment problem is called [204, 7]:

— the Hausdorff moment problem when X/dPx has a bounded support, i.e. X € HiQ:l[ai, b;]. In this
particular case, if a sequence (s? Jken is a sequence of moments of a random variable/probability
measure, then the problem is determinate [204, 156, 7].

— The Stieltjes moment problem when X/dPx has a half-line support, i.e. X € Hinl[ai,oo[. In
such conditions, if a sequence (si( Jken is a sequence of moments of a random variable/probability
measure, the problem may be indeterminate. A sufficient condition for uniqueness can be express
as

i(ﬁ)_?’f = 0. (3.11)

It is called Carleman’s condition see [7].

— The Hamburger moment problem when X/dPx has an unbounded support, i.e. X € R?. In such
conditions, a sequence of moments may also be indeterminate and the Carleman’s condition see [7]
in this case is given by

(Sﬁ)_ﬁ = 0. (3.12)

M2

>
Il

0

Consequently, depending on the support of the random variable/probability measure of interest, if exis-
tence holds, uniqueness is not always straightforward. In the indeterminate cases, the solutions of the
moment problem form a convex set. Most of all for our applications, in the determinate moment problem
case, the set of polynomials are dense in the associated Hilbert space.

So far, we mainly dealt with uniqueness and assumed existence. Let (si )ren be a sequence of numbers
satisfying Vk € N st < 00. Suppose the Hankel determinants defined by (3.10) satisfies:

— either Vk € N H\, > 0 and H3y, | >0,
— or V(2k,2k + 1) € {0,...,D}?> Hy >0 and Hy,,; >0 and Hay, = Hay | = 0 for larger £,

then the sequence is a sequence of moments of a random variable/probability measure for the classical
moment problem (i.e. independently of being a Hausdorff, Stieltjes or Hamburger moment problem).
Note that in the second case, the Hilbert space associated to the existing measure is finite-dimensional
and of size D + 1.

As briefly tackled before, the existence of a set of dense polynomials associated to a given random
variable/probability measure X/dPx is closely related to the existence and the determinacy of its mo-
ments. In the following section, we present Christoffel’s formulae which explicits the relation between
the moments of a random variable and the orthonormal polynomials associated to this same one.
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3.4.3 Christoffel’s formulae, Jacobi’s matrix and construction procedures

Christoffel’s formulae [7, 156] explicits the relation between the sequence of moments (si )en of a random
variable X and the set of orthonormal polynomials (qka )ren associated to X. It is given by

B

V?’L S {0, ...,P},Qﬁf(m) = ﬁ Si( Si:*l ves Serk} . (313)
ﬂ?(n—l)ﬁ2n .. ..
1 O L

In (3.13) appears the previous Hankel determinants (3.10). From (3.13), it is easy recovering the polyno-
mial sequence may only exist up to a certain order D (whether the Hankel determinants are all strictly
positive or if there exists an order after which they are all zero). In the following document, we keep
considering, for convenience, polynomials orders k € N even if for some probability measure they exist
only up to a certain order P € N. With (3.13), it is easy verifying, see [7], the monic orthogonal polyno-
mials ((bf’m)keN can be expressed with respect to both the orthonormal ones (¢;X )xen and the Hankel
determinants as we have Vk € N:

HX
X X, =22(k=1) X,
oy () =T ¢, " (2) = X Ok " (). (3.14)
45y,

Christoffel’s formulae (3.13) obviously represents a way to build the gPC basis associated to the
probability measure dPx. It definitely has a theoretical interest but it is scarcely used in practice due to
the difficulty to accurately numerically compute the Hankel determinants. The problem is more and more
ill-conditioned as the polynomial order increases. To illustrate this, suppose the sequence of moments
(si< )ke{o,...,2p} of an existing random variable X are not accurately known? and assume a perturbation
of these moments such that

(s%)keqo,....2Py = (SkX + Ek)refo,...2P} (SkX)ke{o,...,2P}~

For the sake of simplicity of the following developments, we suppose a particular form for the perturbation
e = (eg,...,e2p) = (0,...,0, ) so that we suppose every moments of order n € {0, ...,2P—1} are accurately
computed whereas the last one sy is perturbed by §. The polynomials orthornormal with respect to
the perturbed moments coincide with the one of X up to order P — 1 and we have

¢§D($)=T Sk Shp1 o Sayk |- (3.15)
2L2(pP-1)£L2P xl xP

In other words, ¢ only affects the last Hankel determinant HSp hence the last polynomial ¢p. Now, from
the definition of H5p and by a development of the last line of the determinant, we have

Hip = HYo +0HYp ;) sothat  ¢5(z) = ———e—0X ().

| Hyp_
1+§72(; 1) (3.16)
Hip

Consequently, the sequence of polynomials (d)kX )ken associated to X and the sequence of polynomials
(0% )ken associated to the perturbed moments are such that

—V¥ne{0,..,P—1},¢5 = ¢X,

9they may be only computed, estimated etc.
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— and for the last component, we have

b5 (x) = ¢X(2) — 12D 46X ()5 1 0(52). (3.17)

X
2(P
H
It is known in the litterature [14, 118, 7, 156] that in the previous conditions Vn € N

X
ﬂZn
X

_ . do®
< 2-(4n+2)  Jeading to d—dp
ﬂQ(n—l)

> 94P+1

It testifies for a higher and higher sensivity of the orthornormal basis components with respect to a small
inaccuracy in the statistical moments/Hankel determinants () as the polynomial order P increases. The
inaccuracy 6 may come from an approximation of the moments but also from roundoff errors due to
the determinant computation algorithm. In order to avoid such aliasing errors, more stable algorithm
are available such as the Chebyshev one or the modified Chebyshev one (see [117]). Those algorithms
intensively use another important property of orthonormal polynomials. For any set of orthonormal
polynomials up to order P, there exists two sequences of coefficients (o )reqo,.... py and (Br)reqo,..., P}
such that Vk € {0, ..., P}

VB0 () = (2 — ag1) o () — /Bty ( (3.18)

In the above expression, Vk € {0, ..., P}, we have

/ 6 ()6 (2)dPx ()
<¢k7 ¢k>X ’

ap =
and (Bk)keqo,...,py are such that Vk € {0, ..., P}

(91 0% )y
<¢kX—1a ¢kX—1>X

Equation (3.18) is refered to as the three term recurrence formulae in the literature. The Chebyshev algo-
rithms, even if known to be more stable, may also suffer inaccuracy'® in the estimations of (o, Bk )ren-
The relation between the moments and the coefficients of the three-term recurrence formulae can be
explicited, we refer to [273, 117] for the interested reader. It must be kept in mind that the orthornormal
basis associated to any random variable with a too important order may bear unworkable inaccuracies.

The three-term recurrence formulae can be written in a matrix form by introducing the Jacobi matriz
of order P defined by

Br =

(€51 \/E 0 0
VB a VP2 0
in( = 0 \/5>2 a3 \/5>3

0
0

(3.19)

o O o o

VBp

Denote by &% = (¢5( S ey </>f§ )t the vector of P+1 components of the sequence of orthonormal polynomials
associated to X, the three-term recurrence formulae ensures that

2@y (z) = Jp @3 (z) + /Bropi1()ep, (3.20)

where ep = (0, ...,0,1)" is of size P+ 1. It is then interesting noticing that the P + 1 roots (X;);cqo,....p}
of polynomial ngf.f_H are the eigenvalues of the Jacobi matrix of order P. We have Vk € {0, ..., P}

Xi®p (Xi) = JE 5 (Xp).

10As the sequence (By)ren is obviously related to the sequence of moments, see (3.13).
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Vectors (®% (X})) ke{o,...,p} are consequently the corresponding eigenvectors. This property is intensively
used in order to build Gauss quadrature rules, see chapter 5.

3.4.4 Taking into account discrete/categorical input variables with gPC

In the previous sections, care has been taken to detail the case of discrete random variables with D + 1
states even if the notations and the results did not particularly need it. We here want to insist on the
fact that discrete input random variables are included in the gPC framework (already in [295] or in the
Askey scheme of table 3.1). This property is not obvious in the literature. It has triggered questionings
from some of my students. The construction procedure for the gPC basis of any discrete law is exactly
the same as for continuous random variables or at least the same as for random variables having an
infinite sequence of orthonormal polynomials. The only difference comes from the fact that one should
not try to build the gPC basis after a certain order depending on the number of states of the categorial
random variable. By convention in the following document and without loss of generalities, we denote
by (¢ (X))ken the gPC basis associated to any random variable X: if X is discrete then Jko € N such
that Vk > ko, g5 (X) = 0 and the notation still holds.

We do not spend too much time on this particular case but let us consider a practical example
derivated from the the ’fil rouge’ problem of chapter 2. Suppose the initial interface position can be
modeled by a discrete random variable with three equiprobable states Xy = 0.45, X7 = 0.5, X5 = 0.55
with probabilities pg = p1 = p2 = % In this particular conditions, the initial and final realisations of the
discrete interface position are also given by the three initial realisations displayed on the top pictures
(but the bottom ones are not representative of this choice here) of figure 2.2. The gPC basis exists up
to order P = 2, it corresponds to the Meixner polynomials (see table 3.1). The output random variables
have at most three discrete states and we know in the vicinity of the shock or the interface, they have
only two discrete ones. We assure they can efficiently be captured by the three term Meixner basis.

This section is almost allusive but we wanted to insist on this point. We now spend few sections
illustrating the main drawbacks of gPC, especially having in mind the ’fil rouge’ problem of chapter 2.

3.5 Curse of dimensionality and Gibbs phenomenon

In this section, we focus on the two main drawbacks of gPC, the curse of dimensionality and the sensitivity
to Gibbs phenomenon. As explained before, the dimensionality problem is not our main issue, we are
dealing with a fairly reasonable number of input uncertainties (see chapter 2). The Gibbs phenomenon
on the contrary is unavoidable in our applications, even in 1D stochastic dimension. In the next section,
we briefly describe and illustrate both difficulties.

3.5.1 Curse of dimensionality

The first drawback is quite simple to understand and illustrate: the previous corollaries (PC with 3.1
and gPC with 3.2) were stated in 1D stochastic dimension. Their multi-dimensional counterparts cor-
responds to a tensorization of 1D polynomial basis, exactly as detailed in the original paper [55] and
recalled in theorem 3.4. Assume X = (X1,...,X)" is a vector of independent components, a gPC ap-
proximation of the transformation u(X) can be obtained by introducing @ one-dimensional gPC basis
(#%(X;)) keN,ie{1,...,o} orthonormal with respect to the independent probability measures of each com-
ponent of the random vector V(k,1) € N2,i € {1,...,Q}:

/%(xi)@(%)dpxi (i) = Ok,1-

Approximating u(X) on the Q-tensorized P-truncated polynomial basis implies the determination of
(P +1)9 coefficients. An increase in the dimension @ leads to an exponential increase of the number of
coefficients which are directly related to the computational resources needed (see chapters 4 to 8).

Note that we supposed X € R? is a Q-dimensional independent random vector. Independence here is
convenient but does not imply any loss of generality. Correlated random variables can be treated the
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very same way conditionally to a primary modeling via copulae, see [169, 170, 100, 34] for some very
pedagogical examples.

Several authors aimed at relieving the impact of the curse of dimensionality in high dimensions.
Each attempt comes with an additional hypothesis. For example in [34], the author build some sparse
representations assuming many coefficients are zero. For this, an L' penalization is introduced. Other
authors [34, 35, 262, 158, 258, 72] choose to compute the coefficients on some simplexes based on hy-
pothesis of regularity of the output random variables with respect to the different input dimensions: the
truncation orders (P;);eq(1,..., o} is different depending on the stochastic directions (X;);eq1,...,y for which
some smoothness criterions are satisfied a posteriori by the output. In the following sections, due to the
appearance of discontinuous solutions in our applications, we do not make any of the above assumptions
on the regularity of the solution.

3.5.2 Sensitivity to the Gibbs phenomenon

If the curse of dimensionality can be considered a minor difficulty in the studies we are interested in, this is
quite different for the Gibbs phenomenon. Let us consider the previously tackled problem of transforming
a uniform random variable X ~ U([—1,1]) into a binomial one via application u(X) defined as

. < _l
u(z) =1_o _1(z) ={ é ;flfe._ z (3.21)
The transformation u maps a uniform random variable into a binomial one with states {0,1} with
respective probabilities {%, %} Discontinuous functions are in L? so there is no surprise the classical
theorems apply. We verify it experimentally: figure 3.7 compares the gPCp_¢ approximation to the
analytical solution in term of functional representation (left) and histogram of the pdf of the output
(right). The functional represention of figure 3.7 (left) testifies of the discontinuous behaviour of the

Solution u(x) and ug () histogram of u(X) and ug
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Figure 3.7: gPC and Gibbs phenomenon in term of functional representation (left) and histogram (right)

output u(x) with respect to the uncertain parameter (red curve for the reference solution). The histogram
of the pdf, figure 3.7 (right), testifies of the bimodal behaviour of the output random variable u(X). Note
that the above simple test-problem gives a cheap and efficient emulation of the hydrodynamical problem
detailed in chapter 2: the histogram of figure 3.7 (right) is close enough to the ones obtained in the
vicinities of the shock or of the interface in figure 2.3.

In figure 3.7, the gPCp_g approximation fails to capture the discontinuous behaviour of the output
random variable. The support of the output random variable is missed (the maximum principle is not
respected) and the behaviour is misevaluated. In fact, for such problem, increasing the polynomial order
does not allow any great improvement: the convergence rate is very slow as testifies figure 3.8. In fact
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Figure 3.8: Convergence study of the PCp and gPCp approximations for the transformation of a uniform
random variable X ~ U[—1,1] — u(X) = 1)_, 1;(X) ~ B into a Binomial one.

for such low regularity, the convergence rate is even sublinear: in figure 3.8, the logarithm of the error
with respect to P is not a straight line.

Several authors suggested algorithmic solutions in order to reduce the effect of the Gibbs phenomenon
on the gPC approximations. The main ones are gPC/Haar Wavelets representations (Lemaitre et al.
[185]), Multi-Element gPC (Karniadakis et al. [294]) or stochastic WENO-like gPC (Abgrall [4]) etc.
To describe them briefly, the Haar wavelets are powerful in order to represent discontinuous solutions
but fail for smooth ones (whereas gPC does not). The complementary use of both representations is
very interesting but needs an arbitrary criterion in order to choose which one to use. The ME-gPC ap-
proximation consists in tracking and locating the discontinuity in the random space before decomposing
it in N, subspaces in which are solved Ny independent uncertainty propagation problems (instead of
only one initially). It consequently raises other complex algorithmic questions. The WENO-like approx-
imations on the contrary consists in accepting locally lower degree representations based on oscillatory
behaviours/criterions.

As explained before, the Gibbs phenomenon will be intensively encountered in the application of
interest and our contributions mainly consist in dealing with it, from an intrusive point of view (robustness
difficulties in chapter 4), or a non-intrusive one (accuracy issues in chapter 5).

3.6 Summary for generalized Polynomial Chaos

With this chapter, we wanted to illustrate under which conditions gPC stands for an interesting al-
ternative to MC methods: especially in relatively low stochastic dimensions and for relatively smooth
solutions. The next chapters are dedicated to a presentation of our contributions to uncertainty quantifi-
cation thanks to gPC based reduced model. They are of two different natures, opening to two different
possibilities:

— the first possibility consists in working on the resolution method, i.e. on gPC, to increase its
efficiency. We are motivated by hyperbolic systems and in this context, the main weakness concerns
the sensitivity to Gibbs phenomenon'!. In chapters 4, 6 and 8 our different contributions will aim
at alleviating the hypothesis of regularity of the solution for the gPC approximations. We will not
tackle the curse of dimensionality in this part of the document. High (physical and stochastic)
dimension problems will rather be considered in part III.

— The second possibility consists in accepting the flaws of gPC (with respect to dimensionality and
the regularity of the solutions) and apply it in well-suited relevant situations. This will be the

H1n the sense it also occurs in small stochastic dimensions (also in 1D as in the example of chapter 2).
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purpose of chapter 7 in which non-intrusive gPC reduced models will be applied to accelerate
computations to predict the growth rate of hydrodynamical instabilities.

Until now, we presented what can asymptotically be expected of gPC and did not detail how to
compute the gPC coefficients (uy)rego,..., py Which are the keys of the approach. Two main ways exist in
the literature for this. Intrusive methods imply building a reduced model, consequently solving a new
set of PDE and developing a new resolution code. They are detailed, together with our contributions
for systems of conservation laws, in chapter 4. Non-intrusive methods use a resolution code for the
deterministic PDE of interest as a black-box (just as MC methods do). They are detailed in chapter 5,
together with our contributions in chapters 6, 7 and 8.
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Chapter 4

Intrusive application of gPC for
systems of conservation laws

Some P, -like or M, -like gPC based moment models
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In this chapter, we present a first way to compute the coefficients (Ui()ke{op_ﬂp} of a gPC expansion.
It is commonly called intrusive gPC. The methodology is general and can be applied to any systems but
we focus on conservation laws. Its application results in the construction and resolution of a reduced
model of order P, a new set of PDEs derived from the initial uncertain one. Intrusiveness refers to the
fact this resolution comes with more or less! important modifications of a simulation code. The initial
uncertain system of interest is not directly solved, it is first pretreated to obtain a new model, built from
it. In the following sections, we show that the reduced model of order P of any hyperbolic system of
conservation of size d is a new system of conservation law of size d x (P + 1) whose wellposedness is not
necessarily guaranteed. In order to understand the stakes and the importance of the property, we recall
few notions specific to hyperbolic systems. These are stated in simple forms? as we do not intend to be
exhaustive on this topic. For the latter purpose, we rely on [81, 260, 81, 261].

One dimensional uncertain systems of conservation laws can be written in the general form

Opu(x,t, X) + Op f (u(x,t, X)) =0, (4.1)
u(z,0,X) = ug(z, X). )
We suppose system (4.1) is hyperbolic VX € Q. Hyperbolicity ensures existence and uniqueness of its
solutions, hence wellposedness. A system of conservation laws of the form of (4.1) is called hyperbolic if

1From rewriting completely a simulation code, as in this section, to minor modifications of an existing one, as in section
9.11.2.
2for example in 1D space dimension whereas they are also true in n.D, etc.
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— either, the jacobian matrix of the flux V, f(u(x,t,X)) is diagonalizable in a complete basis of
eigenvectors Yu(z,t, X) € D,.

— or® there exists a strictly convex mathematical entropy s for system (4.1). A mathematical entropy
is a real function
s:u €D, CRY — s(u) €R,

such that there exists
g:u€D, CR— g(u) € RY,

called the entropy flux, such that for smooth solution u of (4.1), we have

Oys(u) + 9y9(u) = 0. (4.2)
Besides, if s(u) is strictly convex on D,, it satisfies

Oys(u) + Ozg(u) <0, (4.3)
for discontinuous solutions.

In [81, 260, 81, 261], physical systems are defined as systems of conservation laws satisfying the second
point. In this part II, we only consider physical system in the sense of [81, 260, 81, 261].

Now that few notions have been briefly reminded, we suggest applying intrusive gPC as described in
the literature to our ’fil rouge’ system (Euler, see chapter 2) and identify different practical issues.

4.1 Intrusive application of gPC

The methodology consists in two main steps:
— first, the construction of a P-truncated gPC reduced model.

— Second, the development of a numerical solver and its implementation in a resolution code for the
newly built system of equations.

Both steps are detailed in sections 4.1.1 and 4.1.2 for general conservation laws before focusing on the
Euler system and our 'fil rouge’ configuration in section 4.1.3.

4.1.1 The P—truncated gPC reduced model: a P,-like closure

Intrusive gPC is also called stochastic Galerkin gPC (sG-gPC) in the literature [185, 186, 215, 168].
Its practical application resumes to few steps: the first one consists in building the gPC basis (¢7% )ken
associated to the probability measure dPx of the input random variable X. This step has been described
in section 3.4. Once the gPC basis at hand, the construction of the P—truncated reduced model consists
in formally assuming

u(a,t, X) =Y ul op (X),
k=0

3Note that the second condition implies the first one whereas the inverse is not true but once again we refer to [81, 260,
81, 261] for more details on hyperbolic systems of conservation laws.
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and introducing the above expansion in (4.1). The next step consists in performing a Galerkin projection
up to order P to get

k=0

3tu5(($,t)+3z/f (Zu @, 1)y ( )) ¢y (X)dPx =0,

ceey

o (w,t) + 9, / (

ceey

oy (z,t) + 0, [ f ( 3
X / >

The above system is not closed. To obtain d x (P + 1) unknowns and equations, a P,—like closure
hypothesis* is introduced and can be stated as follow: assume that Vo € D,t € [0,7], X € Q the solution
u(x,t, X) of (4.1) can be accurately described with exactly P + 1 terms, i.e.

up (2, ) (X )) ¢ (X)dPx =0, (4.4)

k=0

a2 <x,t>¢§<x>> S5 (X)dPx = 0.

0

P
xthZu (z,t)o% (X) with ujy =0 Vk > P. (4.5)
=0

With (4.5) in mind, (4.4) simply becomes

P
Opupl (w,t) —|—3/ (Zu (z, 1) ( )>¢)5((X)d’PX=O,

0

P
Opuis (z,t) + 0y / (Zu x,t)d ( )) #* (X)dPx =0, (4.6)

O

P
8tupxt+8/ (Zu (2, 1) ( )>¢§(X)d7>xzo.

k=

(=)

This process is intimately related to the methodology applied to build a Finite Element scheme [43]. For
this reason, intrusive gPC is also denoted as stochastic Finite Element in some publications relative to
elliptic equations [272, 75, 123, 157, 124, 192, 125, 142, 35, 36, 114, 300, 269, 122]. System (4.6) is a new
system of conservation laws with main conservative variable U(x,t) = (u (x,t), ..., up (x,t))! and flux

F(U(x,t)) < / <Zuk (@, )i ( >> ¢ (X)dPx, ..., / f(Zuf(W?(X)) ¢§<X)d73x> :
k=0

It is closed, in the sense it has d x (P + 1) equations and the same amount of unknowns. But the
nonlinearity® of f may induce the need for an additional hypothesis to obtain a more explicit expression
of the flux with respect to U. To illustrate this, let us focus on the P—truncated Euler system®. Reduced

4The term ’P,, —like closure hypothesis’ is not commonly used in the literature, it is introduced in this document to put
forward some analogies with kinetic theory, see chapter 1.

5The case of a linear f is straightforward and is not considered in this manuscript. For more details we refer to [152, 278].

6With a perfect gas closure as in chapter 2.
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model (4.7) is obtained applying the previously detailed process to (2.2):

depo + 0z (pu)o =0,

5tbp + 0. (pv)p =0, .

0u(pv)o + Ou (3;27‘ > (pv)ilpv); C}) Cuato+ (v - 1)(06)0) =0,
0

i4 1=

O |
ou)e+ 0. (3573 ()ilou), (p) “unp+ (= Dipe)p) =0

i,J,l=

P
v Z (pv)i(pe); <;) ICi,j,l,o (4.7)
1

di(pe)o + O 5:1=0 P =0,
_ 1 1
79 Z (pv)i(pv);(pv)e| — — ] Cijltm,0
i,4,l,m,t=0 PIUNP ) m

O¢(pe)p + Oz bat=

0
RTINS oo (1) (5) eussemr

P

i,3,l,m,t=0 p
In (4.7), we introduced ¢; ;.1 = [¢¢7 ... ¢ dPx. In the expression of the flux of (4.7) appears a
new quantity ((%)k)ke{o7___,P}, highlighted in red, which remains to be defined. In fact, its appearance is

even the result of an implicit assumption: the same development as in hypothesis (4.5) applies also to %,
ie. (%) = Zf:zo(%)kcbf, and not only to the components of the main variable (p, pu, pe)t. Closing the
reduced model (4.7) consists in defining ((%)k)ke{07m7p} with respect to (pg, ..., pp)t. Many numerical
strategies can be found in the literature to 'treat’ such nonlinearity [76, 299] and achieve the closure pur-
pose here. Some needs additional hypothesis on the variance of the random variable, some intensively
use the structure of the nonlinearities at play, etc. The aim here is not to go through a review of all of the
proposed methods of [76, 299]. We only insist that in [239, 232], we studied and analysed some of them
for the uncertain p—system” and explained in which way they were not satisfying enough with respect to
the hyperbolicity of the reduced model. One closure, for example, transforms the hyperbolic p—system
into an only weakly hyperbolic reduced model, see [232, 239]. The choice of the closure consequently
confers more or less satisfying properties to (4.7). In practice, due to the important size of the reduced
model, these properties may be complex to study and it is tempting assuming hyperbolicity for (4.7)
(once a closure chosen) before going straight to its numerical resolution. In the next section 4.1.2, we
typically succumb to the previous temptation and settle for a closure choice dictated by the possibility
to develop a converging numerical scheme for (4.7) rather than on a hyperbolicity-based one.

In this section, we went through the general methodology to build a reduced model from intrusive
gPC. We put forward an analogy with the construction of P, models for the linear transport equation,
see chapter 1 for example. The P, models rely on the same assumption as (4.5), the gPC basis being
only replaced by the Legendre one (or spherical harmonics, see for example [281, 196, 141]). The main
difference between both (P, and gPC ones) comes from the fact that the closure bearing relevant prop-
erties is not straightforward as soon as f is nonlinear. In the following section, we detail one first way
to close system (4.7) based on some practical needs: the closure ensures the existence of a converging
numerical scheme for the resolution of the reduced model.

7System of conservation laws of size d = 2 such that p(p,e) = p(p) also called isentropic Euler system.
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4.1.2 Roe solver for the P—truncated intrusive gPC reduced model

The way the system is closed confers particular properties to the system. These properties, in general, are
hard to study mainly due to the size of the built reduced model. Moreover, even once the system closed
and its properties studied, it still remains to solve it. Designing a numerical solver for (4.7) for arbitrary
truncation orders P is not more straightforward than the mathematical analysis of the reduced model. In
the next section, we emphasize some closures make the freshly built P—truncated reduced model easier
to solve: choosing them hits two birds with the same stone as they allow having the good amount of
unknowns/equations together with an efficient numerical resolution. In particular, we demonstrate that
some closures preserve the existence of a homogeneous change of variables for the reduced model if the
property holds for the initial system of interest.

Definition 4.1 (Homogeneous change of variable of order K) Two vectors u € R? and z € R?
are homogeneous of order K € N if they verify Ku(z) = V,u(z)z.

Then we have the following general property:

Property 4.1 Let a hyperbolic system of conservation laws having for unknown the vector u € RY.

Assume there exists z € R? such that v and z are homogeneous of order K. If U = (ué(,...,ug)t €

R (P+1) s the vector of unknown of a reduced model of order P built from intrusive gPC, then there
exists a vector Z € R>*(PHY) such that U and Z are homogeneous of order K.

Proof Let (u,z) € R? x R? be homogeneous of order K. Let (¢kX)ke{07_‘_,p} be the gPC basis associated
to the probability measure dPx. Suppose z (4:5) ZkP:O 2k ¢ and Z = (2, ..., zp ). Let us furthermore

define Vi € {0, ..., P} u¥ = [u (ZII::O 2y f) ¢XdPx and U = (ug,...,ux)t. It now remains to verify

that the vectors U and Z are homogeneous of order K. For this, let us consider

P P
/ V.u (Z zmg) oKX dPx .. / V.u <Z zgf¢gf> o s dPx .
k=0 k=0 )
ViU(2)Z =
P P zX
/vzu (Z i‘¢§> ¢ dFdPx ... /vzu <Z zi%i‘) ¢popdPx
k=0 k=0
The t'" component of VzU(Z)Z is denoted (VzU(Z)Z); and we get
P P
ww@a = Y [ Saer)orrerars
=0 k=0 (48)

P P
/vzu <Zz§¢§> [sz%f‘] ¢ dPx.
k=0 =0

Using the homogeneity property for v and z together with their respective definition, we obtain

P
/ Ku (Z o qs?) oF dPx, (4.9)
k=0

= KUta

(VzU(Z)Z),

and the property holds. |

A direct application of the above property leads to the construction of a Roe scheme for the reduced
model if there exists a Roe scheme for the system of conservation laws of interest. For the Euler system
of our 'fil rouge’ configuration, there exists a homogeneous change of variable of order 2 between the
conservative variable u = (p, pv, pe)t and z = (\/p, /pv, \/p(e + %))t. Applying property 4.1, the vectors

U= (va ct L, PPy (pv)Ov Tty (pU)P7 (pe)(b T (pe)P)ta
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R (VP VD (Vo (V0 Ve + ﬁ)) (vate + ﬁ))P)t,

are also homogeneous of order 2. Consequently, applying the P, —like hypothesis (4.5) to Z rather than
to U ensures there exists a Roe scheme for the reduced model defined by the above change of variable.
We do not detail the equivalent of (4.7) for the previous change of variable, its expression is complex. In
[232, 80], we verify the Roe conditions are satisfied and apply the Roe solver for different reduced models
from different systems of conservation laws (but we did not apply it to our ’fil rouge’ configuration). In
[224], the same solver for the Euler system, is applied in different interesting configurations.

Remark 4.1 The change of variable allows building a converging scheme for the reduced model what-
ever the truncation order P. However, just as in the previous case in which the closure needed the
definition Of((%)k)ke{o7‘__,p} as a function of (px)keqo,....py, we here need (py)reqo,...,p} as a function of
((v/P)k)kego,...,py- In practice, during the computations, we rely on the same process as described in [76]
for treating the square nonlinearity, it does not degrade the homogeneous property, see [232].

We suggest presenting the results obtained with the built reduced model solved with the Roe scheme to
the ’fil rouge’ configuration of interest detailed in chapter 2.

4.1.3 Application to the ’fil rouge’ problem of chapter 2

We described the methodology to build a reduced model of order P. The choice of the closure has
been made so that a converging numerical resolution strategy (Roe scheme) can be designed for every
truncation order P of the reduced model and we developed a simulation code. In [224],[232, 80], the
resolution has been performed in several configurations but we here are interested to the configuration
described in chapter 2.

We initiated our simulation code with the condition of the configuration of chapter 2 and the results
are... Not presented because the code crashed at the first iteration. The obtained reduced model clearly
lacks robustness, at least for low polynomial orders P. In the vicinity of the initial interface position,
the mass density is discontinuous and its gPC approximation exhibits an oscillatory behaviour. For low
polynomial orders P, the gPC approximation of the mass density can be negative whereas the closure
presented in the previous section needs the computation of ((/p)x)ke{o,...ry from (pr)rego,...,p}, the
calculation being ill conditioned.

For higher polynomial order P, the conditioning of the problem probably improves but increasing P
may lead to unaffordable sizes of system. Besides, the same situation can occur in the middle of a simula-
tion, dynamically, rather than initially: in [232, 237], a Richtmyer-Meshkov shock tube® is studied and in
such configuration, the crash occurs when a shock hits the interface between the two fluids. In [232, 80],
the reduced model with Roe scheme/homogeneous closure has also been successfully applied in several
configurations (in the sense the computations did not crash). But as will be emphasized in the following
sections, computations with reduced models which are not wellposed are of poor interest (section 4.2.2).
Furthermore, in [232, 80], some configurations did not seem to account for a loss of wellposedness: the ini-
tial conditions were such that the initial uncertainty was very small. Experimentally, we also observed the
stronger the initial uncertainty is, the greater P must be to avoid a crash. The ’small variance’ regime is
studied more in detail in chapter 7: a parallel is made between gPC based models and perturbative ones.

As a conclusion of this first section 4.1 on intrusive gPC, the results are mitigated. First, the con-
struction of a gPC reduced model from a given system of conservation laws is complex, mainly due to the
many possible choices for the closure. These choices characterise the reduced model and its properties,
hence its theoretical quality and its simplicity with respect to numerical resolution. The reduced model
is often of important size and designing a numerical solver for its resolution VP can be difficult. We put
forward the possibility to choose the closure so as to have a numerical solver at hand but the (lack of)
numerical results on the ’fil rouge’ configuration tends to show that choices only dictated by practical
considerations can lead to a waste of time (the time for developing the simulation code with the Roe
scheme resulting in an unworkable computation code!). With this example, we wanted to justify the

8]ts one dimensional counterpart is presented in chapter 7.
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need for a theoretical analysis in order to close the reduced model properly prior to studying resolution
algorithms.

In the next sections, instead of considering directly the Euler system and our configuration of interest,
we adopt a more step-by-step approach in order to identify and analyse accurately the causes of the
numerical instabilities encountered in this section. For this, we first consider scalar conservation law,
then a system of size 2 (Shallow water) before going back to the Euler one.

4.2 A step-by-step study of intrusive gPC for systems of con-
servation laws

Regarding the robustness difficulties of the previous section, in order to identify and analyse the properties
of the intrusive gPC reduced model, we consider a more step-by-step approach. Instead of immediately
considering the Euler system, we first study scalar equations (we focus on Burgers’ equation but the
material of section 4.2.1 can be easily applied to any scalar conservation law). We then consider, in
section 4.2.2; a system of 2 conservation laws, the Shallow water system. Finally, we go back to general
systems of conservation laws. The 'fil rouge’ configuration is finally treated in section 4.2.3.

4.2.1 The particular case of a scalar conservation law

Scalar conservation laws correspond to the special case d =1 in the general form (2.1):
owu(z,t, X) + Opf(u(z,t, X)) = 0,u € D, C RI=L, (4.10)

In this particular case, it is quite easy studying the hyperbolicity of the intrusive gPC reduced model:
for any truncation order P and any closure choice with respect to f, it is given by

ugl (z,t) p %5 (X)
o +0, [ f up (, t)¢X(X)> dPyx = 0. (4.11)
u¥ (1) / <k§—: Ce i )

System (4.11) is a system of conservation laws of size P+ 1 and is hyperbolic. The flux of system (4.11)

is given by
¢4 (X)
) dPx.
o3 (X)
The general term of the jacobian of the flux (we drop the dependences with respect to z,t, X for the
sake of simplicity) is given by

P
FOi, ) = / f (Z ¥ (2. )6 (X)

k=0

P
g POt = [ 1 (S ) steams
’ =0

The system being scalar, f’ is scalar and consequently V(uOX,..‘,u;S)F(UoXa ., ux) is a symetric matrix,
hence the hyperbolicity of (4.11). Such property, in the scalar case, has been intensively studied in the
literature [236, 232],[278, 152, 162] whereas to our knowledge, this is much less the case for systems (i.e.
d > 1). In practice, with numerical resolutions of reduced models derived from scalar conservation laws,
we did not experienced any robustness issues nor numerical instabilities. For example, in [232], a Roe
scheme (almost as in the previous section) has been applied to Burgers’ equation and the computations
always went well (robust) and gave satisfactory results with respect to accuracy. In fact, in the case of
Burgers’ equation, we are even able to demonstrate spectral convergence, see [84], for early times (i.e.
before the appearance of a discontinuous solution). The theorem is stated here but we refer to [84] for

57



the proof. Let us consider an uncertain problem for Burgers’ equation:

2
atu(‘r7t7X) + aa: L (x’j§t7X) = 07

u(z,t =0,X) =wuo(z,X), X ~U([-1,1])
on the periodic domain z € [0, 1]per-

(4.12)

For simplicity, we consider periodic boundary conditions ([0, 1],.,). The initial data is supposed to be a
smooth function for all X and we assume the time

1
inf (Opug(z, X))

Tx =
at which a discontinuous solution appears is bounded from below uniformly
a7, 0<T <Tx VX.
We also assume the exact solution is smooth with respect to all variables
ue L ((0,1) x (0,7%) x (—1,1)) N L>([0, per x (0,T%) : H*(—1,1)),
for all £ € N where .
H*(Q) = {u e L2(Q)] /Z(u<l>)2d7>x < oo}.
1=0

Let us solve this problem with gPC as described in the literature. This leads to the P—truncated
hyperbolic reduced model

Pf X ,t (bX X 2
s 0. | (Zioud (Z 0¥ (X)) PP

Pf X ,t (bX X 2
ot 0, / (Ziy <a; o (X)) SEdp o,

Then the following spectral theorem holds:

Theorem 4.1 (Convergence of Burgers’ approximation) spectral accuracy holds in the following
sense: if we denote by

w7220y = w?(z,t, X)dPx (X)dz,
TJQ

for all k there exists a constant Dy, such that

1
lu(t) =S ()2 (zqy < Di (Hu<o> —uF O0)]|72 gy + Pk) . tsTE

Let us illustrate the above theorem 4.1. We consider Burgers’ equation (4.12) together with zero fluxes
boundary conditions and a smooth uncertain initial condition. This choice is motivated by the fact that
despite this smoothness, the dynamics of the system stiffen the problem in both the random and the
physical space. At t = 0, we consider u is given by

u(z, X) = Kolpu)(z — 0X) + K11, 1)z — 0X) + Q(z — 0X) 1y 41y(z — 0X),
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with coefficients Ko, K1 to be defined and Q(z) = ax® +bx? + cx +d. The coefficients (a, b, ¢, d) are given
by

Ko—K1 b— 3(K0—K1)(1’0+£L’1)
a 23 130022 — 23 — 30122 U 23 1 30022 — 43 — 31,22
0 0Ty — Xy T1X( Ty + 3Trox] — Ty T2
= _6 (KO — Kl)xlxo d= —x?KO + 31‘%[(0580 + K1$8 — 3K1$1I(2)
x3 + 3wox? — 23 — 3123’ 3 + 3wox? — 3 — 3wq123

They ensure the initial condition and its first derivatives are continuous with respect to the space and
stochastic variable: in other words, u°(z, X) verifies the conditions of theorem 4.1 for k = 3. Several
realisations of X — wg(x, X), with X ~ U([—1,1]), are presented in figure 4.1 (left). The stochastic
initial conditions consist in uniformly distributed translations along the z-axis of one deterministic curve.
In practice, we take L = 3, Ky = 12, K1 = 1, g = 0.5, 1 = 1.5 and 0 = 0.2 so that ¢ X € [-0.2,0.2].

= Initial condition u®(z,€) for &~ Z/{([fl‘. 1]) =— » variance ta, 72 g {8%2] f—
or E— 20+ 1
gk i i
8 15
6 N § \ i1 *
* o) Al
ar b u(\\\\\\ b
NN
2k . o AN :
7N\
71T
0 ! ! ! ! ! 0 /////ljj‘“ w w
0 0.5 1 1.5 2 25 3 0 0.5 1 15 2 2.5 3

Figure 4.1: Left: initial condition u®(z,X) for several realisations of X ~ U([—1,1]). Right: time
evolution of the mean and variance of the solution for ¢ € [0, T¢].

For this problem, an analytical solution is available up to the critical time Tx = %, which is here
independent of X. The analytical solution is not reminded here but is given in [84]. For the numerical
tests, we take T¢ = Tx — ¢ with e = 10710,

The results are displayed in figures 4.1 and 4.2. Figure 4.1 (right) shows the time evolution of the
mean and the variance with respect to the spatial variable. As time passes, the mean gets steeper and
the variance increases. The computation is stopped at T¢, just before the appearance of a shock wave in
both the stochastic and physical space. In figure 4.2 (left), we display the numerical solution with respect
to X at point x = 1.5 and at different times: it represents the time evolution in the random domain
at a certain point in space. We observe that the solution also gets steeper with respect to the random
parameter as time increases. Figure 4.2 presents the numerical results, the relative errors in L?(Q,7)
at time T°¢ obtained by the discretisation of the P—truncated Burgers’ system with a Roe solver with,
respectively, 500, 1000 and 2000 cells: spectral convergence and the result of theorem 4.1 are recovered.

Remark 4.2 The stagnation in the final portion of the convergence curves in figure 4.2 (right) corre-
sponds to spatial discretisation limits: it is interesting considering there is, for a given spatial discreti-
sation Ax, an optimal choice of P. Indeed, for the 500 cells discretisation, going beyond P = 10 does
not improve the accuracy (the error is driven by Ax) whereas it increases considerably the computational
cost. With finer discretisations, the slope ﬁ is valid for higher orders.

In [84], numerical computations together with the proof of the above theorem are also presented.
According to the material of this section, intrusive gPC gives very satisfying results in the case of scalar
conservation law. To obtain an accuracy of about 10~° with an MC method, we would need 10'° runs
of a simulation code. The same accuracy is reached with the intrusive gPC method with a polynomial
order P =7, see figure 4.2 (bottom right), and a very fast resolution (less than a second computational
time).
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Figure 4.2: Illustration of theorem 4.1: Burgers’ solution with respect to the random parameter at
x = 1.5 for several times (left) and spectral convergence with respect to polynomial approximation order
P (right).

From the previous study, we now know that for scalar conservation laws, there is no problem of
wellposedness nor of accuracy. In order to understand the numerical instabilities of section 4.1, we need
to consider systems of conservation laws (d > 1).

4.2.2 Possible loss of wellposedness for non-scalar systems of conservation
laws

The next step consists in considering non-scalar systems of conservation laws. The first we studied

in [239] was the p—system, of size d = 2: we showed that some closures were not satisfying enough,

transforming an initially hyperbolic system into an only weakly hyperbolic reduced model. In [84], we

studied the Shallow water one, also called Saint-Venant system. It describes a flow below a pressure
surface. The system may be expressed as

{ Oh(z,t, X) + 0, (hv(x,t, X)) =0,

Oy (hv(z,t, X)) + 8, (hv2(x,t7X) I QM) _o, (4.13)

where h is the water height, v the velocity of the water and g > 0 is the local gravity constant. In this case
d=2,u=(h,hv)t and f(u) = (hv, hv? + g%) We assume the system is uncertain, uncertainty being

modeled by a scalar random variable X ~ U[—1,1]. Let us consider the first two Legendre polynomials

X (X) = % 6Y(X) = \/§X~

The P = 1—truncated reduced model obtained from system (4.13) can be recast as

Sy = 0. (4.14)
[ 7600 +uaT () 6 (X)aPx

-1

Ul

5 (ugf >+a /1 £ (g o (X) +uf ¢ (X)) o (X)dPx

The Jacobian matrix A of the total flux with respect to the unknown ug, uy is

= f—llvf¢5‘<X ¢>§X \f Vi X>¢ CORP
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The Jacobian matrix of the Saint-Venant flux with respect to u = (h, hv) is

0 1
vf_(—v2+gh 2v

Property 4.2 Assume that ui (z,t) = (v/2,0) and uy (x,t) = (O, \/g) for arbitrary x € D and t €

[0,T]. Then for all 0 < g < %
hyperbolic.

> € R?*2, (4.16)

the matriz A has complex eigenvalues, so the system (4.14) is not

Property 4.2 proves the hyperbolicity assumption does not always hold for a reduced model of a hyper-
bolic system (d > 1) of conservation laws obtained by sG-gPC. The problematic state for the height is

deterministic, h(x,t, X) = v/2 ¢5(X) = 1, and we have hv(z,t, X) = \/g ¢ (X) = X, implying the

Reference D,, =1 D,, = 100000
gx10° 1.2
=o=h0(x,t=0.2) =o=h0(x,t=0.2)
ol =e=h1(x,t=0.2) 1 -O-hl(x,th.Z)
=o=u0(x,t=0.2) == u0(x,t=0.2)
== u0(x,t=0.2) 08 == u0(x,t=0.2)

R
0.4+
-1 0.2
-2r o]
-3 : : : : . 05 0.2 0.4 0.6 0.8 1
0 0.2 0.4 0.6 0.8 1 X
X
D,, = 1000 D,, = 100000
30r
1 -

000 ~e—h0(x,t=0.2) ——h0(x,t=0.4)
—o=h1(x,t=0.2) 20 =e=h1(x,t=0.4)
== u0(x,t=0.2) == 1u0(x,t=0.4)

500¢ ——U0(x,t=0.2) ~e=u0(x,t=0.4)

-1000

0.4 0.6 0.8 1

Figure 4.3: Illustration of the non-hyperbolicity of the shallow water truncated system (data are specified
in Proposition 4.2). A very small germ of oscillations increases exponentially fast. The numerical diffusion
coefficient is D,, € {1,10%,10°}. Even artificially large numerical diffusion D,, = 10° is not able to control
it for sufficiently large time.

problematic velocity state is uncertain, equals to v = X. Property 4.2 shows the construction of a well-
posed intrusive gPC reduced model from a wellposed system of conservation laws is not straightforward.
It may not hold for any truncation order P (the loss of hyperbolicity has only been proven for P = 1) or
any configuration (only proven for a particular but admissible state). The proof is given in [84] together
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with a proof of loss of hyperbolicity for the Euler system.

To end this section, we would like to emphasize what can numerically occur when one choose to
deliberately solve a non-hyperbolic system (the material is the same as in [84]). Let us solve the latter
truncated shallow water system (P = 1) with a numerical method and set the problematic state of prop-
erty 4.2 (ho, h1, (hv)o, (hv)1) = (1,0,0, %) with 0 < g = 0.1 < 3 as the uncertain initial condition. The
analytical solution is stationary and homogeneous (i.e. constant with respect to V(z,t) € [0,1] x RT).
Suppose we are interested in the solution a time 7" = 0.2. The truncation order P = 1 should allow
recovering the analytical stochastic solution V(x, ¢, X) € [0,1] x RT x [—1,1]. The numerical results are
displayed in figure 4.3 in several configurations for 100 cells: on figure 4.3 (top-left), numerical insta-
bilities appear in the center of the domain and make the solution non physical, they are even growing
exponentially fast with time. This is typical of non-hyperbolic models: small perturbations (round-off
errors here) are exponentially amplified with time. On figure 4.3 (bottom-left) and figure 4.3 (top-right),
we revisit the same problem but we apply more and more diffusive numerical schemes. We denote by D,
the numerical diffusion coefficient (manually tuned) of our scheme. The increase in numerical diffusion
artificially smoothes the solution. It and even makes it look physical at the same time T' = 0.2 on figure
4.3 (top-right), whereas it only consists in a numerical trick: if we consider the same resolution scheme
as before but are interested in the solution at a later time T = 0.4, the small oscillations occurring at
time T = 0.2 keep on growing (exponentially fast with time) leading to figure 4.3 (bottom-right).

In this section, we emphasized the importance of the hyperbolicity property of the P—truncated
reduced model, prior to having a numerical resolution strategy. In the next section, we suggest a
systematic way to close the reduced model obtained from an uncertain system of conservation laws in
order to ensure hyperbolicity by construction.

4.2.3 A closure ensuring wellposedness for general systems of conservation
laws

From what we learnt in the previous numerical and theoretical studies, care will be taken to build, prior
to any other considerations, a hyperbolic reduced model. Only then we will authorize ourselves to solve
it. In order to ease the analysis, we would like to introduce a general canvas in which both reduced
models of the previous sections could be recovered. For this, we rewrite the P—truncated gPC reduced
model built from a Galerkin projection of the components of a gPC basis in a more general form

OU(A) + 9, F(A) = 0. (4.17)

In the above expression, we explicited the dependences of the main variable U with respect to an addi-
tional one, A, which remains to be defined at this stage of the discussion. In (4.17), the moments U(A) =

(gt (A, oo, AR, oy us (A, ..o, AX))? and the moments of the flux F(A) = (fF (AL, s A )y ooy fA (AF, s AR))?
are defined by Vk € {0, ..., P}

uf = [P OF D)6 P, and £ = [ 7P OF X0 aPyc (4.18)

Closing reduced model (4.17) resumes to the definition of the transformation uf (A, ..., A¥) in (4.18).
At this stage, the introduction of A = (A\{, ..., /\fg )t may appear artificial but it allows recovering both
the closure of section 4.1.1 and of section 4.1.2 for Euler system by choosing A = (ug, ...,ux)! = U for
the first one and A = (2{, ..., 25 ) = Z for the second. The choice of A implicitly determines the shape
of uf in (4.18) (i.e. uf = u for section 4.1.1, uf” = 2z for section 4.1.2). Now, the first term of (4.18)
defines what is commonly called a moment problem which can be stated as such: find u? such that given
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X

a vector (ug,...,un)t

, ub satisfies

/upgzﬁé(dPX =uf,
/upékXdPX =uy, (4.19)
/u ppdPx  =up.

The above problem is indeterminate in the sense there is not unicity” of u? satisfying (4.19). To ensure
unicity, we suggest looking for u” as the only minimum of a strictly convex functional u € D, — 6(u)
on D,. Problem (4.19) becomes: find u” € D, minimizing

= /a(uP)dPX, (4.20a)

under constraints

/ uPofdPx = uy, (4.20D)

Solution u” of minimization problem (4.20), if it exists, is unique and is in D,,, see [155, 198]. In [84],
considerations on the existence of the solution of the moment problem are studied. It is closely related
to the convexity of the state space D,, (and D, later on). We rely on [84] for these technical details and
focus on the properties of the closure entropy in the following section. First, if u” exists, the unicity
comes from the strict convexity of ©(u). The Lagrange multipliers (Ax)reqo,...,py for problem (4.20) are
such that u’ (), ..., A\p) minimizes

T(u(No, .., Ap)) = —O(u(No, .., Ap +Z/ Aoy s A Akqskdpx—zukAk (4.21)
k=0

Performing a variational study of T' with respect to u in (4.21) leads to

(u + ou) — /(5u <Z Aedr — Vi 0( )) dPx + O(((SU)Q) (4.22)
P
Now, T is minimal for u” satisfying /5u (Z A Pr — Vuﬁ(up)> dPx = 0,Vdu and consequently

P
Vaul(u” (Xo, - Ap)) = > N (4.23)

From the strict convexity of 8, function u € D, — V,0(u) = X € D), is invertible on Dy and we get

P
UP()\(), - )\p) = (VUQ)‘l <Z /\k(ﬁk> e D,. (4.24)

k=0

9for example ul’ (X) = Ekpzo uX ¢X (X) satisfies (4.19) and uf’ (X) = uf (X) + ¢P+1( ) too.
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Once again, this is in agreement with the change of variable of section 4.1.2 in which z is developped
on the gPC basis rather than u. More generally, any closure introduced via a closure entropy € implies
developping variable V,,0(u) on the gPC basis rather than u, cf. (4.23). In the gPC formalism presented
in the previous chapter 3, the Lagrange multipliers (Ax)rego,...,p} are nothing more than the coefficients
in the gPC development of V,0(u), i.e. we have

Vk € {0,..., P}, Ay = /Vu9(u)¢deX. (4.25)

The closure entropy 6 generalizes the changes of variables of the previous sections:

— to recover the closure of section 4.1.1, it is enough choosing 0(u) = % In this case, V,0(u) = u

u2

and performing the gPC expansion of V,0(u) or u is equivalent. Conversely, choosing §(u) = “%-
is equivalent to applying sG-gPC.

— The change of variable of section 4.1.2 corresponds to the particular choice V,.0(u) = (\/p, \/pv, \/p(e+
%))t. This choice of § would be based on the a priori choice of being able to build a Roe scheme

for system (4.17).

— The introduction of # to close system (4.17) also opens to new possibilities. For example, it is
possible to build closures based on some a priori knowledge of the space in which u the solution of
(4.1) lives. Scalar conservation laws verifies the maximum principle. In other words, it is possible
constraining the solution of the moment problem to a priori known bounds. The closure entropies
(0i)ief1,2,3,43 defined by'?

Or(u)=(uv—u_)In(u—u_) —u+u_, is strictly convex in D, = I} =]u_, +o0],

O2(u) = (uy —u) In(uy —u) —uy + u, is strictly convex in D, = Iy =] — 0o, u4 |,
4.26)
B (u—u_)In(u—u_) —u+u_ . . . o (
O3(u) = ( (s — ) In(uy — 0) — us +u is strictly convex in = D, = I3 =Ju_,u],

Os(u) = “72 is strictly convex in D, = I, = R,

are examples of closure entropies having a unique minimum in (Xg, ..., Ap)? for all P € N if and
only if the vector of constraints (ug, ..., up)! is realizable, see [155, 198]. If we study their respective
transformation (V.0;)ic(1,2,3,4}, it is easy verifying they are given by

ur(Ao, o Ap) =u_ e €lu_, +ocl,
—1 A"
uQ(AOv"'a)\P) = % E] —OO,U_;,_[,
WS (4.27)
u3(>\0,...,)\P) = _1—’—76—:}: €]U77u+[,
U4()\0, ...,)\p) =\F e R,

and are constraigned to their respective definition domains (I;);c{1,2,3,4}- We considered the scalar
case with (4.26) but it is easy building entropies having similar properties in the non-scalar case:
let D, = I;; x ... x I, where (I;, )req1,....n} be convex subsets of R such that ix = 1,2,3 or 4.
Then 6y = >"}'_, 0;, is strictly convex in D,, function of 6;,,k € {1,...,n} strictly convex on the
L, Yk € {1,...,n} where iy, = 1,2,3 or 4.

The gains one can obtain with the above examples of entropies are highlighted in [236, 232]. Improve-
ments have even been made in [162]. Let us now focus on the nonlinear functional we choose to minimize
to close system (4.17). We define the adjoint closure variable together with the adjoint closure entropy
as follows.

10the results are valid Yu—_,u4+ € R.
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Definition 4.2 (Adjoint closure variable) The adjoint closure variable A is defined by
Aiu €D, +— V,0(u) €Dy CR",
where 0 is the chosen closure entropy, strictly convez in D,,.

From the strict convexity of 6, transformation A\ € Dy — u(A) € D, defines a bijection from Dy to D,.
With the previous definition, it is convenient introducing the adjoint closure entropy.

Definition 4.3 (Adjoint closure entropy) The adjoint closure entropy for system (4.38) associated
to the closure entropy 0 is given by 0* such that

0 AeDyCR" — —0(u(N) + (u(M),\) €R. (4.28)

Function 6* is also strictly convex in D). Indeed, it is the Legendre transformation of # which is, by
hypothesis, strictly convex in D,,. The new entropy 6* will considerably ease the next calculations: it
allows a concise expression for the inverse of u € D, — V,0(u) = A € D,.

Property 4.3 (Inverse of u € D, — V,0(u) = A € D)) The inverse of u € D, — V,0(u) = X €
D, is given by

A €Dy +— V0" (A\) = u(A) € D,. (4.29)
Proof It is easy verifying
Va0*(\) = — <V>\u()\), Vuﬁfli()\))> + (Vau(A), A) + u(N), (4:30)
VA (A) = u(N). -
|

Now, let us go back to functional T and refine its expression with respect to (Ax)kreqo,...,py: from the
previous analysis, it can be rewritten

P

P P P
T(Xo, ..., Ap) = —/0 <u (Z Amk)) APx =) (ur, M), + Y <u <Z Akgzﬁk) ,Al¢>l> dPx .(4.31)
k=0 0 k=0 n

k=0 =

In (4.31), AF = ZkP:O Aedr with Vk € {0,..., P} A\, = [(Vu0)¢rdPx. With the above notation, (4.31)
can be equivalently rewritten

TA) ==OUA)) = (U, Ay pray + {UA), A) iy - (4.32)
It is equivalent to
T(A) = @*(A) - <Ua A>n><(P+1) , (4.33)

where ©* is the adjoint entropy of ©. From the above expression, it is easy verifying the following
property.

Property 4.4 Functional T is strictly convex.

Proof Recall 8* denotes the adjoint closure entropy relative to 6, then a simple calculation of the
Jacobian matrix of T is given by

¢O Uo

VAT(A) = VAO*(A) = U = /VAG*()\P) o dPx = . |- (4.34)
ép up
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Its Hessian is given by

Godo . PoPp
VAAT(A) = V3 ,07(A) = / VAN (AT) o ity dPx. (4.35)
¢pdo ...  PPOP

Then, for every vector X = (g, ...,ap)t € Rrx(P+1)

(X, VRAT(4)X) = (X, V20" (M)X)

nx(P+1) nx(P+1)

4.36
— /(pr,V?\’AG*()\P)HP@ndPX > 0. (4.36)

The positiveness comes from the strict convexity of §*. Consequently, ©* is strictly convex and so T is.
|

From the above properties, if a minimum of T exists (realizability of the constraints), it is unique.

The new closure method for reduced model (4.17) consists in choosing a closure entropy 6, strictly
convex, and solving a minimization problem under constraints on the moments of the main variable.
It implicitly introduces a new variable, V,0(u) which is developed on the gPC basis (rather than the
main variable «). Until this point, we only generalized the change of variable of section 4.1.1 and section
4.1.2 which were not satisfactory enough with respect to hyperbolicity. At a pinch, we put forward the
possibility to ensure by construction the respect of certain principles'! for the solution of (4.1). The
question now is: does it help regarding our hyperbolicity considerations?

Recall we are dealing, by hypothesis, with physical systems of conservation laws (introductory part of
this chapter). Such systems have an entropy-entropy flux pair (s, g) satisfying (4.2)—(4.3). Furthermore,
in kinetic theory [207, 63], variable V,s(u), i.e. choosing 0 = s, is called the entropic variable and plays
an important role in the closure of M,, models for example (see chapter 1). We study its properties in
the following section. In [207] (p. 29-32), the entropic variable v is introduced and corresponds to the
particular choice v = A (directly related to the choice 6 = s). It verifies the following property.

Property 4.5 (Symetrizability) The entropic variable v symetrizes system (4.1).
Proof For smooth solutions, (4.1) becomes
O+ 0y f(u) = Vi 8" (0)0v 4+ V09" (v)0pv = 0, (4.37)

where V, ,s*(v) and V, ,¢g*(v) are symetric (hessian matrices). The strict convexity of s* derives from
its definition with respect to s (Legendre transform). ]

The idea now, as described previously, is to develop the entropic variable on the gPC basis (c;Si( )ke{0,...,P}
together with defining the polynomial moments of v as vy, = [v¢rdPx,Vk € {0, ..., P}. We will have

vl = kazo vpdr. The truncated reduced model can now be defined thanks to the moments of v

UO(’UO,---,UP) f()('UO,---,UP)
0, + o, — 0. (4.38)

up (v, ..., vp) fp(vo,...,vp)

The above system is closed minimizing (4.21) with 6 = s (i.e. (vx)refo,..., py minimizes s under constraints
(ug, ..., up)t). In other words, we almost directly applied the extended thermodynamic of moments closure
(see [207]) at order P to the uncertain hyperbolic system of conservation laws (4.1). It is closely related
to the construction of a M, model (see chapter 1) with entropy s being different from the Shannon
entropy. We can characterise the dependences of the moments (u)reqo,... py and the moments of the

Hmaximum principle with the examples of (4.26).
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flux (fx)keqo,...,py With respect to (vk)rego,...,p}:

Vk € {0,..., P}, wuy = /Vvs*(vp)q’)kdpx = /u(vp)(bkdpx. (4.39)

For the flux of the truncated reduced model, we have

vk € {0, ..., P}, fk:/VUg*(UP)gbdeX :/f(u(vp)) érdPx. (4.40)

From the above expressions of the moments (4.39) and of the moments of the flux (4.40), we can verify
the following theorem.

Theorem 4.2 (Hyperbolicity of the truncated reduced model (4.38)) The vector of momentsV =
(vo, ..., vp)" of the entropic variable v, symetrises the truncated reduced model (4.38) VP € N under con-
dition v¥ € D, (realizability, see [8/]).

Proof Suppose the solution of (4.38) are smooth and denote by V = (vy, ..., vp)? the vector of moments
of the entropic variable v. Then (4.38) is equivalent to

V2 y S (V)Y + V3, G*(V)0,V = 0. (4.41)

In (4.41), the general terms in the symetric (hessian) matrices V%,yS*(V) and V%/yG*(V) are given by
VivS*(V)ij = /V%ws*(vp)(bigbjdpx, and V{,,G*(V);; = /V%yvg*(vp)qﬁid)jdpx. (4.42)
It remains to show V%/’VS* (V) is definite positive. Let X = (zq, ..., zp)" be a vector of R™*(F+1)  then

(X, Vi S (V)X) / (P2, V2 s (MP0)17z) dPx > 0.

nx(P+1)
The positiveness comes from the strict convexity of s*. Of course, this result is valid if v € D,. Under
such conditions, the system is symetrisable, hence hyperbolic. |

The previous proof introduces the couple (S*,G*) which is very useful in practice to implement the
resolution of the the reduced model together with its closure (see [236]).

Remark 4.3 We insist the application of extended thermodynamic of moments to close a gPC based
reduced model ensures the construction of a wellposed reduced model even if the basis of multiplicators
((i)kX Jken s not polynomial or not orthogonal. In fact, the less restrictive hypothesis on the family
of multiplicators to apply the previous methodology is that it should be pseudo-Haar (cf. [155] and
the references therein). It implies the linear dependence in L*. In practice, in this document, the
multiplicators are an orthonormal polynomial basis of L2.

The material of this section was inspired from [232, 84]. Several other points are tackled in the same
publications. For example, the technical discussion on the numerical schemes and minimization algorithm
necessary to solve (4.17) together with closure (4.21). We also study the mathematical structure of the
built truncated system in [84], the behaviour of the characteristic waves of the uncertain entropy closure
(4.17) with respect to the ones of (4.1). This behaviour is hinted at in the numerical computations
of next paragraph in which the ’fil rouge’ configuration is considered with the newly built hyperbolic
reduced model.

4.2.4 Application to the ’fil rouge’ problem of chapter 2

To finish this chapter, we suggest applying the uncertain entropy closure to the Euler system and to our
fil rouge’ configuration. We do not spend time on the technical details such as the numerical scheme,
the optimization algorithm in order to obtain U from V', they are given in [236, 84].
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Figure 4.4: Tllustration of the existence of multiple waves, see [84]. The phenomenon is especially
emphasized for the mean in the vicinity of the probable shock region (z € [0.7,0.8]) where P+ 1 =5
discontinuities are visible on the left picture and P 4+ 1 = 21 discontinuities are visible on the right one.

Figure 4.4 presents the results obtained in term of mean and variance profiles of the mass density
at time t = 0.14. Figure 4.4 (left) presents the results for P = 4 and figure 4.4 (right) for P = 20.
Those figures must be compared to figure 2.2 (bottom right) of chapter 2. The main differences with
the reference solutions of chapter 2 are in the vicinities of the shock (z € [0.7,0.8]) and of the contact
discontinuities (x € [0.55,0.69]). If we focus on the vicinity of the shock (z € [0.7,0.8]), P+ 1 =5
discontinuities can be identified on figure 4.4 (left) and P + 1 = 21 discontinuities on figure 4.4 (right)
for the mean. They are also identifiable on the variance. The built reduced models (for P = 4 and
P = 20) do not allow recovering the smooth behaviours'? of the mean and variance profiles of the mass
density as displayed in figure 2.2. The appearance of d x (P + 1) waves for a system of conservation
laws of such size is classical, see [81, 260, 81, 261]. In fact, the observed smoothness in the vicinity of
the contact discontinuity (for P = 20 but not for P = 4) may even be relative to the choice of the
spatial discretisation: with less cells, numerical diffusion artificially smoothes the profiles. Note that
figure 4.4 also allows emphasizing that the waves in the vicinity of the interface or the shock behave
differently (sharp discontinuities for the shock, smoother behaviour for the interface) with respect to the
numerical resolution. The study of the nature (linearly degenerate, genuinely nonlinear) of the waves of
the P—truncated reduced model is complicated in general as the size of the system makes the analytical
expressions of the eigenvectors of the Jacobian of the flux hard to obtain. In [84], we propose a short
study of those waves.

As explained in chapter 2, the mean and variance are not always relevant probabilistic quantities,
especially for systems of conservation laws developing discontinuous solutions. We suggest considering
the more local observables presented in chapter 2: the pdfs of the mass density at time ¢ = 0.14 and three
spatial locations in the vicinities of the rarefaction fan, the interface and the shock. The Monte-Carlo
references are the same as in figure 2.3 of chapter 2. The results obtained with intrusive gPC (entropy
closure) are displayed in figure 4.5 for P = 5 and figure 4.6 for P = 20 in term of histograms and
functional representations. Figure 4.5 for P = 5 first shows that in the vicinity of the rarefaction fan,
the reduced model is very efficient in the sense it allows recovering exactly the pdf of the mass density
at this location and time. On another hand, in the vicinities of the interface and of the shock, the Gibbs
phenomenon is clearly identifiable, in term of functional representation but also in term of histograms.
The two Dirac masses are not captured for this order P = 5. Note that mainly because of these two
waves for this configuration, classical intrusive gPC approaches (i.e. non hyperbolic ones) fail to give any
results (see section 4.1.3). Here, we can nonetheless verify the functional representations do not exactly
behave as a polynomial (but rather as a nonlinear function of a polynomial, see [84]). This nonlinear
representation ensures positive mass densities with respect to X even in presence of steep gradients but
does not necessarily implies accuracy.

Remark 4.4 In fact, on problems where the classical intrusive gPC approach and the entropy closure
reduced model can be compared (typically scalar conservation laws and Burgers’ equation) we can observe

121n [264], the authors show that those quantities are smooth with respect to the spatial variable = for Rieman problems.
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Figure 4.5: Pdfs (left) and functional representation in the random space of the mass density at ¢t = 0.14
in the vicinities of the rarefaction fan (z = 0.38), the interface (x = 0.61) and the shock (z = 0.73) for
the reduced model of order P = 5.

a better convergence rate for the entropy closure reduced model with respect to the classical one (see [236]
and [162]). The gain for non-scalar conservation laws such as the Euler one has only been experimentally
noticed via the robustness of the developed simulation code.
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Figure 4.6: Pdfs (left) and functional representation in the random space of the mass density at ¢t = 0.14
in the vicinities of the rarefaction fan (z = 0.38), the interface (x = 0.61) and the shock (z = 0.73) for
the reduced model of order P = 20.

Figure 4.6 presents similar profiles but with a higher polynomial order P = 20. Once again, the re-
sults are very good in the vicinity of the rarefaction fan. The results are improved, with respect to
figure 4.5 for P = 5, in the vicinities of the interface and the shock but the Gibbs phenomenon remains
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clearly identifiable. It is nonetheless important noticing the behaviour of the pdf of the mass density in
the vicinity of the interface: the Dirac masses are very well captured by the nonlinear approximation.
The functional representation at the same location testifies the approximation does not behave like a
polynomial as the states are quite well captured. In the vicinity of the shock, the discrete behaviour is
captured but one of the two Dirac mass is smoothed and the approximation may need an even higher
polynomial order P (with all the difficulties it implies, see section 3.4) in order to recover the second state.

4.3 Summary for intrusive gPC and the entropy closure re-
duced models

The material of this chapter mainly presented the work accomplished during my PhD thesis [232, 236, 80,
239, 237] and one additional publication [84]. Care has been taken to make the chapter complementary
to the publications. The results are applied to a new configuration (’fil rouge’ of chapter 2), common
to every approximation methods detailed in this part II. To sum up the intrusive application of gPC, it
implies the construction of a reduced model under truncation hypothesis and some additional ones in the
nonlinear case (i.e. when the flux f is nonlinear). Building wellposed reduced models with intrusive gPC
from non-scalar conservation laws is not straightforward. In practice, solving non-hyperbolic reduced
model leads directly to a lack of robustness of the developed simulation code and non physical solutions.
Nonetheless, a hyperbolic reduced model can be built applying the truncation hypothesis to the entropic
variable (which symetrizes the system). The system may appear harder and more costly to close/solve (in
practice) but robustness is ensured. Note that a better accuracy is also observed in some configurations
in which both methodologies are comparable (this is not detailed in this manuscript but emphasized in
[236]). The closure hypothesis has also been applied to more complex configurations, instable physical
flows (Richtmyer-Meshkov shock tubes as in chapter 7) in 2D with strong shocks in [237]. The entropy
closed reduced models are robust and efficient. At first glance, their application seems to be restricted
to physical system (i.e. systems of conservation laws having a couple entropy-entropy flux (s,g)). In
fact, having a physical system ensures one can choose a closure entropy () ensuring the existence of a
couple entropy-entropy flux for the reduced model (by taking § = s). In the case the system does not
have such a couple, it is still possible to close the reduced model with an arbitrary closure entropy 6
(i.e. a chosen strictly convex functional of the conservative variable). Tests have been performed and
interesting results have been obtained. For Euler system, several closure entropies (different from the
mathematical one) have been tested in different configurations: they yield acceptable, robust results.
This study will probably be the purpose of further publications. Now those closure entropies do not
ensure the theorical wellposedness of the reduced model. This observation may be an argument in the
sense that the existence of a mathematical entropy is probably strong assumption and lighter ones may
be enough. Note that this latter observation and the questions arising constitute an open problem in
the field of systems of conservation laws.

The closure strategy presented in the last sections of this chapter (and mainly in [236, 232, 84]) is
inspired from extended thermodynamic of moments [207]. Recent work showed different analogies with
kinetic theory can lead to different resolution strategies bearing interesting properties: in [83], the authors
build a kinetic scheme (see the example of chapter 1 with (1.32)) for uncertain scalar conservation laws
and ensure the respect of the maximum principle for the approximated uncertain solution. Oscillations
are constraigned and the Gibbs phenomenon is controled by construction. Paper [162] goes beyond the
material of the previous chapter (and of [84, 236]) for scalar conservation laws. It puts forward a very
interesting improvement to the entropy closure method leading to considerable gains in accuracy and
toward a better respect of the maximum principle. Papers [163, 164] are also very interesting, for several
reasons. First, connections to kinetic theory are highlighted and new methods inspired from the latter
fields (filtering) are adapted for uncertainty quantification. Second, the numerical results on Euler system
confirm the observation the closure method presented in the previous chapter yields costly but accurate
results. Finally, they also confirm that preserving some relevant invariants may be enough to obtain
accurate and reliable results. This invariant preservation is done via filtering whereas in the previous
chapter it is done via the choice of a closure entropy different from the mathematical one (6 # s). In
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[257], the authors also aim at producing hyperbolic (wellposed) reduced models. They rely on scheme
limitations, also inspired from kinetic theory. Their approach is also numerically compared to the closure
method of this chapter on several benchmarks (M; model for radiative transfer mainly). Once again,
even if more costly, the closure method yields very accurate results.

Those two previous examples'? certainly show uncertainty quantification can benefit the methodolo-
gies and progresses of kinetic theory. On another hand, the reverse surely also applies. For modeling,
for example: in chapter 1 and section 3.1.3, we put forward Grad’s 13 moment model can be understood
as a Polynomial Chaos development. Its generalized counterpart (gPC) may lead to the construction
of more relevant models in specific regimes of interest. Or take the example of P, models for the reso-
lution of the linear Boltzmann equation. Legendre polynomials are introduced, implicitly assuming the
regime of interest is isotropic (for the angular distribution): the first order captures the isotropic regime,
the higher orders compute corrections to this regime. Suppose one is interested in another identified
anisotropic angular regime. Then it is possible building the gPC basis associated to it and perform the
Galerkin projection with respect to this newly built basis. These tracks will certainly be explored in
further (modeling) research. More practically, in the next part III, gPC is introduced to reduce variance
in Monte-Carlo computations (see section 9.12 of chapter 9).

In the next chapter, we investigate the non-intrusive counterpart of gPC. We describe its application,
as detailed in the literature, and apply it to our ’fil rouge’ configuration.

extended thermodynamic of moments of this chapter and the kinetic methodology of [83, 257, 162, 163, 164].
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Chapter 5

Non-Intrusive application of gPC for
systems of conservation laws

An Sy -like (without collision term) gPC' based model

Contents
5.1 Non-intrusive applicationof gPC . . . . . . ... ... ... 000000, 73
5.2 Choice of the experimental design (the most common ones for UQ) . . .. 74
5.2.1 The Monte-Carlo (MC) integration method . . . . . ... ... ... ... ... 75
5.2.2 Low discrepancy sequences/Quasi Monte-Carlo . . . . . ... ... ... .... 76
5.2.3 Gauss quadrature rules . . . . ... oL oL s
5.2.4 Clenshaw-Curtis (CC) quadraturerule . . . . . . .. .. ... ... ... .... 81
5.2.5 MC vs. Quasi MC vs. Gauss vs. etc. . . . . . . . . . .. o 82
5.3 Integration vs. Regression vs. Collocation vs. Kriging . . . . ... ... .. 83
5.3.1 Regression-gPC approximations . . . . . . . . . ... ... .. 0L 83
5.3.2 Collocation-gPC approximation . . . . . . . . . ... ... o 89
5.3.3 Kriging-gPC approximations . . . . . . . . . .. .. ... 91
5.4 Few other applications of gPC. . . . . . . . . .. .. 97
5.4.1 Application to the ’fil rouge’ problem of chapter 2 . . . . ... ... ... ... 97
5.4.2 Integration vs. Regression vs. Collocation vs. Kriging vs. discontinuity . . . . 98
5.5 Summary for non-intrusive gPC for systems of conservation laws . . . .. 101

In this chapter, we present the second way to compute the coefficients (ux)ieqo,..,p}. It is refered
to as non-intrusive in the literature. Once again, the methodology is general and can be applied to any
system. But we here focus on systems of conservation laws. We recall general uncertain conservation
laws can be written in the form

{ Opu(z, t, X) + 0y f (u(z,t, X)) =0, (5.1)
u(z,0,X) = up(z, X). :
We suppose system (5.1) is hyperbolic VX € Q. Now, applying non-intrusive gPC implies the use of a
deterministic simulation code (often called black-box code in the literature) solving (5.1) at several chosen
(and licit with respect to the wellposedness of the system) points (X;)ieq1,... .n}- It consequently allows
avoiding the problem of building non-hyperbolic systems (encountered in chapter 4). All along the previ-
ous chapter, we refered to analogies with P, (section 4.1) and M,, (section 4.2.3) models for the resolution
of the linear Boltzmann equation. The non-intrusive counterpart is closer to the S,, model [16, 92, 61]
for solving the linear Boltzmann equation except the collision term is zero (hence no time-dependent
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coupling between the angles in example (1.31)) and the resolutions are fully independent. The coupling
occurs mainly at the observation times and positions at which the pointwise discretised solutions are
postprocessed to build a gPC approximation. This will be detailed in the following sections. The reader,
all along the description of the methodology, may notice, through the questions arising, through the
references, that the non-intrusive application of gPC leads naturally toward the field of approximation
theory rather than model reduction as it was the case in chapter 4.

In the next sections, we detail the application and the characteristics of the non-intrusive resolution
of system (5.1). We apply it to our ’fil rouge’ problem and analyse its behaviour. Finally, we pave the
path toward a new non-intrusive approach we developed (see [238, 31, 242]), based on non-intrusive gPC
and moment theory.

5.1 Non-intrusive application of gPC

In this section, we present a brief state-of-the-art for non-intrusive gPC. The description of the methodol-
ogy may, at first glance, look like a recipe but it is representative of its practical use. Let us first suppose
the random variable! X has probability measure dPx. The methodology consists in several steps:

1. it begins by the construction of the gPC basis (¢;X )ken. It is orthonormal with respect to the inner
product defined by the probability measure dPx of the input random variable X. In other words,
it is such that

[ oo apx = 50 ¥k t) € N,
This step is common to intrusive gPC and is described in section 3.4.

2. The second step corresponds to the discretisation of the random variable and its probability measure
(X,dPx) by a numerical integration method with N points:

(X,dPx) =~ (Xi, wi)ieqr,...N}- (5.2)

We detail how the points are usually chosen in section 5.2.
3. The next step consists in running N independent runs of a black-box code at the a priori chosen

points (X, w;)ieq1,..., v} and gathering a new collection of output points?:

(u(w,t, X;), wi)ieqn,... Ny = (W(Xi), wi)ieq1,... N (5.3)

This step is supposed to bear the main computational effort. Up to this point, the methodology
can directly be compared to the S,, model without collision term, described in chapter 1.

4. Once the N runs obtained, the rest is only postprocessing at the observation points of interest
(several times ¢ and positions x for example in our ’fil rouge’ problem). The estimation of the
polynomial coefficients is mainly made by numerical integration in this document V& € {0, ..., P}.
This means we have

ui( = /u(X)qﬁi((X)dPX ~ ui(’N = Zu(X,)gbi((Xz)wl (5.4)

Many authors apply other numerical methods to compute the coefficients (such as regression,
collocation, kriging). They are addressed in section 5.3 together with their analysis.

5. Finally, one can reconstruct the truncated polynomial approximation (or the collocation or kriging
ones) using the approximated coefficients (5.4)

P
u(X) R up p(X) =D up N (X).
k=0

Lor vector.

2We here introduce an abusive notation as we drop the dependences with respect to = and t.
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It then remains to perform the desired post-treatments in order to approximate the statistical
quantities of interest (mean, variance, histograms, etc.) related to u(X).

At the end of the process, one has access to an approximation® ufg’ ~(X). The error between u(X) and
uﬁ ~(X) in the L?>mnorm can be decomposed in two main parts using the orthonormality of the gPC

basis?:
2
P
[[u(X) = up n (X)|I72 )= > up ;
k=0 L2
0 (5.5)
X,N
=Z(u‘;§—uk P+ D (W)
k=0 k=P+1
integration error truncation error

In (5.5), the error of the non-intrusive approximation have (explicitly) two parameters:
— N for the integration error,
— and P for the truncation error.

One needs to have in mind there is still a hidden parameter which corresponds to the choice of the
discretisation/accuracy for the N runs of the black-box code (for example Az and/or At for a deter-
ministic resolution scheme® or Njs¢ for a stochastic one as in part III for example). This additional
discretisation error may be important in practice and has to be taken into account. This is reminded and
illustrated in the application to our 'fil rouge’ problem later on and also in section 9.11 of the next part III.

The above description of the methodology is quite simple but to be complete, two points remain to
be tackled:

— we did not explain under which considerations the experimental design is chosen in practice for
the discretisation (5.2) of the couple (X,dPx). Section 5.2 presents some brief descriptions of
the possibilities at hand, their advantages and drawbacks. They correspond to the most common
strategies in uncertainty quantification.

— Some authors in the literature do not exactly use numerical integration methods in order to estimate
the polynomial coefficients (5.4). Amongst the other possibilities one can cite collocation methods,
regression or kriging. Their subtleties are briefly investigated, analysed and illustrated in section
5.3.

The two following sections address the two above points.

5.2 Choice of the experimental design (the most common ones
for UQ)

The choice of the discretisation of the random variable X together with its probability measure dPx
obviously directly impacts the quality of the gPC approximation as testifies (5.5). Depending on the
transformation u, the integration error may be preponderant with respect to the truncation one (see for
example [191]). The set of points and weights (5.2) are often called an experimental design. Considera-
tions to help choose it together with pedagogical examples can be found in [107, 15]. We here suggest a
brief overview of the most commonly applied strategies in uncertainty quantification studies.

3The upperscript X reminds of the approximation basis, p of the truncation order and n of the number of points for
the numerical approximation of the coefficients (uk)ke{o """ P}

4assuming there are no errors in the gPC basis, see section 3.4

5for example, the intrusive counterpart of chapter 4 counted two parameters, P and Az as illustrated on figure 4.2,
remark 4.2 of section 4.2.1.
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Notation (5.2) for the punctual discretisation of (X,dPx) is general and has been chosen in order to
show that the material of the rest of the chapter concerning non-intrusive gPC (and even the material
of chapters 6, 7 and 8) can be applied independently of this choice. Suppose the points (X;);cq1,...,n}
are chosen sampled from the probability law of X and (w; = %)ie{l,..., Ny, then it corresponds to the
Monte-Carlo integration method for the estimation of the coefficients. With the same writing, we can
conveniently consider Gauss quadrature points, Latin Hypercube Samples, Sparse Grids etc. The latter
sets of points in dimension @ differ only by their asymptotic error analysis with respect to integration.
We insist we here implicitly deal with converging discretisation of (X, dPx): without this assumption,
most of the following results do not hold.

In the following sections, we detail different integration methods on a general function g : X €  —
g(X) € R. Of course, in a non-intrusive gPC context, g € {ugg, ..., u¢y } as we aim at applying the same
experimental design to every coefficients (uf)ke{oywp}. For some of the below descriptions, we may find
convenient considering X ~ U[0,1]9. But we insist uniform variable on the square (i.e. independent)
can be mapped into any random variable. We can consequently carry out the integration with respect
to arbitrary inner products.

5.2.1 The Monte-Carlo (MC) integration method

We here recall the principles of the Monte-Carlo method for integration. These can be found in many
books (see [268, 173, 256, 165] for example). We briefly mention them for the completeness of the talk.
The reader familiar with the notion can easily jump to the next sections. The MC integration method
corresponds to the particular experimental design for which the points (X;);c1,..., v} are randomly sam-
pled from the probability law of X with uniform weights (w; = %)ie{l,..., ~N}- Two theorems are at the
basis of MC integration.

Theorem 5.1 (Law of Large Numbers) let X € L'(Q) be a random vector of size Q. Let (X;)ien
be some independent identically distributed (i.i.d.) random vectors with X. Then®

¥ l a.s,
Xy = N(X1+...+XN)NjgO E[X]. (5.6)
This first theorem is a convergence result. The following one is stronger in the sense it describes its
convergence rate.

Theorem 5.2 (Central Limit Theorem) let X € L*() be a random vector of size Q with variance
o2. Let (X;)ien be some i.i.d. random vectors with X. Let X, be a random vector as in (5.6), then”

VN (Xy - E[X)) Nﬁ; G(0,02). (5.7)

In the expression above, G(0,0?) denotes a gaussian random variable of mean 0 and variance o2.
Let us go back to our gPC coefficients and consider g € {ugy, ..., u¢y } as integrands. The Central Limit
Theorem [256, 210] ensures

N—oc0

N
VN | [o0Px =3 gXus| 5 60,07)

The convergence rate is O (ﬁ) and is independent of the smoothness of the transformation g(X) nor

the size @ of the random vector X. In fact, the regularity of g and the size @) of the random vector
only affect the constant ¢9°%. This constant can be a posteriori evaluated and is an estimation of the
error under condition its estimator® is unbiased, see [256]. For the MC method, the points (Xi)ieqf1,..., N}
can be generated independently. Adding points always improves the quality of the experimental design.
In other words, one can enrich a posteriori the experimental design with a new set of N’ € N points

6The convergence is almost surely, see [256].
"The convergence is in law (L), see [256].
8This point is detailed and illustrated in section 9.12 and we do not recall the notion here to avoid redundancies.
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(X1)ieq1,...ny- Experimental design

1
Kt LD serrnos (w- _ ) , (5.8)
< e{ }U jlied } J N + N (L NANT

is still a Monte-Carlo integration method with asymptotic error O ( , independently of the choice

1
N+N’)
of N’. This property is singular amongst the integration technics.

It is possible trading sensitivity to dimensionality and regularity for accuracy by using for example
low discrepancy sequences [209, 210, 53]. They are described in the following section.

5.2.2 Low discrepancy sequences/Quasi Monte-Carlo

In this section, we assume X ~ ([0,1]%¢). The discrepancy of a sequence is said low [53, 54] if the
proportion of points in the sequence falling into an arbitrary set B is close to proportional to the measure
of B. The aim is to avoid clustering. Specific definitions of discrepancy differ regarding the choice of B
(hyperspheres, hypercubes, etc.) and how the discrepancy for every B is computed (usually normalized)
and combined (usually by taking the worst value). Amongst the low discrepancy sequences, the most
famous ones are the Halton, the Van Der Corput, the Faure, the generalized Faure, the Niederreiter and
the Sobol sequence, see [134, 283, 267, 209, 210].
Their asymptotic error analysis can be described assuming g is of bounded variation on [0, 1]%, i.e.

Vig) = / l9(@)]dPx (z) < . (5.9)
[0,1]@

With this property, we have [210]

N
‘/Q(X)dpx =Y 9(Xiwi| = V(g)Dn (X1, ... Xn),
i=1

where Dy (X1, ..., Xx) is the discrepancy of the sequence of point (X;);c1,..,n}. It is defined by

,,,,,

DN(le"'aXN) = Sup
I1clo,1]Q

1 N
= > (X)) - Vil
N i=1

In the above expression, V; = [1;(z)dz is the volume of I and Zf\; 1;(X;) is in fact the number of
points of (X;);cq1,...,n} in I. Note that in general,

— V(g) is not known,
— and has nothing to do with the variance o of g.
— Finally, Dy is hard to estimate.
Nevertheless, one can show [53] that the convergence rate

k
— is at best V(g)Dn < w with k < @,

log® (V) . .
— at worst V(g)Dy < —N depending on the smoothness of the integrand.

— For example for a function with second derivative Lipschitz-continuous, the worst case convergence

Q-1
rate becomes V(g)Dy < ln;v#, see [54] (p. 306).
2

The convergence rate remains faster than \/% for relatively small values of Q. For efficiency with respect
to MC points, the number of dimensions needs to remain low and N should be large. In opposition
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to the MC experimental design, the construction of a low discrepancy one must remain sequential for
efficiency: it is difficult adding points to a first low discrepancy experimental design without degradating
its properties (i.e. increasing its discrepancy).

In this document, Monte-Carlo methods are more completely studied in part III, mainly for the
resolution of the linear and nonlinear Boltzmann equations rather than for uncertainty quantification
problems. In this part I, we focus on deterministic integration strategies as the ones described below.

5.2.3 Gauss quadrature rules

The N Gauss points of any arbitrary measure dPx are the roots of the (N + 1) degree polynomial
orthonormal with respect to the inner product defined by dPx. The Jacobi matrix J5, see section 3.4,
is symetric and consequently diagonalizable. Its N eigenvalues are the N Gauss points (X;)ie(1,... . n}-
They verify Vi € {1,..., N}

XX (X;) = JREX(X:) + VBnodn 1 (Xidep,
———
-0

Xi®N(Xi) = IR PN (X))

The (@%(Xi))ie{l,..., ny} are the (unnormalized) eigenvectors. There are several ways to introduce the
weights of the Gauss quadrature rule. For example, if we introduce py(z) an arbitrary polynomial of
exact degree N and express it in term of Lagrange polynomials® (L; (X))ieq1,....ny, defined at the Gauss
points (X;)ie{1,... .5}, we have
N
pv(@) = 3 pr(Xi) Lia).
i=1

By definition of the quadrature rule, we have
N

/pN(a?)dPX(x) = ZPN(Xi)Li(x)> dpx($>7
i=1

pu(X5) / Li(@)dPx (2),

=1
N
= ZPN(XZ)wz
=1
It allows identifying
Vie {1, N} w; = /Li(x)dPX(x). (5.10)

Introducing the weights as above implicitly presents them as the coefficients ensuring exact integration
of polynomials up to order N. Such N-point quadrature rule is said to have degree of exactness N and
is denoted as interpolary, see [117]. Obviously, from the definition of the weights (5.10), given any N
points, any quadrature rule can be made interpolary. Such definition is convenient but not optimal: the
optimal N-point quadrature rule has degree of exactness 2N and is called a Gauss quadrature rule [117].
It verifies (5.10) but also [117]

Vie {1, N}, w; = /Li(x)dPX(a:) - /Lf(x)dpx(x). (5.11)

9They are polynomials of degree N verifying L;(X;) = &, ;,V(i,j) € {1,..., N}%.
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The weights can also be defined by normalizing every eigenvectors (@ﬁ(Xi))ie{l _____ ~} and taking their
first squared component: as ¢f (z) = 1 in our case, dealing with probability measures we have

1

> (o (x

k=0

Vi € {1, ...,N},’LUZ‘ =

The two last definition of the Gauss weights emphasizes their positiveness, important in practice for
robustness. There exists other ways to define them but we do not aim at being exhaustive on the
subject: depending on the theoretical problem of interest, one formulation may be more interesting
than another. The main drawback of Gauss quadratures remains linked to the curse of dimensionality.
Building a multidimensional Gauss quadrature rule implies tensorizing the points in each directions (just
as was done for the gPC basis in section 3.5.1). The number of Gauss points increases exponentially fast
with the dimension (). Regarding asymptotic error analysis, for a Gauss quadrature rule, we have the
following general property (see [117]):

’/ dPx—Zg

The term Hon(z,g) denotes the Hermite interpolation polynomial of order 2N relative to function g.
We recall the Hermite interpolation polynomials relative to the points (X;)ic(1,... v} satisfy

_ / Hon (X, g)Px. (5.12)

Hon (Xi,9) = g(X;), and Hyn (X5, 9) = ¢'(X5), Vi€ {1,...,N}.

If furthermore, g is 2N times differentiable then the same asymptotic error can be expressed in term of
¢, existing in the support of the probability measure dPx, such that

<¢ﬁ“ﬂ¢%”§

ot 9 ©) (5.13)

‘/ z)dPy — Zg

In (5.13), g™ denotes the n" derivative of g. The constant in the error analysis strongly depends on
the smoothness (of order 2N) of the integrand. The coefficients (<¢§’m,¢f’m>)k corresponds to
€N

the norm of the monic orthogonal polynomial (¢?’m)k€{07,__, p} associated to the probability measure
dPx. This normalization coefficient may also depend strongly on N: for Legendre polynomials!® for

2N+1
Gauss quadrature rules for an arbitrary measure dPx are designed/defined [7] to ensure a good accuracy
up to order 2N for the statistical moments of the input X i.e. up to order 2N for polynomials (hence
the non optimality of the definition (5.10)). With the above remark in mind, assume g is polynomial of
order 2N — 1, then g(™ = 0,Vn > 2N and the quadrature rule is exact, see (5.12). In dimension @ with
X = (X1,...,X0)", due to the tensorisation of the points, the above asymptotical error becomes

(onm on™ )

i ANCD

pr— . .14
el X0y N1 (&) (5.14)

example, <¢]L\,’m,¢x’m> = ——. Obviously, for smooth solutions, the convergence rate is fast. The

‘/ dPx—Zg

In (5.14), (Ni)ieq1,....0} (¢§i)keN,z‘e{1,...,Q} and (gEZN"))iE{L“_,Q} are respectively the number of points
in each direction, the gPC basis in each direction and the 2N} derivative of g in each direction.

Let us come back to our final goal. We want to apply the quadrature rule to function g having
the particular form g = ug;* with I € {0, ..., P} to build a gPC approximation of order P. Formally,
we can expand u € L? on the gPC basis, i.e. u =Y p, up ¢7%, and introduce g; = Yoo up X o,

Vwith dPx (z) = $1(_1,1)(z)dz

79



GL points N =11

GL points N =21

gPC approximations for 3 < P < 20 Convergence w.r.t. P for fixed N
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Figure 5.1: Application of Gauss-Legendre quadrature rule for the integration of the gPC coefficients of
the transformation of a uniform random variable through the Runge function with N = 11 (top) and
N = 21 (bottom). The left column present the polynomial approximations for 3 < P < 20. The right
column present the L2-norm of the error with respect to P for fixed N.

Vi € {0, ..., P}. With such notations, error analysis (5.13) becomes

¢X,m7¢X,m 0o
=< szv.N >Zu?(¢§¢i‘)<2m(§l>,

N
’ [a@ars =Y atxyw,
=1

<¢X7m ¢X,m> kO:oO (515)
N 7N
)“lX —up N = Ay Y Liazan (0 0 BV (6).

k=0

Expression (5.15) comes from the fact (5.13) holds for every gPC coefficients Vi € {0,...,P}. Each
(&1)ieqo....,py echoes £ as defined earlier for each (gi)ieqo,.... py- To study (5.15) more in detail, recall
Vk € N we can rewrite ¢7 (X) = ngﬁf’m (X) =Ty Hle(Xink) with ((ﬁf’m)keN the monic orthogonal
polynomial relative to (¢3 )ren and with (Xik)iE{l,“.,k} its roots!!. Due to the fact we decomposed
((ka Jken as a product of monomials, the previous notation allows rewriting

(6XeX) N (&) = 2NIPXTX Peyy_an (&)

In the above expression, Py4;_on is a monic polynomial of order k + 1 — 2N. With the above equality,

1 The roots of the orthogonal polynomials are within the support of the probability measure dPx, distinct and real, see
[117]. Nevertheless, the decomposition could be done in the complex plane.

80



(5.15) becomes

XN N x L Iy
‘ulX —u’ = Zuk 1k+l22NWPk+l—2N(§l)'
k=0
2 < 2 TR (T5%)?
X,N k i
‘ulX — U = Z Z u?uf1j+l22N1k+l22Nka+l—2N(§l)Pj+l—2N(fl)-

Tok=o N (5.16)

P 0o oo XpX P X\ 2
ryTs r

> ‘UzX N = Ui(“frszzlﬁlzwlwzzN <le> Qkjl,N-
1=0 J=0 k=0 (I'v) 1=0 N

term (*) we can control by choosing P

The last term in the left hand side of (5.16) is exactly the L?—norm of the integration error in (5.5).
The term (x) in (5.16) corresponds to the term we can control by choosing P, independently of any
smoothness assumptions for u. Now, for a given k, we have (cf. section 3.4)

X
Hy—1y
X
==2k

FX — Z 22]671'

Now, assume

e N grow and P is fixed: then (x) is bounded and the integration error is O((F+)2) = O(zzn=7)
N

ensuring a fast convergence rate for Gauss points. Besides, term (*) in (5.16) can be controled by

making sure [ < N,VI € N, i.e. choosing P < N, ensuring the minimization of the residue in (5.15)

independently of the smoothness of the solution w.

e In the opposite case, a gPC reconstruction with increasing P for fixed N (exponentially) accumu-
lates errors as () becomes O((T%)%? = O(22F1).

The explosion of the L? error with P as soon as P > N (second point above) has been observed on many
numerical experiments, see [191, 72] for example. The above numerical analysis shows it is independent
of dPx and of u for the associated Gauss quadrature rule.

We suggest illustrating this behaviour on a simple uncertainty propagation problem: consider the
transformation of a uniform random variable X wvia the Runge function

1

X~ U S
R NRTS

(5.17)
We build a non-intrusive gPC approximation with coefficients integrated thanks to a N points Gauss-
Legendre (GL) quadrature rule. Figure 5.1 presents the results of the study with N = 11 and N = 21
points. The top right picture presents a convergence study with respect to P for NV = 11 GL points.
The L2-norm of the error first decreases exponentially fast (logarithmic scale for the ordinate) before
increasing almost as quickly after P = 11 = N. The explosion of the error after P = N is in agreement
with the previous numerical analysis (cf. (5.16) and the discussion below). The quality of the obtained
gPC approximations can be observed on figure top left in the same conditions. For the bottom pictures
of figure 5.1, care has been taken to keep P < N = 21 GL points. The exponential convergence of the
gPC approximation is ensured up to P = 20 as testifies the bottom right picture: the increasing quality
with P is observable on figure 5.1 (bottom-left) with a less and less oscillating approximation. Note that
the readability of the left column of figure 5.1 can be discussed: this column is mainly qualitative and
its sense will be revealed mainly when tackling section 5.3 and comparisons with the approximations
obtained with regression, collocation, kriging in the same conditions.

Note that in agreement with the latter analysis and example, in every of our applications in the next
chapters, we always keep P < N in each stochastic directions.

The construction of a Gauss quadrature rule is sequential in the sense one can not in general a
posteriori add a set of points to a given Gauss quadrature rule with N points in order to enrich it. The

81



roots of the orthonormal polynomials of degree N associated the measure dPy, does not in general have
the same roots as the one of degree N + 1 for example, see [273, 5, 117]. This is particular for the
Chebyshev polynomials and of practical interest: their use for numerical integration is presented in the
next paragraph through the introduction of the Clenshaw-Curtis quadrature rule.

5.2.4 Clenshaw-Curtis (CC) quadrature rule

The Clenshaw-Curtis (CC) quadrature rule is well-known for interpolation approximations on a bounded
interval [a, b]. The points of the experimental design are related to the roots of the Chebyshev polynomials
denoted by (¢g)k€N. Chebyshev polynomials are orthonormal with respect to the probability measure

2
V1 — 2

of the Arcsinus random variable. The roots of the Chebyshev polynomials have two convenient properties:
first, analytical formulae are available. Second, the roots of the Chebyshev polynomial of degree P are
also roots of the Chebyshev polynomial of degree 2P. The points of the CC quadrature rule of level k
have n; = 2¥~1 + 1 points and are given by

zh = —cos <7T(‘7_1)> : (5.18)

J nk—l

dPc(x) = dz,

The corresponding weights are given by

k _ 1 :
wl*nk(nk—Q)’ for j =1,
<27T(j—1)l

) [ 25 L
k __
Wi T g —1 1+2 ; 1—a2”® ng —1

(5.19)

) , for2<j<m—1.

The CC quadrature rule of level k (i.e. having nj points) presented above allows integration with respect
to the uniform probability measure on [—1, 1]. Such weights are designed to integrate exactly polynomials
of degree at most ni + 1 with respect to the uniform measure. In practice, comparisons between Gauss
points and CC ones for a given number/level ny /k with respect to the uniform measure are of equivalent
accuracy on arbitrary g, see [277]. The CC points being Gauss points (for the Chebyshev polynomials),
their asymptotical error analysis is the same as above in the case of an integration with respect to the
Arcsinus measure.

We here want to focus on the second property of the roots of the CC quadrature rule: the roots of qﬁg
are also the roots of qbgk, for n € N. This implies a CC experimental design of level k can be a posteriori
enriched with level k + 1 reusing the previous runs from the k** level. The experimental design can
not be enriched adding one point after another: the previous description implies a size of experimental
design multiplied by 2 at each level.

Such property makes the quadrature rule very attractive for

— integration with respect to arbitrary measures. Any random variable can be mapped into a new
one provided their respective cumulative density functions (and their inverse). For integration on
R, the Clenshaw-Curtis points can be modified into the Fejer [288] quadrature rule which do not
have nodes at 1 and —1 (values which shall be mapped to co and —oco otherwise).

— adaptive algorithms, see for example [72, 34]. One may decide to run simulations quadrature level
after quadrature level and add points only in the stochastic directions needing it (by detecting
steep gradients using the differential between two quadrature levels for example as in [72, 34]). We
do not aim at being exhaustive on adaptive and sparse technics, we rely on [72, 191, 34] and the
reference therein.

In this part IT of this document, Gauss quadrature rules are intensively applied. This choice is based
mainly on the observation that the construction of an arbitrary gPC basis needs a good accuracy on the
moments of the measure of interest (see section 3.4). Practical considerations and experiments showed
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that the Gauss points outpower every other integration rule based on this criterion. Note that quadrature
rules with negative weights such as the ones built from a Smolyak [263] procedure showed poor efficiency
in the same context. MC methods are also very robust but remain the purpose of part III.

5.2.5 MC vs. Quasi MC vs. Gauss vs. etc.

In the previous sections, several experimental designs have been presented. Their asymptotical numerical
analysis have been recalled. But we are still far away from being able to choose the relevant experimental
design in the relevant situation'?. In this section, we suggest a general way to choose an experimental
design to compute an arbitrary integral under some basic assumptions.

Let us begin by the introduction of a common notation. For each experimental design of the previous
sections, we rewrite their asymptotical error € with respect to N and @ in the more concise notation

e=¢€(o,N,Q). (5.20)

The notation is general. For example, for an MC experimental design, see section 5.2.1, we have

oMC

e =e(lome, N, Q) = ﬁ

For an uniform integration we have

€ = €(Ounit, N, = oy max [N,
(Gunit, N, Q) fz'e{l,..,Q}[ o

For a general low discrepancy sequence, see section 5.2.2, we have

log"(N) . . o
€ =¢€(oLus, N, Q) = O(best) LHS N with k = Q — 1 which may be optimistic in general,
Q

log™ (N
= O(worst) LHS g]\]{ ) )
_ ez (V)
= O (Lipschitz) LHS N3 .

For a Gauss quadrature in ) dimensions, see section 5.2.3, we have

1
€= 6(O'GraLuSSa N, Q) = UGaussie?llﬁ)’(Q} |:2Nz':| .
With the few above lines, we summed-up the previous asymptotical analysis of the different experimental
designs into four lines exhibiting:

— the constant Oname of the method mUItlplyln&
— the convergence rate depending on N and Q.

Let us comment on the first above point: depending on the method, the estimation of the constant
Oname of the method 1S Not straightforward. For an MC experimental design, it is enough computing the
variance, see (5.7). For a low discrepancy sequence, one needs to estimate (5.9). For a Gauss quadrature,
one would need to estimate a derivative of order 2N of the integrand, see (5.13). The estimation of
these constants can be complex and problem dependent. But assume (this may be considered a strong
assumption) they are comparable, of the same order onc & Ounif & OLHS & OGauss. Under such
hypothesis, we can compare the number of point needed to obtain a given accuracy € with a problem of
dimension Q.

Table 5.2.5 presents the number of points required to reach some given accuracies e = 107!, e = 1073
and € = 10~° with respect to Q € {1,3,5,10,20}. In blue we display the smallest number of points needed
to ensure € for a given ). In red, we display the largest one. The colors for the names of the experimental
designs correspond to the one used in figure 5.2. In table 5.2.5, for low dimensions, the most efficient

121n [289], the author presents an interesting introductory example in the case of the computation of a failure probability
with an MC experimental design and the risk of making bad choices.
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e=10""T Q=1 Q=3 Q=5 Q=10 Q=20
MC N =100 N =100 N =100 N =100 N =100
Uniform N =10 N = 1000 N =10° N =101 N =10%
(best) LHS N =10 N =339 N=23x10° | N=61x10" | N=74x10%
(worst) LHS N =35 N = 6909 N=12x10" | N=79x10 | N =23x10%
(Lipschitz) LHS N=5 N =9 N =21 N = 2064 N =10°
N =2 N =38 N =32 N = 1024 N = 1048576
e=1073 Q=1 Q=3 Q=5 Q=10 Q=20
MC N =10° N =10° N =10° N =10° N =10°
Uniform N = 1000 N =107 N =10 N =10%0 N =100
(best) LHS N =0118 N=14x10°| N=12x10% [ N=27x10"" | N =25x10%
(worst) LHS N = 1000 N=34x10°] N=57x10° [ N=34x10" | N=77x10%
(Lipschitz) LHS N =100 N =322 N = 1403 N = 176269 N =9.0 x 10°
N=4 N =64 N =1024 N = 1048576 | N =1.099 x 102
e=10""° Q=1 Q=3 Q=5 Q=10 Q=20
MC N =10 N =101 N =101 N =101 N =101
Uniform N =10° N =10" N =10% N =107 N =10'00
(best) LHS N =10° N=29x10"| N=12x10° | N=9.1x10" | N=7.9x10*
(worst) LHS | N=14x105 | N=87x10° | N=18x 102 | N=12x102%2 | N =24x 10"
(Lipschitz) LHS N = 2155 N = 9426 N = 51780 N = 8810510 N =4.0 x 10*?
N=5 N =125 N =3125 N = 9765625 N =95 x 102

Table 5.1: Number of points of the different experimental designs for an expected accuracy of € =

1071, e =103, = 1075.

experimental design is the Gauss quadrature whereas the MC one is the worst. As dimension increases,
the MC experimental design becomes more and more competitive. On another hand, the uniform one
becomes the worst solution to integrate in high dimensions. Table 5.2.5 provides the numbers of points
required for few samples of Q and e. Figure 5.2 presents the most efficient experimental design with
respect to @ and €. The number of points is not represented. Each color corresponds to a particular
experimental design. The Gauss points are the most efficient for small dimensions. Their efficiency
(quite erratically) increases with the demanded accuracy. The seesaw efficiency of the Gauss points is
complementary with the efficiency of the LHS for Lipschitz continuous functions. For high dimensions,
independently of the accuracy needed, the MC experimental design is the most efficient one. Note that
the (best) LHS, the (worst) LHS and the uniform experimental designs never really present any interest
amongst the studied experimental designs, in the metric of figure 5.2.

5.3 Integration vs. Regression vs. Collocation vs. Kriging

In the literature, many authors do not rely on integration to estimate the gPC coefficients for a given
polynomial order. In this section, we present regression methods, regression-gPC [35, 26, 270, 271, 15],
collocation methods (Lagrange interpolation), collocation-gPC [175, 212, 302, 111, 176, 177, 115] and even
kriging-gPC (simpler form of what is described in [262, 158, 258]) and compare them to integration-gPC'3.
We aim at showing that depending on the choice of the approximation basis and of the experimental
design, the obtained discretisations may be equivalent or not. In the cases they are not, we aim at
highlighting the more progressively possible their differences.

5.3.1 Regression-gPC approximations

Regression has been historically at the basis of many works in statistics for modeling [107, 15, 90,
117]. It is widely used and presents the advantage of being applicable in presence of noisy outputs, i.e.

131n the following sections, gPC and integration-gPC denote the same numerical process.
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Figure 5.2: The figure presents the most efficient experimental design in dimension @ (y—axis) to reach
a given accuracy (the x—axis displayes log(e)) assuming one & Ounif & OLHS & OGauss. Bach color is
for a type of experimental design: is the most efficient for low dimensions Q). The
(Lipschitz) LHS experimental design has a very narrow area of efficiency. The MC method is by far the
most efficient one above a certain dimension @, independently of the desired accuracy. Note that the
uniform, and the (worst) LHS are never represented.

experimental noise as well as numerical noise:

— Experimental noise refers to variability in the output at the different points of the experimental
design due to a finite accuracy of the measure instruments: two identical experiments may give
slightly different results. The differences could be made smaller with more accurate measurement
devices or experimental settings less sensitive to external perturbations.

— Numerical noise refers to variability due to the use of a stochastic resolution scheme such as the
MC ones described in part III. In this context, running twice the same simulation in identical
configurations'* leads to fluctuations of the observables. Those fluctuations can be made smaller
with finer discretisation parameters (typically by increasing Nys¢, see part IIT for example).

In this section, we briefly detail the principles of regression together with its properties. For this, let us
consider a sequence of linearly independent functions Fp(z) = (fo(z), ..., fp(z))t. Classically in regression
approximation, the sequence Fp(x) = (1,z,...,2")? is often chosen, see [107, 15]. Let X — u(X) be our
random variable of interest. The regression model uk(z), approximation of u, is defined as the vector
product

WE(X) = UpFp(X).

In the expression above, Up = (uo,...,up)! is defined by the vector of R” minimizing the least square
error between u and u%, i.e. such that

Up = Argmin [J(Vp)] = Argmin|ju(X) — VEFp(X)| 7. (5.21)
VeERP VERP

Differentiating J(Vp) = |[u(X) — VL Fp(X)||3. with respect to Vp = (v, ...,vp)" leads to

Vv J (Vp) = 2] (w(X) = VEFp(X))Fp(X)]| 2.

Mput with different initial seeds for the random number generators.
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Vector Up is consequently the unique (due to the convexity of J) solution of
Vo J(Vp) = 0 = / w(X)Fp(X)dPx = / VA Fp(X)Fp(X)dPy. (5.22)

In the particular case Fp(z) = &% () = (¢ (2), ..., ¢5 (z))* and assuming infinite integration accuracy,
the minimum of J is attained at the vector of gPC coefficients (us\, ..., up)".

Let us come back to the previous assumption: equations (5.21) and (5.22) were stated assuming perfect
integration accuracy. The above expressions (5.21)—(5.22) are in practice discretised via the introduction
of an experimental design (X;, w;);e(1,..,n}- It results in the gathering of the set (u(X;),w;)ieqo,....P}-
Equation (5.21) is consequently replaced in practice by

N
Up = Argmin [y (Vp)] = Argmin Y w;(u(X;) — VAFp(X;))*. (5.23)
Vp ERP Vp ERP i=1

In practice, we consequently look for the minimum of Jx(Vp) = J(Vp). Functional Jy is minimum for
Vp € RY satisfying

[(FAOYNWNFY Ve = [WaEF] | . . (5.24)

In the above expression, we have Wy = diag(ws, ...,wx) and

Jo(X1) .. fo(Xn)
F]JDV: fk(Xj)
fp(X1) .. fr(Xn)

To give an idea, the expressions of the two vector-matrix products in (5.24) read

wlfo(Xl) waO(XN)
wifp(X1) .. wn fp(Xn)
and
N N
i=1 =1
N
[(FAYWNEFR] =] .. > wife(X) A(X5) . (5.26)
N =t N
D wifo(X)fp(Xi) ... > wifp(X))
i=1 =1

Of course, independently of the choices of (N, P) € N2 the matrix (5.26) is invertible!>. The solution
UY satisfies the well-known (unbiased estimator see [107])

u(X1)
UY = [(F)YWN Y] [WaFN] | .. . (5.27)
u(Xn)

The conditioning of matrix (5.26) depends on both the choice of the basis Fp(x) and of the experimental

15This will be emphasized in the few next lines
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GL points N =11

GL points N =21

design (X;,wi)ic(o...xy. Suppose Fp(z) = (1,1,

N
D w
i=1

., o)t then matrix (5.26) has expression

N
i=1

X
N . SO SP
> wi X — K (5.28)
. N—o0 b'e b'e
=1 Sp Sop

N N
=1 i=1

It tends to the Hankel matrix of measure dPx, see (3.10), defined in section 3.4. Two situations may
then occur:

— either measure dPx is discrete and the Hankel matrices are invertible only up to a specific order
(depending on the number of discrete states of dPx). In this case, the maximum size of (5.26)
corresponds to the size of the last Hankel matrix with non-zero determinant.

— Or the Hankel matrices are invertible VP € N but their determinants are known to tend to zero

quickly as P grows (see section 3.4). It is consequently harder and harder to numerically inverse
with P.

Nonetheless, in both cases in practice, (5.26) is always invertible. Figure 5.3 presents the results obtained

Regression approximations for 3 < P < 20

1.5

Convergence w.r.t. P for fixed N

* GL points Ir T T
: 2PC ——
Regression ==
1
0.5
3
0.1 | 4
0 ¥
-0.5
-“1r
0.01 I I I I I I I I I
’ 2 4 6 8 10 12 14 16 18 20
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-1 -0.5 0 0.5 1
X
* GL points LE T T apC !
1 [ Regression ==
0.1 4
0.01 3
o
-0.21
0.001 I I I I I I I I I
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-0.4
-1

o
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Figure 5.3: Application of Gauss-Legendre quadrature rule for regression for the transformation of a
uniform random variable through the Runge function with N = 11 (top) and N = 21 (bottom). The left
column present the polynomial approximations for 3 < P < 20. The right column present the L?-norm
of the error with respect to P for fixed N.

with regression on the Runge function in exactly the same conditions as in section 5.2.3 together with the
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GL points N =11

GL points N = 21

results obtained by integration-gPC. If we focus on the convergence studies (right column) with respect
to P for fixed numbers of GL points N = 11 and N = 21, integration-gPC and regression have

— first, the same behaviour. For a small number of points of the experimental design, the polynomial

order must be kept low. The error decreases then increases after N = 11 (as soon as P goes beyond
N =11).

— But for polynomial orders higher than P = N = 11, the error is a little bit more controlled with
the regression approximation than with the integration one.

The shapes of the regression approximations for the different order for N = 11 (top left of figure 5.3) are
quite different than the ones obtained with integration (top left of figure 5.1). When P is kept P < N,
the results obtained with integration or regression are equivalent (up to the accuracy/cost of a matrix
inversion). See for example the bottom pictures of figure 5.3. This is due to the fact that, by definition,
the L2-minimization is invariant with a change of basis.

Now suppose a particular form for Fp(z) = ®F(x) = (¢5 (), ..., ¢ (x))" with (67 )keqo,...,py the com-
ponents of a chosen gPC basis. The obtained approximations are denoted regression-gPC ones in this
document. Let us introduce U;,nt’N = (ué(’N, - ug’N)t the vector of coefficients of the gPC approxima-

Regression-gPC approximations for 3 < P < 20 Convergence w.r.t. P for fixed N

1.5
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Figure 5.4: Application of Gauss-Legendre quadrature rule for regression-gPC of the gPC coeflicients of
the transformation of a uniform random variable through the Runge function with N = 11 (top) and
N = 21 (bottom). The left column present the polynomial approximations for 3 < P < 20. The right
column present the L2-norm of the error with respect to P for fixed N.

tion obtained by integration. From (5.24), it is easy noticing that, independently of the choice of the
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Unif. points N = 14

experimental design, the regression solution U5 is related to the integration coefficients Uglt’N by

N N
Zwi<¢g<(xi)>2 > widd (Xi)op (Xi)
i=1 N i=1
> widi (X (Xi) . up =Uptt. (5.29)
> wio) (X)op(Xi) . > wilop (X:)*

Suppose now (X, w;)ieq1,...,n} is @ Gauss quadrature rule having the properties described in 5.2. If we
furthermore assume P < N, it ensures the ezact orthornormality of the gPC basis even with N < oo
(i.e. even in a finite integration accuracy context). Consequently, with such choice, we have

N _ int, N
Uy =y,

Otherwise (i.e. if N > P), the regression-gPC coefficients and the integration ones differ from the fact
the integration coefficients may not minimize the least squared error. This is emphasized in figure 5.4.
For P > N, the regression-gPC approximations have a better control of the L? error than both classical
regression and integration.

The main interest of regression-gPC is to be able to deal with any experimental design, independently
of its integration accuracy, still ensuring a relatively good conditioning of matrix (5.26). It is particularly

Regression-gPC for 3 < P <20 Convergence w.r.t. P for fixed N

[ * GL points | I

T T T T T
14 Unif. pts, integration gPC ==
14 Unif. pts, Regression gPC =—8—
14 GL “pts, intégration gPC =
14 GL  pts, Regression gPC

0.01 I I I I I I I I I
]

Figure 5.5: Application of Gauss-Legendre quadrature rule for regression-gPC of the gPC coefficients of
the transformation of a uniform random variable through the Runge function with N = 11 (top) and
N = 21 (bottom). The left column present the polynomial approximations for 3 < P < 20. The right
column present the L2-norm of the error with respect to P for fixed N.

convenient for experimental settings (in opposition to numerical experiments) and has been originately
designed [107, 15, 90] for its ability to take into account experimental noise.

The above property is emphasized in figure 5.5 in which we briefly investigate the sensitivity to the
choice of the experimental design for integration and regression-gPC. Figure 5.5 (left) shows the results
obtained with regression-gPC with N = 14 equispaced points (uniform experimental design). Figure 5.5
(right) allows comparing the results obtained with integration-gPC and regression-gPC for N = 14 GL
points and N = 14 equispaced ones. For the GL points, the behaviour is similar to what was presented
in figure 5.4 (except we have N = 14 instead of N = 11). With the equispaced experimental design,
the integration accuracy is lower than with the GL points for fixed N (see section 5.2.5). Integration-
gPC consequently gives less satisfactory results with such design: the two approaches have equivalent
L2-performances only up to P = 5. For higher polynomial orders, the integration error becomes prepon-
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derant with respect to the truncation one. With regression-gPC on another hand, the accuracy of the
GL and equispaced experimental designs are comparable up to order P = 9.

5.3.2 Collocation-gPC approximation

Regressions are convenient especially when one has to deal with experimental /numerical noise. When
considering numerical experiments, i.e. simulations, some resolution schemes may be reproducible in the
sense two runs of the same configuration give exactly the same results. This is the case for example
for the finite volume schemes used in the ’fil rouge’ application. Dealing with reproducible simulation
codes, one may demand the stochastic approximation method to be able to strictly recover the numerical
results at the experimental design points, see [175, 212, 302, 111, 176, 177, 115]. This can be obtained
using interpolation methods such as Lagrange interpolation or high-order splines for example.

Lagrange interpolation can be obtained applying formulae (5.27) in the particular case N = P. In
practice, in order to avoid the inversion of a possibly badly conditioned matrix, the Lagrange formulae
is applied

N

Li(z) = Hﬁ,w €{1,..,N}. (5.30)
j=1"" J
i

The resulting collocation approximation is then given by
N
ug(X) = u(X;) Li(X). (5.31)
j=1

In term of asymptotical error analysis, we have the following well-known property: suppose u € C%([a, b]),
and an experimental design (X;);e(1,..,ny With IV distinct nodes, then there exists £ € [a, b] such that

WM ey N
u(X) —uf(X) = N+(i) [[x - Xx). (5.32)

i

=

Taking the L°°-norm in the above expression we obtain

N

i=1

[[u(X) = uf (X)L < max [u™ (¢)] max

5.33
— N + 1lé€fa,b] z€[a,b] ( )

Note that the collocation approximation does not necessarily converge. Its converging behaviour is
strongly correlated to the choice of the experimental design. Figure 5.6 (top) presents the collocation
approximations of Runge function'® obtained for N going from 1 to 20 of a uniform experimental design.
The collocation approximations diverge!” as IV increases (figure 5.6 top-left).

The question arising now is: is it possible to choose an experimental design ensuring the convergence
of the collocation approach. It is commonly known, see [225], that the term Iél[a)%] vazl(x —X;)| in

z€la,

(5.33) is O(5k) at the roots of Chebyshev’s polynomials (CC points). This ensures uniform convergence
at those points. The roots of Chebyshev polynomials are Gauss points. Some authors generalized the
property of Chebyshev roots for collocation to arbitrary Gauss ones: the method is commonly called
stochastic collocation, or collocation-gPC in the literature, see [175, 212, 302, 111, 176, 177, 115]. It
refers to the use of Lagrange polynomials at the Gauss quadrature points associated to the probability
measure dPyx of the input random variable X.
If derivatives of u are available at the experimental design points, Hermite interpolation can also be

16This example is well-known, I claim no originality here.
17Tt is even possible to prove it diverges in this case, see [64, 102] for example.
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Unif. points N = 21

GL points N =21

applied, generalizing Lagrange interpolation. It ensures

(X - Xi)kia

=

W)

where k; corresponds to the number of orders available at point X;. For example if one has access to
(uw(X;), v (X;)) Vi € {1,..N}, then k; = 2,Vi € {1,..., N}.

Figure 5.6 presents the collocation-gPC approximations of Runge function (i.e. Lagrange polynomials
at GL points) in the same conditions as in the previous sections. As testifies the convergence study of

Collocation approx. for 3< P =N <20 Convergence w.r.t. P=N
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Figure 5.6: Application of Gauss-Legendre quadrature rule for collocation-gPC of the gPC coefficients
of the transformation of a uniform random variable through the Runge function with N = 11 (top) and
N = 21 (bottom). The left column present the polynomial approximations for 3 < P < 20. The right
column present the L2-norm of the error with respect to P for fixed N.

figure 5.6 (right), collocation-gPC exhibits an exponential convergence behaviour. The global accuracy
at each order/number of points N = P remains higher than for integration and regression. This is mainly
due to systematic oscillating behaviour between the points. Of course, for P = 20 in figure 5.6 (right),
regression-gPC degenerates toward collocation-gPC.

Collocation-gPC has only one parameter as N = P: in figure 5.6, we compared collocation-gPC
to integration-gPC and regression-gPC with N = 21. For the latters, the comparison may seem unfair,
especially for high polynomial orders P. In figure 5.7, we perform some convergence studies keeping P = 5
fixed for integration-gPC and regression-gPC and compare them to the collocation-gPC approximations
with increasing N. The convergence studies have two regimes for the integration-gPC and regression-gPC
approximations, only one for collocation-gPC:
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Figure 5.7: Convergence studies for integration-gPC, regression-gPC (both for fixed P = 5) and
collocation-gPC with respect to N for approximating Runge function (5.17).

— in the first regime, defined by N < 7, the three methods exhibit an exponential convergence rate
(log-scale). We recall we chose P = 5 for this example, implying a small numbers of points (N < P)
leads to inaccurate approximations.

— Beyond N = 7 points, integration-gPC and regression-gPC’s accuracies stagnate: the stagnation
plateau corresponds to the fact the truncation error (second term in (5.5)) becomes preponderant
with respect to the integration one as IV increases. This is emphasized by the fact this plateau is
the same for the two approximation methods (as they share the same experimental design).

For collocation-gPC, the error keeps on decreasing exponentially with N = P. This is due to the fact
that in this case the asymptotic error only depends on the spacing between the points of the experimental
design, see (5.33).

From the two previous sections, one may wonder whether it is possible to take advantage of both
methods. Regression-gPC allows taking into account noisy outputs and exhibits a fast convergence with
respect to P. Collocation-gPC ensures recovering exactly the outputs at the experimental design points
and exhibits a convergence rate mainly depending on the spacing between the points once the integration
accuracy reached. A compromise between regression-gPC and collocation-gPC would be a penalized
regression with the introduction of Lagrange multipliers to ensure, as constraints, the approximation is
interpolary with u at the design points. This idea is at the basis of kriging, briefly presented in the next
section.

5.3.3 Kriging-gPC approximations

The reader interested in kriging may find different denominations such as simple kriging, Ordinary krig-
ing, Universal kriging etc. Our starting point is kriging-gPC, which is here a less elaborated version'®
of what can be found in [262, 158, 258]. We focus on this variant of kriging as it is the most general
we know and, of course, is related to a gPC basis, central in this part II. Basically, kriging-gPC consists
in choosing Fp(X) = ®p(X) as an approximation basis in a (universal'®) kriging approximation: it
confers to the resolution similar advantages as the ones emphasized in the section comparing regres-
sion and regression-gPC (good conditioning etc.). We insist the section is non-exhaustive regarding
kriging technics and we rely on very pedagogical publications dedicated to them [284, 21, 158, 258] for
a complete state-of-the-art. This section mainly aims at comparing and understanding the differences

18less elaborated in the sense in [262, 158, 258], the authors provide an algorithm in order to choose automatically the
gPC order P whereas in this document we choose it a priori.
191f T am not mistaking.
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between kriging-gPC and gPC approximations and provide an original numerical analysis of the methods.

Kriging is also known as Gaussian process modeling. It assumes the ouput random variable of interest
u(X) is a realisation of a Gaussian random process. Let us sketch the idea behind the methodology
in the next lines. Recall we aim at approximating the transformation of the known random variable
X into the unknown one w(X). The gPC approximation relied on a polynomial approximation, i.e.
u(X) & Zf:o up ¢i¥ (X)) where (gf)kX)ke{O’“_,})a(} is the gPC basis and (u}\ )reqo,...,p} the gPC coefficients.
Kriging-gPC relies on the introduction of Z5 such that

P
u(X) = S w6 () + 25 (X).
k=0

In other words, it corresponds to a gPC development plus its residue Za in the P—truncated gPC
associated to X. In a kriging context, Z,f:o uk¢kX (X) is commonly called the trend. Kriging introduces
an additional mathematical ingredient whose aim is to approximate the random variable Z ff , the residue
of the gPC development. The idea is to introduce an additional dimension u € Supp(X) and assume
ZE(X) ~ 0?(u)Z(u) is a zero-mean gaussian process of variance o2 independent of X. The gaussian
process is fully characterised by its covariance kernel K defined by K (u,v) = E[Z(u)Z(v)] and such that
o%(u) = E [Z%(u)]. Suppose K is known, then several constraints must be satisfied for Z to be a relevant
gaussian process to approximate u(X). Introduce pz(u) = E[Z(u)], then we must for example have

Bu(X)] =l +Elus(X)] = +0 = uf
Ew2(X)] = () + 3 ufE [6F (X)uz(X)] +E [15(X)], (5.34)
k=0 k=0

ceey

and so on. Ensuring the constraints are satisfied is directly linked to how K is chosen or built. In
practice, kriging models:

— first generally assume a particular parametered shape of the covariance function K (u,v,6) where
6 is an additional (set of) parameter(s).

— The second step consists in calibrating 6. This means looking for 7 minimizing differences with the
above constraints in a norm which remains to be defined at this stage of the discussion. This can
be done by various means (Maximum Likelihood, Cross Validation estimation, etc. see [262, 158,
258, 21, 19)).

~ Once 0 obtained, we have access to the random variable w(X, 5) and its predictive variance o (X, 5)
with explicit matrix vector formulas (briefly detailed in the following lines).

In practice, K is often chosen homogeneous, i.e. such that K(u,v,6) = K(u — v,8). For a given choice
of K and 0 we have (see [158])

w(X1) = UR (0)'®p(X1)
W(X,0) = UN(0)!®p(X) + k(X,0)' Wy K~1(0) ,

;(XN) ~Up (0)'®p(XnN)

7206.0) = o 0) (1- 06O | g e St || ie) |)-

In the above expressions, u(X,0),02(X,0) are the mean and variance of the gaussian process approx-
imating u(X). The notations are almost the same as the ones of section 5.3.1: (Xi)ie{l,..‘,N} are the
points of the experimental design, Wy = (w1, ..., wn)? the vector of their weights and

uy () %5 (X) ¢ (X1) - %5 (Xn)
U@ =| .. Op(X)=| .. N = X (X;)
uzs () ¢ (X)

op(X)) 6% (Xn)
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It additionally introduces K (#), the matrix of general term K, ;(0) = K(X; — X;,0) and k(X,0) =
(k(X — X1,0), ..., k(X — Xn, 9))t. Besides, the estimations of the coefficients of the development together
with the variance parameter are given by

u(X1)
UN(0) = [(@¥)y Wy kK (0)eN] " Wy K 0) [ .. ,
u(Xy) (5.35)
u(X1) ' u(X1) '
o2(0) = —dNUN @) | WyK—1(6) — dNUY (0)
U(XN) U(XN)

In the above expressions, # remains to be chosen. In fact, equations (5.35) express the results of the
minimization of the L?—norm (least square error, as for regression) between u(X) and u(X, 0) for a fixed
6. As hinted at in [158], if K = In?° where Iy is the identity of size N, then (5.35) degenerates toward
(5.27) for the regression approximation.

The discussion about the relevant shape of the covariance function K or the way the parameter 6 is tuned
is beyond the scope of this document. We refer to [21, 19, 20] for the reader interested in deepening
those considerations. The covariance kernel K can be evaluated but in general, it is chosen a priori. The
most classical choices are gaussian, exponential or Matérn kernels?!. Kriging provides o2 as a measure
of precision. However this measure relies on the correctness of the covariance function, see [19, 21]. In
other words, the term predictive variance may be strong and it, in general, reflects an assumption. If
it does not hold, the error estimation might be bad and no error estimation properties are guaranteed.
However, typically, still a good interpolation is achieved for the random variable p(X,6), mean of the

Gaussian process. We focus on it in the next numerical analysis and tests.

We first go through the numerical analysis of (the mean of) the kriging-gPC approximation. We aim at
helping interpreting the numerical results and comparisons with the previously presented approximations
(regression-gPC and collocation-gPC mainly) displayed in figure 5.8. For this, let us rewrite the mean
of the kriging-gPC process under a more friendly form. By noticing that

p(X,0) =D u (0)¢r (X)
k=0

P
u(X1) = Y u () (X0)

k=0 (5.36)
+(k(X — X1,0), ... k(X — XN,0)K~20) | ... ,
P
u(Xn) — ZU£‘(0)¢§(XN)
k=0
the expression can be recast as
N

u(X,0) =D uf Ok (X) + Y alk(X - X;,0). (5.37)

k=0 =1

Expression (5.37) may appear downgrading in comparison to (5.36) as many important properties of the
approximation do not anymore explicitly appear in the coefficients (a’ )ie{1,...,n}- Still, it is enough for
the following material. Let us introduce the functional F' such that

=

F(X,0) = u(X) — p(X,0) — g(X,0) | | (X - X3).

i=1

20closely related to the particular choice k(u,v) = 8, (v).
2lwhich recovers continuously with a parameter both the gaussian and the exponential kernels
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We define X as an arbitrary point in Supp(X) such that Vi, X # X; and

9(X,0) = M. (5.38)
H(Y - Xi)
i=1

The functional F' has consequently N + 1 roots Xi,..., Xy, X. Assume furthermore that u(X) and
k(u,v,0) are CN+1 where, we recall, N is the number of points of the experimental design. Then
according to Rolle’s theorem, 3¢y such that F(NH)(&O, 0) = 0. Let us now consider two situations, we
distinguish g = gp<n in the first case and g = gp> n in the second:

— first, suppose P < N so that differentiating N + 1 times F resumes to

N
PO, 0) = u D (X) = 30l KX - X1,0) = gpen(KLO)(N + 1),

i=1

Using the fact that FVFY (&), 0) = 0 allows identifying gp<n as

N

— 1

grn(X,0) = 7 (u“*”(@) — > al KN (g —Xiﬂ)).
’ i=1

Using the above expression of gp<n with respect to & in (5.38) leads to the following error
estimator:

N
w(X) — w(X,0) = ﬁ[ <u<N+1> &) Zapk(N+1)(§0 — XZ,9)> [[(x-Xxi). (539

i=1 i=1

Equation (5.39) can be compared to (5.32) for collocation by noticing that

uN (&) A aP RN ( .
X) - u(X,0) = Xi) k ~X,,0)
(%) recalls (5.32) for collocation (%)

The first term (*) in (5.40) recovers the collocation error term. The error depends on P only via the
coefficients (al);eq1,..., v} in the second term (sx). Equation (5.40) testifies one can decrease the
constant multiplying the convergence rate*?> of the approximation method if K is sufficiently well
suited. Note also that conversely, nothing prevents it from increasing it, with respect to collocation,
if it is not.

— Suppose now P > N and differentiate N 4 1 times F'. We obtain

P N

FOHD(X,0) = ™D (X) + 3 u (0) (65 (X)) V=3 al kN (X~ X,) — gpsn (K) (N +10).
k=0 i=1

To simplify the above expression, we can rewrite ¢; (X) = Fkxqﬁf’m(){) =TIy Hle(X -5,

Vk € {0, ..., P} with (bi(’m the monic orthogonal polynomial relative to (;S? . In the latter expression,
(’Yf)ie{L...,k} are the roots?? of qbi(. For k > N, the (N +1)!" derivative of (bi( can be expressed as

k

Gre)™ = 3 e I -,

i1t +ig=N+1 Jj=1

22The convergence rate is here related to ﬁ Hf-vzl(X — X;) together with a choice of norm but we here study the raw
expression (5.40).

23For a gPC basis, we know those roots are real, distinct in Supp(X) but the material holds for an arbitrary choice of
Fp(X), with complex roots.
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In the above expression, the multinomial coefficients are given by Cg Hik_ = HI\’“[ ‘*‘1; .. Each (X —
F !

'7?)]’6{1,‘..,10} are monomials so that (i;);eq1,....x} € {0, 1}*. Otherwise, the above expression would
be zero as k < N + 1. In other words the multinomial coefficients simplify to

k
(¢§(X))(N+1) = (N + 1)y > [Tx — 5.

i14...+ig=N+1j=1

Now, once again using the fact that F(V+1 (&, 0) = 0 ensures

P k
gp>N(X,0) = gpen(X,0) + Y wX(Ory Y [ -,
k=0 it tin=N+1j=1
N fixed - X
psy  IP<N(X,0)+OIp)

Using the above expression in (5.38) leads to the following error estimator for the mean u(X,6):

u(X) — pl(X,0) = i
+ulN T (&) — Zazpkwﬂ)(fo - Xi) N
1 i=1 H<X — X)) (5.41)
N—|— 1! P k 4 ‘ 7).
HN DD (0)ry > [T —~He )=t
k=0 i14...+ig=N+1j5=1

With (5.41), it is easy verifying for fixed N and P > N, u(X) — u(X,0)~I%. This imples the
approximation may diverge as?*. The analysis even shows that in this regime, the asymptotic
behaviour is independent of the choice of K(u,v,6). In other words, the same analysis allows
explaining the behaviour of regression-gPC for P > N in the examples of the previous figures
(obtained with the particular choice K (u,v,8) = 0,,(v)).

To illustrate the above material, we suggest going through the application of kriging-gPC to the Runge
function in the same conditions as in the previous paragraphs. The covariance function is here chosen
as an exponential one

K(u,v,0) = 0exp (—|u —vl|0). (5.42)

The parameter 6 is calibrated performing a simple dichotomy to minimize the predictive variance 0% (6)
as suggested in [262, 158, 258]. Figure 5.8 presents the kriging-gPC approximations together with the
ones obtained by integration-gPC and regression-gPC in the same conditions (the comparisons with
collocation-gPC will be tackled later on). Let us first comment on the qualitative results of the first
column of figure 5.8: for a low number of quadrature points (N = 11), kriging-gPC behaves as the
previous approximations and remain very oscillatory. As N increases to 21 (bottom-left picture), the
oscillations are way more controlled and the kriging-gPC results are much less sensitive to the choice of
the truncation order P than the other approximations. The quantitative convergence results of the right
column of figure 5.8 show first that for P < N, the kriging-gPC approximations outperform the other
ones. We recall kriging-gPC benefits an additional discretisation parameter K which here is very efficient
in the sense it probably allows interesting compensations between term (*) and term (%) in expression
(5.40). For higher polynomial order, i.e. in the top pictures of figure 5.8 with N = 11 and P > N,
analysis (5.41) becomes more and more relevant and we recover experimentally that the L?—norm of
the error ||u(X) — pu(X,0)||z2 = O(I'Y) grows fast with P. The figure even allows recovering the fact
that in such conditions (N fixed and P >> N) kriging-gPC and regression-gPC give equivalent results as
expected by the error analysis of (5.41): in this regime the leading term is independent of the choice of
K. If now P is kept lower than N = 21 as in the bottom right picture of figure 5.8, error analysis (5.40)
applies. The kriging-gPC approximations then give very satisfactory results with a flat convergence curve
testifying of a less sensitive behaviour with respect to the discretisation parameter P than other methods.

24 As for example, for Legendre polynomials ng =+V2P+1.
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Figure 5.8: Application of Gauss-Legendre quadrature rule for kriging-gPC of the gPC coefficients of
the transformation of a uniform random variable through the Runge function with N = 11 (top) and
N = 21 (bottom). The left column present the polynomial approximations for 3 < P < 20. The right
column present the L2-norm of the error with respect to P for fixed N. The kriging kernel is chosen
exponential (5.42) and a dichotomy is applied to calibrate 6.
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Figure 5.9: Convergence studies for regression-gPC, kriging-gPC (both for fixed P =5 and P = 10) and
collocation-gPC with respect to N for approximating Runge function (5.17).

To fully understand the influence of the covariance function, let us finally perform a convergence
study with respect to N for fixed P =5 and P = 10 (same conditions as in figure 5.7). The results are
presented in figure 5.9: the left picture compares the convergence studies with respect to N obtained
with regression-gPC as in section 5.3.1 and kriging-gPC for fixed P = 5 and P = 10. Both methods
present two regimes:
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— in the first one, characterised by N < P, regression-gPC and kriging-gPC gives ezactly the same
results in L2—norm in agreement with the previous analysis (5.41). It testifies of a relative inde-
pendence of the choice of K of the approximation in such configuration.

— For N > P, regression-gPC approximations stagnate as the truncation error remains preponderant
with respect to the integration one. On another hand, for kriging-gPC, the accuracy of the approx-
imations continues to increase with N due to the covariance term in (5.40) ensuring a convergence
driven by the spacing between the points of the experimental design in this regime.

The right picture of figure 5.9 presents the same curves together with the collocation-gPC one: for N > P
for which error analysis (5.40) applies, the kriging-gPC approximations do not systematically give better
results than collocation-gPC. This is due to the fact the covariance function

— may be well-suited for some couples (N, P) (for example for P = 5 and N € {5,...,13} or for
P =10 and N € {10,..., 16}),

— and not so well in comparison to collocation for others (typically for large N > 17 in the example
of figure 5.9 right).

Kriging-gPC, via the introduction of an additional discretisation tool (the covariance kernel K), ensures
a second convergence regime for N > P in comparison to integration-gPC or regression-gPC which can
both lead to approximations of stagnating accuracy. The choice of the covariance kernel, in this regime,
strongly affects the convergence rate of the approximation (slope of the L?—mnorm of the error with
respect to N) and can lead to better approximations than integration/regression/collocation-gPC if K
is well suited. Note that K needs, this was especially emphasized in (5.40), to depend on N to make
sure kriging-gPC outperform them VN € N.

5.4 Few other applications of gPC

In this last section, we first come back to the ’fil rouge’ problem of chapter 2 before comparing gPC,
regression, regression-gPC, collocation-gPC and kriging-gPC on a discontinous solution.

5.4.1 Application to the ’fil rouge’ problem of chapter 2

Now the methodology for solving non-intrusively an arbitrary uncertainty propagation problem presented,
it only remains to apply it to our favorite configuration (’fil rouge’ of chapter 2). Let us give few details
about the choices made (experimental design, integration...):

— concerning the approximation basis, the initial random variable being a uniform law, we select the
Legendre basis (see table 3.1) in order to apply non-intrusive (integration-)gPC.

— The next step consists in choosing the experimental design (X;,w;)ieq1,...,n3- We here select the
Gauss-Legendre points and weights. They are effective in low stochastic dimension (Q = 1 for our
’fil rouge’ problem), for smooth solutions and give satisfactory enough results for discontinuous one
[277]. In this section, we take N = 15 Gauss-Legendre points in order to discretise (X, dPx).

— We run N times the black-box simulation code at (X;, w;)icq1,.. N} in order to obtain the out-
put points (u(Xi),wi)ie{L__,,N}. Note that when one has access to computation clusters, those N
runs can be launched simultanously as they are independent. The methodology is said embarass-
ingly parallel as it does not require communication between the N processes. The computational
efficiency is 100%, the communications being made only for the postprocessing step, assumed neg-
ligible here in comparison to one of the N runs. Concerning those N deterministic runs, they
are performed so that we can consider the relative accuracy for each run with respect to spatial
discretisation Az on the observables of interest is about 107%.

— The postprocessing step consists in computing the (ukX’N) ke{o,...,p}, building the gPC approxima-
tion ul).f’N(X ) and recovering approximations of the mean profile, the variance one and the pdfs of
the mass density at 3 points of interest at time ¢ = 0.14 as in chapter 2.
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The chosen polynomial order in the following computations is P = 3, kept voluntarily low (to make sure
integration accuracy remains smaller than the truncation one). Figure 5.10 presents the results obtained
in term of spatial profiles for three realisations (top pictures), the mean and the variance at t = 0 and
t = 0.14 (bottom pictures). For the profiles of figure 5.10, the results are very interesting: indeed, with
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Figure 5.10: Application of non-intrusive gPC, mass density spatial profiles for some realisations, the
mean and the variance at t =0 and ¢ = 0.14.

only N = 15 runs and P = 3, we are able to recover the mean and variance profiles with a good accuracy.
In fact, the curves are not distinguishable from the ones obtained from the reference Monte-Carlo ones
for these observables. This can be explained by the high accuracy of the Gauss quadrature rule.

Figure 5.11 presents the results in term of pdf and functional representation of the mass density in
the vicinities of the rarefaction fan, the interface and the shock. The approximation in the vicinity of the
rarefaction fan is accurate: it is not distinguishable from the reference Monte-Carlo computations. This
is due to the smoothness of the solution in this area. The high accuracy in the vicinity of the rarefaction
fan can even be more easily observed on the functional representation of p(x = 0.38,¢ = 0.14, X) on
figure 5.11 (top right). In this context, the non-intrusive gPC approach is very efficient even for such
low polynomial order P = 3 as the gain in computational time for the same accuracy with respect to the
MC approach is given by XMf = 1000 ~ 66.6.

Concerning the approximations 1n the vicinities of the interface and the shock, we unfortunately
do not observe the same gain. The discrete behaviour of the random variables is not captured by the
non-intrusive gPC approximations. We do not detail more these results, they are very close to the ones
encountered in the example of chapter 3, section 3.5.2 and we kind of expected such behaviour.

5.4.2 Integration vs. Regression vs. Collocation vs. Kriging vs. discontinu-
ity

The first question arising after the previous study would be: if gPC fails to recover discontinuous solution,

does any of the resolution schemes presented in section 5.3 allows dealing with it? To answer this question

we suggest applying gPC, regression, regression—gPC, collocation-gPC and kriging-gPC to a discontinuous

function X — 1)_ 5 (X) with X ~U([-1,1]).

Figure 5.12 presentb the results obtained Wlth gPC, regression, regression-gPC, collocation-gPC and
kriging-gPC on the latter function. The presentation is sligthly different than previously as the left
column now displays the best approximations obtained with every methods with N = 11 (top) and
N =21 (bottom). The right column shows convergence studies with respect to P in the same conditions
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Figure 5.11: Pdfs (left) and functional representation in the random space of the mass density at t = 0.14
in the vicinities of the rarefaction fan (x = 0.38), the interface (x = 0.61) and the shock (x = 0.73) with
the gPCp_3 approximation.

with N = 11 (top) and N = 21 (bottom). Note that the convergence study obtained with collocation-gPC
is not presented in the top right picture as it implies much more points (as P = N) than N = 11.

We suggest beginning by commenting the convergence studies of the right column of figure 5.12.
For N = 11 (top right), gPC, regression, regression-gPC have the same behaviour: the error slightly
decreases before exploding. The one of kriging-gPC is more singular: the error is way lower than for the
other approximations for small P but increases as fast?® as regression-gPC as soon as P > N. The top
left picture of figure 5.12 presents the best approximations obtained with every methods with N = 11.
For gPC, regression, regression-gPC, it corresponds to P = 5. For collocation-gPC, it corresponds to
N = P = 11. For kriging-gPC, it corresponds to P = 1. First, the gPC and regression approximations
perfectly match and, as expected, poorly recover the function of interest. Regression-gPC presents a

25We once again recover numerically the fact that for P > N, the explosion rate is independent of the choice of the
covariance kernel, see (5.41). Having the same behaviour for the Runge function and for the discontinuous one of this
section, we also recover it is independent of w.
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Figure 5.12: Application of Gauss-Legendre quadrature rule for gPC, regression, regression-gPC,
collocation-gPC and kriging-gPC for the approximation of the transformation of a uniform random vari-
able through a discontinuous function. The experimental designs have with N = 11 (top) and N = 21
(bottom). The left column present the best approximations obtained with every of the previous methods.
The right column present the L2-norm of the error with respect to P for fixed N. The kriging kernel is
chosen exponential (5.42) and a dichotomy is applied to calibrate 6.

similar behaviour as gPC and regression. Collocation-gPC and kriging-gPC coincide at the N =
points of the experimental design. Kriging-gPC is way less oscillatory but interpolates almost linearly
between the points of the experimental design on both sides of the discontinuity.

For N = 21, the convergence studies of the resolution schemes is displayed on the bottom right
picture of figure 5.12. First, the non-monotonuous convergence of collocation-gPC is singular. Once
again, gPC and regression present similar results with an increase of the error as P becomes greater
than N. The error for regression-gPC is more controlled. The kriging-gPC error, even if the lowest
amongst every methods, keeps increasing from P = 1 to P = N before equaling the one for regression-
gPC for P > N. The fact the error is the lowest for P = 1 testifies the covariance kernel ensures the
accuracy for this function. This is interesting as it precisely relies on a smoothness hypothesis. Figure
5.12 bottom left presents the best results obtained with every methods: it corresponds to P = 20 for
gPC, regression and regression-gPC, to P = N = 21 for collocation-gPC and to P = 1 for kriging-
gPC. First, even if every approzimation has a quantitatively better accuracy (L*-norm) than in the
previous case, qualitatively, the coarser approzimations (for N = 11) seem better. The gPC, regression
and regression-gPC approximations are very oscillatory, especially in the vicinities of the boundaries
of [—1,1]. Surprisingly, collocation-gPC is less oscillatory than the three previous methods. The best
approximation remains the one obtained with kriging-gPC, even if almost linearly interpolating between
the points on each side of the discontinuity. The most accurate kriging-gPC approximation is once again
obtained for P = 1: this implies the covariance kernel is responsible for this accuracy, more than the
polynomial trend, even if relying on smoothness hypothesis of the solution.
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5.5 Summary for non-intrusive gPC for systems of conservation
laws

Let us sum up the sections concerning the choice of the experimental design and the gPC based post-
processing to approximate non-intrusively random variable u(X). We insist on two main points:

— first, on the complementarity of MC methods and Gauss quadrature rules for integration. The
first one has a slow but independent of the smoothness of the solution u and of the dimension of
the uncertain variable X convergence rate. The second one has a fast but smoothness dependent
and sensitive to the dimension convergence rate. For these reasons, both are interesting but in
complementary contexts. In this part II, as already explained in chapter 2, we deal with a small
number of uncertain parameters and rely consequently more on Gauss quadratures than on MC
points. Important dimension problems are tackled in part III with the resolution of the linear
Boltzmann equation (in a Monte-Carlo context).

— Besides, regarding the choice of the postprocessed approximation, we performed the numerical
analysis and compared integration-gPC, regression-gPC, collocation-gPC and kriging-gPC in the
same conditions. We think these (analysis and comparisons) are original even if gPC and kriging-
gPC approximations have already been experimentally compared [217, 253, 158, 258, 262] on many
different statistical observables. The numerical analysis mainly aimed at identifying more easily
under which conditions the strategies differ, are equivalent or are efficient. We also insist on the fact
the comparisons have mainly been made in the L?—norm. Whether the different approximations
bear interesting properties with respect to other norms is beyond the scope of this document but
will probably be tackled in further researchs.

In practice, for the different studies we present in this document (mainly in the following chapters)
and in view of the previous results, we systematically take P < N in every stochastic directions and
use Gauss quadrature rules. In such context, integration-gPC is equivalent to regression-gPC and even
to collocation-gPC if N = P. This ensures fast postprocessings for the gPC-reconstruction of random
variable u(X) especially interesting when many outputs of interest must be approximated (in chapter 7
for example, we need a gPC approximation in every cell of a spatial discretisation at every time steps).
Integration-gPC may be less flexible than regression-gPC with which it is easy a posteriori taking into
account additional points of the experimental design. Kriging-gPC presents the advantages of both
regression-gPC and collocation-gPC and may avoid stagnating approximations as P < N. This property
is ensured thanks to the introduction of an additional discretisation tool (covariance kernel K) up to the
cost of a more computational posttreatment. Such mathematical tool is obviously of great interest for
industrial application but the numerical analysis and experiments of this section especially showed the
starting points of the convergence rates of the approximations for smooth solutions is mainly dictated
by the choice of the trend, i.e. the gPC basis. For discontinuous solutions the (exponential) covariance
kernel plays a stronger role than expected. For these reasons, in the next chapters, we focus on the
polynomial ingredient, at the basis of every of these methods and kickstart of every convergence curves:
still, care will taken to design new numerical methods which will remain compatible with the possibility
to enrich them with regression/collocation /kriging-gPC.

On the ’fil rouge’ problem, the intrusive gPC approach (section 4.1) and the non-intrusive one do
not have the same behaviour at all (in the vicinities of discontinuous solutions mainly). For the first
one, we were able to detect an anormal behaviour of the reduced model quite soon: the simulation code
for the reduced model crashed at the first iteration and lead us to study and analyse more in detail
what happened. Here, there are no robustness difficulties. This can be a pro but also a con as it can
be hard determining a posteriori if the oscillatory?® behaviour is physical or numerical. The method
can lead to results which are not workable nor interpretable. On another hand, having at hand a black-
box code solving the Euler equations, the non-intrusive approach is easy and fast to apply, especially
if one has a computing cluster at disposition. It is probably the best way to tackle a punctual uncer-
tainty quantification study, if care is taken to focus on smooth observables (an example of application
is given in chapter 7). For systematic uncertainty quantification studies, the investment in intrusive

26Note that with small orders P, the behaviour is not even really oscillatory for some approximations.
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methods can become relevant: it forces a more deepened analysis of the interplay between the physics of
interest, its numerical solvers and the uncertain parameters. An example of efficient intrusive applica-
tion (more efficient than a non-intrusive application) of gPC is given in part II1, chapter 9, section 9.11.2.

Regarding the results of the different methods on discontinuous solutions, we were obviously not
satisfied with their respective behaviours on the ’fil rouge’ application. This is all the more frustrating as
the discontinuities are very localized, the solutions being smooth almost everywhere else. But they are
often the locations of interests. At this stage, there is still one interesting advantage of gPC which has
not yet been exploited (not even in the literature to our knowledge): in chapter 3, we insisted on the fact
that some basis where more efficient than others in order to approximate an output random variable. In
the next section, we show how we tried to integrate this a priori knowledge into a new approximation
method.
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Chapter 6

The non-intrusive iterative gPC
(i-gPC) approach

Let’s play with orthonormal basis
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6.1.1 A particular change of variable Z(X) ensuring a gain . . . . . ... ... ... 106
6.1.2 Description of the i-gPC approximation algorithm . . . . ... ... ... ... 106
6.1.3 Weak contraction of the i-gPC approximation . . . . . . . ... ... ... ... 107
6.2 Application of i-gPC on two simple test-problems . . . . ... ... ..... 108
6.2.1 Discontinuous output random variable . . . . . . .. ... ... 0 L. 108
6.2.2 Smooth output random variable . . . . ... ... o000 109
6.3 Numerical analysis of i-gPC in finite integration context (stopping criterion)111
6.3.1 Convergence behaviour of i-gPC under finite numerical integration accuracy . . 113
6.3.2 Strategy for adaptive approximation truncation . . . . . . ... ... ... ... 114
6.4 Few other applications of i-gPC . . . . . . . ... ... .. o 00 117
6.4.1 Application to the 'fil rouge’ configuration . . . . . . ... ... 117
6.4.2 Integration vs. Regression vs. Collocation vs. Kriging vs. i-gPC . . . . . . .. 118
6.5 Summary for non-intrusive gPC and i-gPC approximations . . . . ... .. 119

As explained in the previous section, the application of non-intrusive gPC to our ’fil rouge’ configura-
tion was not satisfactory enough, mainly due to the (lack of) accuracy in the vicinities of the discontinu-
ities. The polynomial order was kept low, P = 3, but increasing P implies both aliasing problems with
respect to the construction of the orthonormal polynomial basis (see section 3.4) and an unaffordable
amount of points (X;, w;)ie(1,...,n} in order to accurately estimate the coefficients! (u?’N)ke{Ow’p} . In
the next paragraphs, we detail our main contribution to non-intrusive gPC. More details can be found

in [238, 242] and in [30] in collaboration with A. Birolleau, former PhD student.

6.1 The main idea behind iterative-gPC (i-gPC)

The main idea of the following material comes from the observation that for a given problem, different
basis perform differently. In table 6.1, we recalled the results of section 3.2.2 in which we applied the PC
approximation, the gPC one and added the Chebyshev approximation for the problem of transforming a

1

remember we have to keep P < N, see section 5.2.
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uniform random variable X ~ U[0, 1] — u(X) = sin(27X) ~ A into an Arcsinus one. On this example,
gPC performs better than PC only by using the basis orthonormal with respect to the input random
variable X instead of the Hermite basis. With the Chebyshev basis (chosen according to table 3.1 and

input r.v. X ~U(0,1])
transformations u(X) = sin(27X)
Corresponding laws u(X) ~ A with pdf f(z) = — 1
W W= i
exact mean 0

1

exact variance

r.v./approximation basis | Gauss./Hermite (PC) | Unif./ Legen?lre (gPC) | Arcsin/Chebyshev (opt.)
gPC (order P =9) (order P =9) (order P =1)
approximated mean 0 0 0
approximated variances 0.47769 0.5000000001 %

Table 6.1: Reminder of the results of section 3.3 regarding the performances of the PC basis, the gPC
one and the optimal one on the same test-case (Case 2).

because here we know the output distribution), the results are optimal: with P = 1, the approximation
is exact. Table 6.1 presents some quantitative results on the same transformation X — sin(2rX),
applying three different approximation basis: the Hermite, Legendre and Chebyshev ones. The gPC
coefficients are analytically computed, presenting what can asymptotically be obtained with an infinitely
accurate integration (it only remains the truncation error cf. (5.5)). With the Chebyshev basis, the
convergence rate is optimal in the sense the development only needs two coefficients (or P = 1) to be
analytical. Such behaviour is in fact more than a simple observation applying only for the Arcsinus law:

Erreur L2

log of the error (L?)

—6— Hermite
—w— Legendre [———
Optimal

Figure 6.1: Spectral convergence of the PC basis, the gPC one, the optimal one and the question of
building an intermediary basis giving at least better results than the gPC one if it can not recover the
optimal one.

it occurs to any output random variable with finite second moment, see [291, 305, 104]. There exists an
optimal basis for every transformation from any random variable X to any L? bounded one u(X). The
existence of such basis allows trying to find it, or at least approach it. The idea is summed up in figure
6.1 where the convergence rate of PC is exponential but slow whereas the gPC one is better. The optimal
basis is represented but we can imagine there is a kind of continuum (?) of basis intermediary between
the gPC one and the optimal one. The question now is how can we find and build some of them? In the
following lines, we suggest one way to answer this question.

We aim at improving the accuracy of the approximation in a new gPC basis with respect to the gPC
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one associated to the input random variable X. In term of numerical analysis, this implies considering
two gPC approximations:

P

u(X) = up (X) = Y uil ¢ (X), uil = E[u(X)ep (X)), (6.1)
k=0
P

u(X) = uf(2) =Y uf 67 (2), ui = Elu(X)¢{ (2)]- (6.2)
k=0

The first basis (6.1) is the classical gPC one, orthonormal with respect to the inner product of the a priori
known probability measure dPx of the input random variable. The second one (6.2) is also a gPC basis
in the sense it is orthonormal with respect to an inner product defined by a probability measure dPy
of a random variable Z. At this stage, Z remains to be determined. We aim at studying the difference
of the L? errors in the two gPC basis. For this, (the computations are detailed in [238]) we classically
introduce u3 (X) into the L%-norm of the error in the gPC basis associated to Z

[w(X(2)) = uf(2)]3 = [w(X(2)) = up (X (Z)) + up (X (Z)) = uF(Z)|3-
We now expand the previous expression to make
Az x = [u(X(2)) = uP(2)|I5 = [lu(X) — up (XI5,

appear. In the above expressions, the difference of errors has been expressed with respect to A]Zi x which,
once expanded leads to

Ay x =E|(up(X(2) —up(2)) } +2E [(up (X(2)) = up(2)) (w(X(2)) —up (X (2)))]
—E (uf.f(X))Q} —9F [u (X (Z))uIZJ(Z)]Jr]E[(u]Z;(Z))Q}7261+26/ 2, + 2.
ey 2e3 es

We intensively use the orthonormality of both basis to show that for any arbitrary mapping X (Z):

P

— e =Euf(X)?] =Y (i)

k=0

With the above results, the difference of errors in L?-norm leads to

P

P
lu(X) = uB(2)3 — u(X) —uB (X =D (ui)? =D (ufd)?

. (6.3)
k=1 k=1

The above expression is valid for an arbitrary choice of the random variable Z. In (6.3), we used the
fact that the mean in the Z—basis equals the mean in the X —one independently of the choice of Z (i.e.
uf = uf). Result (6.3) is singular and, to our knowledge, original. The question now is, is it possible
to wisely choose Z with respect to X to make sure the approximation in the new basis gives better

performences than in the initial one? The answer is the purpose of the next section.
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6.1.1 A particular change of variable Z(X) ensuring a gain
The question now is can we choose Z(X) such that

P P

lu(X) = uZ(2)]15 = u(X) —up (XI5 =D (ui ) = D (ui))?<0? (6.4)
k=1 k=1

In [238, 242], we put forward one possible change of variable Z(X) having the desired effect. Taking
Z(X) = up (X) ensures a gain. Let us explain how:

— first, let us introduce s = [ z"dPz(z) the statistical moments of Z. Then the orthonormal basis
(¢£)ke{07___7p} has general term (Christoffel)

A

Vk € {0, 7P},¢f(2) = ﬁ S,rZL S,f+1 s’f—‘rk‘ s
ﬂQ(k-l)ﬂQk
1 2L 2R

where EQZk(sg, ..., 8%,) are the Hankel determinants, see section 3.4.

— With the choice Z(X) = ux(X) = ZkP:O uiy ¢i¥ (X), the first three moments of Z are given by

P
Z _ Z _ X 7z _ X\2
50—1,31—u0,and52—§(uk).

k=0

— It implies the second component of the new basis (¢£)k6{07.”7p} can be expressed as

Z(Z): 1 5(? 512 _
1 z A 1 z
sZ| %o 51

— The second gPC coefficient in the new basis consequently reads

L P E (X)) (X)] = S (w2

uf =B [u(X)o? (i uf o (X)) =

If we now use this particular choice in (6.3), we get

St - 2 - L (wf)? = — T, (wf)? <0, (6.5)

independently of any regularity assumptions on u. The inequality has been set assuming perfect numerical
accuracy here but the numerical analysis in a finite integration context has been deepened in [242]. We
insist some other choices Z(X) may be better and this is ongoing research on the topic. In the following
section, we suggest one way to exploit inequality (6.5) in a new algorithm.

[u(X) = uZ(2)]3 — u(X) — up (X)]3

6.1.2 Description of the i-gPC approximation algorithm

Equation (6.5) naturally represents the first step of an iterative gPC (i-gPC) algorithm whose iteration
can be described in 5 points:

— first, build the classical non-intrusive gPC approximation: u(X) ~ up (X) = ka:o up g (X).
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— Secondly, introduce the new random variable Z! = ug (X) = ZkP:O updi (X), and build the gPC
basis orthonormal with respect to the probability measure dPz1 of Z!, i.e. such that

/¢fl 2 APy = 6p.4,V(k,t) € {0, ..., P}2.

We 11"eca11 we do not need to explicitly estimate dPz: in order to build this orthonormal basis
(o7 )keqo,...,p}y (see section 3.4). In fact, we estimate the moments of Z! thanks to the chosen
experimental design and apply the algorithms of section 3.4 in order to build the new basis.

— Once the basis built, we need to estimate the coefficients of the random variable «(X) in the new
basis (¢fl)ke{o7“_,P}. By definition, they are given by:

i = [ux@ et 2)aps.

A change of variable allows expressing the coefficients (uf ' )ke{o,...,py With respect to the probability
measure dPx of the input X:

o = [ucezef (29apn " [uxef (21 (x0)apy.

We insist this change of variable is exact and is not induced by any assumption or approximation,
see [107]. This implies we can estimate the coefficients in the new basis from the same experi-
mental design (X;,w;)ieq1,..., v} used for the initial gPC approximation during the first step. We
consequently have

N
uf' = / w(X)oZ (uf (X))dPx ~ > u(X)ef (2" (X)yw; = ul V. (6.6)

i=1

The possibility to resuse the same points and weights at each iteration is important in practice as
it implies the new iterative algorithm is still a postprocessing of the initial experimental design (see
(wi, u(Xy))ieq1,..,ny in (6.6)). It does not need anymore runs of the simulation code. Expression
(6.6) also allows highlighting the convenience of having an explicit and fast to estimate expression
of X — ZY(X) (see Z'(X;)) to perform the computations of the new coefficients. Note that we
never need the inverse of X — Z1(X) in practice.

— The last step of the iterative process implies the construction of the new approximation in the new
1
basis (Qf)gl)ke{o"_,p} with the approximated coefficients (uf 7N)ke{0,_“7p}5

P
1 VAR 1
u(X) =~ UIZD,N(Zl) = Uy’ (bf (Zl)~
k=0
— The rest resumes to looping on the Z7 to iterate on the different gPC basis.

Inequality (6.5) together with the above process leads to what we call an i-gPC approxzimation at iteration
j, denoted by uL;(Z7(X)) in the following section.
6.1.3 'Weak contraction of the i-gPC approximation

The previously presented i-gPC' approxzimation at iteration j, denoted by ugj (Z7(X)), has the property
(see [238]) of a weak contraction. With the previous notations, in the corresponding basis, we have at
the j** iteration?:

lu(X) = ug; (27| 2(0) < |[u(X) = uzis (277 )l 22(0)- (6.7)

2still assuming perfect integration accuracy.
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Expression (6.7) does not depend on any (additional) regularity hypothesis on X — u(X) € L?(Q2). It
ensures that at the j* iteration, the approximation in the new basis is better or at least not worse than
the approximation at the (j — 1)** iteration.

Based on the described algorithm and (6.7), we suggest studying and analysing the non-intrusive
i-gPC approximation. For this, we once again adopt a step-by-step analysis. As in chapter 3, we first
assume the coefficients are very well approximated (analytically whenever it is possible). This analysis
will show what can be asymptotically obtained if the coefficients are accurate enough. Note that we just
described an iterative algorithm without any stopping criterion: we will spend some time on it later, as

it will closely intertwined with the integration error in the coefficients (ufJ’N) ke{0,...,P}-

6.2 Application of i-gPC on two simple test-problems

The first test-problem we consider is the same as in section 3.7. It has been introduced to illustrate
the sensitivity of gPC to Gibbs phenomenon. The second one corresponds to the worst case scenario we
experimentally encountered when applying i-gPC.

6.2.1 Discontinuous output random variable

We consider the transformation of a uniform random variable X ~ U([—1,1]) — u(X) into a binomial
one, where u is defined as

. 1
1 1fx§—§,

W)=y ={ (6.5)

Figure 6.2 recalls the results obtained with gPC. It corresponds to the first step of our iterative algorithm.
At the first iteration, the gPC approximation poorly captures the discrete behaviour of the output random
variable. Figure 6.3 shows, in functional representation, how the successive i-gPC approximations behave

Solution u(x) and uf () pdfs of u(X) and uf

O  Analytical solution 800
*  Classical gPC, P=f
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12
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.
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Figure 6.2: Application of the first step of i-gPC (=gPC) on the transformation of a uniform law into a
binomial one for P = 6. The gPCg approximation is very sensitive to the Gibbs phenomenon

iteration after iteration on this discontinuous problem: the two states of the discontinuity are better and
better captured. The i-gPC approximations do not respect the maximum principle, the amplitude of
the oscillations are more important at iteration #2 than iteration #1 but the discontinuity location is
more and more accurate. At iteration #4, there are only 5 points between the two continuous states 1
and 0. Figure 6.4 (left) presents the histogram of the reference solution obtained with an MC method
(reference) together with the one obtained with the i-gPCg:; approximation: the Dirac masses are
very accurately captured, both their masses and their locations. We insist these results were obtained in
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Figure 6.3: Functional representation of the i-gPC approximation through iterations 1, 2,3 and 4.

exactly the same condition as the gPC approximation of figure 6.2 in term of polynomial order P = 6 and
integration points N (even if we took N > 1 here). Figure 6.4 (right) presents convergence results in the
logarithm of the L!—norm of the error with respect to the number of iterations k for fixed orders P = 3
up to P = 10. On this picture, one can notice that every approximations, for every truncation orders P,
converge toward the same error once given enough iterations. For P = 3, it needs more iterations (12)
than for P = 6 (for which it needs only 7 iterations) or P = 10 (for which only 5 iterations are enough).
In fact, in [242], we showed numerically that the error at the end of the iterative process is independent
of the truncation order P. For transformation (6.8), the ideal situation with a strict inequality (6.7) for
every performed iterations is encountered, the inequality is a strong contraction:

(X)) = ug; (27| 2(0) < |[u(X) = uzi—s (Z77 )l 22(0)- (6.9)

If the above observation holds for every iteration j, increasing the number of iteration j ensures the con-
vergence of the approximation |[u(X) —u};(Z7)||r2() — 0 for the fixed truncation order P. In [242],
‘]*)OO

we showed that on this specific test problem, the iterative process allows recovering the Krawtchouk
basis, optimal with respect to the Binomial law of the considered output u(X), see table 3.1.

6.2.2 Smooth output random variable

The second test-problem we want to tackle in this section corresponds to the worst case scenario we
encountered. For this, we consider the transformation of a uniform random variable X ~ U([-1,1]) —
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Figure 6.4: Left: histogram of the reference solution obtained with an MC method and of the i-gPC%_; .

u(X) into a polynomial of order 10. It is given by
u(X) = ¢ (X) + 65 (X) + ¢1(X). (6.10)

In (6.10), ((bé(X))ke{O’__’p} denotes the Legendre polynomials. We apply gPC and then i-gPC for a
truncation order P = 8. Note that if P = 10, both gPC and i-gPC (at the first iteration) give the
analytical solution on this test-problem. We choose, on purpose, to truncate the basis earlier, for P = 8.
Figure 6.5 presents the results in term of functional representation and histogram obtained with the

Solution u(x) and ug () pdfs of u(X) and ug

O Analytical solution 8
*  Classical gPC, P=5

o
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Figure 6.5: Left: functional representations of the analytical solution (6.10) and its gPC approximation
of order P = 5. Right: histograms of the analytical solution (6.10) and its gPC approximation of order
P =5.

MC reference method and with the gPCp_g approximation. As observed in figure 6.5 (left) for the
functional representation, the gPCp_g approximation is equivalent to the gPCp_3 one. The terms of
orders between 4 and 8 are orthogonal to the solutions and the coefficients are zero in this basis for
k € {4,...,8}. Figure 6.6 (left) presents the same results in term of functional representation as figure 6.5
(left) obtained with i—gPC}Z,Z10 in the same conditions. Qualitatively, we observe a gain with respect to
gPC. It is observable mainly in the vicinity of the boundaries of the random space [—1, 1]. Now figure 6.6
(right) presents quantitative results. It is a convergence study displaying the logarithm of the L!—mnorm
of the error with respect to the number of iterations from P = 5 up to P = 9. We can see that the
gain observable on figure 6.6 (left) for P = 8 is obtained at the first iteration and the next ones did not
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Figure 6.6: Left: functional representations of the analytical solution (6.10) and its i-gPC approximation
of order P =5 after 10 iterations. Right: convergence results with respect to the number of iterations k
for fixed orders P =5, ...,9.

improve the accuracy of the approximation. In this case, i-gPC allows a small gain after the first iteration
then stagnates. Nonetheless it corresponds to the worst case scenario in the sense the gain is small and
the stagnation occurs for kg = 1. In this situation, we can still rely on the convergence property with
respect to P of the gPC approximation. The iterative algorithm has been designed in order to ensure
that at each step, we rely on a gPC approximation (at iteration j, the approximation is still a gPC one).
We consequently can still rely on Cameron-Martin’s theorem.

Of course, in this section, we depicted two very opposite situations:

— the first one corresponds to the ideal one, the i-gPC procedure ensures recovering the optimal basis,
see [242] for more details.

— The second one corresponds to the case where the iterative procedure stagnates after the first
iteration with a very small increase of the accuracy.

There exists some intermediary states to these situations (some are presented in [238, 242] and others
in chapter 8). But we wanted to focus on the two previous ones especially because of the respective
regularity of the transformations: the iterative process does not necessarily performs better on smooth
transformations. To sum up, with the strong hypothesis of having a very accurate numerical integration
method, we are able to emphasize that i-gPC

— gives (very) satisfactory results on discontinuous solutions,
— allows a gain even on smooth ones,
— is only a postprocess and do not need additional points with respect of a gPC approximation.

These (asymptotical) results are, to our opinion, very interesting and motivate us to continue the study
of the iterative approach in the context of a finite numerical integration accuracy.

6.3 Numerical analysis of i-gPC in finite integration context
(stopping criterion)

In this section, we revisit inequality (6.7) in the context of finite numerical integration accuracy. The
study has been carried on in [30],[242]. In order to understand the need for the following numerical
analysis, we consider the same test-cases as in section 6.2 but with a more reasonable number of points
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N for our experimental design (Xi7wi)ie{1,.
where u si defined as

.,N}- Let us first consider the smoother case, i.e. the one

X ~U[- 05 (X) + 0% (X) + ¢15(X).

We now apply the same algorithm but with only N = 17 Clenshaw Curtis (CC) points for the experimen-
tal design (see section 5.2) and P = 5. Figure 6.7 displays the functional representation of the analytical

1,1 — u(X) =
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Figure 6.7: Functional representation of the i-gPC approximation through iterations 1,2,3,4,5 and 6 for
the smooth problem u(X) = ¢5(X) + ¢%(X) + ¢ (X) with finite integration accuracy (without proper
stopping criterion).

displayed on the pictures (blue crosses at the bottom of each pictures). At the first iteration, the gPC
and i-gPC approximations are the same. After iterations #2 and #3, we can observe a gain of the i-gPC
approximation with respect to the gPC one, especially on the boundaries of the uncertain domain [—1, 1]
(as in the case of infinite integration accuracy in section 6.2). But at iteration #4, in the vicinity of
X = —1, the i-gPC solution does not anymore get closer to the target solution. And after iterations #5
and #6, a numerical instability can easily be identified, developing from the small initial perturbation
appearing at iteration #4. In fact, we observe here that the error can first decrease before increasing.
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This behaviour was not predicted by inequality (6.7). We consequently need to introduce the integra-
tion accuracy of the experimental design (X, wi)ie{l,..., N} in our numerical analysis to understand and
analyse the previous behaviour.

6.3.1 Convergence behaviour of i-gPC under finite numerical integration ac-
curacy
According to Cameron Martin’s theorem and its generalization to arbitrary pdfs/polynomial basis

[65, 291] together with the hypothesis of convergence of the chosen experimental design, the follow-
ing approximations

P
u(X) muy™(X) =Y up Mo (X) = Z(X),
k=0 (6.11)
uX) muy™(2) =Y uiN el (2)
k=0

converges and their errors can be decomposed into an integration and a truncation one:

P oo
(€)= [uX) —ug 0| =D (i —up ™)+ D (W)
k=0 k=P+1
(emirp)?
B P N (6.12)
() =) —uy DI = > Wi —ud™P+ Y W)
k=0 k=P+1
(eizn,t},VP)z

In [242], we obtained the finite integration accuracy counterpart of inequality (6.5) which can be stated
as follow: with the previous notations, in the context of finite numerical integration accuracy, we have

P

(€X)? = (eN)? = (eflp)? = (i) = > _(ui)?. (6.13)
k=2

The proof is in [242]. According to the above inequality, the accuracy of the approximation can increase
if we do not have

P
(Ce ) = (eilp)” = D (uf ) <0 (6.14)

int, P int, P

e . . Z,N .
The above condition is not always ensured: the integration error (e P)2 can become preponderant in

: X,N P N . o . .
comparison to —(einm;)2 — > —o(uZ ). This is the case when numerical integration accuracy is greater

than the residue in the new basis. Consequently, if we do not want the approximation error to potentially
increase after some iteration, we have to stop it before the projection error becomes preponderant in
(6.14). In order to understand what happens more precisely, we need to go back to the definition of the
gPC coefficients in their respective basis.

As in section 3.4, we introduce the truncated family of statistical moments (Sk)k€{07__'72p} and trun-
cated family of polynomials ¢;X (X) orthonormal with respect to dPx. We recall the latter orthonormal
polynomial family is directly linked with the moments of X [7, 156] as ¥n € {0, ..., P}:

So S1 Sn

< 1
oX(2)= ——— | s Skr1 e Snsk |- (6.15)

H2(n—1)H271 ..

1 x! z"
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Once again suppose the moments (s) ke{0,...,2p} are not accurately computed, suppose one has

(8k)keqo,....2Py = (Sk + €k)kefo,....2P} = (Sk)ke(o,....2P}-

Assume a particular form for the perturbation e = (gg,...,eap) = (0,...,0,0) of the moments. This
implies every moments of order n € {0,...,2P — 1} are accurately computed whereas the last one sop
is perturbed by § with ¢ such that (s})reqo,....2py is still in the moment space. One can compute the
polynomials orthornormal with respect to the perturbed moments: they coincide with the one of X up
to order P — 1 and we have

So S1 Sn
(bp(x) = ﬁ Sk Sk+1 o Sn+k . (616)
£L2(P-1)£22P
1 R L

The perturbation € only perturbs the last Hankel determinant H5p. Now, from the definition of HSp
and by a development of the last line of the determinant, we have

Hip=Hyp +0Hyp_yy sothat  ¢5(x) = +¢§ (2).
14 g22r=1) (6.17)
Hyp

Consequently, when considering the gPC coefficients of the transformation u(X) in the perturbed basis,
one has that Vn € {0,..., P — 1},u = uX and

n

1 1Hyp_
Y S NPy 5%&@5 +0(5%), (6.18)

for the last coefficient. It is known in the litterature [14, 118, 7, 156] that in the previous conditions
vn €{0,...,, P}

X

Hon o g-(an+2) leading to dg—g’

> Q4P+17
ﬂ2(n—1) - -

which testifies for a higher and higher sensivity of the gPC coeflicient with respect to a small inaccuracy
in the statistical moments (4) as the polynomial order P increases. In the next section, we present how
we control a posteriori the integration error (ei::_vp)Q (which is the only positive term in (6.14)) . The

process is inspired by the idea of the numerical “admissibility” of the moment data of [14, 118].

6.3.2 Strategy for adaptive approximation truncation

.....

obtained with finite accuracy on the coefficients (ui(N) ke{o,...,p} clearly depends on the quality of the
approximation of the truncated statistical moments (s7);eqo,... 2p+1} defined as:

N .
sZ =E[Z'] = /J;idPZ(x) ~ siZN = Zwl (uJ;’N(Xl)) ,VieN. (6.19)
=1

They are central in the construction of the gPC basis orthornormal with respect to dPz~. This problem
N
is very sensitive and if the statistical moments (sZ );en are not accurately enough calculated, one can
encounter the problem of realisability of the moment problem, see [198, 63, 155, 129, 172, 14, 7, 156].
.. N . .
Once the truncated statistical moments (s;" );eqo,....2p+1} built, the 2P 4-2-sized vector may or may not
represent the first moments of a random variable due to a discrepancy in their calculations. If it is, this
implies the existence of a basis ((be)ke{O,._”P} associated to the constraints (51;ZN)7;€{07.”,2P+1} [14, 117].
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Let us here assume the distribution has a bounded® support [a,b] and consider the related truncated
moment problem (Hausdorff). Given that any interval may be linearly mapped, we now consider the
normalized truncated moments (§iZN)i€{07.__,2p+1} in [0,1]. Their existence is characterised in term of

the Hankel determinants (Hd)

_gN _gN =z zN

SO DY SP 81 PRI SP+1
Hyp =1 e Hoypiy=| ¢ : )
ZN sz ZN ZN
3% -+ 35p Spg1 0 S2P4l 6.20
zN _ zN =zN _ zN 4 =zN =zN _ zN (6.20)
ST T8 o Sp TSph S0 51 o Sp TSph
Hop = : : , Hopy1 = : : )
_gN _gN _gN _gN _gN _gN _gN _gN
Sp —Spy1 7 Sapo1 T S2p Sp T S8py1 1 Sap T Sapya

via the following theorem [7, 156]:
Theorem 6.1 [7, 156]

— The truncated moment problem is well posed uif:
H,>0and H, >0,¥n € {0,...,2P + 1}.

~IfH, >0and H, >0Vn € {l,...,2P + 1} — the polynomial basis orthonormal with respect to
the pdf having the first moments (S,iZN)ie{O,_”’QP_’_l} exists and is dense in L?(2, A, P).

— Finally, if 3k € {1,...,2P+1} such that H, > 0 and H; > 0Vl € {1,...,k—1} and such that H,, =0
or Hy, = 0, then there exists a polynomial basis orthonormal with respect to the (EiZN)ie{ow)k}, this
basis in not dense in L*(Q, A, P).

Similarly to the work introduced in [14], we construct the stopping criterion of our algorithm based on
theorem 6.1. For each i-gPC iteration, we compute the Hankel determinants to check wellposedness (the
¢ threshold refers to machine accuracy) :

— [a.] If the first point of theorem 6.1 is not numerlcally satisfied , i.e. Ing € {0,...,2P 4 1} such
that H,, < —e or H,, < —¢ — we substitute P +— L O] and test if a smaller truncatlon order is
reahzable

— [b.] If it is and in particular even the second point, i.e. Vn € {0,...,2P+1}, H, > cand H,, > ¢ —
there exists a dense polynomial basis — we perform another iteration.

— [c.] If the third condition of theorem 6.1 is satisfied, i.e. 3k € {1,...,2P + 1} such that H; > ¢ and
H;>eVlie{l,...,k—1} and such that |H,| < e or |Hj| < & — there exists a polynomial basis
(not dense) depending only on the k first moments — we truncate the moment problem to the &k
term and modify the order of the i-gPC representation for this step — we stop the iterations.

Once again, even in a finite integration accuracy context, two situations may occur:

— The moments are realizable, the numerical integration accuracy is “good enough”, i.e. (6.14) is
fulfilled, and the iterative procedure converges (stagnates) according to the inequality (equality)
(6.7); equality may be reached after a certain step.

— The moments for the considered order P are not realizable, the numerical integration accuracy is

k
too low, i.e. 3 kg, such that (e mtol;N)2 is important with respect to the negative terms in (6.14). In
ng

order to reduce the integration error in the new basis, we lower the polynomial order P «— |3 |
in the new basis at iteration ko. Practically, this corresponds to making sure the integration error
0 0
with [ O] is lower than with P: basically we make sure eZ L’N Q) < eit IQN so that the positive
int ’
2
term in (6.13) becomes less important.

3Note that the generalization to the truncated Hamburger/Stieljes moment problem is not straightforward. In this
paper, we restrict ourselves to transformation of arbitrary random variables to random variables with bounded support.
This restriction still allows dealing with many physical applications.
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Let us briefly apply the above material to a discontinuous test-problem slightly different for the
one of section 6.2 in a finite integration accuracy context. More benchmarks are considered in [242]
together with interesting features of the new iterative algorithm. Let X be a uniform random variable
on [—1,1]. Let u be a step function equal to 1 on [—1,—0.4] and 0 on [—0.4,1]. The function is sampled
only once at N points. Our choice here is to use a numerical quadrature with 14 Gauss-Legendre (GL)
points. We apply non-intrusive gPC (with truncation degree P = 3 and P = 5) and i-gPC (with
truncation degree P = 3 and P = 5) together with a spectral collocation approximation (for collocation,
N =14 = P = 14). Figure 6.8 shows the latter approximations together with the analytical solution.
The gPC and collocation polynomial approximations are oscillating whereas the i-gPC approximations
do not and avoid the Gibbs’ phenomenon, see [130]. Table 6.2 (left) presents the L' and L? norm of

gPC, i-gPC and collocation representations
14 T \ \

1.2 \ i-g P = —
P=
YA Pt —

i-g

0B0303
igelgeigelgel
QOO0
SR Y

1 \/ collocat?()n 7]
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0.8 _
E 06} T

=
04 _
0.2 b

\
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Figure 6.8: gPC (P =3 and P =5), i-gPC (P =3 and P = 5) and collocation (P = 14) comparison

the errors of these approximations. The table shows that i-gPC does better than gPC and collocation
both in L' and L? norms. In practice, we notice that numerical integration accuracy is reached by the

L'-error L2-error CC Quad. level gPC (P =5) igPC (P =25)
gPC P=3 0.15 0.20 l=5 0.095623 0.0075440
i-gPC P =3 0.016 0.099 =6 0.094358 0.0070233
gPCP=5 0.097 0.16 =7 0.094625 0.0030701
i-gPCP=5 0.011 0.077 =8 0.094402 0.0018716
collocation 0.067 0.11 =9 0.094490 1.3055e-04

Table 6.2: Left: gPC, i-gPC and collocation errors comparison. Right: Convergence with respect to
the number of Clenshaw-Curtis (CC) quadrature level for gPC and i-gPC representations for fixed P:
numerical integration accuracy is reached.

approximation in the sense that it is here the limiting factor. This is emphasized in the numerical study
summed up in table 6.2 (right). The results are the L'-norm of the error on the same test problem with
P = 5 and for different level I of Clenshaw-Curtis (CC) quadrature rule (I = 5,1 =6,1=7,1=38
and [ = 9%). The accuracy of the gPC approximation is only slightly affected by the increase of level
of the quadrature rule. Consequently, the truncation error is in this case predominant compared to the
integration error. The behaviour of i-gPC is different: as the number of quadrature points increases, the
approximation gains in quality. It shows that it is driven by the numerical integration accuracy, and not
the truncation order P.

4The level I of the CC rule ensures the quadrature has k = 2! — 1 points nested by levels.
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6.4 Few other applications of i-gPC

In this last section, we first come back to the ’fil rouge’ problem of chapter 2 before comparing gPC,
regression, regression-gPC, collocation-gPC, kriging-gPC and i-gPC on Runge function and on a discon-
tinous solution.

6.4.1 Application to the ’fil rouge’ configuration

Now the iterative process i-gPC fully described, we go back to our ’fil rouge’ configuration with our
new numerical approximation scheme i-gPC. Note that we do not anymore systematically monitor the
number of iterations as it is automated wvia the stopping criterion described in the previous sections. The
new algorithm i-gPC being only a postprocess, we can reuse the same N = 15 runs of the Euler code
with the previous Gauss-Legendre points with i-gPC in the same conditions (P = 3). In term of mean
and variance of the mass density profiles, the results with i-gPC are very close to the ones obtained
with gPC. In fact, they are exactly the same as mean and variance mainly depend on the integration

1 T T T T 0.2 1 T T T T 0.014
Variance de p, t =0 —— Variance de p, t = 0.14 ——
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Figure 6.9: Application of non-intrusive i-gPC, mass density spatial profiles for some realisations, the
mean and the variance at t = 0 and ¢ = 0.14.

scheme, hence the experimental design which, here, is common to both approaches. The results are
displayed in figure 6.9 even if we do not spend more time on them and focus on figure 6.10 presenting the
histograms at the particular locations and time of interest obtained with i-gPC. First, the new iterative
process allows recovering the same results as gPC in the vicinity of the rarefaction fan, see figure 6.10
(top). The algorithm has been built in order not to degrade the accuracy of the gPC approximation. For
both other waves, in the vicinities of the interface and of the shock, figure 6.10 (bottom pictures), the
gain is qualitatively very important. For the histograms, the discrete behaviour is quite well captured
with two Dirac masses at the correct location and a quite good estimation of their masses. On the
functional representations, i-gPC allows recovering the steep gradients of the solutions with respect to
the random variable. We present some other quantitative results on the ’fil rouge’ configuration in table
6.3. It displays the L' and L? norms for the random variable 'mass density’ in the vicinities of the
rarefaction fan, the interface and the shock. As tackled before, the chosen spatial discretisation for every
Npre = 1000 runs of the reference MC solutions and the N = 15 runs of the i-gPC approximation was
such that one can rely on an accuracy of about 10™% ~ Az. Based on this, we notice on the ’rarefaction’
lines of table 6.3 that the accuracy in the vicinity of the rarefaction fan is about 10~* for both gPC and
i-gPC. For this wave, the stochastic counterpart of the solver do not limit the accuracy of the results
as they are close to the spatial accuracy (Ax = 107*). On another hand, if we consider the norms of
the errors for gPC in the vicinities of the shock and the interface, the accuracy drops to 1072 and is
two decades greater than the spatial one. For these waves, in a sense, computational resources are lost
as the stochastic solver does not allow recovering the accuracy of the a priori chosen discretisation for
the black-box runs. Regarding i-gPC in the same conditions for the interface and the shock, we recover
the accuracy of the deterministic solver for the Euler equations at the N points as the L' and L? norms
of the errors are about 10~%. In this context, i-gPC allows an important gain with respect to gPC as
testifies the last column of table 6.3 with a factor x250 of gain in the vicinity of the shock and %30 in
the vicinity of the interface. More than a gain, it allows avoiding a waste of computational resources
allocated for the N runs of accuracy Az = 10~%. We tried to obtain such accuracy with gPC, i.e. about
10~ for the random variable 'mass density’ in the vicinities of the interface and the shock but we were
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Figure 6.10: Pdfs (left) and functional representation in the random space of the mass density at t = 0.14
in the vicinities of the rarefaction fan (x = 0.38), the interface (x = 0.61) and the shock (x = 0.73) with

the i-gPCp_3 approximation.

not able to reach it with P = 27 and more than thousand runs of Gauss-Legendre quadrature points.
We suspect important aliasing errors during the construction of the gPC basis for such high orders, see

section 3.4.

6.4.2 Integration vs. Regression vs. Collocation vs. Kriging vs. i-gPC

The natural question arising now is how does i-gPC perform in comparison with the different approxima-
tions of section 5.37 In this section, we apply integration-gPC, regression, regression-gPC, collocation-
gPC, kriging-gPC and i-gPC to the same functions studied in sections 5.3 and 5.4.2 (discontinuity and

Runge function).

Let us begin with function X — 1) a(X) with X ~ ¢([-1,1]), intensively studied in section
5.4.2. Figure 6.11 is in the same vein as figure 5.12: we only added the curves obtained with i-gPC.
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gPCp:;),, i-gPCp:;),, €Irorgpc
L'-norm L'-norm CITOr;—g PC
rarefaction 1.817e-04 1.817e-04 1
interface 1.633e-02 3.861e-04 42.29
shock 2.053e-02 7.863e-05 261.09
gPCp_3, i-gPCp_3s, €ITOry pC:
L?-norm L?-norm eIToT;—gpC
rarefaction 2.196e-04 2.196e-04 1
interface 2.523e-02 8.406e-04 30.01
shock 2.765e-02 1.133e-04 244.04

Table 6.3: Quantitative comparison of gPC¥=3° and i-gPCN=15 with respect to an MC reference solution

with Ny;e = 1000 points in term of approximations of the random variable 'mass density’ in the vicinities
of the rarefaction fan, the interface and the shock.

Let us begin by commenting on the convergence study with respect to P of figure 6.11 (top-right): the
general behaviour of i-gPC is comparable to the ones of the other approximation methods. The error
first decreases than explodes as soon as P > N. With such low number of points of the experimental
design, it is complex controling term (6.14) even with the stopping criterion described above: for some
polynomial orders, the i-gPC error is slightly more important than the gPC one, which should not
happen with a good numerical integration. This is the case for P = 4,5,6 for example. For those
polynomial orders, the stopping criterion should have stopped the algorithm one iteration earlier. Still,
the i-gPC approximations remain controled and of comparable qualities as the ones obtained with the
other methods. Figure 6.11 (top-left) presents the best approximations obtained with every methods:
the curves are the same as figure 5.12 described in section 5.4.2 except we added the i-gPC one. The
best i-gPC approximation is obtained with P = 3. It is much less oscillatory than the other methods
and the discontinuous behaviour of the solution is already captured.

The bottom pictures of figure 6.11 (bottom) present the same studies with N = 21 GL points. With
such an accurate numerical integration, i-gPC gives the best results as soon as P > 2. The convergence
curve for i-gPC is always below the other ones. The best i-gPC approximation is displayed figure 6.11
(bottom-left) together with the best ones of the other methods: it is obtained for P = 3, it is the less
oscillatory of every approximations and it captures the discontinous behaviour of the solution.

To complete the comparison of i-gPC with the other methods of the litterature, we perform the same
study to Runge function. First, once again, for a small number of points of the experimental design,
the behaviour of i-gPC is similar to the ones of the other methods. A decrease of the error before an
explosion: the smoothness of Runge function does not improve this point. Furthermore, as before, the
small number of points makes the control of the integration error in (6.14) difficult and i-gPC does not
always perform better than gPC: if P is kept lower than N in another hand (see P = 2,3 in figure 6.12
(top-right), the results obtained with i-gPC are intermediary to the ones obtained with gPC, regression,
regression-gPC (upper bound) and kriging-gPC (lower bound). Qualitatively, see figure 6.12 (top-left)
the i-gPC approximation gives equivalent results as the other methods. Now, if N = 21, the integration
is accurate and i-gPC gives better results than gPC, regression, regression-gPC, up to P = N = 20.
Kriging-gPC remains more efficient on such smooth output function even if qualitatively, every best
approximations are indistinguishable (see figure 6.12 bottom-left).

6.5 Summary for non-intrusive gPC and i-gPC approximations

In this chapter, we studied a new non-intrusive application of gPC for uncertainty quantification. It
intensively uses the possibility to apply gPC non-intrusively together with the exploitation of the exis-
tence of more or less adapted basis. The independence of the points makes them embarassingly parallel
and quickly efficient when one has at hand a robust simulation code and access to a computing cluster.
With inequalities (6.3)—(6.5) we put forward the possibility to increase, during a postprocessing step,
the quality of the approximation basis without prior assumption on the regularity of output random
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Figure 6.11: This figure is the same as figure 5.12 but we added the curves obtained with i-gPC.
Application of Gauss-Legendre quadrature rule for gPC, regression, regression-gPC, collocation-gPC,
kriging-gPC and i-gPC for the approximation of the transformation of a uniform random variable through
a discontinuous function. The experimental designs have with N = 11 (top) and N = 21 (bottom). The
left column present the best approximations obtained with every of the previous methods. The right
column present the L2-norm of the error with respect to P for fixed N. The kriging kernel is chosen
exponential (5.42) and a dichotomy is applied to calibrate 6.

variable. We even suggested an algorithm based on (6.5) to build this new basis from the initial one,
associated to X. In this sense, from a practical point of view, the non-intrusive counterparts (MC, gPC
or i-gPC) only differ from the number of runs N they need and the cost of the postprocessing step at
the end of every runs of the black-box code. If we now focus on the i-gPC algorithm presented in section
6.1.2, which corresponds to our contribution in term of non-intrusive resolution scheme, we designed a
new iterative method based on gPC and moment theory allowing

— improvements only thanks to a post-processing step,
— important gains on discontinuous solutions, smaller ones on continuous ones,
— recovering the optimal basis with respect to the output in certain cases (strong contraction).

— In the case of a weak contraction we worked on another iterative algorithm presented in chapter
8. Tt uses the fact that the initial gPC basis and the final one (i-gPC at the last iteration) are
not necessarily orthonormal and aims at improving the accuracy of the approximation by working
on the residue in the new basis. It, in a sense, consists on a reinterpretation of Cameron-Martin’s
theorem.

Every results for i-gPC have been presented in 1D stochastic dimension but its application to higher
ones is straightforward and some cases are presented in [238, 242]. Note that the iterative approach has
not been designed to deal with more stochastic dimensions than gPC, only to improve its accuracy.

We finally insist other authors noticed the importance of increasing the accuracy of the approximation
basis prior to introducing any other numerical ingredients (such as the one introduced in kriging-gPC, see
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Figure 6.12: This figure is in the same vein as figure 6.11 except we consider Runge function instead
of a discontinuous one. Application of Gauss-Legendre quadrature rule for gPC, regression, regression-
gPC. collocation-gPC, kriging-gPC and i-gPC for the approximation of the transformation of a uniform
random variable through Runge function. The experimental designs have with N = 11 (top) and N = 21
(bottom). The left column present the best approximations obtained with every of the previous methods.
The right column present the L?-norm of the error with respect to P for fixed N. The kriging kernel is
chosen exponential (5.42) and a dichotomy is applied to calibrate 6.

section 5.3.3). In [82] for example, the author builds a new family of polynomials ensuring the respect
of bounds on the approximation of the output (maximum principle). Such new approximation basis
will probably allow efficient resolutions in an uncertainty quantification context but, more generally, for
any numerical methods implying polynomials (P,,, M,, models, high-order schemes for the deterministic
resolution of hyperbolic system, reconstruction of positive pdfs etc.).
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Chapter 7

Non intrusive gPC for Direct
Numerical Simulation (DNS)
acceleration

A well-known physical problem revisited as an uncertainty quantification one

An attempt to exploit the ergodicity of the gPC approximation (see section 3.1.2)
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The study of linearly perturbed flows has been given a lot of interest in computational fluid dynamics
(CFD) over the last decades (see [151, 149, 150, 68, 206, 274, 276, 275, 39] for example). Especially,
as we are interested in this chapter, in order to predict the growth rate of instabilities with respect to
time in very sensitive flows. On another hand, perturbation methods are also well-known in uncertainty
quantification (UQ) — see [271] for example— and have been recently generalized in this field (see [218]
for example). Spectral methods such as generalized Polynomial Chaos (gPC) have proven to be efficient
for solving Stochastic Partial Differential Equations (SPDE) and contain perturbation methods — in
the sense solutions obtained with perturbation methods can be recovered with gPC. Section 7.1 of this
chapter aims at recalling these results (already hinted at in [231, 232, 243]): perturbation methods are
presented as a limit, a reduced model, of gPC methods in a regime which will be identified. In section 7.2,
just as gPC generalizes perturbation methods in uncertainty quantification, we aim at generalizing the
study of complex flows thanks to gPC: we apply gPC in order to predict the growth rate of instabilities in
nonlinear regimes in the same condition perturbation methods are commonly applied. We directly follow
the methodology described in [237] and deepen the study by reinterpreting shock tube experiments from
[244, 286] as uncertainty driven experiments. They corresponds to Richtmyer-Meshkov (RM) ones and
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are recalled in section 7.2.

The original work presented in this chapter is published in [243] in a more concise form. We here give
more details regarding perturbative methods (section 7.1) and the resolution of the stochastic inverse
problem built in section 7.2.

7.1 Perturbation reduced models as a limit of the gPC one

In this section, we compare perturbative methods to gPC ones. The object is to formally show that
perturbative reduced models from a conservation law of interest are the limit of the gPC reduced model
of these same conservation law under certain conditions on the input uncertain parameters. The results
are demonstrated for any system of conservation laws in 1D! even if we will focus on the Euler system
later on. We recall the general form for uncertain system of conservation laws is given by

Owu+ 0, f(u) = 0, with u(z,t, X) € D, C R% (7.1)

Random variable X has probability measure dPx and models the uncertainty in, for example here, initial
conditions.

7.1.1 Perturbation reduced model of a system of conservation laws

In this first section, we recall the general form of the perturbative reduced model of a system of conser-
vation laws. Perturbative methods consists in considering small perturbations of the solution of a system
of conservation laws around its mean value. The vector of unknowns u, solution of the system (7.1) is
approximated by its Taylor development with respect to the random variable X, truncated at order P:

ﬂiXi
= (7.2)

P
w(X) =t (X)) =uy +

() ~ 700 =+ 305
The validity of the perturbative approach directly depends on the characteristics of the random variable
of interest X. Typically, if the probability measure of X ensures small fluctuations around g the mean
of X. Let us focus on the set of equations obtained from reducing the system of conservation laws of
interest into a perturbed one. For this, we look at the system of equations satisfied by U = (g, ..., up)°,
in which formally we have @, = %(x, t,u), vk € {0, ..., P}. The perturbative reduced model of (7.1) is
obtained plugging the Taylor development (7.2) in system (7.1) and identifying the multiplicators of the
components of (1, X, X2, ..., XF). The steps are exactly the same as the one for the Hilbert expansion
of chapter 1 to identify physical regimes of interest. Let us focus on the expression of the k" equation
of the obtained reduced model and more particularly on the expression of its flux:

)

f@f (X)) = f(%)*‘Z%ﬂ”(%) <2u1X1> .

7!
i=1

fwwnzf@wzﬁf

IThe results in higher dimensions are straightforward but only make the computations heavier.
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Using Newton’s Multinomial formulae?, the flux expression becomes

f@f (X)) = f(uo +ZZ fU (o CJH<u’X1>

j= Hk\

f(ﬂP(X)) = f(uo) +Z Z f(] (o CJH( ) X Pi—(P- 1)191*(P*2)k2~'*kp71’

i= Hk\ —;? (7.5)
P — k)i
X)) = S+ 3 X > omc Il (%)
t=1 I=1|k|=; J: i=1 v
N——
3.k /t=Pj—(P=1)k1—(P—2)ka—...—~kp_1

After identification of the coefficients of (X™),eqo,....p}, We deduce the components of the flux of the
truncated reduced model obtained by perturbative methods Vn € {0, ..., P} are given by

P P _
T = 16t TT (%)™
fa(uo, ..., up) = Z Z j!fj Om)CEH(z’!) . »
Jj=1 |k|=j i=1 ( . )
——
3.k /n=Pj—(P—1)ky—(P—2)ko—...—kp_1

The obtained reduced model reads

Osig + axf(ﬂ()) =0,

P P _ )
8,54 + 0, > Lot T (%) | =0

3,k /n=Pj—(P—1)k1—(P—2)ka—...—kp_1 (7.7)

P P
2.5 10, >y Lo (%) | =o

§,k/P=Pj—(P—1)k1—(P—2)ka—...—kp_1

It is weakly coupled in the sense the first equation on %y does not depend on the higher terms () e 1
the second one only depends on %g, u; etc. Such reduced models are known to be weakly hyperbolic. This
is very easy to verify by diagonalizing the Jacobian of the flux on simple (scalar) conservations laws at
order P = 1. One would find out that the basis of eigenvectors is not complete. Weakly hyperbolic
systems give satisfactory results at early times but fail for long term simulations: the solutions become
unphysical as nothing prevents them from going (linearly with time) to infinity, see [81].

In the following sections, we briefly recall the construction of the gPC reduced model (even if already
tackled in chapter 4).

2Newton’s Multinomial formulae:

. P
<x1 +...+xp)j = Z C%fol, (7.4)

|El=j =1

where k = (k1,...,kp) is the vector of powers of z;, \E| = Zkz and Ci = Pn!

I1 %
i=1
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7.1.2 gPC reduced model of a system of conservation laws

The gPC reduced model of system (7.1) obtained from sG-gPC, see section 4.1, is given by

P
Dyug + Oy / f (Z uias?) ¢dPx =0,

-
Apu, + 0y / (Z ) P2 dPx =0, (7.8)
=0

dyup + 0y / f (Z ul—qS?) ¢HdPx = 0.
=0

Note that we slightly changed our notations, especially concerning the gPC basis, denoted by (ng )ic{0..P}>
where a parameter § now explicitly appears. This new parameter denotes the variance (up to a multi-
plicative factor) of the random variable X. For example, if X is a uniform random variable, § is such
that X = p+ oU[—1,1] so that X — u ~ U[—6,0]. In the following lines, we conserve the uniformity
assumption but we insist this is without loss of generality. System (7.8) is built with sG-gPC, i.e. with
the P,-like closure of section 4.1. It is known to fail regarding hyperbolicity /wellposedness in certain
cases detailed in chapter 4. Rigourously speaking, the next computations should have been carried on
with the reduced model obtained by entropy closure of section 4.2.3 ensuring wellposedness. We insist
the results would be same at the price of even more complex calculations®. In the following developments,
we suppose system (7.8) is hyperbolic.

7.1.3 The perturbative reduced model as a limit of the gPC one
We begin by stating the following property:

Property 7.1 With the previous notations, the solutions (U )rego,...,p} of system (7.7) are limits of the
solutions (ui)ke{o’m’p} of system (7.8) as 6 — 0.

In term of uncertainty quantification problem, this means perturbation methods are equivalent to gPC
ones in the limit of a small variance of the input initial random variable X. From a modeling point
of view, it means gPC models asymptotically preserve the perturbative regime characterised by § — 0.
Stated as above, the results may seem obvious. They are much less comparing expressions (7.7) and
(7.8). The following proof allows understanding how one can switch from one reduced model to the
other.

Proof Let us introduce the matrix

6
ag70 ((3 0 0
A ajo ajy; O 0
)
§ § § b}
apo Aap1 - App-1 App

matrix of the coefficients of the gPC basis,(qbf)ie{ow,p}, in the canonical one (X*);cq0,....p :

Vi € {0, ..., P}, we have ¢%(X Z a; JXJ (triangular matrix).
j=0

P
We denote by B the inverse of A*, we then have V(i, j) € {0, ..., P}? ,Zai,kb;ﬁj =0,

3We would only have to take into account one degree of nonlinearity in order to have u = Vs(v) where v is developed
on the gPC basis.
4This inverse B exists as A is matrix allowing to go from one basis to another.

126



If (49 (X))ieqo.,...,py is the gPC basis associated to X and (¢;(X))icqo,..., p} the basis associated to %
(the reduced centered random variable of X), then we have that (¢9(X) = ¢;(X6));e{o,... p}- This is easy
to understand for example if we consider uniform random variables and the Legendre basis orthonormal
with respect to dPx(z) = %1[,1’1] (z)dz. In such conditions, (¢2(X) = $i(X0))ieqo,...,py is the basis
orthonormal with respect to X uniformly distributed on [—d,4]. Let us perform the change of variable
in (7.8) noticing that, from equality

ST
Up + Z ll., = Zuz‘¢?(X)a (7.9)
i=1 ’ i=0
it is possible to obtain
P
Vi € {0, ..., P}, —,z > ajuy, (7.10)
j=0
which can also be rewritten
P .
Vi e {0,..., P}, u :Zbﬂﬁ. (7.11)
j=0

Then, introducing the expressions of (7.11) into (7.8), we get Vn € {0, ..., P}:

P _ P P _ P
o[ Sobs | o [ £ XX b S aulx0) | sl 0aPx) = o,
=0 J: i=0 j=0 J 1=
P s P P ﬂ
0| Y bus | +0. 1 I S S~y o [P = o
=0 §=0 1=0 i=0 (7.12)
5‘77[
P P ;
U T (XS
OURE S RN A D SRt U PHES e I
= & PR
| —
w%4+0(d)

After a limited development at order P, assuming § — 0 and the use of Newton’s Multinomial formulae
(7.4), we get Vn € {0, ..., P}:

(7.13)

P _ p2 P » [
meju%- +<9x/ f (uo) +Z(X5)t Z Z 7f(z) (@) ]EH ( ) X)AP(X) = 0.
j=0 J: t=1 j=1 |E\:] bl

G k/t=Pj—...—kp_1

Expressing each monomials (X t)te{() py} writes

.....

.....

P
vt € {0,...,P}, (6X)'= Z b (X
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Its use in expression (7.13) leads to ¥n € {0, ..., P}:

P _ p2 P 4 P
Z;bn,j?; +0, | f(@w) + ;bn,t > %f(“(ﬂo)cj,;]—[ (%) = 0. (7.14)
j= =

I=1|R|=j =1

Gkjt=Pj—..—kp_1

To conclude, it is enough noticing that b; ; = 0 if ¢ > j and that b; ; = (;jj if ¢ < j; the first assertion
comes from the fact that matrices A? together with its inverse B! are triangular. The second assertion

demands the study of the basis (¢;(X6))icqo,...,p}- Simple calculations show that a; ; = a; ;07 and that
a;; =06 = bi # 0 Vi € {0,..., P}. The results are obtained inversing A! and studying the coefficients
one after another. The system becomes Vn € {0, ..., P}:

n—1 _

7 1 u, 7 4iuJ

O | bt + > b 57 5!
=0

n P P
A FCORD SINT I OO S YAUCH ;»H( ok
:1 e . :

I=2 | kl=4
———
JR/t=Pj—...~kp_1

Factorizing by Bnn(%n # 0 in the P + 1 equations of (7.15) and letting § — 0 we recover system

_ P P
e {0, Pl Aol S Y o) JEH( S (7.15)

I=L |k|=j
§k/n=Pj—..—kp_y
corresponding to the reduced model obtained by perturbation methods. |

The above proof presents several interests:

— it establishes a link between the flow obtained by perturbative methods and the one obtained by
the gPC reduced model. Results obtained by perturbative methods can be recovered from the
one obtained by gPC under condition § — 0. The link between the approaches is made through
changes of variables between the two basis, i.e. relations (7.10) and (7.11). Both approaches are
briefly compared numerically in figure 7.1 for Euler equations (mass density at orders 0 and 1) in a
1D Richtmyer-Meshkov-like configuration where a shock hits a perturbed interface initially at rest
(more details are given in [232] but also in the next section 7.2).

— The above calculations are also interesting from a modeling points of view. As briefly highlighted
before, the previous developments are very similar to the Hilbert ones of chapter 1 used to identify
relevant regimes and obtain new models. Consider for example uniform random inputs, the interval
[0, d] corresponds to the support of the initial perturbation and looking for higher order terms
(terms in O(0)) may allow obtaining corrective models to perturbation reduced models (called
saturation model in the literature). This aspect will not be further developed in this document but
may be the object of future works.

— Perturbative methods are also cheaper than gPC based ones. This property makes them a relevant
approach for calibration. In [31] and [30], Bayesian inference is applied to calibrate models thanks
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Figure 7.1: Comparison of perturbative and gPC methods on a Richtmyer-Meshkov-like 1D problem
(see [232] for the initialization details). For the computations, we chose 0 = § = 107% with X a uniform
random variable. The top pictures corresponds to the mean flows with both methods, the bottom ones
for the first order ones.

to comparisons to experiments. Perturbative methods can be used for a fast calibration of the
early simulation times (as they allow recovering the gPC results in the linear regime). Once
the perturbative model calibrated, its parameters can then be mapped, thanks to the previous
developments, into the ones of the gPC model, more relevant but also more costly. This will be
emphasized in the next section 7.2.

— Finally, we insist we showed that in the limit § — 0, gPC models recover the results obtained by
perturbative methods which are known to build weakly hyperbolic models from hyperbolic ones.
We insist this does not mean the gPC limit is weakly hyperbolic. It only means in the limit in
which perturbative methods are relevant (i.e. the linear regime with small perturbations) the gPC
models allow recovering the same observables as perturbative ones.

In this section, we showed that gPC reduced models contain perturbation ones. Perturbation models
being used in order to study chaotic flows, we suggest trying to apply the gPC one in the same context.
This has been the object of paper [237] in an intrusive manner and of paper [243] in a non-intrusive one.
In the next chapter, we suggest revisiting the results published in [243].

7.2 Direct Numerical Simulation (DNS) acceleration via gPC

A Direct Numerical Simulation is a simulation in CFD in which the fluid model of interest, usually the
Navier-Stokes equation for incompressible fluid, the Euler equations with viscous tensor for compressible
ones, is numerically solved without turbulence model. The space and time scales must consequently
be explicitly resolved by the discretisation mesh. DNS corresponds to the branch of CFD ensuring
the highest fidelity solutions. Turbulence being inherently three dimensional, the computational cost
may be prohibitive in certain configurations, the highest the Reynolds number, the finer the grid. For
steady flows, intensive use of the ergodicity assumption of the solutions allows performing statistical
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treatment over time integration on one numerical experiment but the study of unsteady ones may imply
the resolution of a potentially high number of configurations (with different initial conditions). In this
sense, DNS for unsteady flows are very similar to the uncertainty quantification studies we considered
in this document.

We here aim at practically understanding the similarities and differences between DNS for turbulence
and uncertainty quantification: remember (section 3.1.2) Wiener in [295] explicitly built Homogeneous
Chaos in order to deal with turbulence problems, to build mathematical tools for which, by construction,
ergodicity is ensured. This chapter is only a very first step toward this understanding, probably even
the term DNS should not appear (accuse me of baiting the reader here... Maybe) as the performed
simulations we consider here are unsteady flows in 2D space dimensions (and not 3D) without viscous
effects. The viscous effects not being considered, we will focus on macroscale observable. We will never
conclude anything in term of energy dissipation within the mixing zones we will consider. The typical
observable will be the size the developing mixing zone/the growth of the initial perturbation. In fact,
our hypothesis here are not stronger than the one made applying perturbative methods to the same
configurations (see [151, 149, 150, 68, 206, 274, 276, 275, 39]). On the contrary, as testifies the previous
section, those hypothesis are even lighter than with perturbative theory as the reduced model is valid
also in the nonlinear regime (not only for a small initial perturbation §, see section 7.1).

With the two above nonetheless strong hypothesis, we will compare calibrated results obtained with
the non-intrusive gPC approximations to experimental results (and to the ones obtained from a pertur-
bative reduced model).

In the next section, we begin by presenting the configurations and experiments of interest. They
correspond to Richtmyer-Meshkov shock tubes and are much more complex than the 'fil rouge’ problem
considered all along the previous chapters. An intrusive gPC study of such experiments in cylindrical con-
figurations has been published in [237]. We here focus on their planar counterparts with a non-intrusive
gPC (and i-gPC) application. Regarding the initial uncertain interface position, it will be modeled by
a stochastic process. Stochastic process often implies dimensionality issues (one random variable per
cell of the simulation, i.e. an increasing number of random variable with spatial discretisation). We
will present briefly the Karhunen-Loeve development allowing reducing the dimensionality of the uncer-
tainty quantification problem. We will also spend some time describing the physical model of interest
(multi-material Euler system) and defining the statistical observables we aim at recovering with our gPC
approximation. In [243], the calibration step and the resolution of a stochastic inverse problem has been
made by brute force methods. In [30],[31], we worked on Bayesian inference and were able to recover the
results of [243] with automated procedures. In this document, we do not detail Bayesian Inference and
the algorithm in order to solve a stochastic inverse problem, for them we refer to [30],[31].

7.2.1 The shock tube experiments and their initial conditions

Let us first describe the main general characteristics of a Richtmyer-Meshkov (RM) shock tube. Figure
7.2 presents its features: two fluids, one at rest (fluid 1 of figure 7.2), the other is shocked (fluid 0 of figure
7.2), are initially separated by a perturbed interface which we suggest to model by a stochastic process.
When the shock hits the interface between the fluids, hydrodynamic instabilities are developping creating

Uncertainties

fluid 1 N

Lwall Tint (t =0, y) Zshock

Figure 7.2: General scheme for the initialization of the RM shock tube.
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a mixing zone. In this paper, we aim at computing the growth rates of this mixing zone with respect
to time and at comparing the numerical results to the experimental ones. Figure 7.3 presents more
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Figure 7.3: Initial conditions for the four RM experiments from [244] (Vaujours) and [286] (Vetter

Sturtevant (VS)).

specifically the initial conditions of the shock tubes given in papers [244] (top) and [286] (bottom). Note
that in [286], the results are obtained with the same experimental device in three different configurations:
the same kind of fluids are used but for different volumes between the interface and the wall and different

Mach numbers, see figures 7.3.

In practice, some knowledge of the modeling of the uncertain interface should be gained from exper-
imental datas in order to statistically characterise the initial stochastic process. This knowledge is not
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provided in the considered papers [244, 286] as the authors probably did not imagine one would revisit
the experiments as an uncertainty quantification case. Consequently, we here face a calibration problem:
we have to find the stochastic process modeling the initial uncertain interface position recovering the
experiments. This has been done using brute force methods in [243] and more subtle ways, intensively
applying Bayesian inference, in [30],[31].

In the next section, we introduce a new way (in the document, not new in the literature) to represent
a stochastic process, called Karhunen-Loeve (KL) expansions. They are very convenient especially when
one has a priori information on the stochastic process to represent, i.e. when one knows its covariance
kernel. We suppose it is the case for the initially uncertain interface position as in [237]. Practically, it
allows reducing the dimensionality of our uncertainty quantification problem ensuring an efficient use of
gPC in order to approximate the observables of interest for times ¢ > 0. In a second section, we briefly
describe the multimaterial Euler system, recall its properties and present the chosen resolution scheme.
The stochastic counterpart of the system is solved non-intrusively with gPC®. In the last section, we solve
our stochastic model in RM configurations and compare our numerical results to experimental ones.

7.2.2 Stochastic dimension reduction for the initial Uncertain Interface Po-
sition

The initially uncertain interface position is modeled by a stochastic process. A stochastic process is a
collection of random variables indexed by a parameter y € I C R, {Fy(w),y € I,w € } and such that
for fixed y, Fy(w) is a random variable. Here, y refers to the vertical component of the interface’s spatial
position (see figure 7.2).

If we apply a cartesian mesh on the configuration of interest on figure 7.2, especially in the vicinity of
the uncertain interface as in figure 7.4, we see that the realisations of the stochastic process cross several
cells. This produces as many random variables as cells crossed by the stochastic process. In practice,

The stochastic process has: Uncertainties
— mean u(y) = p in red on the picture. ——
It is constant along the y-axis in our < 8
configurations. D
Grid
— Variance o2 describing the horizontal %)
fluctuations around the mean. ¢ /"[;\ —
— Covariance C(y,z) describing how > ><<—
points in the domain of fluctuations are
correlated. me=" ===
Fy(w)

Figure 7.4: Description of the main statistical features of a stochastic process together with a resolution
mesh on one realisation of the uncertain interface. Each cell crossed by the stochastic process is a random
variable.

this leads to unaffordable stochastic dimension problems for a spectral method such as gPC. To give an
idea, the later computations have been performed with 1000 cells in the y-direction and at least 16 cells
to capture the initial interface position along the z-axis leading to a stochastic dimension of 16000. Such
high dimension problem can only be handled applying an MC method (see figure 5.2 and the discussion
of section 5.2.5) and is out of range for gPC.

In order to reduce the stochastic dimension, we rely on a Karhunen-Loeve decomposition. Suppose
we initially know the covariance kernel

K(y,Q) = E[F,F¢] = /Fy(w)Fc(w)dPX(w)v (7.16)

5as in [243] and we now know i-gPC confirms the results obtained with gPC, see [30].
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of the stochastic process modeling the initial uncertain interface position, see figure 7.4. This kernel partly
describes the statistics of the uncertain interface. A Karhunen-Logve expansion [269] of a stochastic
process having mean p(y) and covariance K (y, () defined by

Fy(w) = py) + Y Xan(w)VAnen(y), (7.17)

is an approximation of the stochastic process Fy(w)yerweq on a basis of orthonormal functions defined
by the eigenvectors® (e;);en and eigenvalues (\;);en of the covariance operator

T f(y /K Cy)f(OdC, Y € LA(D). (7.18)

The coefficients (X,,)nen are centered” normalized® orthogonal random variables defined by

WieN,  Xiw) = ﬁ /I Fy(w)es(y)dy. (7.19)

In practice, (7.17) is truncated up to an order @ which denotes the stochastic dimension of our uncertainty
propagation problem. Consequently, we consider an initial condition approximated by FyQ (X(w)) =
F,(w) where X = (X, ..., Xg)". If the stochastic process can be accurately represented with a Karhunen-
Loeve development with a reasonable size () then the dimensionality of our problem is reduced and
spectral methods may be effective.

7.2.3 The Multimaterial 2D Euler system

In the next section, we describe the uncertain multimaterial 2D Euler system we solve non-intrusively
with a gPC approximation. The vector of unknowns is given by

p T y’t X a('r7 y?t’X)

( )
(z, )
U(x’:%t?X): (:L' Y, 1, X)U(.’E,y,t,X) 5
(z, Ju(z,y,t, X)

(x, y,t X)e(z,y,t, X)

and explicitly depends on (z,y) € D C R?, ¢t € [0,7] C R™* and X = (X1,..., Xg)". In the following
sections, the dependences with respect to x,y,t, X are not reminded for the sake conciseness. The
quantity a denotes the volume fraction of the fluids (equals to 0 for fluid 0 and 1 for fluid 1). The
quantity p is the mass density, u and v are the components of the velocity, e is the specific total energy
such that e = e+ “72 + %2 with ¢ the specific internal energy. The different quantities are solutions of the
uncertain multimaterial Euler system closed with a multimaterial isobare perfect gas closure defined by

Orpa + Ogpuae + Oypva = 0,

Owp + Ozpu + Oypv = 0,

Orpu + 0z (pu® + p) + 9y (puv) = 0, (7.20)
Bepv + 8 (puv) + 0y (pv* +p) =0,

O¢pe + 0y (pue + pu) + 9y(pve + pv) = 0.

The first equation corresponds to a closure equation for the mixture model. The second equation corre-
sponds to the mass conservation, the third and fourth to the conservation of momentum and the last one
to the total energy conservation. The last equations are given by (7.21)—(7.22): we consider a perfect
gas closure (7.21)

p(p,E, Oé) = (F(a) - 1)p57 (721)

6the existence of these eigenvectors and eigenvalues is ensured by Mercer’s theorem, see [202].
"zero mean: E[X,] = 0,Vn € N.
8standard deviation equals to 1: E[X2] = 1,Vn € N.
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relying on the additivity of the internal energies hypothesis at the interface together with an isobare
hypothesis (7.22)

(a) = Yo —mtan —av
—an =Y+ 1+ay

(7.22)

System (7.20)—(7.21)—(7.22) is hyperbolic under conditions € > 0 and 0 < o < 1. From a numerical point
of view, the system for a fixed random variable X is solved thanks to a 3"¢ order GAIA finite volume

scheme with TVD limiters. Every details concerning the deterministic numerical discretisation are given
in [154].

7.2.4 Observable of interest, Simulations and Comparisons with Experimen-
tal Results

Regarding the (statistical and physical) observable, we are obviously interested in the interface and its
instabilities. By essence, this observable is a discontinuity. On such quantity, gPC will provide a poor
convergence rate. The idea here is to slightly change the physical observable and consider a smooth one,
still related to the interface position and relatively relevant (i.e. without losing too much information),
on which spectral convergence will be bound to occur. For this reason, we are here interested in the size
of the mixing zone with respect to time. It has to be defined in term of probabilistic quantity. For this,
let us first denote by iy (¢, 7, X) the uncertain interface position?. The size of the mixing zone Ax;y(t)
must be averaged over the y-axis to obtain a scalar observable consistent with the information available
in the experimental papers [244, 286]. Finally it must be reinterpretated in term of statistical quantity:
we suggest defining the size of the mixing zone as the interval in which the probability of having zi, is
beyond a certain threshold «. The quantity Azin(t) can then be expressed as

Av(t) = / (2% (£,9) — 2% (1), (7.23)

in which z%. and z¢%.. are such that

min max

P(zint(tv Y, X) < xglax(t7 y)) =, and P(xint(ta Y, X) > x%in(t’ y)) =,
Fwim(t,y,X) (xglax(t7 y)) = qQ, and inm(t,y,X)(x%in(L y)) =1- Q,

leading to
—1 —1
Tmax(b ) = Fp g x0(@), and 2t (ty) = F, x(1—a).

In the above expression, z% ., and z%,, depends on iy (t,y,X), which will be approximated with
a gPC development by applying the materials of chapters 5 and 6: xin(t,y,X) ~ zl (t,y,X) =
lej:o Ting,k (£, Y)Y (X)) where (Zing,k)kefo,..., py are the coefficients in the gPC basis obtained non-intrusively

(numerical integration). But before introducing this approximation, let us focus on their definitions:

innt(t,y,x)(‘r?nax(tv y)) = Q,

/ L)oo wa,, (b)) (#)dPoy 1y, x) () =0, (7.24)
/ 1 oo (i (7, X))APK (X) = .

In fact, =3, and z3;, are both a—quantiles of the interface positions. A proportion of the interface
position will be below z, . and another will be above z{;,,. This is emphasized in figure 7.2.4: it
first shows one realisation of the interface (in fact it shows the volume fraction a(z,y,t = 12ms)).
The combination of (7.23) and (7.24) has to be compared to (3.1) and an attempt to apply Birkhoft’s
ergodic theorem: to evaluate certain quantities evolving with respect to time, we rely on averaging over
a multidimensional measure (integration with respect to dPx in (7.24)).

This was for the intention. Now, if we go back to more technical considerations, in (7.24) the interface
position stochastic process iy (t,y, X) is approximated by a gPC development, denoted by zf, (¢, y, X).

9Note that zing(0,y, X (w)) = FyQ (X (w)) = Fy(w).
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a(z,y,t =12ms, X;,)

xmax(y,t = 12ms,X1-1),
*Lmln(y t= 1277115, X“)

mmax(yyt = 12ms, Xi1,2,3)7
thln(yaf = 12ms, X'Ll 2 %)

Figure 7.5: The top picture shows a zoom on the interface of one realisation X;, of a perturbed interface
(volume fraction a(z,y,t = 12ms, X;,). The second one superposes the =%, and z%,, of the interface

for this realisation. They are extracted and the same is done for other realisation (third picture with
three other realisations corresponding to X;,, X;,, X;;). On the bottom picture, the a-quantiles are
represented and are obtained from (7.24).

Second point, in (7.24), the unknown is z2 . for a given «. In other words, we have to numerically
inverse relation (7.24) to obtain an estimation of z% . (¢,y) which stands for the upper extremity of the
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mixing zone for at time ¢ and ordinate y. The same applies to z;,, the lower one. To perform the

inversion, we rely on a Monte-Carlo (MC) sampling of X in the gPC metamodel/stochastic surogate
model/approximation zf, (t,y, X) and an evaluation of 2%, ., 2%, from the last line of (7.24).

max’ “min

Remark 7.1 Note that this study has been carried out before the introduction of i-gPC. Consequently,
care has been taken to approrimate a relatively smooth observable with a gPC representation, in order
to take advantage of an efficient convergence rate. In [30], i-gPC has been applied in this same context
and recovered similar results. Due to the smoothness of the observable, i-gPC and gPC have the same
performances.

Now remains to apply the above material — i.e. modelization of an uncertain interface through a
stochastic process approximated by a KL expansion, resolution of the stochastic Euler (7.20) system at
quadrature points with GAIA scheme and approximation of the stochastic process for ¢ > 0 thanks to
non-intrusive gPC — in order to approximate the uncertain position of the interface with respect to time.

Figure 7.6 shows the evolution of the size of mixing zones with respect to time: it presents a com-
parison between the experimental results of [244] (top) and [286] (bottom) and the numerical results
obtained by solving our stochastic model and computing (7.23). The circles correspond to the results
deduced from the experiments of [244, 286]. The size of the circles corresponds to an evaluation of the
confidence in the experimental results: some uncertainties are remaining, for example concerning the
temperature during the experiments'?. Besides, the experimental mixing zone sizes are estimated from
pictures implying possible chronometry difficulties and measurement uncertainties plus our retranscrip-
tion errors'!. Still, we suppose these remaining uncertainties can be neglected in comparison to the one
beared by the initial uncertain interface position.

The dotted points in figure 7.6 correspond to the numerical results — approximation of Az (t) of
(7.23) — obtained by solving the stochastic Euler system with uncertain initial interface position with
non-intrusive gPC. The held covariance kernels used in the experiments are given by

Kvaujours(x,y) = 0.002 exp (— |x2—5y|> , for [244], (7.25)

and by

Kvs(z,y) = 0.002exp (— |x0_8y|) , for [286]. (7.26)

We truncated the KL representations after the three main modes (@ = 3) and chose X as a vector
of three independent uniform random variables on [—1,1]: this last choice is arbitrary as we can not
extract more information on the initial conditions from papers [244, 286]. The choice of a bounded
support is consistent with the fact that the uncertainty is very localized initially and the independency
hypothesis is convenient for computations. We used an order P = 3 in each stochastic directions for
the gPC development, leading to (P + 1)? = (3 + 1)3 = 64 gPC coefficients (full tensor of the gPC
basis) estimated thanks to a full tensorization of the Gauss-Legendre quadrature rule, 3 points in each
stochastic directions leading to 27 deterministic independent runs of the code for one curve.

On figure 7.6 (left), two numerical curves are displayed obtained with a spatial discretisation of 8 and
16 cells per amplitude!? of the initial perturbation'3. Both numerical results fit the experimental ones in
the linear regime together with the nonlinear one and can be considered converged: the difference between
the two curves can be explained by the use of an MC method in order to estimate the a—quantiles of
xifzt(t, y, X). In other words, we experimentally observe a convergence behaviour for the observable of
interest once our methodology applied. Theoretical convergence have not been investigated in our context
but in a recent paper [109], the authors showed convergence results in some particular measured spaces
very similar to our application context. It certainly represents a good kickstart for eventual theoretical
analysis of our methodology.

10We fixed it to the ambient temperature (286 K).

11We obtained the plots by directly reading values on the figures of the considered publication [244, 286].
2respectively 500 x 500 and 1000 x 1000 cells.

130n these problems, the modal discretisation can be considered fully resolved.
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Figure 7.6: Comparisons between experimental (circles) and numerical (dots) results obtained with our

stochastic model. Top: experiment from [244] with initial conditions of figure 7.3 top-left. Bottom:
experiments from [286] with the initial conditions of figure 7.3 top-right, bottom-left and bottom-right.
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Figure 7.6 (right) shows the same kind of results obtained on the three shock tubes of paper [286].
We calibrated the model — looked for the kernel allowing to recover the experimental results — on the
second RM shock tube (VS85) and fed the two other studies (VS87 and VS89) with this same covariance
(7.26) as an initial uncertain interface position: these results show the model is predictive on experiments
obtained from the same experimental device.

For VS85 and VS87, the last experimental circles are not reached by our model. Several hypothesis
can be made in order to explain this: first, it is known that gPC suffers long term integration problems
[121, 292]. Besides, they can also be explained by 3D effects/flows. In this document, we only performed
2D simulations. We also considered initial uncertain interface positions with constant means which can
be restrictive. Finally, we can not forget an eventual inaccuracy or more important uncertainty in the
experiments for high times. These hypothesis will be investigated in further publications.

7.3 Conclusion for the gPC application to chaotic flows

We have suggested a new process in order to predict the growth rates of mixing zones between two
fluids in RM shock tubes. The modelization relies on a reinterpretation of shock tube experiments as
uncertainty driven ones. This implies modeling the uncertain initial interface position by a stochastic
process and solving the stochastic Euler system rather than relying on a turbulence model (as in DNS).
The stochastic model and the statistics of the uncertain interface position with respect to time are
recovered by building their gPC approximations.

Numerical results are compared to experimental ones and show a good agreement provided the
parameters of the covariance kernel representing the initially uncertain interface position are known.
The use of Karhunen-Loeve development allows for an important dimensionality reduction permitting
the application of spectral methods. The new stochastic methodology seems predictive in the sense
calibrating one simulation with respect to one experiment allows the prediction of the other experiments
obtained with the same experimental device. The numerical results also presented a very interesting
convergence behaviour: it has been observed in the numerical experiments but not tackled theorically.
In [109], the authors surely bring a theoretical background to the above numerical results/experiments
and the paper represents a good starting point to new theoretical studies for our context. This can be
counted amongst the possible perspectives of this work as the previous study can even be interpreted
as an acceleration of the studies performed in [109] (together with comparisons to experiments). In this
context, the capability for gPC to accelerate Monte-Carlo computations will be demonstrated in section
9.12 of chapter 9 for the resolution of the linear Boltzmann equation.

Several important points have been tackled since the publication of the above material in [243]: first,
the new non-intrusive gPC based uncertainty propagation method, i-gPC, presented in chapter 6 (see
[238]) has been applied to the same problems in [30]. The i-gPC approximations gave the same results
as gPC, even for the later simulation times. This is mainly due to the smoothness of the observable.
Secondly, in [243], due to the lack of information on the features of the initial interface position, we
applied a brute force method in order to calibrate the covariance kernel describing the initial condition.
In [30], the same kinds of stochastic inverse problem have been successfully solved applying Bayesian
Inference. The methodology is described in [31]. It allows automatizing the calibration step. This last
one can even be accelerated using perturbative models for a fast calibration by fitting first the early
times before relying on the finer gPC one.

a5 the pressure on the interface can be different at the center of the domain than at the boundaries for example.
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Chapter 8

Toward an application of
Cameron-Martin’s theorem (not
only its special case)

An attempt to apply the full version of Cameron-Martins’s theorem

Contents
8.1 An attempt to apply theorem 3.3: an i-gPC decomposition of the residue 139
8.1.1 Analysis of theorem 3.3 and comparison to theorem 3.4 . . . .. ... .. ... 139
8.1.2 i-gPC decomposition of the residue in an infinite integration accuracy context . 140
8.1.3 i-gPC decomposition of the residue in a finite integration accuracy context . . 142
8.2 Numerical Applications of the i-gPC decomposition of residue method . . 144
8.2.1 Some (hydrodynamically motivated) 1D test-problems . . . . . . .. ... ... 144
8.2.2 Some (well-known in the literature) multidimensional test-cases . . . . . . . . . 155
8.3 Summary for the i-gPC decomposition of the residue algorithm . ... .. 159

The material of this chapter may appear singular. In the previous ones, especially in those dealing
with the non-intrusive application of generalized Polynomial Chaos, the convergence theorem invoked
to justify the mathematical legitimacy of the built gPC approximation was in fact the special case of
Cameron-Martin’s theorem (i.e. theorem 3.4). This has been briefly tackled in chapter 3! in which
we identified theorem 3.4 as the spectral counterpart of the Central Limit Theorem for Monte-Carlo
methods. In this chapter, we analyse the complete Cameron-Martin theorem 3.3? and build a new gPC
based approximation method from it. Of course, invoking theorem 3.3 instead of theorem 3.3 is of
poor interest if the gPC approximation obtained from the first one is accurate enough. But all along
the previous chapters, we identified regimes for which the convergence of the gPC approximation is
relatively slow. With i-gPC in chapter 6, we increased the accuracy of a gPC approximation® but we
identified regimes (stagnation) for which the improved approximation still strongly relies on theorem
3.4*. The i-gPC approximation can face two configurations, see inequalities (6.7)—-(6.13), in a finite
numerical integration accuracy context:

1. Numerical integration accuracy is reached after several iterations (i.e. we have a negligible trun-
cation error): it corresponds to the ideal case as the number N of runs of the simulation code is

and more precisely in section 3.1.3.
instead of its special case 3.4.
especially for discontinuous solutions.

1
2
3
4j.e. the polynomial order has to be increased in order to improve the accuracy.
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in general the limiting factor (costly codes) and they are consequently fully used/harnessed. An
illustration of this behaviour is presented in section 6.2.1.

2. The accuracy of the approximation stagnates after a certain iteration jy and the truncation error
remains preponderant. Consequently some information is still available from the N simulations
points. An illustration is given in section 6.2.2.

We suggest here to revisit theorem 3.3 in order to improve the accuracy of the i-gPC approximation
when the second case is encountered (see the numerical example of section 6.2.2). This new method is
made possible by the use of i-gPC, this will be emphasized in the following discussion. This chapter
is the only one in part II in which systems of conservation laws are only mentionned®. Every test-
problems presented here are very simple ones. They are nonetheless motivated and built from difficulties
encountered in hydrodynamical configurations (some are presented in [31]). Note that the material of
this section has not been published in any paper.

8.1 An attempt to apply theorem 3.3: an i-gPC decomposition
of the residue

In this chapter, we are motivated by revisiting theorem 3.3 in order to build a new method, a new
algorithm, in order to improve the accuracy in case 2.) detailed above. For this, we first compare more
precisely theorem 3.3 and theorem 3.4 and identify a new degree of freedom which is yet waiting to be
exploited.

8.1.1 Analysis of theorem 3.3 and comparison to theorem 3.4

As explained before, the aim of this first section is to understand what has been neglected in the special
case theorem 3.4 with respect to the complete theorem 3.3. Let us first recall the notations of section
3.1.3: remember that for any functional u(f) satisfying the conditions of theorem 3.3, we have

P 2

IR _ ("
lu(f) — uP (2 /

€¥dleth ©([a-b])

M1, MP

The coefficients m, ,...,mp are the Fourier-Hermite coefficients defined by

Umy,....mp = / u(f)qjml,...,mp (f)dwf7
€O([a,b])

and we introduced a more concise notation for both the norm on the space of u(f) and the P! order
approximation uf (f) of u(f). Now, we suggest plugging a new Q—dimensional functional g(f) satisfying
the condition of the special case (theorem 3.4) into (8.1). At this stage of the discussion, g is arbitrary.
We can write

lu(f) = u"(Dllgz, = lu(f) = g(f) +9(f) =" (DI, - (8.2)

([a,®]) cO(fa,b])

Now set g(f) = uf*(f) with Py € P such that g is a Q—dimensional polynomial of given maximal orders
P; in each directions i € {1,...,Q}. With this obvious choice, we have

=P DIz, =) = glh +9(N =" DI, .

R 0 T R I R .

2
P (8.3)
= u(f) _“Po(f) - Z umh--qmp\l'mhm,mp(f)
mi,...,mp
e LZO([“J’])

5and not solved.
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Introduce R (f) = u(f) — u?®(f), the residue in the above norm of the functional u(f) with respect to
the Pt" order approximation. Introduce also its P order polynomial approximation defined by

Then R (f) is a polynomial approximation of order P with increasing dimensions. By denoting by
Yar,....qp (f) & simple renumerotation of the previous basis Wy, . mp(f) which drops the @ first compo-
nents of W, mp(f) at every polynomial orders, we obtain that RP(f) can be rewritten as

As such, RP(f) is a converging approximation of the residue R (f) in a new basis, orthogonal to the
initial one: we have
P 2 P, P 2
u(f) —u =||R"(f)— R — 0,
o) =" (DIRs,  =IRPD=RAGIE, = (5.4
as the left hand side tends to zero with P.
The idea behind the comparison of both theorems/approximations is quite simple. The construction
of a new algorithm taking advantage of this idea is more complex. To be efficient, the iterative process
would have to reuse the initial experimental design and improve (or at least preserve) the accuracy

thanks to an approximation of the residue of the solution. The idea is also very close to the kriging-gPC
principle (see section 5.3.3) in which a gaussian process is introduced to approximate the residue.

8.1.2 i-gPC decomposition of the residue in an infinite integration accuracy
context

We aim at incorporating the remarks of the previous section into a new algorithm in order to improve
the approximation of an output with respect to an i-gPC development. Let X denote an input random
variable of known probability measure dPx and X — u(X) denote a transformation of X which we
want to estimate.

For the first step of our new method, we suggest applying first i-gPCC: let us denote by u(Z) the
random variable obtained from the i-gPC approximation of u(X) where Z denotes the last random
variable of iteration Z = ZFast iteration of the i-gPC process. The second step consists in building the
residue R of the i-gPC approximation u%(Z) with respect to u(X), i.e.

R(X) = u(X) — u(Z(X)). (8.5)

The idea now is to approximate it by its i-gPC development with initial gPC basis (¢kX(X))k€{07___7p}.
This is made possible due to the fact that the initial gPC basis ((bi,((X))ke{O _____ p} is not necessarily
orthonormal to the final gPC basis obtained after several iterations of i-gPC. We denote by R (U) ~ R
this i-gPC development where U denotes the last random variable of iteration U = st iteration of the i-
gPC process. If we now consider the sum of random variables u% (Z) + RY;(U) then we have the following
result.

Property 8.1 With the previous notations, we have
|u(X) = (uz(Z) + RGOz < [[u(X) = uZ(Z)]|2(0)- (8.6)

Consequently, a new iterative approximation method is built. It enriches, for fixed polynomial order P,
the number of random components of the gPC basis (it now depends on Z and U and not only on Z)
as suggested by the complete Cameron-Martin’s theorem 3.3. Note that the enrichment is only additive
for the moment (we do not consider high order cross products of uf with Rf; for example).

6which suppose applying first gPC.
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Proof In order to prove the previous property, let us expand (8.6) into

[u(X) = (uz(2) + RGO 20y = [[u(X) = uZz(D)[2q) + IRG (OU)[72(0

N———
T 8.7
SR [w(x) - uf2)REwy]. 7
Iy
By definition of the i-gPC development of the residue R, we have
P
R~ RG(U) =Y o (U), (8.8)
k_

with (¢¥ (U))ren the orthonormal basis with respect to dPy and Vk € {0, ..., P}

E[ReY (U / R(F (Fy (u))) Y (u)dPy (u). (8.9)

In the previous expression, Fxy and Fy are the cdfs of the random variables X and U. Consequently, we
have

P
n:/(Rg( 2dPy(u) =Y (rf)? > (8.10)

k=0

Besides, using the definition of R = u(X) — u%(Z) and (8.8) one has

PQ [R X RP(U)]
P
- Z / ROF5 (Fo (u))rf of, (w)dPy (),
k50 P (8.11)
=Y rlE[ReY (V)] =D (r])?,
k=0 k=0
—T,.
Finally we get
[u(X) = (uZ(2) + RGU)Z2 () = [u(X) = uZ(Z)[[22(q) — 1, (8.12)
with I'y > 0 so that
lu(X) = (uz(2) + RG(U)l|72(q) < lu(X) = uz(2)]72(q)- (8.13)
This ends the proof. |

The new iterative approximation is not canonical in the sense the inequality in (8.6) is not strict and
the approximation may stagnate. Some additional (regularity) hypothesis may allow identifying regimes
for which the inequality is strict but as we aim at applying the approach to general applications. We
consequently prefer keeping this general statement. Before studying any stagnation regime, the numerical
analysis of i-gPC performed in the previous chapter showed it is important considering finite numerical
integration accuracy prior to other considerations”. This is done in the next section. Nonetheless,
inequality (8.6) shows what can be expected asymptotically with accurate integration techniques and
seems interesting enough to go on in this direction.

7due to the possible appearance of numerical instabilities.
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8.1.3 i-gPC decomposition of the residue in a finite integration accuracy
context

This section is the finite integration accuracy counterpart of the previous one. It may appear redondant
and the reader not interested in the proof could directly skip this part and consider directly property
8.2. For the interested reader, the proof gives hints at how intertwined integration and truncation errors
may perturb the new algorithm.

As in the previous parts, suppose X denotes an input random variable of known probability measure
dPx. Let u(X) denote a transformation of X which we want to approximate. To do so, we suggest
applying first i-gPC: let us denote by ugN (ZN) the random variable obtained from the i-gPC approx-
imation of u(X) where ZV denotes the last random variable of iteration ZV = ZN:kast iteration of the
i-gPC process. The second step of our decomposition consists in approzimating the residue R of the
i-gPC approximation ul, (Z") with respect to u(X),

RN = u(X) —ubn(ZV). (8.14)

To do so, we apply i-gPC approximation with respect to the initial gPC basis (¢kX(X))k€{07.__,p}. For
numerical integration, we rely only on the initial experimental design (X, wi)ieq1,....N}, just as for i-gPC
in the previous chapter. We build the residue at these points

(RN (X0), w)ieqr, vy = (X)) — ufn (ZN(X0), wi)ieqa,. Ny -

Now, we denote by R ~(UN) =~ RN the i-gPC development of the residue RY where U denotes the
last random varlable of iteration UN = UN:Fast iteration of the i-gPC process. By considering the sum of
random variables u?, o~ (2 Ny + RU ~(UN) then we have the following results.

.....

Property 8.2 With the previous notations and considering finite numerical integration accuracy, we

have
lu(X) — (uhn (ZN) + REG(UN)|120) — (X)) = ubn (ZV)||12) = €N
k=0

The term epUN’N is the projection error of the i-gPC approximation of the residue.

Of course, asymptotically (infinite integration accuracy), we recover the inequality (8.6) and the approx-
imation uZ( )+ RE(U) ensures a gain with respect to the i-gPC approximation uf(Z).

Proof Let us expand the first term in (8.15) into

lu(X) = (ufn (ZV) + R (UN))[F2(0) = [[u(X) = uZx (Z)]F20) + 1RGN (UMD 0

ry

8.16
—2F [(u(X) —ugn (ZN) RN (UN)] (8.16)
ry
By definition of the i-gPC development of the residue, we have
P N
RN ~ Z NoU™ (UM, (8.17)
k=0

with (¢gN (UN))ren the orthonormal basis with respect to dPy~. Besides, V& € {0, ..., P} we have

U = E[RoU" (UN))] /R Y Fyn (w)Y " (w)dPyw (u). (8.18)

143



It holds also for its approximation

ZRN HEun (X))o (UN(X))wi,
N (8.19)

0N = 37 (w(X) — b (2N (X))o (U (X0)ws.
k=1

Once again, Fx and Fy~ are the cdfs of the random variables X and UY. Consequently, we have
P
Py = / (REx (u)2dPy (u) = (Y 0. (8.20)
k=0

Using the definition of R = u(X) — ulx(Z") and (8.17) one has

Iy =E[RY x Ry (UY)],
P
N
=3 [ RN E MV 6 () dPyn (u),
pors (8.21)
P N
= > VBRG] ZrkU N
k=0
Let us introduce the projection error on the residue
P P N
(e )2 =20 ="M =T + Y ()2 —arf (8:22)
k=0 k=0
Finally we get
[lu(X ) (uz N(ZN) Un (UMD 2) = (X)) = uzn (ZV)[72(q
(2) Q)
P
(8.23)
1nt P Z 7
k=0
which ends the proof. |

Inequality (8.15) is the basis of a new iterative algorithm which adds random variables in the approxi-
mation basis just as the complete Cameron-Martin’s 3.3 may suggest. Suppose we perform K iterations
for the i-gPC decomposition of the residue, and suppose for the transformation of interest the inequality
n (8.6) is strict, then one has

K
Whn (ZY) 4 0 R v f(UM9) = u(X),
k=1 N — o0

If the inequality is not strict, one can still rely on convergence with respect to P.

Regarding finite numerical integration, according to property 8.2, the accuracy of the approximation

is increased under some condition (see the proof) on the terms ')V and T'YY, intertwining integration
N

and truncation errors. Of course, this condition is not always ensured and the projection error (ei({lt }DN)2
may become preponderant in comparison to ZkP:Q (TEN)Q. This is the case when numerical integration
accuracy is reached. Consequently, if we do not want the approximation error to potentially increase after
some iteration, we once again have to stop it before the projection error becomes preponderant in (8.6).
The main reason this part of the document does not appear amongst my list of publications comes from
the fact that I did not have the time to study the intrications of the aliasing errors between integration
and truncation in the previous inequality. The second reason comes from the rate of convergence with

respect to the new parameter (number of variables for the approximation): (8.6) tells an improvement
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may be obtained but we have no information concerning the convergence rate of the approximation. As
will be presented (experimentally) in the following examples, the gain is slow with respect to K. For
i-gPC, the convergence rate was also not available but at least the experimental tests on benchmarks
gave very satisfying results in some cases (discontinuity). Nonetheless, I suggest presenting results on
some applications in section 8.2. I had resort to arbitrary considerations for the stopping criterion. They
are probably not optimal: the iterative process is stopped when the L?-norm at the sampled points
between two iterations is greater than the L? of the approximation at the experimental design points.
This criterion is applied when the overall polynomial order becomes greater than the number of points
(see chapter 5 and section 5.2). This corresponds to a very simple heuristic criterion which gives the
results obtained in the following sections and allows degenerating toward i-gPC and even gPC when the
integration accuracy is not good enough.

8.2 Numerical Applications of the i-gPC decomposition of residue
method

In this section, we suggest revisiting the problem of section 6.2.2 applying the new iterative approach
before considering two other difficult test-cases inspired by compressible gas dynamics problems [31].

8.2.1 Some (hydrodynamically motivated) 1D test-problems
Let us begin with the problem of section 6.2.2.

Smooth Solution: Legendre Polynomial

We consider the test-case of section 6.2.2 which motivated the introduction of the new approximation
due to a stagnation of the i-gPC process. We recall X ~ U([—1,1]) and u(X) is defined by

u(z) = POX(x) + P3X (z) + Pfé (), (8.24)

where PX is a one-dimensional Legendre polynomial of order n associated to the random variable X. If
P = 10 then classical gPC, i-gPC and the new i-gPC residue based approaches are exact (up to numerical
integration accuracy). In general, one does not have a priori estimations of the truncation order needed.
In this section, we deliberately choose to underestimate the truncation order (we systematically take
P < 10) and apply the new method.

Figure 8.1 presents the results obtained with the new i-gPC residue based approach for different
truncation order, a level k = 8 of Clenshaw Curtis rule, i.e. N = 257 points, and a total of 40 successive
approximations of the residue. We choose, first, to take a quite important number of points in order
to have an idea of what can be asymptotically reached and remain in the conditions of property 8.1.
Figure 8.1(b) presents a convergence study with respect to the number of residue iterations for several
polynomial orders P. The first iteration corresponds to the gPC results, the second one to the i-gPC
results and the followings to the proper iterations of the i-gPC/residue method. As expected, see theorem
8.1, the accuracy of the approximation increases with the iterations on the residue when the numerical
integration accuracy is controlled. The new method allows a gain of about a decade on this test-case.
The fact that numerical integration accuracy might be reached for some polynomial orders is tricky to
verify experimentally. Note that the convergence curves are not anymore monotonic with respect to P:
for example, P = 6 gives better results than P = 8 or P = 9 (parity/imparity or quality of the quadrature
reached?). Figure 8.1(a)-8.1(c)-8.1(d) presents the approximations obtained from gPC, i-gPC and the
i-gPC/residue approach for polynomial orders P = 4, P = 5 and P = 6. For the three orders P, the gPC
approximations consists in the same polynomial of order P = 3. The i-gPC approximations are slightly
different for the different orders: the iterative approach, for the different orders, does not explore exactly
the same approximation spaces. Nevertheless, even with i-gPC, the improvement is small due to the fact
that after few iterations of i-gPC, the basis built at each iterations are orthogonal to the residue of the
solution. The i-gPC/residue approximation, on another hand, present very different results. First, note
that for each polynomial orders, the i-gPC/residue approximations allows recovering the three modes of
the solution. Depending on the truncation order P (at this fixed quadrature level), spurious modes of
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Figure 8.1: Comparisons between the results obtained from gPC, i-gPC and i-gPC/residue for P = 4,
P =5, and P = 6 on problem (8.24). The top right picture shows convergence curves with respect to
the number of residue iterations.
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(a) Analytical and gPC approximation (b) Analytical and i-gPC approximation
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Figure 8.2: Histograms of the pdfs of the gPC, i-gPC and i-gPC/residue approximations with P = 6 for
problem (8.24).
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different amplitudes are introduced, see 8.1(a) and 8.1(c). Figure 8.2 presents histograms of the pdfs of
the gPC, i-gPC and i-gPC/residue approximations for P = 6. On this test-case, gPC and i-gPC both
leads to approximations of the histograms which could lead to bad interpretations of the results: for
both representations, the statistic is not recovered. The new method, on the contrary, even if generating
spurious modes, allows recovering the statistical properties of the solution with an interesting agreement.

Same example with a smaller experimental design: N, = 65

Figure 8.3 presents the same results as previously but in a more realistic context in the sense we take
only 65 integration points. Figure 8.3(a) and 8.3(b) presents the comparison between the gPC, i-gPC
and i-gPC/residue approximations for P = 5 and P = 6. The gPC and i-gPC approximations are only
slightly affected by the loss in the numerical integration accuracy: this is due to the fact that for both
representations, the truncation error remains preponderant with respect to the projection error. On the
contrary, the i-gPC/residue approach is affected by this same loss of accuracy: for example, for P = 6,
more spurious modes appear in the low resolution approximation of picture 8.3(b) than on picture 8.1(d).
The i-gPC/residue approximation on this test-problem may allow tackling the projection error. Figure
8.3(c)-8.3(d)—-8.3(e) present the histograms of the pdfs of the three approximations for P = 6. Note that
even if the i-gPC/residue approximation with N, = 65 points introduces more spurious modes than the
one with N, = 257, the approximation allows a good statistical interpretation.

First test-case inspired by compressible gas dynamics

Let us consider a new test-case inspired by what can be expected solving uncertainty propagation prob-
lems in compressible gas dynamics flows®, see [31]. The considered test-function consists in a constant
state and an affine state both separated by a discontinuity:

1 if z<0,
u(z) = { ar if x>0. (8.25)

In this section, we take a = —0.3. The test-case is difficult in the sense the solution is not anymore
piecewise constant but piecewise polynomial. In fact, the solution exhibits a mixed behaviour with a
discrete part and a uniform one. One simple way to represent the solution consists in writing u(X) =
poljo,1) + P16u=1. In the previous expression, po +p1 = 1, and py = p1 = % They are the probability
for the solution to be represented by a uniform random variable or a Dirac in 1. Figure 8.4 presents
comparisons between the analytical solution and the gPC, i-gPC and i-gPC/residue approximations for
different truncation orders P. Figure 8.4(b) shows a convergence study of the i-gPC/residue method with
respect to the number of residue iterations. The first iteration corresponds to the gPC results, the second
one to the i-gPC results and the following ones to the proper iterations of the i-gPC/residue method. Once
again, the different iterations/applications of i-gPC on the residue of the solution ensure a gain in accuracy
up to a stagnation occuring at the 12" iterations for almost every polynomial orders P. Almost one
decade is gained with respect to gPC and i-gPC applying this i-gPC/residue approach. The convergence
with respect to P of the new approach is not monotonic. Figure 8.4(a)— 8.4(c)— 8.4(d) compares the
different methods for truncation orders P =4, P =5 and P = 6. For the three orders, gPC leads to very
oscillating approximations and poorly represents the solution, the discontinuity is not captured neither
the affine part. The i-gPC approximations allows capturing the discontinuous counterpart of the solution
but miss the affine part. See figure 8.4(c) for example, the i-gPC approximations behaves as a piecewise
constant approximation rather than a piecewise polynomial one. The i-gPC /residue approach now allows
capturing both counterparts of the solution, the discontinuity, mainly captured by application of i-gPC
in the early steps, and the affine one during the other iterations. The new approach introduces once
again spurious modes but we insist on the fact that these spurious modes do not prevent from having
a good statistical interpretation of the solution. This is emphasized in figure 8.5 where we consider
the histograms of the pdfs of the approximations for P = 4. Figure 8.5(a) compares the histograms of
the pdfs for the analytical solution together with the one obtained from the gPC approximation. The
statistics of the solution is missed by the approximation method. Figure 8.5(b) compares the histograms

8In this section, we do not solve Euler system, we rely on built function mimicing complex behaviours in compressible
gas dynamics flows, see [31].
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Figure 8.3: Stochastic representations and histograms of the pdfs of the solution in low resolution context

(N4 = 65) for problem (8.24).
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P =5, and P = 6 on problem (8.25). The top right picture shows convergence curves with respect to
the number of residue iterations.
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of the pdfs for the analytical solution together with the one obtained from the i-gPC approximation.
The method allows capturing the discontinuity and the probability p; = % of the event v = 1 with a
good agreement (Dirac mass at u = 1). On the other hand, the uniform part of the random variable
is not well represented. Consider the i-gPC/residue approximation, figure 8.5(c) shows that both the
uniform part and the discrete one are well estimated with the good probabilities despite the introduction

of spurious modes.

Same example with a smaller experimental design: N, = 65

Figure 8.6 presents the same results as previously but in a more realistic context in the sense we take only
65 integration points. Figure 8.6(a) and 8.6(b) presents the comparison between the gPC, i-gPC and
i-gPC/residue approximations for P =5 and P = 6. The gPC approximations are only slightly affected
by the loss in the numerical integration accuracy. This is due to the fact that for these representations,
the truncation error remains preponderant with respect to the projection error. On the contrary, the
i-gPC and i-gPC/residue approaches are affected by this same loss of accuracy. Both representations for
both polynomial orders have more spurious modes on pictures 8.6(a)-8.6(b) in comparison to pictures
8.4(a)-8.4(d). Once again, by considering figures 8.6(c)-8.6(d)-8.6(e) we aim at emphasizing that even
with the appearance of spurious modes for the new i-gPC/residue approach, the histograms of the pdfs
of the approximations allow a good statistical interpretation.

Second test-case inspired by compressible gas dynamics

We once again consider a test-case inspired by what can be expected solving uncertainty propagation
problems in compressible gas dynamics flows (Euler system), see [31]. The expression of the test-function
is as follows:

U if  z <z,
u(z) = U1 if zg<z<a, (8.26)
up + (v —x1)? if oz <

In this section, we choose ug = 0, uy = 1, zg = —0.6 and z; = —0.3. In term of Euler system, this
test-case can be interpreted as a shock interacting with a rarefaction fan, see [31]. In term of random
variable, u(X) can be viewed as the sum of a discrete random variable §,—,,—0 with probability pg
and dy—,, =1 with probability p; and another continuous random variable which we denote by C with
probability ps so that

U(X) = p06u2u0 +p15u:u1 +p2c

The data of the problem are such that pg = 0.2, p; = 0.15 and ps = 0.65.

Figure 8.7 presents the results obtained with the new i-gPC residue based approach for different
truncation order, a level k£ = 8 of Clenshaw Curtis rule, i.e. N = 257 points, and a total of 50 successive
approximations of the residue. Figure 8.7 presents comparisons between the analytical solution and the
gPC, i-gPC and i-gPC/residue approximations for different truncation orders P. Figure 8.7(b) shows a
convergence study of the i-gPC/residue method with respect to the number of residue iterations. The
first iteration corresponds to the gPC results, the second one to the i-gPC results and the followings to
the proper iterations of the i-gPC/residue method. Once again, the different iterations/applications of
i-gPC on the residue of the solution ensure a gain in accuracy up to a stagnation occuring at different
iterations depending on the polynomial order P. Once again, almost one decade is gained with respect to
gPC and i-gPC applying this i-gPC/residue approach and the convergence with respect to P of the new
approach is not monotonic. Figure 8.7(a)— 8.7(c)— 8.7(d) compares the different methods for truncation
orders P =4, P =7 and P = 8. For the three orders, gPC leads to very oscillating approximations
and poorly represents the solution, the discontinuity is not captured neither the continuous part. The
i-gPC approximations allows capturing the discontinuous counterpart up to a certain polynomial order.
For example, for P = 4, on figure 8.7(a), i-gPC is not much more accurate than gPC whereas for P =7
and P = 8 on figure 8.7(c)-8.7(d), i-gPC allows capturing the discontinuous state. On the other hand,
i-gPC does capture accurately the continuous part of the random variable for P = 4 whereas it does
less accurately for high orders P = 7 and P = 8 (appearance of small oscillations in the continuous
part of the curves on figures 8.7(c)-8.7(d)). The i-gPC/residue approach now allows capturing both
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Figure 8.6: Stochastic representations and histograms of the pdfs of the solution in low resolution context
(N, = 65) for problem (8.25).
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Figure 8.8: Histograms of the pdfs of the gPC, i-gPC and i-gPC/residue approximations with P = 7 for
problem (8.26).
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counterparts of the solution for every orders P = 4, P = 7 and P = 8, see figures 8.7(a)-8.7(c)—
8.7(d), despite the appearance of spurious modes for low order P = 4 on figure 8.7(a). Figure 8.8
compares the histograms of the pdfs for the analytical solution together with the ones obtained from the
different approximation. Figure 8.8(a) compares the histograms of the pdfs for the analytical solution
together with the one obtained from the gPC approximation. The method does not allow capturing the
discontinuity and the probability pg = 0.2 of the event u = ug = 0. On the other hand, the continuous
part of the random variable is quite well represented. The i-gPC representation for this test-case ensures
the discrete part of the random variable is recovered accurately (pg = 0.2 for u = ug = 0). On the other
hand, the continuous part of the random variable is not well resolved, see figure 8.8(b). Consider the
i-gPC/residue approximation, figure 8.8(c) shows that both the continuous part and the discrete one are
well estimated with the good probabilities despite the introduction of spurious modes.

Same example with a smaller experimental design: N, = 65

Figure 8.9 presents the same results as previously but in a more realistic context in the sense we take
only 65 integration points. Figure 8.9(a) and 8.9(b) presents the comparison between the gPC, i-gPC
and i-gPC/residue approximations for P = 7 and P = 8. Once again, the gPC approximations are
only slightly affected by the loss in the numerical integration accuracy. This is due to the fact that for
these representations, the truncation error remains preponderant with respect to the projection error.
On the contrary, the i-gPC and i-gPC/residue approaches are affected by this same loss of accuracy.
Both representations for both polynomial orders slightly miss the discontinuity position. For this test
case, even if the number of points is less important than previously, the representations do not exhibit
more important spurious modes pictures 8.9(a)-8.9(b) than on pictures 8.7(c)-8.7(d). Figures 8.9(c)—
8.9(d)-8.9(e) present the histograms of the pdfs of the three approximations for P = 7. On figure 8.9(c),
the gPC approximation allows a good agreement for the continuous part of the random variable. On
the other hand, the discrete counterpart with the two Dirac masses =y, and d,—,, is missed. On the
contrary, in the same conditions, the i-gPC approximation allows a good representation of the discrete
part of the random variable but misses the continuous one. The i-gPC/residue approach allows taking
advantage of both representations with an interesting agreement on both parts of the random variable.

8.2.2 Some (well-known in the literature) multidimensional test-cases

In this section, we apply the i-gPC/residue approach to multidimensional test-cases, the g-function of
Sobol which is a well-known benchmark in sensitivity analysis, see [36, 254].

This function is in fact very similar to the C° CONTINUOUS integrand of the Genz package of testing
functions [120]. The model is

X i . )
| | | : |++ % withVie {1,..,D},a; >0, (8.27)
a;

where the (X;);cq1,...,py are independent identically distributed uniform random variables on [—2,2] (as
in [254]). For this model, the mean and variance can be determined exactly

b 1é (8.28)
Var(Y 1:[1< 1+a1)>_1

Parameter a; controls the stiffness of the model. Lower values of a; have the tendency to increase the
discontinuity jump of the absolute value derivative profile, while higher values tend to decrease it.

Sobol in 2 D

We choose first a @Q = 2 dimension Sobol’ function and we test a stiff isotropic problem by taking
d = (a1,a2) = (0,0). Figure 8.10 presents the results on the 2-D Sobol g-funtion. Figure 8.10(b)
shows the convergence curves with respect to the number of iterations on the residue. The first point
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Figure 8.9: Stochastic representations and histograms of the pdfs of the solution in low resolution context
(N, = 65) for problem (8.26).
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corresponds to the application of gPC, the second one to the application of i-gPC and the following ones
to the different iterations on the residue. The method ensures a gain with respect to both gPC and
i-gPC, even if this gain is less important than on the other test problems. Figure 8.10(a)-8.10(c¢)-8.10(d)
compares the histograms of the pdfs of the approximations to the analytical one. The gain is visible
from applications of gPC, i-gPC and the i-gPC/residue methods.

Sobol in 5 D

We choose a @ = 5 dimension Sobol’ function and we test an isotropic problem with @ = (a1, ag, as, aq,as5) =
(0.5,0.5,0.5,0.5,0.5) so that every stochastic dimensions have the same importance. Figure 8.11 presents
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Figure 8.11: Comparisons between the results obtained from gPC, i-gPC and i-gPC/residue for P = 3
for problem (8.28) in 5-D. The top right picture shows convergence curves with respect to the number
of residue iterations.

the results on the 5-D Sobol g-funtion. Figure 8.11(b) shows the convergence curves with respect to the
number of iterations on the residue. The first point corresponds to the application of gPC, the second
one to the application of i-gPC and the followings to the different iterations on the residue. The method
ensures a gain with respect to both gPC and i-gPC. Figure 8.11(a)-8.11(c)-8.11(d) compares the his-
tograms of the pdfs of the approximations to the analytical one. The gain is visible from applications
of gPC, i-gPC and the i-gPC/residue methods. On this test-case, both gPC and i-gPC do not allow
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recovering the statistics of the solution. On the other hand, the i-gPC/residue approach does.

8.3 Summary for the i-gPC decomposition of the residue algo-
rithm

In this chapter, we wanted to highlight the fact that for uncertainty quantification applications, Cameron-
Martin’s theorem has probably not been fully taken advantage of in term of approximation algorithm.
We wanted to insist on the fact that some parts of it are not invoked through the gPC algorithm pre-
sented in the literature.

The i-gPC decomposition of the residue algorithm presented in this chapter is one way to put forward
the above fact but it may not represent a new wiable alternative to gPC or i-gPC. As can be seen
experimentally in the previous applications, the convergence rate of the i-gPC/residue approximations
remains relatively slow with respect to the increase of the number of degree of freedom (number of residue
approximations). For small but realistic experimental designs N, the stopping criterion is activated
immediately after few iterations and the i-gPC/residue method degenerates toward i-gPC. The quality
of the approximation is not really improved with respect to i-gPC. This testifies that the regime of
interest is probably not yet well identified hence not captured. This is mainly why this chapter has not
been submitted for publication and why the term attempt is emphasized in its title. Nonetheless, we
wanted to document this attempt as its elaboration (which is probably a dead end) made us realize
and understand some aspects of both publications [295] and [55]. For example, the relation between
Cameron-Martin’s theorem and Wiener’s homogeneous Chaos is not straightforward as the ergodicity
property omnipresent in Wiener’s paper is not explicit in Cameron-Martin’s one. This ergodicity notion
may be recovered in [55] through the summation over a set of increasing number of random variables.
It may echo the possibility to average in the direction of increasing random variables () rather than
in the direction of increasing polynomial orders P. I insist here that regarding ergodicity, I may have
made wrong statements along the document. I am not expert with this notion but I am more and more
interested by this property and aware of what can be cast behind it.
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Part 111

Monte-Carlo schemes for the
(non)linear Boltzmann equation
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Chapter 9

Monte-Carlo methods for the linear
Boltzmann equation

An old topic (once again...) revisited
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The linear Boltzmann equation corresponds to limit (1.30) of the Boltzmann equation (1.1). It models
the behaviour of particles in a background collisional media. Its linear aspect neglects particle-particle
interactions and assumes only particle-matter collisions, matter being unaffected by the particle flow. It
is particularly relevant for physical particles of weights way smaller than the constituants of the matter
(i.e. neutrons versus (big) atoms, photons versus electrons etc.), see chapter 1. This class of PDE is very
efficient in order to describe the mean behaviour of an important number of particles'. The unknown
of the equation is the density of particles u(x,t,v) > 0 having position x € D C R3, at time t € [0, T
and velocity v € R3. Such models can be used for neutronics applications [268, 173], photonics [203, 59],
plasma physics [29, 24, 25], population dynamics [223] and so on. At some stage of the discussion, we
may consider u(x,t,v) = u(x,t,v,w) depending on energy? |v| = v € R* and with angle Y=we S2.

Many deterministic resolution schemes are available for this equation, such as Kinetic ones [27], P,
[281, 196, 136, 141, 116], M,, [93, 226, 47, 137, 94, 133, 228, 279, 214, 227, 8|, S, [16, 92, 61, 116, 56]. In
this part of the document, the unknown u depending on 3(x) + 1(¢) +3(v) = 7 variables, we consider the
resolution of the linear Boltzmann equation to be a high dimensional problem. We consequently focus
on Monte-Carlo resolution schemes. The direct consequence of such a choice is (see [165]) mainly having

a numerical method whose convergence rate is independent of the regularity of the solution and of the

1
VNmce
particles (the term MC particle will be defined later in the document).

number of variables but relatively slow, O ( ) where Nj;c denotes the number of simulated MC

The aim of this chapter is to present the general construction of an MC scheme for the resolution of
the linear Boltzmann equation. We explain how the description of an MC scheme resumes to identifying
several samplings. The way the MC schemes are built ensures their convergence according to theorem
3.2.1 of [165] for any linear Boltzmann equations (inductive reasoning and verification). In this chapter
we present the most common MC schemes and even suggest some original ones (see section 9.6). We
detail the construction of

— the non-analog scheme, used mainly in photonic applications,
— the semi-analog® one, intensively used for neutronics applications,

— and the analog® scheme, applied mainly in order to estimate probabilities of extinction of a popu-
lation of particles (small number of physical particles).

Every schemes aim at (at least) approximating the density of particle u(x,t,v), Vx € D C R3,t €
[0,T],v € R3, solution of the linear Boltzmann equation:

Opu(x,t,v) + vOru(x,t,v) + voe(x, t, v)u(x,t,v) = /vas(x,t,v,v/)u(x, t,v)dv' + S(x,t,v). (9.1)

IThe model becomes irrelevant for modeling a small number of physical particles, see [285, 200, 18, 52] for examples in
neutronics.

2Depending on the physics of interest, v may not exactly refer to energy but all along the document, v will be related
to the energy of the particles via %mv2 where v is the velocity for example for neutrons or via hv where v is the frequency
for photons.

3also refered as implicit capture scheme.

4known to mimic the physical behaviour of the particles.
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The quantities (0a)ae{s,} are called the cross-sections® in this document. The total cross-section o
describes the collision rate of the particles in the media whereas the scattering cross-sections describes
its relative absorption, diffusion or multiplicative rate®. When there is no ambiguity, the more concise
notation oy(x,t,:) = o¢(x,t,v) and o4(x,t, ) = 05(x,t,v,v’') may be used in the following chapters. At
some point in the document, the scattering cross-section may be expanded into a sum over a certain
number of reactions Ng:

JS (X’ t? v? v,) = Z I/T‘ (U)a-'r‘ (X7 t? v’ V/)’

. (9.2)

or(x,t,v) = /or x,t,v,v')dv’ *Zor X, 1, V).

r=0

In (9.2), each (0,),eqo,..., N5} describes the rate of occurrence of reaction r € {0, ..., Ng}. The coefficients
(v (v))reqo,....N ) are the multiplicities of the corresponding reactions: Vr € {0, ..., Nr}, v-(v) € RT but
in general v,.(v) € N. We may also introduce the absorption cross-section og, defined by the reaction
of multiplicity vy = 0. Note that ”reaction” can be understood in a very broad sense. It can describe
physical reactions as implied in the previous description: for example in neutronics the (n,2n) has
multiplicity v, 2,) = 2 etc. see [52]. But it can also describe more "artificial” reactions, introduced
only for practical reasons: for example, one may need "reaction” 0 to gather isotropic contributions (and
in this case vy # 0) and reactions of higher number to treat progressively the anisotropy. Many other
decompositions can be applied, more or less computationally efficient, depending on their probabilities
of occurrence. The term S is a source term, it will be dealt with separatedly in the following sections
(see mainly section 9.9) due to the slightly different structure it confers to the equation. We finally
emphasize a notation trick which will be used all along the following chapters and which has already
been encountered in (9.2):

7n(x,t,v)://o,«(xﬁ,v,v’)dv’ :/ or(x,t,vw,v'w)dv' dw’,

= /Ur(x,t,v,v’,w ~WNdv'dw” = o (x,t, ).

In the above expression, the dependence with respect to w seemed to be omitted on the right hand side
(and not in the left hand side) and the notation may appear abusive. We insist it is not, as the angular
distribution of w’ with respect to w can be described through the scalar product w - w’, hence with only
one variable (naming w - w’) instead of two (naming w and w’). The notation is not conventional but is
more adapted for the material of some of the following chapters”.

Equation (9.1) must come with proper initial and boundary conditions for wellposedness. We denote
by n, the outward unitary vector normal at point x € 9D. Furthermore, we introduce

I~ ={(x,v) €0D xR*|v-n, <0}.
We also generally denote by Cp,(X) the space of continuous functions from X to R bounded on X.
Let us consider

— the initial condition ug(x,v) € Cp(D x R3),

— the boundary condition u~ € Cp([0,7] x I'") must be in agreement with the initial condition at
the boundary of the domain, i.e. such that

ug(x,v) =u" (0,x,v),¥(x,v) e I'".

— and the term source S(x,t,v) € C([0,7] x D x R3).

5The term cross-sections is commonly used in neutronics. In photonics, authors usually use the term opacities.
SDepending on the sign of the quantity ot — [[ os(x,t, v, v')dv’.
"The same notation trick is used in [245].
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Then there exists u € Cy([0, T] x D x R?) unique solution of (9.1), see [127, 58, 132, 10]. In the following
sections, we suppose every considered problem comes with proper initial and boundary conditions even
if they are not (abusively) reminded. Consequently the solution of our problem always exists and it is
legit to look for it. In this document, this is done with a MC resolution scheme.

When there are no ambiguities, the dependences (x,t¢,v) may not be recalled. In the first following
sections, without loss of generalities, we drop the source term and detail how it can be taken into account
in section 9.9.

9.1 General Methodology for the construction of an MC scheme

In this section, we describe the general methodology applied in order to build an MC scheme for solving
(9.1). The first step consists in rewriting (9.1) in an integral form. The computations may appear tedious
due to the fact that all dependences with respect to (x,t,v) must be recalled: it is important in order
to identify and apply the less constraining hypothesis during the MC resolution. In order to rewrite
(9.1) in integral form, we perform several successive ezact changes of variable. By ezact we mean no
approximations on the shapes of the cross-sections are made before section 9.6. We detail every of them
in the following sections. The described methodology leads to the adjoint MC resolution of the equation
(or backward Kolmogorov equation, see [219]). The direct counterpart (forward Kolmogorov equation)
will be studied in section 9.5.

As explained before, the methodology resumes to a succession of changes of variable. The first one
consists in rewriting the transport equation (9.1) on a characteristic x + vt. Equation (9.1) without
source term (S = 0) rewritten along a characteristic (x + vs, s, v) becomes

Osu(x +vs,8,v) = —voy(x + vs, s, 0)u(x + vs,s,v) + /vas(x +vs,s8,v,v)u(x +vs,s, v )dv'. (9.3)

Let us multiply each side of the equality by

0

exp {/ vat(x+va,a,v)da] .
We then get
Dy |u(x + vs, s, v)elo vor(xtvaa, “)d”‘} = elo vor(xtva,av)da /vos(x +vs, s, v, vu(x +vs,s,v)dv'. (9.4)

Integrating (9.4) in the time interval [0,¢] leads to

u(x + vt t,v) = up(x,v)e~ o vor(xtva,av)da

t s 9.5
—|—/ e~ Js vor(xtvasav)da /vas(x—i— vs, s, v,V )u(x + vs, s, v )dv'ds. (9:5)
0

We have then

u(x,t,v) = UO(X—Vt v)e — [fvor(x—v(t—a),a,v)da

9.6
/ e~ JSvor(x—v(t-a),a,v)da //va (x —v(t—s),sv,v)ulx—v(t—s),sv)dv'ds. (96)

Equation (9.6) is an integral equation but still needs to be worked on: first, notice that
e~ JEvor(x—v(t—a),av)da  _ e fot vo(x—va,t—a,v)da

)

o0
s
= / voy(x — vs, t — s, v)e” Jo vorx—vet—aw)dag
t
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Then, the integral counterpart of (9.1) is given by

u(x,t,v) =

o0
+/ up(x — v, v)voy(x — vs,t — s,v)e Jo vorxmvat—av)dagg
t

t
+/ e~ Ji vorx—v(t=a),av)da // vos(x —v(t —s),s,v,v)u(x — v(t — s),s,v)dv'ds.
0

(9.7)

Building an MC scheme now implies introducing a set of random variables together with their probability
measure in order to rewrite (9.7) as an expectation. The choice of the set of random variables is not
unique and consequently leads to different MC schemes having different properties. In the following
sections, we detail the construction of three MC schemes

— the analog one (section 9.2),
— the semi-analog one (section 9.3),
— and the non-analog one (section 9.4).

Their asymptotic properties will be investigated later on, in section 9.7.

9.2 The analog (Adjoint) MC scheme (mimics physics)

In this section, we describe the analog MC scheme. This scheme is usually hinted at as the scheme
mimicing the physics of the particles. This will be clarified in the following sections. For the moment we
focus on its construction. Every dependences with respect to (x,t,v) of the cross-sections are explicit.
The notations and equations are consequently heavy but it helps identifying the treatments to perform
on a MC particle® in order to solve (9.1) with this MC method.

9.2.1 Expectation form over the analog set of random variables

The first step in order to rewrite (9.7) as an expectation consists in identifying a probability measure
relative to the time integration in equation (9.7). Let us perform a change of variable (8 =t — s and 8
is immediately replaced by s) in the time integrations in the scattering part. We obtain

u(x,t,v) =
oo

+/ u0<x — Vt, V)UUt(X — VS,t — s, fu)e_ fog 'Uﬂ't(x—v()l,t—()l,'l))d(lds
¢ (9.8)

¢
+/ e~ Jo vorx—vat—aw)da /vas(x —vs,t —s,v,v)u(x —vs,t — s, v')dv'ds.
0

It is then possible to factorize by

Jr(x,t,v,8)ds = 1o o[ (s)vOt(x — Vs, t — 5,v)e” Jo vor(x—vast—aw)daqg

The above expression is a probability measure V(x,t,v) € D x [0, T] x R3: indeed, it is positive and sums
up to 1 V(x,t,v) € D x [0,T] x R3. Using its expression in (9.8) leads to

+1p OO[ ug(x — vt, V) Oy (V")

/ !/

u(x,t,v) // Flog(s)  ulx—vs t—s,v) oi(x —vs,t—s,v,v) | fr(x,t,v,s)dsdv’. (9.9)
oi(x —vs,t — s,v)

Let us work on the components of the scattering cross-section os: without loss of generality, one can
decompose each reaction cross-sections Vr € {0, ..., Nr} as

Vo (X —vs,t — 8, v, V) =vo,.(x —vs,t — 8,0)P.(x —vs,t — 5,v,V').

8The term will be defined very soon.
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In the above expression, V(y, 3,v) € D x [0,T] x R? we have

O"I'(y?ﬁ?”) = O’T(y7 /67 V’ V/)dv/7vr e {07 "')NR}’

P.(y,B,v,v') = %,W € {0, ..., Ng}, o
/ 9.10

ou(y,B,0) = / 0u(y, By v, V')AV,

y ﬁa ZV’P Jr yaﬁa )

Consequently Vr € {0, ..., Ng} and V(y, 3,v) € D x [0,T] x R3, we can identify a three dimensional (as
v’/ € R?) positive measure, summing up to 1 (i.e. a probability measure)

Py (x,t,5,v,v)dV = P.(x — vs,t — s, v,V )dv/,V(x,t,v) € D x [0,T] x R3. (9.11)
Equation (9.9) can then be rewritten

u(x,t,v) =
+1(t,00((5) ug(x — vt, v)

Ngr
// +10,4(5) Z vp(V)u(x — vs, t —s,v') or(x —vs,t— )P\’},(X t,5,v,v') (9.12)

~ at(x—vs t—s v)
fr(x,t,v,s)dsdv’.

From the definition of the total cross-section with respect to the reaction ones, oy = Zivjo oy, we have
vr € {0,..., Ng} and V(x,t,v) € D x [0,7] x R3

Consequently, the quantity fg(x,t,s,v,b)db defined as

Ng

fa(x,t,5,v,b)d Z —Vst=sv)s ),

(x —vs,t —s,0)

is a probability measure. In fact, it is the probability measure of a multinomial (i.e. discrete) random

variable. It is denoted as
O
B~ M TG{O,...,NR}, <> N
9t/ r€{0,....Nr}

where the Ng + 1 states r € {0, ..., Ng} with respective probabilities (‘” Jrefo,..,Ng} V(X,t,v) € D x
[0, T] xR? are explicited. Let us now introduce the following random variables associated to the previously
identified probability measures:

T with probability measure  f-(x,t,v)ds,
V'’ with probability measure Py (x,t,s,v,v')dv/, (9.13)
B with probability measure  f(x,t,s,v,b)db.

Then (9.12) can be rewritten in an adjoint recursive way as an expectation over the above set of random
variables (9.13)

Ngr

u(x,t,v) = E | 1 oo(T)uo(x — vE,v) + 1g,4(7) Zu(x —vr,t — 7,V ),.(v)§,(B)]| . (9.14)
r=0
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Such adjoint formulation allows for example solving the transport equation and obtain approximation of
the solution at a chosen point (x, ¢, v) of the simulation domain. Typically, this formulation is intensively
used when one wants to recover accurate approximations on shielded detectors [173, 268].

The next step in order to describe an MC resolution is to define a MC' particle together with the
treatments one must apply to it in order to solve (9.14).

9.2.2 Construction of the analog MC scheme

Once the linear Boltzmann equation (9.1) rewritten as an expectation (9.14) over a set of defined random
variables, formally, the construction of an MC scheme relies on looking for solutions of (9.14) having the
particular form

up(X,t,v) = wy(t)0x (%p()) oy (v (1)) (9.15)

Such solution u, is commonly called a MC particle. The MC scheme intensively uses the linearity of equa-

tion (9.1): if (up)peq,..., Nue} are independent solutions of (9.1) then ZNMlC uy, is also solution of (9.1).

Now, remains to identlfy the operations one has to apply in order to make sure each (up)peq1,... Ny} 15
effectively an MC solution of (9.14). To do so, we plug u, into (9.14) and solve a system of (compatible)
equations of unknowns wy(t), x, (), vp(t). Plugging (9.15) in (9.14) leads to

w x v _ +1{t,00[(T) wy,(0) dx—vt(xp(0)) dv(vp(0))
PNV VREN = g0 6.B) v @wpt = 1) Semurlxp(t =) Sy (Vplt = 7).

The above expression may be disturbing but allows identifying the conditional samplings (successions of
samplings) and treatments they imply. The equations satisfied by the unknown fields of the solution u,,
naming wy(t), x,(t), vp(t), are

(t) 1t,00((T)wp(0) 10, (7)07 (B)vr (v)wy(t — 7),
2(1) = Lo (T)0x—ve (Xp(0))  +1(g4 ()30 (B)dx—vr (Xp(t — 7)),
p() = Lt,00[(T)0v(v5(0)) +110,4(7)0-(B)dv (v (t — 7)).

Their resolution leads to

wp(t) = 1t co[(T)wp(0) 410, (7)07 (B)vr(v)wy(t — 7),
Xp(t) = Ljpoo(T) (X0 +VE)  +1joy (T)5r(5)(xt VT, (9.16)
Vp(t) = 1[t,oo[(7—)v +1[0 ¢ (T)(ST(B)

Practically, the above recursive system of equation in term of weight, position and velocity leads to
the numerical treatment/algorithm (remember we here detailed the adjoint formulation) summed up in
algorithm 1.

Remark 9.1 Note that within algorithm 1, we put forward the possibility to use two ‘options’. Those
options in fact correspond to two slightly different MC schemes. They are treated as options mainly
because the practical differences in term of code developments are small:

— the first option is called ’full_analog’. It implies creating as many particles as the multiplicity v, of
the sampled reaction r.

— The second option is called 'multiplicity’. It implies multiplying the weight of the MC particle
enduring a reaction r by its multiplicity v,..

If the differences are very simple in practice, the practical effects can be very important. For example, in
a fast multiplying media

— the ’full_analog’ option may imply a fast growth of the number of MC particles to be treated. It can
generate memory and/or computational issues.

— On the other hand, in the same conditions, the 'multiplicity’ option ensures having a quite constant
number of particles (= Np;c ). The computation can be carried out.

168



However, these options do not bear the same asymptotical properties and do not capture the same physical
regime. These asymptotical properties will be studied and analysed in section 9.7.

Note that algorithm 1 does not describe treatments for computing integrated values (called ’track length
estimators’ in the literature, see for example [165]) but only punctual one at time ¢ (called ’indicated
value’ in the literature). Integrated observables will be dealt with in chapter 10. In this chapter, we
will consider the linear Boltzmann equation coupled to different systems. In this context, a track length
estimator may be mandatory for consistency.
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Algorithm 1: The MC analog scheme described in term of algorithmic operations in order to
compute (adjoint) u(x,t,v).

1 set u(x,t,v) =0
2 for p € {1,..., Ny} do

3 set s, =t #this will be the life time of particle p
4 set xp =X
5 set v, = v
6 set wy, = %m
7 while s, > 0 and w, > 0 do
8 if z, ¢ D then
9 #here a general function for the application of arbitrary boundary conditions
10 apply_boundary_conditions(xp, s,, Vp)
11 end
12 Sample 7 from the distribution having probability measure f-(x,, sp, s, vp)ds.
13 if 7> s, then
14 #see the treatment in factor of 1 oo[(7) in (9.16)
15 #move the particle p
16 Tp < Xp + VpSp,
17 #set the life time of particle p to zero:
18 sp,+— 0
19 #do not change the velocity of particle p
20 #do not change the weight of particle p
21 #tally the contribution of particle p
22 u(x,t,v)+ = wp X up(xp, vp)
23 end
24 else
25 #see the recursive treatment in factor of 1jg () in (9.16)
26 Sample B from a multinomial law of probability measure f(x,,sp, T, vy, b)db
27 if B=r then
28 if full_analog then
29 #do not change its weight and split the particle
30 create v,.(v,) particles p’ € {1, ..,v,.(v,)} with the same characteristics as p
31 for p’ € {1,...,v.(v,)} do
32 #Sample their velocities from Pl,(xp, Sp, T, Vp, v/ )dv’
33 v, = V' for every created particle p’ € {1,..,v.(v,)}
34 end
35 end
36 if multiplicity then
37 #change the weight of the particle
38 wy — vr(Vp)wy
39 #Sample the velocity of particle p from P, (x,, sp, T, Vp, v/ )dv’
40 v, =V’
41 end
42 end
43 #move the particle p
44 Xp < Xp + VT,
45 #set the life time of particle p to:
46 Sp&— 8 —7>0
47 end
48 end
49 end

The description of algorithm 1 deduced from the recursive set of equations (9.16) shows that the
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analog MC scheme is defined by a set of samplings depending on almost every variables x,t,v,v’. In
practice, some additional approximations are made in order to make the samplings easier to compute.
Those are presented later in section 9.6. Note that during the analog treatment of an MC particle, the
weight of a particle does not change. In this sense, the scheme mimics physics as one can set the initial
weight to m® so that an MC particle represents a physical one. The asymptotic property of the scheme
will be emphasized in section 9.7.

9.3 The semi-analog (Adjoint) MC scheme (implicit capture)

In the previous section, we presented the analog MC scheme built from the integral form (9.7) of the
linear Boltzmann equation (9.1). We furthermore introduced the set of random variables to rewrite it as
an expectation (9.14). The semi-analog MC scheme (also known as ’implicit capture’ in the literature
[173, 268]) starts from the same integral form (9.7)!°. We can start the description of the semi-analog
scheme from (9.9) introducing the probability measure of the interaction time

f‘r (X7 ta v, S)dS = 1[0700[(5)U0t (X - V57t -5 ’U)G_ f(; vo’t(x—va,t—a,v)dads7

Vxtv) e Dx 0,7 xR, O17)
It is the same as in the previous section.
9.3.1 Expectation form over the semi-analog set of random variables
The description of the semi-analog scheme begins with (9.9), reminded here
+1p Oo[ ug(x — vt, V) Oy (V")
/ /
u(x,t,v) // Flog(s) ulx—vst—s,v) os(x —vs,t—s,v,v) | fr(x,t,v,s)dsdv’. (9.18)

oi(x —vs,t — s,v)

The scheme mainly differs from the analog one by the choice of the random variables introduced for the
scattering cross-section. Without loss of generality, we can write

vos(X —vs, t — 8, v, V) =vos(x — vs, t — 5,0)Ps(x —vs,t — s, v, V).

In the above expression, ¥(y,8) € D x [0,T] we have

US(y? /67 U) = 03(y7 /B’V7 v/)dvl’

P(y,B,v,Vv') = %.

The quantity Py (x,t,s,v,v')dv' = Py(x — vs,t — s,v,v')dv’ is positive and is summing up to 1. It is
consequently a three-dimensional probability measure V(x, ¢, v) € D x [0, 7] x R?. The difference between
the analog scheme of the previous section and the one presented here comes from the fact the probability
measure for the samplings of the velocity V' is here averaged over the set of reactions r € {0, ..., Nr}.
Equation (9.18) can then be rewritten

(9.19)

xtv

e

Introduce the following random variables associated to the previously identified probability measures

+1too (5 UO(X_Vtvv)
os(x —vs, t — s,v) fr(x,t,v,s)dsdv’. (9.20)
at(x—vs t—s v)

+1p,q(s)  u(x—vs,t—s,v') P (x,t,s,v,V')

T with probability measure  f-(x,t,v)ds, (9.21)
V' with probability measure P, (x,t,s,v,v')dv’. '

9i.e. the physical weight of the particles of interest, see part I.
10this will not be the case for the non-analog MC scheme of section 9.4.
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Then (9.20) can be rewritten in an adjoint recursive way as an expectation over the above set of random
variables (9.21)

os(x —vT,t — T,v)u
oi(x —v1,t — T,0)

u(x,t,v) =E | 1y oo(T)uo(x — vt,v) 4+ 1y, 4(7) (x—=vr,t—7, V') |. (9.22)

For the semi-analog scheme, the reaction at the interaction time is not sampled. The MC particle endures
an averaged reaction. The ratio ‘;—t corresponds to the probability for the particle of being scattered and

verifies
[NR AL o
E Zz/rér(B) :ZVT—T:—S,
r=0 r=0 gt gt
where B is the multinomial random variable defined in the previous section.

9.3.2 Construction of the semi-analog MC scheme

Regarding the construction of the semi-analog MC scheme, the steps are the same as in section 9.2.2.
We consider "particle’ solutions (up)pe(1,..., Ny} Of (9-22) having the particular form

(3%, £, V) = 1, (1) (5, (8)) 8 (v, (1)). (9.23)
Let us plug them into (9.22) to identify the operations to perform to make sure each (up)pe(1,..., Ny o} 18
solution of (9.22). This leads to
_ peoi(m) wp(0) Ox—vt(%p(0)) dv(vp(0))
OOV = 10 ) Belx— vt = Vwglt = 1) Bemur it 7)) G (Vplt = 7)),

so that the weight, the position and the velocity satisfy

wp(t) = Lo (T)wp(0) 10,0 (7) G (xp(t = 7),t = 7, vt = 7))wp(t —7),

Xp(t) = Lppeo(T) (X0 + vE) 41104 (7)(X¢—r + VT), (9.24)

vy(t) = 1[t7oo[(r)v +10, (r)V'.

Practically, the above system of equation in term of weight, position and velocity leads to the recursive
numerical treatment/algorithm (remember we here detailed the adjoint formulation) summed up in
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algorithm 2.

Algorithm 2: The MC semi-analog scheme described in term of algorithmic operations in order
to compute (adjoint) u(x,t,v).

1 set u(x,t,v) =0
2 for p € {1,..., Ny} do

3 set s, =t #this will be the remaining life time of particle p

4 set xp, =X

5 set v, = Vv

6 set wpy(t) = Nuo

7 while s, > 0 and w, > 0 do

8 if z, ¢ D then

9 #here a general function for the application of arbitrary boundary conditions
10 apply_boundary_conditions(x,, s,, Vp)

11 end

12 Sample 7 from the distribution having probability measure f-(x,, sp, s, vp)ds.
13 if 7 > s, then

14 #see the treatment in factor of 1 oo[(7) in (9.24)

15 #move the particle p

16 Tp < Xp + VpSp,

17 #set the life time of particle p to zero:

18 sy, +— 0

19 #do not change the velocity of particle p

20 #do not change the weight of particle p

21 #tally the contribution of particle p

22 u(x,t,v)+ = wp X up(Xp, vp)

23 end

24 else

25 #see the recursive treatment in factor of 1jg4(7) in (9.24)
26 #change the particle weight

. wp — 0s(Xp, Sp — T, Vp) .

01 (Xp, $p — 7, Vp)

28 #Sample the velocity V' of particle p from P, (Xp, $p, T, Vp, V' )dv’
29 v, =V’

30 #move the particle p

31 Xp < Xp + VT,

32 #set the life time of particle p to:

33 Sp— 8, —7>0

34 end
35 end
36 end

Algorithm 2 only differs from algorithm 1 in the recursive part of the treatment (if 7 < s,). The
sampling of the velocity V' is averaged and the weight of the particle is multiplied by the ratio Z= at the
position and at the instant of the shock. The latter ratio corresponds to the probability for the partlcle
of being scattered. The MC particle does not anymore represent the behaviour of a physical particle
at x,t,v but rather the behaviour of a population of physical particles at x,¢,v. With this treatment,
the weight of an MC particle never goes to zero if o5 #% 0. An MC particle is never explicitly captured
hence the denomination 'implicit capture’ for this scheme. The asymptotic property of the scheme will
be emphasized in section 9.7.

Once again, we insist on the fact that the semi-analog MC scheme is defined by a set of samplings

depending on almost every variables x, ¢, v, v’. In practice, some additional approximations are made in
order to make the samplings easier to compute. Those are presented later in section 9.6.
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9.4 The non-analog (Adjoint) MC scheme

In the previous sections, we presented two MC schemes for solving the linear Boltzmann equation (9.1).
Those are mostly used in neutronics applications. In this section, we describe the non-analog scheme,
intensively applied in photonic ones. As in the previous sections, we first rewrite the linear Boltzmann
equation (9.1) in an integral form. The two previous schemes were both built from (9.7). The non-analog
one is obtained from different changes of variables which are detailed in the next section. We then present
the set of random variables at the basis of the MC scheme. The scheme is also refered as 'capture along
the flight path’ in the literature and care will be taken to emphasize why.

9.4.1 Expectation form over the non-analog set of random variables

First, as in the previous section 9.3, we rewrite the scattering cross-section
vos(x —vs, t — 5, v, V) =vos(x — vs,t — 8,0)Ps(x — vs,t — s, v, V).
In the above expression, ¥(y, 8) € D x [0,T] we have

ou(y, B,0) = / 0u(y, By v, v )dv,

/
Og P,V V.
Ps(y7ﬂ7v,vl) = %

(9.25)

The quantity Py, (x,t,s,v,v')dv' = Ps(x — vs,t — s,v,v')dv’ is positive and is summing up to 1. It is
consequently a three-dimensional probability measure V(x,t,v) € D x [0,T] x R3. Tt is the same as for
the semi-analog scheme of section 9.3. The non-analog scheme now needs the introduction of

04 = 0y — 0.

The quantity o, is not always equal to the absorption cross-section og (cross-section of multiplicity
vy = 0). It is the case only for a particular set of reactions of the form r € {0,1}. Let us decompose o
into o, + o5 in (9.6). This allows keeping the term e~ Jo voe(x=v{t=a)av)da iy factor of ug and u. Now
using the fact that

[sS)
t t :
e~ Jo vos(x—v(t—a),a,v)da e~ Jo vos(x—va,t—a,v)da / 'UO'S(X —vs,t—s, U)e_ I vos(x—va,t—a,v)dads’
t

equation (9.6) rewrites

u(x,t,v) =

oo
s s
+/ uo (X — vt, V)€7 J§ voa (vaa,tfa,'u)da,uo_s (X —vs,t—s, 1))67 Jg vos (vaa,tfa,v)dads
t

: Vo (X —vs,t—s, v)e* Jg vos (vaa,tfa,v)daef Jg voa(x—va,t—a,v)da (926)
""/ ’ N <! ds.
o | % Py(x —vs,t —s,v,v)u(x — vs,t —s,v')dv'.
It is then possible to factorize by
fr(x,t,v,8)ds = 1o o[ (8)vOs(X — Vs, T — 5,v)e” Jo vosGemvast—a)dagg (9.27)

It is also a probability measure (with respect to o rather than o). We then rewrite the linear Boltzmann
equation in another integral form

V)
— [J voa(x—va,t—a,v)da /
[ 1 oo[ up(x — vi, v) e o Oy (V') (9.28)

lio4(s)  u(x—vs,t—s,v) e~ J3 voa(x—vait-av)yda  p (x —vs, t—s,v,V')
X fr x,t,v s)dv'ds.
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Integral form (9.28) obtained here is different from the one (9.7) used for the two previous schemes.
It mainly differs due to the exponential term multiplying vy and u. Let us now introduce the random
variables

T with probability measure  f-(x,t,v)ds, (9.29)
V' with probability measure P, (x,t,s,v,v')dv’. '

Equation (9.28) can then be rewritten in an adjoint recursive way as an expectation over the above set
of non-analog random variables (9.29)

+1[t,oo[(7-> e~ Jivoa(x—va,t—a,v)da U (X — Vi, V)

- 9.30
+lp(T) e Jg voax=vat—av)da u(x —vr,t—7, V') ( )

u(x,t,v) =E [
In the next section we deduce the MC treatments to apply to solve (9.30).

9.4.2 Construction of the Adjoint non-analog MC scheme

The steps for the construction of the non-analog MC scheme are similar to the previous ones. Let us
consider "particle’ solutions (up)pe(1,....Nyo} Of (9.30) having the particular form

up(X, 1, V) = wp(t)0x (% (£))dv (V5 (1)) (9:31)

Let us plug them into (9.30) in order to identify the operations to perform to make sure each (up)pe(1,... . Ny}
is solution of (9.30). This leads to

i (13 (5 (1)) 84 (v, (1)) = t
Flua(™) wp(0)  Beowi(p(0)  B(vp0) e forolevatmanda
Flog(m)  wplt—7) Seer(xplt = 7)) Bu(vp(t—7)) e 5 Prelxovatanide

so that the weight, the position and the velocity satisfy

wp(t) — 1[t,oo[(T)wp(O)e_ fot Vo, (x—va,t—a,v)da +1[O,t] (7)6_ fOT vda,(x—va,t—a,v)dozwp(t _ ,7_)7
x,(t) = 1[t’oo[(7')(x0 + vt) +1[0,4 (7)(Xt—r + VT), (9.32)
Vp(t) = Lpoo(T)V +10,4(7)V".

Practically, the above system of equation in term of weight, position and velocity leads to the recursive
numerical treatment/algorithm (remember we here detailed the adjoint formulation) summed up in

175



algorithm 3.

Algorithm 3: The MC non-analog scheme described in term of algorithmic operations in order
to compute (adjoint) u(x,t,v).

1 set u(x,t,v) =0

2 forp=1€{l,..,Nyc} do

3 set s, =t #this will be the life time of particle p

4 set rp, =X

5 set v, = Vv

6 set wpy(t) = Nuo

7 while s, > 0 and w, > 0 do

8 if z, ¢ D then

9 #here a general function for the application of arbitrary boundary conditions
10 apply_boundary_conditions(x,, s,, Vp)
11 end
12 Sample 7 from the distribution having probability measure f-(x,, sp, s, vp)ds.
13 if 7 > s, then

14 #see the treatment in factor of 1 oo[(7) in (9.32)

15 #change its weight

16 w, « e~ fosp vpaa(xp—vpa7sp—a,vp)dawp

17 #move the particle p

18 Tp < Xp + VpSp,

19 #set the life time of particle p to zero:

20 sp +— 0

21 #do not change the angle or velocity of particle p

22 #tally the contribution of particle p

23 u(x, 6, v)+ = wp X up(Xp, vp)
24 end
25 else

26 #see the recursive treatment in factor of 1jp () in (9.32)

27 #change the particle weight

28 w, « e fOT Upaa(xp—vp(x,sp—a,vp)dawp

29 #Sample the velocity V' of particle p from P, (Xp, $p, T, Vp, V' )dv'’
30 v, =V’

31 #move the particle p

32 Xp < Xp + VpT,

33 #set the life time of particle p to:

34 Sp— 8, —7>0
35 end
36 end
37 end

Algorithm 3 mainly differs from the two previous ones (algorithms 1 and 2) by the fact that
— the interaction time is sampled from o, rather than from oy,
— the weight of the particle is modified along its flight path.

The sampling of the velocity V' is averaged over the set of reactions at the position and at the instant of
the interaction (as in section 9.3). Once again, the MC particle does not anymore represent the behaviour
of a physical particle at x,¢,v but rather the behaviour of a population of physical particles at x,t¢,v
averaged in a homogeneous media. Indeed, the weight modification along the flight path of a particle
corresponds to the solution of a punctual/homogeneous problem given by

OsUx 1 v(8) = —voq(x — vs,t — 5,0)Ux v (5). (9.33)
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It is equivalent to having

Ux7t,v(t) — e Jlvo, (x—va,t—a,v)da (934)

9]

Ux,t,v (O) ’

and exactly corresponds to the weight modification along the flight path of each MC particles. The
asymptotic property of the scheme will be emphasized in section 9.7.

We have already insisted on the fact that the non-analog MC scheme is defined by a set of samplings
depending on almost every variables x,t,v,v’. In practice, some additional approximations are often
made in order to make the samplings easier to compute. Those are presented later in section 9.6.

9.5 Direct formulation and direct set of random variables

In the previous sections, we described the different sets of samplings/random variables allowing an MC
resolution for the adjoint formulation. The built MC schemes allowed computing the solution at a
priori prescribed points (x,t,v) of the simulation domain. In many applications, one is interested in the
solution on the whole domain at a given time, i.e. Vx € D and at time ¢ € [0,7]. In order to be able
to compute the contribution of MC particles on the whole domain, it is convenient adopting a direct
formulation.

9.5.1 Adjoint and direct formulations of the same transport equation

The linear Boltzmann equation of unknown % from which we built the three previous adjoint MC schemes
is recalled here

Ou(x,t,v) + vo,u(x,t,v) = —voy(x,t,v)u(x,t,v) + vos(x,t,v) /PS(X,t,v,v')fc(xt,v’)dv’. (9.35)

The notations of (9.25) for the scattering term are applied. The direct counterpart of (9.35) is given
(see [219]) by

—Ou(x,t,v) — voyu(x,t,v) = —voy(x,t, v)u(x,t,v) + /v’as(x,t,v’)PS(x,t,v,v’)u(x,t,v’)dv’.(9.36)

In this section, @ is solution of the Kolmogorov Backward equation and u is solution of the Kolmogorov
Forward equation, see [219]. Let us introduce vog(x,t, v)Ps(x,t,v,v’) such that

vos(x,t,v)Ps(x,t, v, V') = v'og(x,t, V) Ps(x,t,v,v').

By definition we have
vog(x,t,v) = /v’as(x,t,v’)PS(x,t,v,V’)dv’,

and

v'og(x,t,v')Ps(x,t,v,v")

Ps(x,t,v,v') = (9.37)

vog(x,t,v)

The above expressions are general and independent of the shapes of the cross-sections. The previous
definitions allow rewriting (9.36) as

—0wu(x,t,v) — vOyu(x,t,v) = —vo(x, t, v)u(x,t,v) + vog(x,t,v) /PS(X,t,v,v’)u(x,t,v’)dv’.(9.38)

In the following section, we present the non-analog direct MC scheme in order to solve (9.38). The
constructions of the direct analog and semi-analog ones are not presented, they would be redundant and
do not present particular additional difficulties.
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9.5.2 Direct Integral formulation for the non-analog scheme

Exactly as in section 9.2, we suggest rewriting equation (9.36) in an integral form, as an expectation over
an identified set of random variables and obtain the direct set of samplings for the non-analog scheme
of section 9.4. Equation (9.38) rewritten on a characteristic becomes

—0su(x +vs,s,v) = —voy(x + vs, s, v)u(x + vs, s,v)

+UGS(X+VS7S7U)/PS(X+VS,S,V,V/)U(X+Vs7s7vl)dvl. (939)

Integrating the total cross-section term in the time derivative, we obtain

s
—dsu(x +vs,s,v)e~” Jo vor(xtvasav)da

" 9.40
vog(x 4 vs, s,v)e Jo vorxtveav)da / Ps(x +vs,s, v,V )u(x + vs,s,v')dv'. (9.40)
Integrating the latter equation with respect to time on the time step [0, t] we get
up(x,v) = u(x + vt, t,v)e o vor(xtva,av)da
e~ Jo vor(x+va,a,v)da (941)

t | vog(x—+vs,s,0)
—I—/ dv'ds.
0

Ps(x+vs,s,v,vu(x +vs,s,v')

Let us introduce the quantity
Op =0 —0g8.

Cross-section 04 does not generally denote the absorption cross-section gg. It is, under certain assump-
tions (only two reactions og,0; with o7 of multiplicity v; = 1 for example). Applying the change of
variable 8 = a — t we obtain

ug(x,v) = u(x+ vt t,v)e” Jo voa(xtva,av)da - vog(x +vs, s,v)e” Jo vos(xtva,av)da
¢ [ vog(x+vs,s,v)e Jo vos (xﬁ"o"a’”)dae* Jo voalxtva,aw)da (9.42)
+/0 /Ps(X—|—VS7S,V7V/)’U,(X-|-VS,S,VI)dV/ ds.
Let us introduce the probability measure of the interaction time
fr(x,t,v,8)ds = 1|9 o[ (s)vO5(X + Vs, 5,v)e” Jovas (xtvesavyday (9.43)

and the probability measure of the outer velocity
Ps(x +vs,s,v,v)dv'.
Then the expectation form of (9.42) is given by

Flpoef(r) u(x+VE 1Y) el roalervaande

g 9.44
Flog(r)  ulx+vr,7, V) e I voatbevamda (9.44)

u(x,v) =E

The above expression (9.44) relates recursively the initial condition ug to the solution at different times
t > 0 and a priori unknown positions and velocities x € D,v € R? at time t.

9.5.3 Construction of the direct non-analog MC scheme

The steps for the construction of the direct non-analog MC scheme are once again pretty similar to the
previous ones. Let us consider 'particle’ solutions (up)peq1,..., Ny o} Of (9.44) having the particular form

up (X, 1, v) = wy()0x (%p()) oy (v (1)) (9.45)
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Let us plug them into (9.44) in order to identify the operations to perform to make sure each (u,)pe1
is solution of (9.44). This leads to

e~ fot vo A (x+va,a,v)da

O (016 (w0 — L) W) Sl 8 (vp(0) e
P(O)éx( p(o))dv( P(O)) +1[0’t](7) U)p(T) 5x+v7’(xp(7—)) 6V’(Vp(7—)) e~ Jo voa(xtva,av)da

The weight, the position and the velocity satisfy

wp(()) _ 1[t,oo[(7-)wp(t)67 fot vo A (x+va,a,v)da +1[0,t] (7_)67 Iy v(rA(ervoz,()m;)d(;va(7,)7
Xp(0) = Lipoo(T)(3¢ — V1) +10,4(7) (%7 — vT), (9.46)
Vp(o) = 1[t,oo[(7—)v +1[0,t] (’T)VI.

Practically, the above system of equation in term of weight, position and velocity leads to the recursive
numerical treatment/algorithm (remember we here detailed the direct formulation) summed up in algo-
rithm 4. Algorithm 4 mainly differs from the previous backward ones due to the initial sampling step
which consists in making sure the MC particle discretisation of the initial condition is representative of
ug. The sampling part of the algorithm is briefly and generally described in algorithm 5. But it deserves
a more detailed attention and will be dealt with in section 9.8 in a more practical way (once a grid
introduced for example). Once again, the MC particle does not anymore represent the behaviour of a
physical particle at x, ¢, v but rather the behaviour of a population of physical particles at x, t, v averaged
in a homogeneous media. The weight modification along the flight path of a particle corresponds to the
solution of a punctual/homogeneous problem given by

OsUx tv(8) = —voa(x+vs,8,0)Uxt v($). (9.47)
It is equivalent to having
Ux t v(t _ ft
)t —e Jo 'ucr;;(x#»va,oz,'u)doz7 0.48
Ux,t,v(o) ( )
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which exactly corresponds to the weight modification along the flight path of a particle.

Algorithm 4: The MC non-analog scheme described in term of algorithmic operations in order
to compute (direct) U(x,t).

1 #Initialize to zero the quantity of interest on the whole simulation domain D
2 set U(x,t) =0Vx €D

3 #SAMPLING: call the sampling algorithm 5

4 Sampling(Ny¢)

5 #TRACKING: make sure each u, is an MC particles

6 for pe {1,...,Nyc} do

7 set s, = 0 #this will be the current time of particle p

8 while s, <t and w, > 0 do

9 if 2, ¢ D then

10 #here a general function for the application of arbitrary boundary conditions
11 apply-boundary_conditions(x,, sp, V;)
12 end
13 Sample 7 from the distribution having probability measure f-(x,,sp, s, vp)ds.
14 if 7 >t then

15 #see the treatment in factor of 1 o[(7) in (9.32)

16 #change the particle weight

17 w, « e fgt*'r vpaA(xp+vpa,sp+a,vp)dawp

18 #move the particle p

19 Xp =Xp — Vp X (t —17T),

20 #set the life time of particle p to zero:

21 Sp—t

22 #do not change the angle or velocity of particle p

23 #tally the contribution of particle p

24 U(xp, t)+ =w,
25 end
26 else

27 #see the recursive treatment in factor of 1jg4(7) in (9.32)

28 #change the particle weight

29 w, « e fUT vpa'A(xp+vpo¢,sp+o<,vp)do¢wp

30 #Sample the velocity V' of particle p from P, (Xp, $p, T, Vp, V' )dv’
31 v, =V’

32 #move the particle p

33 Xp ¢ Xp — VpT,

34 #set the life time of particle p to:

35 Sp— Sp+ 7 <t
36 end
37 end
38 end

We here derived the direct counterpart of the non-analog MC scheme. The derivation of the analog
and the non-analog ones are almost identical. We just want to hint at the fact that the semi-analog
scheme may be an interesting solver if one needs to solve both the direct and the adjoint problem in
the same simulation code. Indeed, it limits the differences between the direct and the adjoint solvers
(the only difference coming from the ’inversion’ of the scattering laws) with a relatively good asymptotic
variance (see section 9.7) ensuring a good compromise between accuracy/efficiency of the solver and
development /verification times (V&V, see [13]).
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Algorithm 5: Sampling step in order to represent the initial condition ug(x,v) with Nyse MC
particles. More details are given in section 9.8.1.

1 Function sampling(Nasc )

2 | compute Uy = I%\ Jp [J uo(x,v)dxdv

3 #SAMPLING: Sample the MC particles in order to represent the initial condition ug(X, V)
4 for p e {1,..., Ny} do

5 #Introduce the probability measure dug(x,v) = %’:V)dxdv

6 #Sample the correlated realisation X,, V),

7 (Xp, V) = sample_from_dug() #This function is detailed in section 9.8.1

8 set x, = X,

9 set v, =V,

. _ Uy

10 set w, = Nuc
11 end
12 return The population of MC particles is an Npyjo approximation of the initial condition

The three most common MC schemes in order to solve the linear Boltzmann equation have been
presented all along the previous sections. We identified the samplings they imply and the algorithmic
treatments induced. The developer familiar with MC code/resolution may not exactly recognize the
samplings detailed above, mainly as they were presented in their most general form. We did not make
any assumptions on the ’shapes’ of the cross-sections with respect to (x,¢,v) because we wanted to
highlight the fact that an MC scheme does not need them. In the following section, we present some
classical approximations. We insist on the fact that they are only introduced in order to simplify the
computations for the samplings and are not dictated by the MC resolution. Furthermore, we presented
three MC schemes but we did not compare their relative performences. In section 9.7, some theoretical
considerations on the convergence of the MC schemes (their asymptotic variance, their moments of high
orders) are detailed. We first tackle the most common approximations encountered in MC simulation
codes in order to simplify the samplings.

9.6 Common approximations to simplify the samplings and res-
olutions

In the above descriptions of the three most common MC schemes (adjoint or direct), we identified four
sets of probability measures. The samplings from the latters can be very complex in practice mainly due
to the dependence with respect to (x,t,v) of the cross-sections. Our aim in this section is to present the
most classical approximations used in order to simplify those samplings. Developers of MC codes will
be able to recognize the operations they apply together with the set of assumptions made. We insist
that none of these choices are induced by the MC discretisation but rather by practical considerations.
To emphasize this, we review the previous different samplings (time interaction, energy/angle) and state
the most common assumptions made. We also highlight some (scarcely applied in practice) possibilities
in order to sample the interaction time and compute the weight modification of the MC particle along
its flight path. These new possibilities paves the path toward the new MC schemes [3] we present in the
next chapter 10.

9.6.1 The interaction time 7 of probability measure f.(x,t,v,s)ds

We first consider the sampling of the interaction time denoted by 7 in the previous sections, having
probability measure f;(x,t, v, s)ds. Depending on the MC scheme, f. may imply

— the use of the total cross-section o (see sections 9.2 and 9.3),

— or of the averaged scattering cross-section o (see section 9.4) or its direct counterpart og (see
section 9.5).
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In order to treat the more generally possible every cases, we here introduce the (more concise and lighter)
notation

Jr(x,t,v,8)ds = 1jg oo[(5)vO (X + Vs, 5,0)e” Jo volxtvasavydagg (9.49)

Expression (9.49) corresponds to the direct counterpart of the probability measure of the interaction
time, see (9.43), rather than the adjoint one (9.27). But the material of this section can be directly
applied in the adjoint samplings once noticing that

Padjoint(T < t) _ ]P;direct(T < 715).

The above relation can be deduced comparing (9.27) and (9.43) for example.
In order to sample from an arbitrary probability measure, a common method consists in inversing its
cumulative density function (cdf) defined by

Fr(x,t,v,s) = / fr(x,t, v, a)da. (9.50)

It is a classical probability result [256] that if &/ ~ U(]0, 1]) is sampled from a uniform random variable
on [0,1], then 7, defined by

U=F.(x,t,v,7), (9.51)

follows the desired distribution. If we now use the expression of the probability measure (9.49) in (9.51),
we get

U=Fr(x,t,v,7) Z/ fr(x,t, v, a)da :/ Vo (X 4 vs, s,v)e” Jo voxFvaav)dag,
oo 0
—1_ ’UU(X +vs, s, ’U)e_ fog UU(x-i-va,(x,v)dadS’ (952)

—-1— 61 Iy va'(erva,a,v)da.
Noticing that if 2 ~ U([0, 1]) then U = 1 — U ~ U([0,1]), we can write without loss of generality
—In(UU) = / vo(x + va, a,v)da. (9.53)
0

The above expression is analytical but even if we have access to the function x,t, v — o(x,t,v), this
does not imply the integral in (9.53) is easily invertible along the flight path of each particle (i.e. for
every direction w = ¥ from position x). In practice, some approximations are made in order to make
the sampling easier. The most common choice is presented in the next section.

The classical approximations for the interaction time

If the integration along the flight path is difficult, some additional assumptions can be made in order to
simplify the samplings. For example, it is usually assumed the cross-sections are constant

— with respect to time for a given set of non-overlapping time steps such that [0,¢] = U?gl[ti, i),
— and with respect to space for a given set of non-overlapping cells such that D = vaz"l D;.

During one time step [t",t"T1] of size t"*! — " = At,, the cross-section may be approximated by
o(x,t € [t "], 0) ~ Y1 07 (0)1p, (x), where

tn+1

1 1
o) = — — dxds.
o (v) D] /Di At ) o(x,s,v)dxds
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The sampling of the interaction time is now easier as (9.53) becomes

—In(Y) :/ vo(x + va, o, v)da,
0

Nx or (9.54)
~ Z/ vl (v)1p, (x + va)da.
i=1"0
Suppose the particle stays within the same cell D; between two events, then
In(U
= 2l) (9.55)
vol(v)

It corresponds to the classical sampling of an exponential law of parameter vo}(v). It is denoted by
E(vol(v)) in the following lines. Expression (9.55) is independent of the energy/velocity discretisation
of o(v) and additional approximation for this dimension may be performed.

Depending on how the cross-sections are averaged with respect to time and space, such hypothesis
may be more of less constraining. For example, in keg computations in neutronics, the cross-sections do
not depend on time and the spatial change in cross-sections depends on the choice of the materials. In
other words, for such physical applications, it is enough spatially describing the skin of the materials to
be analytical/exact. In this case, the approximation is not restrictive. When dealing with irradiation in
neutronics, see [97, 98, 148, 95, 96],[3], the approximation may not hold as cross-sections may bear fast
evolution during one time step (see section 10.1). In photonic applications, see chapter 10, one may need
either a very fine mesh either an MC scheme having particular properties (see section 10.2) with respect
to the cell size |D;|.

Suppose now the particle crosses several cells along its flight path. Without loss of generality we can
assume the particle only crosses two cells and apply the result in a recursive way. Let us denote by D;
and Dy the crossed cells and introduce t. € [0, 7] the time in interval [0, 7] at which the particle reaches
the interface between the two cells. In this case, (9.53) becomes

—In(U) = fotc volt(v)da + ft: vod (v)da,

—InU) = twol(v) + (1 — te)voy (v). (9.56)

In this case, the interaction time can be rewritten

Lo D@ (1_0?(0)), (9.57)

o3 (v) a3 (v)

Expression (9.57) recovers the classical exponential sampling (9.55) if
— the particle stays within the cell,

— or even if the cross-sections are the same on each side of the interface. If o} = 0%, then the

corrective term in (9.57) is zero the interaction time degenerates toward (9.55).
In(U)
voy (v)
which the particle crosses the interface between the two cells but also on the ratio of cross-sections on
each sides of the interface. Due to the memorylessness of exponential laws (see [219]), we can rely on
another solution in order to sample the interaction time when the particle crosses the interface between
two cells. Statistically, (9.56) is also equivalent to

If t. € [0,7] and o} # 0}, a correction to the sampling —

is applied. It depends on the time ¢, at

Tl LS RS QR (9.58)

— " wor(v)’ _
0 It

In(Uy) if i <t then 7 =7,
o)) an else o, =
5 =

where (Uy,Us) are two independent uniform random variables on [0,1]. If the MC particle stays in the
same cell, (9.58) degenerates toward (9.55). If not, even if o] = oF, a new uniform sampling Uy is
introduced. This sampling is intensively applied in MC codes. It practically means that

— we can stop any MC particle at the interface between two cells,
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— decrease its life time by .,
— and sample a new uniform random variable in order to obtain a new sampled interaction time.

Equations (9.58) and (9.57) are statistically equivalent, the first one only needs one sampling whereas
the second one needs as many samplings as crossed cells. With nowadays computers and random number
generators (RNGSs), sampling one random variable or a set of several is not constraining. But we can
imagine the corrected sampling (9.55), needing only one sampling, may have been interesting on architec-
tures which were not able to ensure a large enough periodicity [171] of the RNGs or for computationally
intensive ones [171, 220].

The reader interested in both adjoint and direct resolutions may notice that such approximation
with respect to time and space has the following property: direct and adjoint samplings are the same.
Performing the same computations as in (9.52) but to the adjoint formulation of the interaction time
probability measure leads to the same expression of 7, given by (9.55)!!. In this particular case, for the
analog and the semi-analog schemes for which the interaction time is sampled from o, the samplings
are the same in adjoint and direct formulation.

An original approximation in order to sample the interaction time

The above approximation is commonly used in many MC codes. It presents the drawback of imposing
the same time and space discretisation to every simulated MC particles. For example, suppose there
exists two main areas in a simulation domain

— A; where o needs small time steps to be accurate,
— and Ay where o remains constant with respect to time.

Then an MC particle in area 45 will be imposed the same time step as the one in area A; whereas it does
not need it. In practice, this can lead to possible loss of computational time. On another hand, expression
(9.49) shows that the time discretisation for sampling the interaction time only depends on the flight path
of the MC particles. Now, assume we have access to the function V(x,t,v) € Dx [0, T]xRT — o(x,t,v).
The question is what prevents us from analytically sampling from (9.49) via (9.53)? The main difficulty
may come from the fact that an analytical integration in (9.53) Vw = ¥ € S? is difficult. In this section,
we introduce a new approximation, motivated by the previous observation, which is intensively used in
chapter 10 for the new unsplit MC scheme presented in [3].

Let us introduce a sequence of time steps (At} = ;7" —t1);c(1, . yry depending on the MC particle

p such that Vp € {1,..., Nyco}, vaztpl At? = t, and such that we can approximate (9.53) along the flight
path of each particle by a (second order here) numerical integration strategy

¢
/ vo (X + va, a,v)da
0

N A (9.59)
2

~ v

i=1

(1[0,7] (t;)a(x + Vt’zi,7 t;, v) + 1jo,7] (t;+1)a(x + Vt;+1, t;"’l, v)) .

The number of integration point N? depends on the MC particle p. In fact, it depends on the time

and spatial area it evolves in. Where steep gradients of x,s,v — o(x + vs, s,v) are encountered, N}

may be important whereas it may be smaller where o behaves as a constant. Note that in (9.59), the

integration is a second order one but higher order ones (quadrature rules, Simpson, Gauss-Lobatto, or

others as chapter 5 of part II etc.) could have been used. The integration method here is not really the

purpose. The idea is that the integral in (9.59) can be approximated along the flight path of a particle
v

of direction w = 7 summing the contribution in each sub-interval [t?, tF1]. From (9.59), we can obtain
an approximation of the sampling 7: for a realisation U of a uniform random variable on [0,1], let us

1 The only difference comes from the fact particle crosses first cell D2 and then eventually cell D;.
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denote by n? the first i € {1,..., N/'} such that

nP
o AP ) o ) . .
—In(U) < vT' (Lo, (th)o(x + vt th, v) + Lo 1 (t5 o (x + vipth 57 v) . (9.60)
i=1

Then t"7 = 77 4+ O ( max }(Atf)”) is an approximation of order 2 of the exact sampling 77 and is

i€{1,...,N
built along the flight path of the particle. It needs the evaluation of function x,s,v — o(x + vs, s, v)
at successive positions x + vt; and times t; for i € {1,...,n2 4+ 1}. The previous process for sampling 77
is licit even for discontinuous cross-sections (jump at a cell interface for example), it does not need any
regularity assumptions. In fact, it resumes to approximating the interaction time sampling thanks to a
discrete law of (not equiprobable) states ¢ € {1,..., N’}. This strategy is intensively applied in [3] in a
coupling context (see also chapter 10).
In the next section, we recall the most common approximations made on the cross-sections with
respect to energy v and angle w (such that v = vw).

9.6.2 The energy and angle correlated samplings V' = V'’

Depending on the scheme of interest, the scattering velocity can be sampled
— from PY;, as in (9.11) for the analog scheme of section 9.2,
— or from Py, as in (9.25) for the semi-analog and non-analog ones of sections 9.3 and 9.4,
— or even from P{’;, as in (9.37) for its direct counterpart in section 9.5.

In order to treat every MC schemes, we simplify the notations and consider the probability measure of
the random variables V/ = V'W' where V' = [V’| and W’ = ¥ is denoted by

Py (v,v)dv' = Py w (Vo' vw)dv'dw’ = Py (v, 0,0’ w)do'dw’.

At first glance, one may argue the last expression neglects spatial and time discretisations. It is in fact
general enough: velocity changes being punctual, i.e. only at the interaction times and not integrated
along the flight path of the MC particles, space and time are only parameters of the sampling law. They
can be dropped in the following descriptions.

Treating the correlated samplings of V', W’

Depending on the physics of interest, the energy v = |v| and the angle w = ¥ can be independent or

correlated. In neutronics, they are correlated. Sampling from a multidimensional law can be complex
and time consuming (see Gibbs algorithm, Metropolis-hasting etc. [252, 46]). Such strategies may not
be affordable as our MC resolution needs a correlated sampling at each interation (which can be very
frequent especially in diffusive media, see section 10.2). In order to avoid such difficulty, the scattering
energy and angle cross-section Py - is often pretreated in order to ensure a sampling of the energy V'
followed by a sampling of the angle W' conditional to the inner and outer energies (v, V’). For this, the
marginal probability measure for the energy is introduced:

/PV/,W/(U’,v,w’,w)dw’
// Py (V0,0 w)dw'do’

It allows defining the conditional angular distribution by

Py v (v)dv' = dv’.

PV’,W/(Ulv v, w/7 OJ)
PV/(U/,’U)

Py yw (v 0 w) = , which sums up to 1 with respect to w’ by definition.

12+ is the order of the integration method and v = 2 if we choose (9.59) as integration rule.
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With the above definitions, the process consists in first sampling the energy V'’ knowing v from the
probability measure
PU,V’ (U/)dvl7

and then sample the angle conditionally to having the triplet v,w, V' from probability measure
P,yviw (V0,0 w)dw = P, yrowr (v, v,w - w')dw'.

Note that depending on the physics of interest and the shapes of the data o, it may be more efficient
from a computational point of view to build first the probability for the angle W’ and sample the energy
conditionally to the sampled angle W’. The pretreatments are almost the same and the above description
is general.

In the particular case of monokinetic particles and isotropic scattering, i.e. o4(v',v,w’,w) = oy, the
direct and adjoint energy and angle samplings are the same.

Once the conditional distribution obtained...

Suppose now the physical data o, are pretreated as above, implying a first sampling of the energy V'
then a sampling of W’ conditionally to (v,V’). In practice, it is once again all about inversing the cdfs
of the two probability measures. Let us introduce two independent samples Uy ,Us of a uniform random
variable, then (V/,W') are defined by

Uy :/ P, v/ (v)do,
- (9.61)
Uy = / P,yviw (0, V5 iw-w)dw'
— 00
The complexity of the above samplings directly depends on the physical constants os. For example,
Vv, the probability measure P, y/(v')dv’ may be discretised by a sequence of G + 1 points such that
U?zo[vg, vg4+1] = R* together with normalized'® basis functions (¢4(v'))geqo,....oy defined on every subin-
terval [vg, vg11]. Introducing 14 (v') =1y, , 4 ,,,)(v"), we get the discretised measure

G
P,y (v')dv' ~ Z Pgﬁg’ (V) 1y (v')do".
g’'=0

The above expression is general, it can both describe punctual cross-sections or multigroup ones [249,
71, 173, 268] depending on the shapes of the basis functions (¢g)seqo,....¢3 and the definitions of the

coefficients (P{?/)g/e{o,...,c}- Independently of this choice, the sampling of the energy V' with discrete
cross-sections can be made once again by conditional samplings. First, sample the outer subinterval G

by inversing a discrete probability measure: sample a uniform random variable Ug verifying

h
> P!
_ . g9’'=0
g= he{r&fg} Ug < (77— (9.62)
> P
9'=0

Then use the shape of the basis function ¢g(v) in the sampled subinterval G to obtain V’ from another
uniform random variable Uy s such that

Uy = [ b6 (v)) . (9.63)

such that Vg € {0, ...,G}, [ ¢q(v)1g(v)dv = 1.
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Sampling (9.63) is conditional to being in subinterval G. Of course, in general, the basis functions
(¢g)geqo,....cy are chosen so that the computation of (9.63) can be carried out analytically (linear, log-
linear, log-log on the subintervals [vy, vg11]gefo,....¢1). Regarding the conditional sampling for the angle,
the process is quite the same. The main difference comes from the format strategies: for example
Legendre polynomials may be used in order to represent the anisotropy of the scattering cross-sections
[173, 268]. There exists many other ways depending on the physics of interest.

With the previous descriptions, the practical samplings with respect to energy and angles strongly
depend on the format of the data available. It is up to the developer of the MC scheme to adapt the
above material to its physics of interest and ensure performances with respect to memory and CPU
consumption.

9.6.3 The modification of the weight of the particle w,(t)

The aspect by which the three presented schemes, analog/semi-analog/non-analog (adjoint or direct),
differ most may be the modification of the weights or not of the MC particles. We denote by 7 the
interaction time for an MC particle p, independently of the choice of the MC scheme. We then have:

— for the analog scheme (’full_analog’ option), the weight w,(t) = w,(0),Vt € [0,T] is kept constant.
It does not change all along its flight path nor after a collision. It can be considered changed at a
collision if the MC particle is captured/absorbed (reaction o). In this case, the weight becomes
zero wy(7) = 0. In practice, it is more efficient ’killing’ the MC particle, i.e. removing it from the
list of MC particle to treat, than tracking a particle with zero weight.

— For the semi-analog scheme (or the analog one with the 'multiplicity’ option), the weight w, () of an
MC particle does not change all along its flight path. But it is multiplied, locally at position x+v7
and time 7, by the probability of being reemitted/scattered, i.e. wy(7) = 25(x + v7,7,v)w,(0)
(direct form recalled here).

— For the non-analog scheme, the weight w,,(¢) of an MC particle changes all along the flight path of
the particle. It is multiplied (direct form explicited here) by the solution of the punctual/homoge-
neous problem (9.83):

wp(T) — e Iy UUA(x+va,a,v)da,wp(0).

Note that in this particular case, an MC particle crossing the interface between two cells has its
weight affected whereas this was not the case for the previous schemes. Suppose the cross-sections
are considered constant with respect to x in each cell and assume the MC particle crosses two
cells D; and Dy (and recursively an arbitrary number of cells), then o4(x,t,v) = o (t,v)1p, (x) +
0% (t,v)1p,(x). Denote by t. € [0,7] the time at which the MC particle reaches the interface
position between those cells, then

'wp(T) _ U/p(O) e ff: 1;0124(04,1))da’

T 2

wp(T) = wp(tc) e I voa(av)da

e~ Jie voly (e,v)de

As testifies the above expression, the weight modification can be expressed with respect to the
weight of the particle at time t.. The MC scheme by construction handles discontinuities of
the cross-sections at the interface. In fact, what is important here is consistency between the
samplings of the interaction time and the weight modification: the treatments must be made with
the same hypothesis. For example, take the common approximations detailed in section 9.6.1 for
the interaction time for og, consistent approximations on o4 must be made, i.e. o4(x,t,v) =
o™ (0)11(x) + 05" (v)12(x). The resulting weight modification is given by

wp(r) = wp(0) €K e(w) et A O, (9.64)

wy(r) = wy(te) e—vo k" (V) (T—tc) .
On the fly computation strategies similar to the one presented in section 9.6.1 (cf. equation (9.60))
can also be applied for the weight modification. This is the case in [3] for example, and it will be
studied in the next chapter 10.

187



Depending on the approximations chosen in the previous sections, the expressions of the weight mod-
ifications, samplings of the time interaction, energy and angle, for the different MC schemes can be
considerably simplified. We insist consistent treatments for all the samplings must be made in order to
ensure an MC convergence (i.e. depending only on Nps¢).

9.7 Variance and moments of the MC schemes

In the previous sections, we described three'® converging MC schemes. Convergence implies they ensure
obtaining asymptotically the same results for the mean, the first moment of the particle distribution.
Obviously, the schemes differ (see the samplings). But it is hard a priori having any idea of their
performances. The Central Limit theorem [256, 165] states that their performance differences can be
expressed in term of convergence rate/variance'®. They will also be compared via the physical regime
they capture. The aim of this section is to give an idea of how we can choose an MC scheme having
in mind a particular physical regime. For this, we study the asymptotic behaviours of the MC schemes
with respect to the variance'® of the population of particles in a monokinetic homogeneous configuration:
it corresponds to the case of an infinite medium with constant cross-sections with respect to time, space
and energy. With these assumptions, the transport equation (9.1) resumes to

o, / u(t, w)dw + vor / u(t, w)dw = o, / WPy w)ult, o' ). (9.65)

From the definition of P, ensuring!” Vw € S2?, J Ps(w',w)dw’ =1, it even simplifies to the classical ODE
U (t) + vor U(t) = voU(t).

Its solution is U(t) = Upe 7" where U(t) = [ u(t,w)dw. In the following section, we verify the three MC
schemes are converging for the mean solution M; (t) = U(t). We furthermore compute their asymptotical
higher order moments. The latters will allow comparing their performances.

9.7.1 Asymptotic variance of the analog scheme (full analog and multiplic-
ity)
In order to compute the first two moments of any analog MC solution of (9.65), we have to come back

to the expectation form of the transport equation from which the MC scheme is built. For the analog
scheme, the recursive equation (9.14) simplifies to

Ngr
Ut) =E [1jp,00((T)U0 + 1jo.(7) D Ut — 1), 0.(B) | - (9.66)
r=0

In the above expression, we recall 7 ~ £(vo;) and B ~ M(r € {0,...,NR},(Z—:)TG{O,_”’NR}). Let us
expand the recursive part into an infinite sum over the number of interactions. The first term in (9.66),
with Uy in factor, corresponds to the event 'there is no interaction between times 0 and ¢’. The second
term of (9.66) corresponds to the event ’there is at least one interaction between times 0 and ¢’. We here
introduce a new random variable, function of the already defined ones, S; = 22:0 T where 1, ~ E(voy)
Vk € {1,...,i} are independent identically distributed. It is well-known S; follows a Gamma law of
parameters (voy, i), denoted by S; ~ T'(voy,4)'®. Let us introduce X; the stochastic process induced by

the possible histories of any MC particles, it is given by

) k Ngr
X = Z Uol[()’t] (Sk)l[t,oo[(Sk + Tk+1) H ( VT.57.(Bi))> . (9.67)
0

k=0 =1 \r=

14Four if we count the ’full_analog’ and the 'multiplicity’ options of the analog scheme.

15the Central Limit theorem states that the variance (if obtained from an unbiased estimator, see [256]) is an error
estimator.

16and even some high order moments for the semi-analog and non-analog schemes in sections 9.7.2-9.7.3.

171t only corresponds to a pretreatment of the cross-sections.

18this can be proven by first convoluting two pdfs of two exponential laws and then by recurrence.
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In the above expression, k denotes the number of interactions encountered by any MC particles for times
in [0,¢]. The indicatrices
110, (Sk)Lt,00[(Sk + Th1)s

express the fact an MC particle encounters exactly k interactions during the interval of time [0, ¢]. The
product over 4 corresponds to the different scenarii/reactions a particle can encounter during any of these
k interactions. In this section, we consider the 'multiplicity’ option detailed in remark 9.1 of section 9.2.
It consists in multiplying the weight of an MC particle enduring reaction ¢ by v;. We choose here
to study this option because it is less common than the 'full_analog’ one (which is intensively studied
[285, 200, 18, 144, 246, 199] in term of high order moments). The results for the ’full_analog’ option are
recalled in remark 9.2. The first moment of X, M;(t) = U(t), is defined by

k /Ng
Z U010, (Sk) 11,00 (Sk + Th+1 H (Z V,.ér(Bi)))] . (9.68)
k=0

i=1 \r=0

My(t) =U(@) =E[X)]=

By linearity and independence of Sy with respect to the (B;)ie(1,... k) and of the (B;)icq1,... .k} two by
two, the last expression becomes

M(t)=U(t) = UOZE
k 0

k Ng
110, (Sk) L{t,00[(Sk + Th41) H < W&(Bi)))] ;

—UoZE 0, (Sk) Lt 00 (St + Thr1) | E

Nt } (9.69)

i=1
k
=Uo Z]E 0.0(SK) 100 (Sk + 1) [[ B [ Zw&-(&))) ,
i=1 | r=0 A
=U, ZP(WH >t — Sy|Sp <t) (E [(Z Z/T5T(B))> )
k=0 r=0
By definition of Sy ~ I'(voy, k) and 7511 ~ E(voy), the above conditional probability is equal to
gk
P (Thy1 >t — Sk|lSk < t) = e—w(vo-t)’cH (9.70)
The last expectation in (9.69) corresponds to the mean of the multinomial law B:
E[(Zyrér( ) ZVT r = 6
r=0
Introducing the two previous expressions in U(t) leads to
) tk P k
_ —vott k¥ [ Ys
U(t) 7U0kzzoe (voy) x <Ut> ,
ot A (9.71)
=Uyev7¢¢ Z(Uos)k i
k=0
_er—voat.

With the few previous computations, we formally verified the convergence of the (multiplicity option of
the) analog MC scheme for the mean of the stochastic process X;. Let us now study the moment of
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order 2 of the stochastic process X;. It is defined as

k Ngr
o L0,0(Sk) 100 (Sk + Thr1) H(Zw&(&)))
My(t) =E[X7] =E U7 > = <—N S (92
> 6

k,m=0 1[O,t](Sm)1[t oo[ (Sm + Tm+1 H

Using the fact that one MC particle has exactly k interactions, we have V(k,m) € N?

110, (Sk) 1,00 (Sk + Tht1) 1[0, (Sm) L[t,00[ (S + Tint1) = Okim 10,4 (S ) Lit,00[(Sm + Tmg1)-

The independence of the random variables Sy, 7;41 with respect to the random variables (B;)ieqo,... . Nz}
leads to

My (

) k Ngr k R
B[S 104501 tm[skwﬂn(zom )H(Zwr H
k=0 =1 \r= =

= j=1
o} k R 2
Z Tk+1 >t — Sk|sk < t (H <Z vpd r 1 ] (973)

o) Ngr 2
=Ug ZP (Tkt1 >t — Sk[Sk <t) | E (Z Vr5r(6)>
r=0

k=0
The expectation is nothing more than the second moment of the multinomial law B: we introduce the

notation
Al ’ Nn o o
V.0, (B = v )L ===,
(z : >) Sl - &

r=0

Plugging the expressions in (9.73) leads to

0o Sk o k
Mz(t) = U02 Ze_vgtt(’l}gt)kﬂ <0’j) s

k=0
>N 5" (9.74)
_ 7172 ,—voyt i ~ \k
= Ule Vo Z 5 (vos)”,
— U2 —vott-‘rvo(')s
In term of variance, the analog scheme with the 'multiplicity’ option verifies
Urznultiplicity(t) = Ug [Uge—vatt-"_vagt - 62(1105_00‘)]5] . (975)

Remark 9.2 In this section, we exhibited the asymptotic variance of the analog scheme with option
‘multiplicity’. This option is much less'® studied than the ’full_analog’ one for which the asymptotic
variance may be found in many books and articles, see for example [285, 200, 199, 52]. We recall the
full_analog scheme mimics the physics in the sense an MC particle can represent a physical particle.
Applying both the material of papers [285, 200, 52] and the simplifications of this section leads to the
following second moment for the analog MC scheme with ’full_analog’ option:

Moy(t) = UZ(2u6 4t + 1)e~ 27t (9.76)

9reasons will be given later in section 9.7.
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In the above expression, &4 is defined as

Ngr
5'5 = Zyk(yk — ].)O'k.
k=0

In such condition, the asymptotic variance is given by
U]%ull,analog(t) = U022v6—8te_2voat' (977)

The variance of the full_analog scheme is of interest in many applications (see amongst others [200, 285,
246]) and is also refered to as the ’physical’ variance. It is used for example in order to estimate the
Feynman factor'Y [222, 9, 18] (excess of variance) defined as

2
o t)
full,analog(
———=14Y(?).

M (t) ©
This physical variance may be interpreted as such: the higher J?u”ianalog(t) 18, the less probable the particle
population is to be close to the mean particle population M, (t). This is very well explained in [200] for
example.

Comparisons between the different asymptotic variances will be made in section 9.7.4, we suggest first
studying the two other schemes.

9.7.2 Asymptotic variance of the semi-analog scheme

Let us now come back to the expectation form of the transport equation obtained for the semi-analog
scheme and compute the n'" order moment of any semi-analog MC solution of (9.65). With the simpli-
cations detailed above, the recursive equation (9.22) becomes

U(t) = E [1j00((")Uo + 104 (T)Z—jU(t —n). (9.78)
We recall we have 7 ~ E(voy). We suggest expanding the recursive part into an infinite sum over
the number of interactions. Let us introduce a new random variable S; = Z;:O 7 where 1, ~ E(voy)
Vk € {1,...,i} are independent identically distributed. Once again S; follows a Gamma law of parameters
(voy, i), denoted by S; ~ I'(voy,i). Let us introduce X; the stochastic process induced by the possible
histories of any MC particles. It is given by

o) P k
X = Z 1[0,t](Sk)1[t,oo[(Sk + Tht1) (;) Ug.

k=0

The indice k denotes the number of interactions encountered by any MC particles for times in [0, ¢]. The
indicatrices

70,4 (Sk) 1 jt,00[(Sk + Th41),

express the fact an MC particle encounters exactly k interactions for times between [0,¢]. The first
moment is defined by M;(t) = U(t) = E[X}], and by linearity its expression becomes

)

- k
0—5
Z 110,61 (k) Lt,00[ (S + Tie+1) (0) Uo

k=0 t

00 k
Os
=Uy E E [1(0,4(Sk)Lit,00{(Sk + Th1)] (Ut> ) (9.79)
k=0

Mi(t)=U(t) =E[X)]=E

00 k
Os
:U() E P(Tk.;,_l >t—Sk|Sk; <t) (@) .

k=0

191



Replacing the probability of having k interactions by its expression (9.70) leads to

e’} B Sk Vo, k
U(t) :UOZe UUtt(’UO't)kk!< g ) 5

=0 Vo
00 k (9.80)
o s
= Upe Vot E (vas)kﬁ’
k=0

— er—wrat

With the few previous computations, we formally verified the convergence of the semi-analog MC scheme
for the mean of the stochastic process X;. Let us now study the moment of order M of the stochastic
process X¢. It is defined as E [XM] with

00 00 t1t...+im
Os
XtM — Ué\/[ Z Z l[O,t](Sil)l[t,oo[(Sh + Ti1+1)~-1[0,t](SiM)]-[t,oo[(SiM + Ting+1) () .

o
i1=0  in=0 t

In the previous expression, we expanded the exponant M into M summations over indices (i1, ...,%ip).
Using the generalization to M terms of the fact that V(k,m) € N?, we have

1[0,t](Sk)1[t,oo[(Sk + Tk+1)1[0,t](5m)1[t,oo[(sm + Tm—i—l) = 6k,m1[0,t](5m)1[t,oo[(5m + Tm+1)a
we simplify the above expression of X into
0o p M x1i
xM=uy Zg 110,67 (Si)Lit,00[(Si + Ti1) <Uj> :
Taking the expectation of XM leads to

[eS) M x1
E[Xt]\/[] = Uéw ZP(Ti+1 >t — Sz|Sz < t) (Us> s

g
i=0 t

— UM —vort - iti Os e (9 8].)
= Uyte v Z(Uat) Tl ) :
=0 :

Ot

e (@%)M e ).

(’UO’t)M 1

The latter expression is in agreement with the moment of order 1 and allows obtaining the asymptotic
variance of the homogeneous process for the semi-analog scheme:

2 2

(vos)” = (vor)”,
Jszcmi—analog(t) = []02 € (Uo—t) - 62(1)0571)0075 . (982)

Let us now develop the same computations for the non-analog scheme before comparing the performances
of the three schemes in section 9.7.4.

9.7.3 Asymptotic variance of the non-analog scheme

Let us apply the same methodology to the non-analog MC scheme and compute the M*" order moments
of any non-analog-MC solution of (9.65). For this, we come back the expectation form of the transport
equation from which the MC scheme is built. With the simplications detailed above, the recursive
equation (9.30) becomes

U(t) = E L oef(r)0oe """ + L g(r)e™ DUt = 7)) (9.83)
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We recall 7 ~ &(vos). Let us expand the recursive part into an infinite sum over the number of
interactions thanks to S; = >, _, 7 where 7, ~ E(voys) Vk € {1,...,i} are independent identically
distributed. Random variable S; follows a Gamma law of parameters (vos, ), denoted by S; ~ I'(vos, 7).
Then (9.83), the equation for the mean (or the moment of order 1) rewrites

Mi(t)=U(t) =E[X]=E Z 10,4 (Sk) Lit,00[(Sk + Thg1)e "7 U |
k=0

oo
= Upe~ V7at P(7ga1 >t — Sk|Sk < t), (9.84)
k=0

— erfvo'at

We then recover the analytical solution of the homogeneous problem and formally verified the convergence
of the non-analog scheme for the mean. Note that in this homogeneous configuration, the convergence of
the non-analog scheme does not even depend on the probability measure of the interaction times 7y, Sk
as the sum over k always equals 1, whatever this choice. The interesting part concerns the moments of
higher orders. Their computations are in fact very similar to the previous one, they are given by

E[Xt]\/f] — Uéwe—ﬂfvoat.

The latter expression is in agreement with the moment of order 1 and allows showing the asymptotic
variance of the homogeneous process for the non-analog scheme is given by:

Or%on—analog(t) =0. (985)

This property of the non-analog scheme is singular. Its interpretation in term of finite accuracy MC
method (i.e. use of a finite number of MC particles as we recall the results are here obtained in the
asymptotical limit Ny;c — o0) will be studied in the next section.

9.7.4 Comparisons of the standard deviations of the MC schemes (homoge-
neous)

In this section, we briefly compare the four?° previous MC schemes in term of asymptotical standard devi-
ations (square root of the variance). The asymptotic standard deviations, in a homogeneous monokinetic
configuration, are recalled here:

(t) _ erfvaat \/efvatt+v (Zi\]ﬁ](u,.)QU,,.) t+2voat 1

Omultiplicity )

Ofull_analog (t) = ervaat\/(Qv lecvjﬂ Vk(l/k - ]')Uk) t, (986)
(wos)2—(vop)?, o,

Osemi-analog (t) —_ erfvaat ¢6Wt+2uaat . 1’

Onon-analog (t) =0.

The study performed in this section is non exhaustive. It is only a pretext to briefly present how the
analysis of standard deviations can help choose a particular MC schemes in a particular configuration.

The standard deviations are compared in figure 9.1 for a particular choice of the cross-sections and
multiplicities. For both pictures of figure 9.1, g = 0.3, 01 = 0.6 and o9 = 0.1. The left picture presents
the time evolutions of the standard deviations with vy = 0,17y = 1,v, = 2. The right picture shows the
variations of the standard deviations with respect to v at time t = 5 for vy = 0,1 = 1. We begin by
scheme to scheme comparisons: on figure 9.1 (left), it is easy verifying that V¢ € [0, 20], in this particular
configuration,

O?nultiplicity(t) > a?ull,analog(t) > Usemi—analog(t) > Ugon-analog(t)‘

If we focus on the 'multiplicity’ option of the analog scheme, its standard deviation is higher than the

20We distinguish the ’multiplicity’ and the ’full_analog’ options for the analog scheme here.
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Figure 9.1: Comparison of the asymptotic standard deviations of the four presented MC schemes. Left:
standard deviation with respect to time. Right: standard deviation at time ¢ = 5 with respect to vs.

ones of the other schemes, even higher than the one of the ’full_analog’ one. This observation allows
discarding the 'multiplicity’ option as a relevant scheme:

— its standard deviation is different from the physical one?'. Consequently it can not be used for

computing and studying extinction probabilities etc. (see remark 9.2). Ounly its first moment M
is physically relevant.

— Its standard deviation, being different from the physical one, consequently only has a purely nu-
merical interest. In this context, it exhibits a very poor convergence rate: it is higher than the
other ones and even higher than the physical one.

For these two reasons, we can conclude the ‘multiplicity’ option has a very limited numerical and physical
interest and is an example of bad MC scheme. It explains why it is scarcely used/studied in the literature.
In fact, with this option, we mainly wanted to give the reader an example of a bad MC scheme together
with how MC schemes can be compared and chosen/discarded.

The full_analog scheme allows recovering the physical moments of the particle distribution, and not only
the first one. On another hand,

— in very multiplicative media, it implies dealing with more and more MC particles. This can lead
to intractable situations (memory consumption/explosion, unaffordable costs etc.).

— In very absorbing media, it implies dealing with a very small number of remaining MC particles
leading to very important variances. It consequently needs intensive computations even if one is
only interested in an accurate first order moment M; = U.

In many configurations of interest, the particle flows are fully characterised by their first order moment.
In these cases, it is enough studying the mean of the particle distribution and consequently it is relevant
looking for the scheme having the lowest (numerical) standard deviation. The semi-analog and the non-
analog scheme both have, on the particular configuration of figure 9.1, standard deviations lower than the
full_analog one. This makes them relevant alternatives in the limit of a high number of physical particles.
Figure 9.1 (right) presents the standard deviations of the four schemes at ¢ = 5 with respect to vo, the
multiplicity of the second reaction. We recall reaction 0 corresponds to absorption (9 = 0) and reaction
1 corresponds to diffusion (v; = 1). Once again, figure 9.1 (right) allows identifying the 'multiplicity’
scheme as an inefficient one, having systematically a higher standard deviation than the physical one. For
1 < vy < 1.35, the standard deviation of the semi-analog scheme is higher than the one of the full_analog
one, lower for 1.35 < v5. On another hand, the standard deviation of the non-analog scheme is the
lower one, equals to zero whatever the choices of the different reaction parameters (Vhar)re{o’,__, Nr}
in this monokinetic homogeneous configuration. This property of the non-analog scheme leads to the
introduction of a new?? notion: Asymptotic Preserving (AP) scheme. It will be very usefull all along the
last sections and chapters of this document.

2lobtained with the ’full_analog’ option mimicing physics, see remark 9.2.
22New in the document, not in the literature.
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Definition 9.1 A converging numerical scheme of discretisation parameter O(A) is Asymptotic Pre-
serving in an identified regime of interest characterised by § — 0, if its convergence rate weakly depends
on A in this regime 6 — 0. Another way to understand this definition is that the error is O(A) = KsA
with
Ks < 1, or at least K5 = K,
6—0

but K5 does not explode with § — 0.

The above definition may appear foggy at this stage of the discussion but is also general enough to be

: 1
reused (section 9.9 and chapter 10). For example, A may refer to oY for an MC scheme or Ax or At

once a coupling is taken into account (see chapter 10). The regime of interest is characterised by § — 0
with & depending on the characteristic time, length, mean free path etc. of the problem. In order to
clarify the above definition, we suggest emphasizing the AP character of the non-analog scheme in the
monokinetic homogeneous regime. To do so, it is helpful to non-dimensionalize the monokinetic linear
Boltzmann equation. Let us introduce

Oa = UQL,Va € {s,t,a}, (9.87)

(o3

{ Xx=x*X,v=vVt=1t*T,

where the upperscript * denotes a nondimensional quantity. Let us introduce u*(x*,t*,w) = u(x,t,w),
then
%—8t*u*(x*,t*,w) = dwu(x,t,w), %6X*u*(x*,t*,w) = Opu(x, t,w).

Using the above expressions in the transport equation yields

%&uﬁ(x*, t*,w) + v wig-u* (x*, 1%, w) + v*az‘%u*(x*, t*,w) =v*ol

e

/u*(x*,t*,w)dw.

Let us decompose o; = 0, + 05 to obtain

%aﬁu*(x*,t*,w) + VWO u* (x*, 1, w) —l—v*az%u* (x*,t*,w)

s As

a
+vrtol Xu*(x*,t*,w) = U*a:% /u*(x*,t*,w)dw.
S

Now suppose % =0(3) = T and - = O(1), we have (we drop the upperscript * for convenience)

%@u(x, t,w) + voxu(x,t,w) —&—vaa%u(x, t,w)
+vosu(x, t,w) = vas/u(xj,w)dw.

Performing a Hilbert development, i.e. u = u® + u'd + u?6? + O(6%) see [143], and considering only the

first order (i.e. u°) leads to

A’ = —voaul.

It corresponds to the monokinetic homogeneous regime as § — 0. In this regime, the non-analog scheme
1 _ Unoxl»analog(t)

\/NMC) B Nye

totically onon-analog(t) = 0, see (9.85). In practice, in such homogeneous configurations, if one performs a

convergence study with respect to Ny comparing the numerical solution to the analytical one M (t), the

study will exhibit an O(N%Mc) convergence rate instead of an O( \/ﬁ) This has been experimentally

asymptotically ensures O( < 1, whatever the number of MC particles, as asymp-

put forward in a study of [3].
Finally, the previous expressions for the standard deviations are also interesting for the developer
willing to verify his implementations. Making sure the implementation of the MC scheme allows re-

covering the standard deviation and the high order moments up to numerical accuracy O( \/ﬁ) in

several regimes can be a relevant and discriminating tests from a verification point of view (see V&V for
Verification and Validation, see [13]). Indeed, the higher the order of the moment is, the more sensitive
it is with respect to any inaccuracy, see sections 3.4.2-3.4.3 of chapter 3 of part II.
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9.8 A general canvas for developing MC schemes

All along the previous sections, several MC schemes, direct or adjoint, together with their characteristics
have been presented. Each scheme is interesting (except maybe the 'multiplicity’ option, discarded in
section 9.7.4) in the sense each scheme allows capturing more or less accurately different regimes or
present development advantages (extinction probability, homogeneous case, low asymptotic variance,
minimal amount of developments for adjoint/direct resolutions etc.). For these reasons, one may wish
to be able to choose the relevant scheme in the relevant situation with the same simulation device. In
this section, we insist on the fact that every one of these schemes can fit in the same canvas. This is of
practical interest especially when developing a simulation code (a platform) in order to mutualize the
more possible parts of the resolution schemes. In order to illustrate the matter, we rewrite in the same
canvas

— the three MC schemes of sections 9.2-9.3-9.4,
— for a direct resolution,

— on agiven grid D = Uivz"l D;, with the classical approximations presented in section 9.6 with respect
to space and time discretisation of the cross-sections (i.e. constant in each cell and in each time

step).

taking into account explicitly in the chart the fact that an MC particle goes from one cell to
another.

With algorithm 9, detailed and commented later on in this section, we hope the reader willing to develop
an MC simulation code in order to solve the linear Boltzmann equation with constant cross-sections in
each cell and time step can follow the description below and achieve its purpose.

In this section, we deal with the direct resolution of the linear Boltzmann equation. As already
briefly tackled in section 9.5.2 of this document, the direct resolution needs a first step, a pretreatment,
ensuring the initial population of MC particles accurately represents the initial condition ug. This step is
technical and crucial. The sampling phase resumes once again to identifying a set probability measures
and, exactly as in the resolution phase, this set is not unique. In the next section, we detail some
possibilities, the list is non exhaustive.

9.8.1 Sampling the initial MC particle population

The first step of a direct resolution corresponds to what is commonly called the sampling phase. This
phase was hinted at in algorithm 5 in its most general form. It implies correlated samplings of the initial
position x, velocity v from a quite complex probability measure

dug(x,v) = — 1 up(x, v)dxdv,
— dxd
D] //D uo(x, v)dxdv (9.88)

= ULOUO (x,v)dxdv.

At the end of such phase, the population of (Nys¢) MC particles is supposed to statistically accurately
represent the initial condition wug(x,v). It means that we demand the initial MC particle population to
verify

Nuve Nx
> 0v) = uolx,v),¥x €D = J D v e R and ¥N, € N, (9.89)
p=1 =1

The important point in (9.89) concerns the grid and the condition VNy € N*: we want the convergence
of the initial MC particle population not to depend on the size of the grid Ny to ensure a convergence
depending only on Nj;¢. In the following lines, we detail two possibilities to ensure the above property:
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— The first one corresponds to the '"MC solution’ in the sense it allows having uniform initial weights
w,(0) = :22- Vp € {1,..., Nyso} for every MC particles. The other fields (x,(0),v,(0),v,(0)) are

~ Numc’

sampled from (9.88).

— The second, in opposition, would be closer to a ’quadrature rule solution’ (see part II, chapter
5). It begins by choosing arbitrarily the distribution of the fields (x,(0), v,(0),v,(0)) of the MC
particles before correcting consistently their weights wy(0).

Both methods are described and applied in a simple configuration at the end of this section. Care will
be taken to put forward the particularities of the sampling strategies.

From a practical point of view, the initial sampling phase is almost the inverse of what is presented
in part II regarding uncertainty quantification. In part IT and especially in chapter 5, the idea is to
determine/approximate uy given a particular discretisation of x,v. In this section, the problem is,
knowing wug, discretise consistently x,v. All along the next paragraph, our aim is to determine the
different fields w,(0),x,(0),v,(0) of any MC particle p in order to ensure that

Nuce

Z up(x,0,v) Z ug(x,v), (9.90)

p=1

The overset a.s. is for almost surely, see part I1. For convenience in the following lines, we use the abusive
notations wy(0) = wp,x,(0) = x,p,v,(0) = v,. The first paragraph concerns how the MC particles are
initially distributed amongst some cells ¢ € {1, ..., Nx} tesselating the simulation domain D = Uf\i‘l D;.
The two following ones correspond to the descriptions of the two above solutions (MC and quadrature
rule) described within a given cell D;.

Sampling i,, the initial cell of p amongst the different cells i € {1, ..., Ny}

Let us consider particle p. It is common to first determine the initial cell 7, of particle p before determining
its other fields. We could have determined x,, first but finding i, afterward would have involved a loop
over cells and MC particles to determine 4, from x,, hence possible performance losses (increasing with
the number of MC particle and the number of cells). Sampling the initial cell 7, resumes to sampling
from a discrete law. We introduce

N,
1 =
Uy = —// uo(x,v)dxdv = ) Ug.
o1 /> 2.

The quantity Uy is the initial amount of particles in the whole simulation domain D. The quantities
(Ug)ie1,...,N.} are the amounts of particles in each cells D; of the simulation domains D = vaz"l D;
defined by

, 1
Vie{l,...Nx},Uj= Dy //D uo(x, v)dxdv.
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Algorithm 6: Sampling of the initial cell ¢,
1 Function sample_cell()
#More generally, this kind of function allows sampling from any discrete probability measure
with i € {1, ..., Nx} states of probability %,
3 U =sample_uniform _law/()
4 set Proba =0
5 set 1, = Ny
6 fori e {1,..,Nx — 1} do
7 Proba < Proba + U}
8 if Proba > U x Uy then
9 Ip <1
10 break;
11 end
12 end
13 return i,
With the previous notations, the probability of having a particle in cell 7 is g—g’ The initial cell 7, of
particle p is sampled from the following discrete probability measure
Ug
dPz(I Z 05 (9.91)

Practically, this resumes to sampling from a uniform law in [0, 1], Uz ~ U([0, 1]), and inverse the piecewise
constant cdf of (9.91). The initial cell ¢, then verifies

h .
: Us
ip = he{{mnN , {L{I < E U} . (9.92)

i—0 0

Algorithm 6 presents the operations to obtain i, as in (9.92). Once the cell D;, identified, it remains
to sample the position and velocity of particle p within cell 4, (i.e. conditionally to being in cell i,).
There are several ways to do so, two different ones are presented in the two next paragraphs. From now
on, we suppose the initial cell 7, known. In order to alleviate the notations, the indice i, for cell D,
is omitted, i.e. we determine wy,x,, v, within cell D. In other words, the following sampling strategies
can be applied even without the introduction of a grid for D.

The MC solution’: uniformly distributed weights and consistently sampled fields

Suppose now the cell D in which p is sampled identified, it remains to determine wy, x,, v,, consistently
with probability measure

1
uo(x, v)dvdx = —ug(x, v)dvdx. (9.93)
// up(x, v)dxdv Yo
Dl

The structure of (9.93) has already been encountered in section 9.6.2. It must be compared to the
expression of dPs = Ps(v,v’)dv’, from (9.25) for example, for the correlated samplings of the scattering
energy and angle. The sampling strategy described for dP; also applies to dug: it is possible to perform
successive conditional samplings from the marginals of dug. The order of the samplings of the different
fields can be arbitrary. In the following paragraphs, we first sample x,, then v, conditionally to being

dug(x,v) =
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at position x,. Those successive samplings are described below.

Algorithm 7: Sampling step to represent the initial condition ug(x,v) with Ny;¢ particles.

1 Function sampling(Nyc)

2 forie{1,..,Nx} do

3 | set Ni,o =0

4 end

5 for p e {1,..., Nyyc} do

6 #Sample the cell D;, of the MC particle p according to (9.92) and algorithm 6
7 set i, = sample_cell()

8 do Ny «— Ny +1

9 #Sample the position x,, of particle p in cell i, according to (9.94)

10 set x, = sample_position_in_cell(i,)
11 #Sample the velocity v, of particle p at position x, according to (9.95)
12 set v, = sample_velocity,t_position(xp)
13 end
14 #Once the number of particles per cell Ni,- known Vi € {1,..., Nx}
15 #Renormalization
16 for p e {1,..., Ny} do
17 #Set the weights of the particle to ensure exactly Z wy, = Ué

) p€D;

ip
18 set wy «— —L

MC
19 end

20 return A population of MC particles representing almost surely uo(x,v)

Let us introduce the marginal probability measure Up(x)dx defined by

Up(x)dx = Uio [/ uo(x,v)dv} 1|DD()|() dx.

Introduce furthermore a new sample from a uniform law Uy ~ U([0,1]). Then the sampled initial
position x,, satisfies

Uy = /_ " Do (x)dx. (9.94)

It only remains to inverse the above expression in order to obtain explicitly the position x, of the particle
in the cell D. The velocity v, is then sampled conditionally to being at position x,. Introducing the
conditional probability measure

Vp
Uy (v)dv = ﬁuo(xp,v)dv, Uy ~U([0,1]), Uy = / Uy" (v)dv. (9.95)
P —o0
Suppose the above probability measure is known, then the initial velocity of the particle is once again
obtained inversing its cdf as done with the position x,,.

Once every samplings done for particle p, it only remains to set its weight w,. The above process
ensures equiprobable MC particles, i.e. all MC particles must have the same weight within the same
cell for consistency. At the end of the sampling phase, during a renormalization step once we know the
number of MC particles N}QC in each cell i € {1, ..., Nk}, the weight w, is set to

i

wy= 20 wpeD, (9.96)
Nye

Such process ensures, by construction, the population of particles represents the initial condition asymp-

totically with Ny;c — oo. To verify it, it is enough verifying every moments of the cell population tend

to the moments of ug. In fact, it is even exact for the first moment (thanks to the renormalization step).
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The higher order moments are approximated up to O ( ) accuracy. In practice, the different

1
VNire
presented marginal probability measures may be complex to inverse. We usually have resort to approxi-
mations (linear, logarithmic etc.), converging with respect to the size of the cell |D|: if an approximation
is introduced, the convergence in (9.90) may depend, strongly or not, on O {maXN }\Di| . As a
ie{l,...,Nx

result, a compromise between the simplicity of the cdf inversions and the cell size must be made. The
algorithmic description for the MC sampling phase in order to represent the initial condition is given in
algorithm 7. A practical example applying the above strategy is presented at the end of the section.

In the next paragraph, we present another way to make sure the cell population statistically describes
the initial condition: it does not involve inversing (potentially complex) cdfs.

The ’quadrature rule solution’: uniformly distributed fields and weight corrections

We still assume we already determined the cell in which the MC particle is sampled. We here describe
another way to make sure the MC population of the cell almost surely represent the initial condition.
This second method, closer to a quadrature rule than an MC discretisation (see section 5.2.3), allows
avoiding the potentially complex cdf inversions of the previous paragraph. It supposes x,, v,, are sampled
independently according to known probability measures. These probability measures can be arbitrary. In
practice, it is common choosing the uniform ones with respect to space, energy and angle, i.e. respectively
11\)17()\() dx, 1g+(v)dv, 1g2(w)dw. The samplings are then followed by a consistent correction of the weights
in order to ensure the convergence of the MC population toward ug almost surely. Note that the notation
1r+ (v)dv for the sampling of the energy field may appear unconventional. This is done on purpose for
the sake of genericity as depending on the physics of interest, the measure 1g+(v)dv may be different.
Of course, we suppose it sums up to 1, i.e. fR+ dv =1.

With the previous choice, x,, v;, w, are sampled independently and uniformly according to the (simple
to inverse) cdfs:

*» 1p.
uX NU([O, 1})7 Z/{X :/ TZS(T) dX7

Uy ~U0,1]), Uy = /Vp 1+ (v)do, (9.97)

— 00

Uy ~U([0,1]), Uy = 1g2 (w)dw.

Once the position, energy and angle obtained, it remains to make sure the weights w, ensure the con-
1

| Vi

common to correct it during a renormalization phase, once Ny, is known, in order to enforce exactness

for the first moment, i.e. such that wp = Ug. The above procedure is detailed in algorithm 8.

vergence property: setting the weight to w, = ug(xp, vp,wp) induces an O < > convergence. It is

p€ED;

The latter sampling strategy is simpler than the one presented in the previous paragraph and is
probably the most common one. It still has an important drawback: suppose there exists a volume

V € D x R? in cell D such that
1
// uo (X, V) p(x) dxdv = 0.
v D]

If this volume V is too important, many (X, Vp)pe{1,...,Ny o} can be sampled in V and many particles
would see their weights assigned to zero for consistency. In practice, to avoid such case, a rejection method
is applied (see algorithm 8) but the performance of the sampling phase may suffer from it. In fact, the
larger the size |V] of volume V and the number of dimensions of the problem (i.e. 3(x)+1(v)+2(w) =6
here), the more the rejection method is inefficient, see [161] for a pedagogical example. The latter sam-
pling strategy, with and without rejection, is applied in a simplified configuration at the end of this
section.

Of course, it is possible to mix both of the previously described methods and obtain a good compro-
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mise. This is in fact what is commonly done. We also insist on the fact that in practice, approximations
can be made without strong consequences on the convergence rate of the MC resolution on the observ-
ables of interest. For example, it is common to sample uniformly the fields x,,, v;, and set uniform weights

1-1 o the particles of cell 3. is induces a O(max;|D;|) error which can be negligeable in
NU° to th ticles of cell i. Th d o D hich b ligeabl

MC
comparison to the error of the resolution scheme. If it is not, it is still always possible to in-
ison to the O( 51— f th luti h If it is not, it is still al ible to i

equal to

crease Ny to obtain the result. Nevertheless, care has to be taken so that the constant in the O(max;|D;|)
error is not too important: the property may not hold for example in photonic applications in which the
source sampling is critical (teleportation error [301]). More details are given in section 9.9.1 and later in
section 10.2.1 of chapter 10.

In the next paragraph, we apply the above material on a simple initial condition ug. The aim is to
illustrate the points tackled above.

Algorithm 8: Sampling step to represent the initial condition ug(x,v) with Nys;¢ particles.
1 Function sampling(Nyc)

2 for i € {1,..., Nx} do

3 set Ni;o =0

4 set US’N}”C =0

5 end

6 for p e {1,..., Nyyc} do

7 #Sample the cell D;, of the MC particle p according to (9.92)

8 set i, = sample_cell()

9 set w, =0
10 #Rejection method
11 while w, == 0 do
12 #Sample the position x,, of particle p in cell i, according to (9.97)
13 set x, = sample_uni f _position_in_cell(iy)
14 #Sample the velocity v, of particle p at position x, according to (9.97)
15 set v, = sample_uni f _velocity()
16 #Set the initial weight of particle p according to (9.96)
17 set wy = up(Xp, Vp)
18 if wp, # 0 then

19 do US’N}”C — Ué’NR{C + wp
20 do Npbo+— Npbo +1
21 end
22 end
23 end
24 #Once the number of particles per cell Njiwc known together with US’NJZ‘/’C, Vi€ {1,..., Ny}
25 #Renormalization
26 for p e {1,..., Ny} do
27 #Correct the weights of the particle to ensure exactly Z wy = Ué

) pED;
1
28 set wp%wpx# [{2
UOP’ MC MC

29 end
30 return A population of MC particles representing ug(x,v)

Example of initial MC sampling

We consider a simple example and illustrate the two sampling methods briefly described above. We focus
on the sampling in a 1—dimensional cell D = [—1, 1]. Without loss of generality, we consider an isotropic
and monokinetic initial condition, i.e. we assume ug(x,v) = ug(z). It simplifies the computations and
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remains relevant. Besides, we suppose

1 22
ug(x) = 1j_q,q)(2) —=—=€" 27, (9.98)
2mo
i.e. up has a truncated gaussian (mean 0, variance o?) form with [—a,a] C D = [~1,1]. Figure 9.2

presents the results obtained with the previous sampling methods for initial condition (9.98) (reference
in red) for different values of parameters o and a. These parameters allow controlling the size of volume
V (especially thanks to a) together with the range of probable positions within the cell (especially thanks
to o). The smaller a is, the larger |V| is. The larger o is, the more the initial condition tends to a uniform

sampling in interval [—a, a].

c=0.1,a=0.6 oc=0.01,a=0.6
4 » T 40 T T
. reference = . reference ==
35 quadggture without rejection ~ ® 35 - uadrature without rejection  ® |
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Figure 9.2: Comparison of the behaviours of the different kinds of initial samplings for ug as in (9.98) for
o=0.1,a =0.6 (top left), o = 0.01,a = 0.6 (top right), 0 = 0.1,a = 0.3 (bottom left), c = 0.01,a = 0.3
(bottom right). The red curve is the reference (9.98). The dots are obtained with different samplings
(with Npre = 20 here). The dots are not exactly the weights of the MC particles but the weights
multiplied by Nac, ie. wy(0) x Nyc. The green dots are obtained with the 'quadrature without
rejection’ method, the blue dots with the 'quadrature with rejection’ one and the magenta are obtained

with the MC one.
In figure 9.2, three initial sampling strategies are compared. The 'MC solution’, the ’quadrature’
one and the 'quadrature’ one with rejection. We briefly go through few implementation details before

commenting the results:

— Let us begin with the "MC solution’, the initial sampling ensuring uniform weights. In order to
apply this method, we first need to build the equivalent of (9.93) based on (9.98). Integrating

(9.98) on D leads to
1 22

1 /2
Uy = erf <2 \/>a> , so that the probability measure is given by dug = -
o 1 /2
V2moerf (2 [a)
o

e 2odx.
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Its cdf is given by Vz € [—a,a]

erf(% g:v>
erf <% ga>

The position z, of the MC particles can be sampled introducing Ur ~ U([0,1]) and inversing
Uy = Fy,(zp). In practice, we rely on a Newton algorithm in order to perform the inversion
and obtain the magenta dots of figure 9.2. By construction, the magenta dots are within interval
[—a, a]. The weights of the MC particles are the same (note that we display w, x Nas¢ for a better
readability of the picture mainly). There are more MC particles in the area of higher probability,
i.e. in the vicinity of x = 0, than elsewhere.

Fu(z) =5+

N =
N | =

— The ’quadrature rule solution’ (with or without rejection) is much simpler to describe. It consists
in sampling the MC particle position z, uniformly within D = [—1, 1] and setting the weights of the
MC particles to w, = UNL;Q) The rejection only supposes that if w, = 0, z, is resampled according
to the same probability measure (here uniformly within [—1, 1]) until w, # 0, see algorithm 8. The
quadrature sampling method without rejection is presented in figure 9.2 with the green dots for
Nye = 20 samples. The left column of figure 9.2 presents the results for a = 0.6 and a = 0.3. The
smaller a is, the larger the size |V| is: as a consequence, between the top picture and the bottom
one of this column, more MC particles are sampled in the ”zero weight” area and wasted. With the
rejection method (blue dots), every MC particles are sampled within interval [—a, a] but at the cost
of several rejections. The blue dots are then uniformly sampled within [—a,a] and their weights
corrected accordingly. The quadrature method without rejection is very inefficient: in figure 9.2
there are only 60% (a = 0.6) and 30% (a = 0.3) of MC particles sampled within the area of non-zero
probabilities. But the rejection does not always increase drastically its efficiency: consider the blue
dots in the top-right picture of figure 9.2. For such value of ¢ = 0.01, the interesting area (of high
probability) is narrow: many blue dots are assigned a very small weight due to the steep gradient
of probability of occurrence of some positions. This may induce slow convergence rates for the MC
resolution.

— To end the description of the sampling phase, let us comment on the consequence of a non consistent
sampling (and prepare the discussion concerning the teleportation error of section 10.2). Suppose
the positions are sampled uniformly within the cell [—1, 1] (as for the 'quadrature’ strategy) but the
weights are uniformly set to ensure the exactness of the first moment only. Basically, in figure 9.2,
this would imply having the same positions as the blue and green dots but the magenta weights.
For the green dots, MC particles in the ”zero-weight” area (or in the 'nearly-zero-weight” one for
the blue dots) would have a non-negligible weight. This can significantly affect the solution « at
later times (see teleportation error [301]).

We here presented two solutions for the sampling of the initial condition, we insist lots of other possibilities
exist. For example, the material of part II regarding quadrature rules can be used. In fact, Gauss
quadrature rules are even applied for the sampling of the initial condition in [298] for the MC resolution
of the Euler system with a BGK model. The method is called 'Quiet MC’ as the use of Gauss quadrature
rules in each cell for the sampling (both initial and source sampling in fact, see section 9.9) allows having
smoother profiles than with the classical MC sampling. The numerical strategy described in [298] is more
an original sampling strategy than a new MC scheme. In this sense, paper [298] shows the sampling phase
can be crucial and considerably contribute to an acceleration of the MC resolution.
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9.8.2 A general skeleton in order to develop each scheme in the same plat-

form
Algorithm 9: The general canvas for the different MC schemes described in term of algorithmic
operations in order to compute (direct) U(x,t) = /u(x, t,v)dwdv.
1 #SAMPLING described in algorithm 7 or algorithm 8
2 call sampling(Nys¢)
3 set t = At
4 #Time step loop
5 while t < T do
6 #Initialize to zero the array of the quantity of interest on the whole simulation domain D
7 set U(x,t) =0Vx €D
8 #TRACKING: make sure each u, is an MC particles
9 for p e {1,..., Ny} do
10 set s, =t — At #this will be the current time of particle p
11 while s, <t and w, > 0 do
12 if x, ¢ D then
13 #here a general function for the application of arbitrary boundary conditions
14 apply_boundary_conditions(xp, sp, Vp)
15 end
16 sample T,¢er = sample_interaction_time(vp, ip)
17 compute Tey;y = compute_cell_exit_time(x,, vp, ip)
18 compute Teensus = max(t — 7,0)
19 set T = min(Tea:ita Teensuss Tinter)
20 #move the particle p
21 Xp — Xp — VpT,
22 #change its weight
23 (K,r) = compute_weight_modif(vy, T, Teensus, Tewits Tinters ip )
24 wp +— K X w,
25 if 7 == Teensus then
26 #set the life time of particle p to zero:
27 Sp— 1t
28 #tally the contribution of particle p
29 U(xp,t)+ = wp
30 end
31 if 7 == 7.4 then
32 #The particle p changes of cell: find its new cell number
33 i, = find_neighbooring_cell(,, v,)
34 #set the life time of particle p to:
35 Sp— Sp+ 7 <t
36 end
37 if 7 == Tinter then
38 #Sample the velocity of particle p
39 V' = sample_velocity (v, r, )
40 set v, =V’
41 #set the life time of particle p to:
42 Sp— Sp+ 7 <1
43 end
44 end
45 end
46 t+—t+ At
47 end

Now we detailed the sampling phase, common to every direct resolutions, we suggest tackling the
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tracking one, see algorithm 9. This tracking phase is independent of the sampling of the previous
section. It describes the ’tracking’ of the population of particles® in the discretised simulation domain
D= Uf\i‘l D;, with the hypothesis of having constant cross-sections in each cell and time step

Nk

oalx,v) = 3 0l (0) 1, (%), € {8, ).

i=1

More details are given in section 9.6. The structure of the tracking phase of the particles is very close to
the one presented in the description of the direct non-analog scheme (algorithm 4). We only encapsulated
some key parts in several functions: sample_interaction_time, compute_weight_modif, sample_velocity??.
The three latter key functions are described in algorithms 10-11-12 but for the moment we focus on the
common canvas (algo. 9).

Algorithm 10: The sampling of the interaction time function

1 Function sample_interaction_time(real v, int i)
2 set 7= REAL_.MAX
3 #Sampling of the interaction time depending on the choice of the MC scheme
4 U =sample_uniform_law/()
5 if MC_scheme == analog or MC _scheme == semi — analog then
In(U)
6 = — 3
voy(v)
7 end
if MC_scheme == non — analog then
In(U)
9 = — -
vos(v)
10 end
11 return 7

Algorithm 11: Sampling of the velocity

1 Function sample_velocity(real v, int r, int i)
2 if MC_scheme == analog then
3 if full_analog then
4 #The function returns a list of v, particles
5 (P}, .-, 1), )=split_the_particle_into(v,)
6 end
7 for je{l,..,v.} do
8 #Call the probability measure for reaction r in cell i for each split MC particles
9 V; =sample_from_P5"(v)
10 Vp, = \Z
11 end
12 end
13 if MC_scheme == semi-analog or MC_scheme == non-analog then
14 #Averaged over the set of reactions in cell i
15 V' =sample_from_P%(v)
16 end
17 return V'

Each presented scheme relies on comparing three times, 7;nter the interaction time, 7..;; the time at
which an MC particle p would get out of the cell 7, Tcensus the time before ending the time step. For
each scheme, the particle moves along v, 7 where 7 is the minimum of the three above times. Its weight
is modified or not (in compute_weight_modif) depending on the scheme. Furthermore, depending on the
minimum of Teepnsus, Tewit, Tinter, the particle sees its life time updated and finishes its treatment (census)

23initially sampled according to algorithm 7 or algorithm 8.
24We do not detail the functions compute_cell_exit_time and find_neighbooring_cell as they depend more on the type of
grid (cartesian, structured, unstructured) than on the MC resolution scheme.
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or crosses the interface between two cells (ezit) or encounters an interaction (inter). In the latter case,
its velocity change.

Let us now focus on the encapsulated functions. First, note that they all only depend on particle
fields (xp, vp, ip, ...). The first one, to sample the interaction time, only needs the particle energy v, and
is detailed in algorithm 10. Depending on the chosen scheme, the interaction time is sampled from the
total cross-section o; (analog and semi-analog) or from the scattering one og in the current cell 4,. Both
are obtained inversing the cdf of an exponential law, see section 9.6.1.

The second corresponds to the modification of the weight of the particle, detailed in algorithm 12.
For this function, the event the particle encounters explicitly appears in the treatment. The non-analog
scheme is the only one having a treatment independent of the event. The weight of a particle remains
unchanged for the analog and semi-analog schemes for the census and cell exit events. It changes in the
case of an interaction: for the semi-analog scheme, the weight is multiplied by the probability of being
scattered ‘;—f For the analog scheme, once the indice r of the reaction sampled?®, the weight of the
particle is multiplied by the multiplicity v, of reaction r or will be split later (at the interaction position
and time) for the ’full_analog’ option.

Algorithm 12: The weight modification depending on the MC scheme
1 Function compute_weight_modif(real v, real Tmin, r€al Teensus, r€al Tewit, 7€l Tinter, T€0l 1)
2 set K =1
3 if MC_scheme == analog then
4 if Tmin == Texit OT Tmin == Tcensus then
5 | K=1
6 end
7 if Tmin == Tinter then
8 r=sample_reaction_number(c%)
9 if multiplicity then
10 ‘ K=v,
11 end
12 if full_analog then
13 ‘ K=1
14 end
15 end
16 end
17 if MC_scheme == semi — analog then
18 if Tmin == Tewit OT Tmin == Teensus then
19 ‘ K=1
20 end
21 if Timin == Tinter then
22 _ o0
o (v)
23 end
24 end
25 if MC_scheme == non — analog then
26 ‘ K = e—v(0:(v)=05(0))Tmin
27 end
28 return K,r

At the interaction time, each scheme needs the sampling of the outer velocity V', summed up in
algorithm 11. The semi-analog and the non-analog schemes share the same procedure, using Pg, averaged
over the set of reactions r € {0, ..., Ng}. The analog scheme implies keeping in memory the previously
sampled reaction number r in order to:

— first, split particle p into v, new particles (p,...,p;, ),

— and sample for each of them the outer velocity V;» from Pg’i in cell 7.

25The function sample_reaction_ number is not detailed. In fact, it is very similar to the function of algorithm 6: one
must only replace Nx by Ngr, Uj by o and Uy by o%.
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Note that the functions split_the_particle_into and sample,from,Pg are not detailed. They depend more
on the choice of the data structures and physical data format (see section 9.6.2) than on the MC resolution
schemes.

In algorithm 9, time steps are explicitly detailed but for the linear Boltzmann equation, time steps
may coincide with the times of interest (MC methods are inconditionally stable for the linear Boltzmann
equation). In other words, if one is only interested in time T, it is possible choosing At = T'. This will
not be the case in chapter 10 in which the coupling with additional equations will induce restrictions on
the time step. Note that the above algorithm description still applies for the MC resolution of the linear
Boltzmann equation coupled to other equations but needs additional instrumentations (track length
estimator for example). They will be detailed in the next chapter.

To finish, we add that the tracking phase as described in algorithm 9 is commonly denoted "history-
based’. It refers to the fact that during one time step, an MC particle is followed from s, =t — At, i.e.
the beginning of the new time step, until s, = ¢, i.e. the end of the current time step (if, of course, the
MC particle is not killed during its history?%). Another possibility would be to apply the events one by
one to the whole population of particles until they all reach census or die, this is what is commonly called
an ’event-based’ tracking phase. These considerations are practical ones and do not explicitly depend
on the applied MC scheme. Nevertheless, the discussion on the choice of a ’history-based’ tracking or
an ’event-based’ one is far from being irrelevant as the target computation device (one may have access
to a station, a computation cluster, a supercomputer, with homogeneous nodes or hybrid ones...) may
be sensitive to the operations induced by the two possibilities. Hybrid architectures (classical nodes,
GP-GPU units, vectorization) becoming more and more common, hybrid strategies mixing history-and-
event-based tracking phases may become more and more relevant. The discussion is beyond the scope of
this document but is very interesting and we refer to [99] for some examples of fine-coarse grain parallel
strategies for the linear Boltzmann equation.

9.9 Taking into account a source term

Just as the set of random variables for the MC resolution of the transport equation (or the initial
sampling) is not unique, there are many different ways to deal with a source term. In fact, its presence
just adds combinatorial possibilities. In this section, we focus on two different MC strategies. We first
focus on the most common treatment. It is based on Duhammel’s principle?”. It is very convenient in
practice as it does not need to rewrite a complete set of MC treatments if one has already access to

— an MC solver for the linear Boltzmann equation without source terms,
— together with an initial sampling phase.

We show the treatment of the source term is closely related to the initial sampling. In section 9.9.2, we
present a different way to take it into account. It corresponds to a new MC scheme, rather than only
a modification of the sampling phase. The scheme is original and to our knowledge is not commonly
applied in the literature (at least for neutronics or photonic applications). It is designed to be efficient
in presence of a stiff source term (Asymptotic Preserving scheme in this regime, see remark 9.1). It
is presented here because its construction is based on some important practical steps which are inten-
sively applied in chapter 10 in a more complex context (nonlinear Boltzmann equation due to a coupling).

As we aim at focusing on the treatment of the source term, in order to alleviate the notations and
avoid redundances, we make some assumptions. We consider the monokinetic transport equation with
constant cross-sections with respect to time, space and velocity, i.e. o¢(x,t,v) = oy and o4(x,t,v,Vv') =
osPs(w’,w). This corresponds to a very simple case but the generalizations are straightforward thanks
to the already described material. The previous hypothesis lead to the following transport equation

—Ou(x,t,w) — vou(x,t,w) + vou(x, t,w) = UUS/PS(w’,w)u(X, t,w')dw' — S(x,t,w).  (9.99)

26depending on the chosen MC scheme.
27 Applied in order to prove the existence and unicity of the solution of linear Boltzmann equation with source term.
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The source term has not been treated previously only because of a small subtlety of the structure of
(9.99). Consider first equation

—Ou(x,t,w) — vOu(x, t,w) + vou(x, t,w) = vcrs/Ps(w’,w)u(x,t,w/)dw’, (9.100)

which corresponds to (9.99) where S = 0. Then if (up)peq1,... Ny} are solutions of (9.100), it is easy
verifying Z;Vflc up is also a solution of (9.100). On another hand, if (up)peq1,... Ny} are solutions of
(9.99), then ¢ = Z;V:Mlc up is not a solution of (9.99) but rather a solution of

—0p(x,t,w) — vOLP(X, t,w) + vord(x, t,w) = vas/Ps(w',w)¢(x,t,w')dw’ — NyeS(x,t,w). (9.101)

In other words, the quantity N]\lm Z;\;Mf uy is the solution of the linear Boltzmann equation with source
term (9.99). If the number of particles depends on time?8, i.e. if Njsc(t), some additional treatments
must be added to cancel the 9;Nps¢(t) term for m Z;V:Mlc u, to solve (9.99). The latter property
may appear irrelevant and obvious at this stage of the discussion but it becomes really important when
designing, developing and implementing an MC scheme. In the case of a source term, depending on the
choice of the scheme, the weight of the MC particles, mainly in the sampling phase, have to be defined
in a consistent way (with respect to Njs¢) together with every numerical algorithm implying a change
in the number of MC particles during their tracking (russian-roulette, splitting, window screening etc.).

In the following sections, we describe two ways to take into account a source term:

— the first one resumes to an enrichment of the initial sampling phase (hence its denomination source
sampling).

— The second corresponds to a new MC scheme.
For both resolutions, we rely on an integral form before identifying different sets of random variables
allowing to rewrite it as an expectation.
9.9.1 Application of Duhammel’s principle: source sampling (direct)

The most common MC strategy allowing to take into account an external source term S relies on
Duhammel’s principle. It can be stated as follow: let u; be the solution of the following Cauchy problem
implying the linear Boltzmann equation without source term

/

—0u (%, t,w) — voxu (X, t,w) + vouy (x,t,w) = vUS/Pg(w',w)ul(x,t,w')dw ,

(9.102)
u1(x,0,w) = ud(x,w).
Let ug be the solution of the following Cauchy problem with
—Opua (X, t,w) — vOxus(x,t,w) + vorus(x, t,w) = vas/Pg(w’,w)uQ(x,t,w’)dw' — S(x,t,w), (9.103)

uz(x,0,w) = 0.

Then u = uj + us is solution of (9.99). The application of Duhammel’s principle allows decoupling
the treatment of the sources from the resolution of (9.102). The direct consequence is that one can
choose its favorite solver for (9.102) and add the resolution of (9.103) to its MC resolution code almost
transparently. From now on in this section, we focus on the MC resolution of (9.103). Equation (9.103)

281t is the case when splitting or russian-roulette is activated.
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can be rewritten in a integral form (direct formulation with us(x,0,w) = 0)

¢
/ e 'S (x + vs, s,w)ds =

0 (9.104)
/ [ F1p00(s)e7 7 ug (x + Vi, t,w) + L 4(s) / Ps(w',w)e "7 4%uy(x + vs, s,w’) | voge "79°ds.

It must be rewritten as an expectation over a set of identified random variables in order to introduce
an MC discretisation. Once again, this set of random variables is not unique. Note that we paved the
path toward a non-analog treatment as we already introduced o4 = oy — 0g. Let us assume equation
(9.102) is solved with a non-analog MC scheme and that we want to apply similar treatments in order
to take into account the source term. Introduce 7 ~ £(vog) and 7y ~ U([0,t = At]), W' ~ Pg(w',w),
then (9.104) becomes

ALE [e™07STU e vTATU §(x + vy, Ty, w)] =

E [ 1y oof(T)e 74 ug(x + vi, t,w) + Lj 4 (7)e 74T ug(x + v7, 7, W) | (9.105)
Introduce furthermore 7/ ~ £(vog), we get for the left hand side
ALE 11y oo[(T)e™"74T0 S(x + vy, Ty, w)] = (9.106)

E [ Lioo(s)e™ 4 ug(x 4+ vt t,w) + 1o (s)e™ 74 Tug(x + vr, 7, W) |.

At this stage, expression (9.106) must be compared to equation (9.44) (with some simplication hypothesis,
such as monokinetic etc.) where the initial condition in (9.44) has been replaced by

ALE [1fr, 00[(T)e™ P74V S(x + vy, Tu,w)] - (9.107)

An MC resolution of (9.106) comes naturally with the MC sampling of (9.107), which is similar and can
benefit the strategies applied in order to ensure the initial population of MC particles accurately represent
the initial condition?®. It resumes to working on the sampling of (9.107) instead of ug(x,w), hence its
denomination source sampling. Typically, the source sampling can be done during the initial sampling
phase (see for example algorithm 4). The main difference comes from the fact a time discretisation must
be taken into account for the source particles. Once the source sampling done, the MC treatments are
the same as in section 9.5.2. In the following section, we focus on the MC discretisation of (9.107) with
p € {1,..., Ny;c} source particles. We consider Ny = Nijo + N{; o where N, denotes the number
of MC particles representing the initial condition. Let us define a source MC particle S,(x,t,w) =
wp ()0 (xp(t)) 6w (wp(t)) and determine the treatments one must apply in order to ensure it is an MC
solution of (9.106). Plugging the expression of (Sp)pe{l,...,Nﬁw} into (9.106) leads to

Atl[TU,OO[(T/)efvaATU Sp(x + v1y, U, w) =

1[t7oo[(7')e_wf‘t5p(x + vt t,w) + 14 (7)e VAT Sy (x 4+ v, 7, W). (9-108)

After a change of variable, we have

Atl[TUyoo[(T/)Sp(X, TU, w) =

Lo ()€~ A TS, (x v (t = 17), £,0) + Lo (r)e="74 =) S, (x4 v(r — 1), 7, W), (O-109)

Now, let us first consider the case 7/ < 7y: in this case, the indicatrix on the left hand side is zero and
we have

0 =
A1
]—[t,oo[<7')€_vaA(t_TU)Sp(X + V(t _ TU)7 t7W) + 1[0,t] (T)e—’UO'A(T—TU)Sp(X + V(T _ TU), T, W/), (9 0)
which implies S, = 0 Vt € [0, At]. In other words, only sources emitted after 7y contribute to ug. In
practice, in order to make sure every source MC particle contribute to us (and avoid rejections), their
birth times are sampled from a uniform law on 7y ~ U([0, At]) so that we have 7/ > 7 by construction.

29presented in sections 9.5.2-9.8 and in algorithms 5-7-8.
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From now on we suppose 7" > 77. We obtain the following recursive treatment for particle p

Wy (10 )0x (Xp (1)) 0w (Wi (TU)) =
1 oo (7)€ 74T (80 v (1) (X (1)) s (wp (1)) (9.111)
10,4 (T)e AT, (T) 8y (r— ) (X (7)) S (wip (7))

It is exactly the same treatment as the direct one presented in section 9.5.2 (in the monokinetic case)
except the initial condition begins at time 7y rather than 0. Of course, the above treatment implicitly

calls for a consistent sampling of the source term, i.e. such that ZNMC Sp(x, TH,w) = AE [S(x, 77, w)].
The next paragraph is dedicated to a brief description (complementary to section 9.8.1) together with
difficulties one must have in mind when dealing with S.

Let us now focus on some technical details (complementary to the ones of the initial sampling)
of the source sampling phase. First, this sampling must come with a relevant choice of N A‘S;IC with
respect to N&C. This choice can be arbitrary, the convergence being ensured by an increase in both
numbers of initial (N{,,) and source particles (N3;). With an arbitrary choice, the risk is only to waste
computational time. For example, it is possible sampling too many sources with respect to the number of
initial particles whereas the source term does not really contribute to the observable of interest (but the
initial condition does). In practice, it is common building a binomial law of states ’source’ and ’initial’
of parameters respectively

Us Uo
and ,
Us+ Uy Us + Uy

1 ¢ 1
Us = —/ / /S(X,s,w)dxdsdw and Uy = —/ /uo(x,w)dxdw.
DI Jp Jo D[ Jp

The above expressions are similar to (9.88) for the initial sampling. Then one must determine the state

. N EYTIRT) 5 5 ) . . NI%IC ~ Ug
of the MC particle (’initial’ or ’source’) during the sampling phase. Such choice ensures e N 7T

so that the number of sources Ny is sampled relatively to the global weight of every particles. It kind
of implicitly assumes the sources are contributing to the observable of interest with ratio and

where

Tsil
the initial condition with ratio i +U . Consequently, this does not really guaranty avoiding a waste of
computational time but it ensures a convergence of the MC resolution with Ny;¢, i.e. without choosing
an additional parameter.

Independently of the relative amount of source vs. initial MC particles, the sampling of the N ]\S/IC

S
sources must ensure Z;V:Mlc Sp(x, TH,w) = AtE[S(x, Ty, w) fo X, s,w)ds = AtS™(x,w). Just as
for the initial sampling in section 9.5.3, source sampling can be described generally introducing the
probability measure

dS(x,s,w) = S(x, s, w)dxdwds,

|D\ / / S(x, s,w)dxdwds (9.112)
S(x s, w)dxdwds.

The latter must be compared to expression (9.88) for the initial condition. Once the analogy noticed, the
strategies hinted at in section 9.8.1 can be applied. We only end this paragraph on an important remark:
the consistent samplings and weight corrections, presented in section 9.8.1, may be more critical than for
the initial condition. Indeed, for example, arbitrarily setting uniform weights for the source particles, if
not consistent, can lead to intractable approximations, see the teleportation errorin [301, 69, 197, 70, 146]
or the material of section 10.2.

9.9.2 Quasi-Static method for the transport equation with source term

In this section, we present a different way to take into account a source term. The previous one only
implied a modification of the sampling phase. The one presented here implies a new and original MC
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scheme. In fact, the scheme description is almost secondary: we use it as a pretext in order to make
a parallel and an analogy between Quasi-Static methods, well-known and commonly applied in (cou-
pled/nonlinear3®) neutronics mainly (see [139, 140, 216, 73, 221]), and Asymptotic-Preserving schemes
(see section 9.7.4).

We consider the linear Boltzmann equation with source term
—Ou(x,t,w) — vOxu(x,t,w) + voyu(x, t,w) = vog / Ps(w',w)u(x,t,w")dw’ — S(x,t). (9.113)

We first non-dimensionalize it, exactly as in section 9.7.4, by introducing

x =x*X,v=vV,t =t*T,
(9.114)

0o = 0h5 Yo € {S,t, A},

The upperscript * is used to denote nondimensional quantities. Let us introduce u*(x*,t*,w) = u(x, t,w)
and S*(x*,t*) = S(x,t), then

%@*u*(x*,t*,w) = Ju(x,t,w), %ax*u*(x*,t*,w) = Oxu(x, t,w).
Using the above expressions in the transport equation yields
—%at*u*(x*,t*7w) — v WO u* (X, %, w)+ v*o;‘%u*(x*,t*,w) = B
v*a:%/u*(x*,t*,w)dw — vS*(x*,t*).

Now, we decompose 0; = 04 + 05 to obtain

f%at*u*(x*,t*,w) — U w0 u* (X*, 1%, w) +v*02%u*(x*,t*,w) + v ol )\iu*(x*,t*,w) =

X
-HJ*J;‘)\% u(x", " w)dw — VS (x*,t").

Suppose %- = (’)(%) = % = % and )\& = O(1), we obtain (we drop the upperscript for convenience)
the following asymptotic linear Boltzmann equation
—%atu(x,tw) — vwixu(x, t,w) +7)JA%’LL(X715,OJ)
1
+vosu(x, t,w) = vas/u(x,t,w)dw - ES(x,t).

Performing a Hilbert development, i.e. u = u® + u'd + u2§% + O(63) see [143], and considering only the
first order u® = U leads to

0 U (x,t) = voaU(x,t) + S(x,1). (9.115)

It corresponds to the monokinetic homogeneous regime. It can be solved analytically, if completed by
an initial condition Up(x,w) = u(x,0,w) and considering x as a parameter:

U(x,t) = <U0(X) + /Ot S(x, s)e_wASds) e?7At, (9.116)

Suppose we now want to build an Asymptotic-Preserving MC scheme for the regime § — 0. To do so, we
follow the methodology described in [3] and use (9.116) as a reduced model preserving and solving the
stiffness. We assume it is relevant along the flight path of the particles (i.e. applied on a characteristic).
We want the MC scheme to focus on fluctuation around the stiff regime of interest. To make sure

301t also allows introducing the methodology described in [3] for the linear Boltzmann equation coupled to the Bateman
system in a simpler configuration and shows that the methodology also applies for the linear Boltzmann equation.
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having an MC discretisation of these fluctuations, we introduce f(x,t,w) and the change of variable
u(x,t,w) = U(x,t)f(x,t,w) with U as in (9.116) (on a characteristic). The new unknown f solves
(multiplicative) fluctuations around the asymptotic regime U. Let us now identify the equation satisfied
by f. For this, we plug v = U f into (9.113) to obtain

=0 f(x,t,w) = vOx f(x,t,w)  +(vor — Oy In(U(x,t)) — vOx In(U(x,1))) f(x,t,w) =
S(x,t) (9.117)
U(x,t)

+UUS/Ps(w’,w)f(x,t,w’)dw’ -

It can be rewritten on a characteristic
—0sf(x+vs,s,w) +(voy —OsIn(U(x+vs,s))) f(x+vs,s,w) =
S(x+vs,s) (9.118)

Polw ’ o .
—|—UO's/ s(w',w) f(x+vs,s,w)dw U(x 1 vs.9)

Along a characteristic, according to (9.116), we have

S(x +vs,s)

83 IH(U(X+V5,S)) = V0 A —+ m

Plugging the above expression in (9.118) leads to

—0sf(x+vs,s,w) + (vas — m> f(x+vs, s,w) =
S(x+vs,s)
U(x+vs,s)

(9.119)
+vos / Ps(w',w)f(x+vs,s,w)dw —

Now suppose a time step discretisation [0, At] and assume [ f(x,t,w)dw =~ 1 Vx € D,Vt € [0, At]. The
latter hypothesis is classical in Quasi-Static (QS) methods, see [139, 140, 216, 73, 221] and is refered
as the main hypothesis in [3]. Then (9.119) can be rewritten as a balanced emission-absorption linear
Boltzmann equation

—0sf(x+vs,s,w) +vVg(x+vs,s)f(x+vs,s,w) =
+UZS(X+VS7S)/ﬁS(X+V5,S,w/,w)f(X+V5’ S,w')dw'. (9120)

It is such that 05 [ f(x + vs, s,w)dw = 0 Vs € [0, At]. In (9.120), we introduced Vx € D, Vt € [0, At]:

S
vEs(x,1) = V05 — U((); i))
S(x,s
_ vosPs(,w) - U((x s))
Pg(x,t,w',w) = DECTI

Equation (9.120) has a form which has already been intensively encountered all along this document
and we know how to apply an MC discretisation to such linear Boltzmann equation with space and time
dependent cross-sections (see the material of section 9.5.2). We do not detail all the MC treatments but
would like to focus on the weight modification of the MC particles. Its expression is given by

Ux+vtt)  (Up(x+vt) b S(x + vt, s)
(M

ef'qusds e’UO'At.
Uo(x) Uo(x) Uo(x) >

It corresponds to the solution of the asymptotic regime § — 0 of interest, along any characteristics. If
S = 0, we recover the classical expression of the weight modification (and all the other MC treatments,
even if not recalled here) for the non-analog scheme. In the asymptotic regime of interest § — 0, the

AP/QS scheme ensures by construction O( \/]vl]VIC) = ZarP 1@";:) < 1, whatever the number of MC parti-

cles, as asymptotically3! oap/qs(t) =0 when solving (9.115).

31the proof is very similar to the one detailed in section 9.7.3 for the non-analog scheme and is not performed here.
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The description of the above AP/QS MC scheme for taking into account a source term allowed
exhibiting strong analogies between

— Quasi-Static methods for the linear Boltzmann equation, intensively applied in neutronics [139,
140, 216, 73, 221],

— and Asymptotic Preserving schemes encountered in many recent publications [108, 49, 113, 50, 51]
and different application fields.

Both terminologies are closely related if not equivalent and we wanted to emphasize this point. The
description of the above scheme also introduced the methodology described in [3] in a simpler configura-
tion (in the sense there is no coupling with any other system of equation here, S is a known external field).

9.10 Taking into account an acceleration term in MC resolution
schemes

So far, we have tackled the linear Boltzmann equation with source term but without taking into account
an external acceleration. In this section, we explain in which sense the discussions of the previous sections
are more general than it appears. An acceleration term can, for example, allow taking into account
external forces on the physical particles. In this case, its expression is of the form a(x,t,q) = w
where F(x,t,q) corresponds to the force applied to the particles at position x € D, time ¢ € [0,T],
velocity g € R? (or energy ¢ = |q| € RT and angle ) = % € S§?). The scalar m corresponds to the mass
of the particles of interest. In this section, we slightly change our notations as the velocity component
is now denoted by q instead of v. We will have q = v <= a = 0. The expression of q with respect
to v when a # 0 is the purpose of the following material. The acceleration applied to the particles can
be general and come from different physics: it can be gravitational forces, electromagnetic forces, it can
also be introduced in order to deal with Doppler and aberration effects, refractive and dispersive media
in photonics®? (see [59, 245, 203]) etc. Its expression can be considered an external (known) field or may
be induced by another physic of interest (Maxwell equations for example in the case of electromagnetic
field forces) hence implies a coupling. In this chapter, we consider the acceleration term is known, i.e. is
a known external field.
The linear Boltzmann equation with acceleration term generally rewrites

O f(x,t,q) + a0y f(x,t,q) + a(x,t,q)0q f(x,t,q) =

“an@fxta)+ [ ao.a.a)fxta)dd + S(@). 9121
The density of particles at position x € D, time ¢ € [0, 7], velocity®® ¢ € RT and angle Q € S? is denoted
by f(x,t,q,Q) = f(x,t,4Q2) = f(x,t,q). The left hand side of the equation is called the streaming part
of (9.121) and the right hand side the collisional part of (9.121). For the purpose of this section, we
consider the total cross-section oy, the scattering cross-section o, and the source term S only depend on,
respectively, ¢, (q,q’) and q as the treatment of the position and the time dependences can benefit the
descriptions of the previous sections.

There are two main ways to treat the acceleration term in MC computations:

— the first one implies curved trajectories of the MC particles for the streaming part of (9.121) and
collisions in the comobile frame. This solution is described in section 9.10.1.

— The second one implies straight trajectories for the MC particles but corrections of the cross-sections
and source term expressed in a new referential. It will be described in section 9.10.2.

32in this case, ¢ denotes a frequence rather than an energy or a velocity.
330r energy or frequency.
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These possibilities are well-known and applied in many physical applications (see plasma [189, 25, 24, 29],
photonics [59, 203], neutronics [296, 297] etc.), but we here present them in a general and common way
focusing on the practical implications on an MC resolution.

9.10.1 An MC resolution with curved trajectories in the comobile frame

A first possibility in order to build an MC scheme taking into account an acceleration term in the
transport equation consists in rewriting the transport equation on a curved/accelerated characteristic.
In the previous sections, a characteristic was (implicitly) defined by the change of variables:

dtV(t) = 0,

dx(t) = v(b),

W) —v, (9.122)
x(0) =x.

Its resolution leads to v(t) = v(0) = v and X(t) = x + vt. In this section, the acceleration term
modifies the velocity®* and the angular distribution of the particles along their flight path as it induces
the following change of variables:

gtq§t§ - a((x)(t), t7 q( ))7

+x (1 =q(t),

R (9.123)
x(0) =X.

Of course, in this case, a characteristic is much more complex: solving the above system leads to

alt) =q+ / a(x(s), 5, q(s))ds,

. (9.124)
x(t) :x+/0 q(s)ds.

Plugging the expression of x(t) into the acceleration term we obtain the weakly3® coupled system

att) —a+ [ o+ [ ateas.ats) as -

x(t) =x +/ q(s)ds.
0
The equation satisfied by the velocity q(t) may be a nonlinear integro-differential equation and could be
hard to solve depending on the shape of the acceleration term a. In the following discussions, we assume
existence and unicity®® of q(¢) and x(¢) and that their analytical expressions are available. In practice,
one may have to rely on approximations such as the ones of section 9.6 for example (constant acceler-
ation in each cell D; such that D = Uiv=x1 D;, independence of a with respect to q(t) etc.). Of course,
care has to be taken so that the asymptotic regime of interest is not strongly affected by the approxi-
mations. If a varies a lot on small characteristic distances, one may rely on AP methods or high order
reconstructions within cells (Splines for example for [189, 25, 24, 29]) for triggered stiff regime of interest.

Let us introduce the norm of the velocity g(s) = |q(s)
rewrite (9.121) on one characteristic

05 f (x(5), 5,q(s)) =
—q(s)oi(als))f(x(s), s, als)) +// q(s)os(als), ) f(x(s), s, a)dq’ + S(q(s)).

evolving with respect to time s. We can

(9.126)

34hence the energy/frequency.
35weakly coupled in the sense once solved with respect to q, we consider the solution for x(t) is straightforward.
36This suggest the definition of F' does not contradict /trigger the wellposedness of (9.121) beforehand.
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Let us introduce the abusive notations ¢(s)o:(q(s)) = qoi(s), S(q(s)) = S(s) and ¢(s)os(q(s),q’) =
qos(s,q,q'): the dependence with respect to time is recalled in the first argument and to the initial
conditions q(0) = q of the velocity vector in the second one. It allows rewriting (9.126) as

95 f(x(s),s,a(s)) = // q04(5,9,q) f(x(s), 5,4)dq’ — qou(s) f(x(s), s, q(s)) + S(s).  (9.127)

With the above expression, the linear Boltzmann equation is rewritten in an already encountered form:
it remains to build an MC scheme for the linear Boltzmann equation for cross sections/sources having
dependences with respect to time. Everything we already presented in the previous sections applies. The
integral form of equation (9.121) is then given by

fx(t),t,a(t)) =

/ H100((5)  fo(x,q) ¢ (9.128)

q0s(s, q, N S(s) qoy(s)e” Js aoi(@daqy
1j0.4(s) {// 404(s f(x(s),s,q Ydq' + 1) +(s)

From (9.128) can be deduced the analog (section 9.2), semi-analog (section 9.3), non-analog (section
9.4) schemes in adjoint or direct (section 9.5) forms with source term (section 9.9). To sum-up, it is
possible taking into account the acceleration term by considering curved trajectories and time-dependent
cross-sections expressed in the comobile frame.

9.10.2 An MUC resolution with straight trajectories in a new frame

Being able to solve the accelerated transport equation with an MC resolution scheme with particles
having straight trajectories can be convenient in practice. For example

— because we already have access to a simulation code taking into account straight trajectories.

— Or because of the complexity of computing distances to events on curved trajectories in complex
cells (non-conform, unstructured ones).

In this section, we briefly explain how, via a well chosen change of variables, it is possible to solve
(9.121) with straight trajectories at the condition of performing some corrections to the cross-sections
and source terms. It implies expressing the linear Boltzmann equation in a new frame. Depending on
the physics of interest, those corrections and this new frame take different denominations. The term
effective cross-sections/source term is used to describe the corrections in neutronics, see [296, 297]. In
photonics, there are as many denominations as authors: they are called covariant relations in [59], ef-
fective ones in [174], unadorned frame ones in [245]. Particular terminologies are also used to denote
the new frame: the corrections describe transformation laws between the comobile frame (commonly
accepted terminology) to the lab frame [296], the local proper frame [174], the unadorned (as seen by
an observer in the zero) frame [245], the fixed frame in [59] or the nonintertial frame in [203]. With
this (non-exhaustive) list of terms, we indirectly insist on the fact the material of this section can be
found in several books and publications [296, 59, 203, 245, 174] depending on the physics of interest.
More important than the terminology differences in these publications, the corrections are not deduced
from the same computations. For example, in neutronics, they are deduced from infinitesimal physical
analysis [296, 297]. In photonics [174, 59, 245, 203], they are deduced from the Lorentz invariants. In
plasma physics, to our knowledge, the solution of the previous section 9.10.1 is commonly applied®”. The
main interest of this section is to highlight that independently of the physics of interest, the corrections
come from the same change of variable (on the velocity for neutronics, the frequency for photonics,...).
In order to make the description the more general possible (and to treat every physics at the same time),
we suggest an original (to our knowledge) way to identify the consistent corrections to the cross-sections
and source term. It consists in dealing with an arbitrary acceleration term and performing (once again
for an MC resolution) a particular change of variables.

37This is probably due to the fact that the acceleration term is central for this physics and the linear Boltzmann equation
without collision term, also denoted as Vlasov equation, is already physically relevant.
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In order to describe the forementioned change of variable, let us adopt a step-by-step approach. We
first consider the accelerated transport equation without collisional part and progressively introduce
the different terms (total cross-section, scattering one to finish with the source term). This progressive
methodology is commonly used, for example in order to prove the wellposedness of the linear Boltzmann
equation in [127] or for the construction of the Boltzmann equation in [18].

The accelerated transport equation without collisional part

Let us first consider the accelerated transport equation without collisional part: its expression is

8tf(xa t? q) + qaxf(x, t7 q) + G;(X, ta q)aqf(x7 ta q) =0. (9129)

Let us introduce an artificial quantity, homogeneous to a velocity, such that a(x,t,q) = -9,V (x,t,q),Vx €
D,q € R3. Then (9.129) rewrites

atf(xa tv q) + qaxf(x, t? q) - atV(X, tv q)aqf(xa tv q) =0. (9130)
In this section we aim at exhibiting a change of variables allowing to rewrite (9.129) under the form
Opu(x,t,v) + voxu(x,t,v) = 0. (9.131)

In (9.131), we implicitly have d;v(t) = 0, leading to a resolution with straight trajectories. The solutions
of (9.129) and (9.131) are respectively given by

f(X(t), ta q(t)) - fo(X, q)7
u(X(t),t,v(t)) = uo(x,v), (9.132)

where x(t),q(t) are the solutions (9.123) and X(t), v(¢) of (9.122)3®. We now aim at defining v(t) as a

function of q(¢) and V so that d‘(fi(t) = 0. To do so, recall®

~

d%f) =a(x(t)t,a(t) = =0V (x(t),t,a(t)).

Consequently, it is possible to define v(t) as wanted noticing that

90 4 o (x(r). . a(t) = 0 =

dv(t)
dt -

Then v(t) can be defined as
t
v=a(t)+ [ oV (xs)s.as) ds
0

ensuring d;v = 0. Recall x(t) depends explicitly on q(¢), and we can rewrite without loss of generality
in a more concise way*°

v(t) =q(t) + /Ot 9:V(q(s),s)ds = q(t) + V (¢).

Depending on the shape of V with respect to the dependences, the above equation may be complex to
solve without further hypothesis. In practice, assumptions (see section 9.6) can considerably simplify
the computations together with capturing the regime of interest. Note that for some physics, V may
depend only on t and not on q(t) (see [297, 59]). For others, see [29, 24, 25], the velocity dependences
are important. In the following paragraphs, we keep the computations the more general possible by
considering v(t) = q(t) + V().

Let us study the jacobian of the previous change of variable and its determinant. Note that when
there is no ambiguity, the time dependence is omitted for the sake of conciseness. The easiest way to

38Recall that we have q(0) = q,v(0) = v.
39We intensively use computations of the previous section.
40abusively dropping the dependence in x(0) = z as we think there are no ambiguities here.
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express the jacobian?! consists in formally introducing cartesian coordinates (v, vy, ;) of the velocity.
We have

v cos(h) g cos(©)
v=| vsin(@)cos(¢) |, and q=| ¢sin(®)cos(®) |,
v sin(6) sin(¢) ¢sin(©) sin(P)
so that
cos(0) —vsin(f) 0

O(vg, vy, vs)

v = | sin(f)cos(¢) wvcos(0)cos(¢p) —wvsin(f)sin(¢)
¢

sin(f) sin(¢) wvcos(f)sin(¢p) v cos(d) cos(¢)
Furthermore, we have
cos(0©) —qsin(O) 0

= | sin(O)cos(®) g¢cos(O©)cos(P) —gsin(O)sin(P)
sin(0)sin(®) qcos(0©)sin(P)  gcos(O) cos(P)

0(vg, vy, V)
dq
We finally get

ov|
aq|

ov

lﬁ(vx,vy,vz)

=< (9.133)

‘ vz, vy, V)

dq

Exhibiting the above change of variable and its jacobian (9.133) will be convenient to track MC particles
with fields expressed in a new frame. But relation (9.133) can also be particularly useful in order to
compute quantities in the new frame from quantities in the comobile one: for every functional F', we

have
/ [ Flatx(s) s vsasav / [ F <q<s>>>>\§;
/ [ F(sex(s).5,a()dads

This last relation will be applied throughout the following sections. In the latter, we express the different
cross-sections and source term in the new frame from their expression in the comobile one.

(s)dsdq,

(9.134)

Total cross-section in the new frame

Now we highlighted a particular change of variable allowing to solve the transport counterpart of (9.121)
with straight trajectories, it remains to identify the expressions of the cross-sections in the new frame
from the ones in the comobile one given the change of variable (9.134). Let us first focus on the total
cross-section. The methodology is pretty similar to the one adopted in the previous section: we aim at
solving

O f(x,t,q) + +adx f(x,1,q) + a(x,t,q)0qf(x,t,q) + |alo(|a]) f(x, £, q) = 0, (9-135)
with the change of variable (9.134) leading to an equation of the form
Opu(x,t,v) + voxu(x,t,v) + |v|o:(|v|)u(x,t,v) = 0. (9.136)

We recall |v| = v and |q| = g, so that |q|o¢(|q|) = qoi(q) and |v|o¢(|v]) = vT(v). The change of variable
of this section operates on q and v and not only on ¢, v, hence the above unconventional notations. These
echoe the remark in [245] concerning the angular dependence of the absorption cross-section expressed
in the unadorned frame in the very first chapters. In order to make sure (9.136) allows an equivalent
resolution of (9.135) in a new frame, the effective total cross-section @; has an imposed expression. To

41Here, this is obvious for non-relativistic mechanics, less in the photonic case for example but it is possible convincing
yourself by studying [245], p. 270 with expression (A.45).
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identify it, we first rewrite both equations in an integral form

Fx(t),t,q(t) = fo(x,q)eJo la@loellat=)Dds,
WE(t),t,v) = ug(x,v)e Jo VEIF(v())ds

Now introduce an arbitrary test function 1)(q)€ Cp(R?) so that we have (particular case of (9.134))

[ [ rx)s.atnutanasaa= [ futsts)svopviatsis)asd.

Plugging the previous expressions of v and f with respect to ug and fy leads to

/ /fo (x,q)e Jo la(@loe(ale)Dday, g (s))dsdq
ov

= [ [[ v vipwiacton |2

// Folx, q)e= Ji M@@)IFi(vate)Dday, g (s))dsdg.
0

We consequently have Ve Cy(R?) with fo > 0,

(s)dsdv,

t
/ /fo(x, Q)v(q(s)) (e— Jo va(@)lei(fv(a(@)Dde _ o= 5 \Q(a)lat(IQ(a)l)da) dsdq = 0.
0

This relation is ensured if and only if

vor(v) = qou(q). (9.137)

Equation (9.137) expresses the effective total cross-section in the new frame from the one in the comobile
frame. The expression is in agreement with the one obtained by [296, 297] (effective total cross-section
in neutronics) and by [59, 245, 174, 203] (covariant transformation in photonics).

Scattering cross-section in the new frame

We here aim at identifying the expression of the effective scattering cross-section. The idea is similar to
the above calculations: we add a scattering term and use the previous relations in order to identify the
consistent expression of the transformed scattering cross-section. Let us consider

O f(x,t,q) + +qox f(x,t,q) + a(x,t,q)0q f(x,t,q) =

9.138
“lalou(laD 0t )+ [ lalos(a. ) (x.ta)dd (6-138)

which we want to solve with the change of variable (9.122) leading to an equation of the form
Oru(x,t,v) + voxu(x,t,v) + |[v[ae(|v])u(x,t,v) = /|V|Es(v,v’)u(x,t,v’)dv’. (9.139)

In order to make sure (9.139) allows an equivalent resolution of (9.138) in a new frame, the effective
scattering cross-section @, has also an imposed expression. To identify it, we rewrite the two above
expressions in an integral form

Fx(),t,q(t)) = fo(x,q)e Jo la)loelal=)hds

t
+/ o= I lat@lou(lat@Dda g s)lou(qls), ' (5)) £(x(s), 5. ' (5))dqds,
0
W), £V(1) = g (x, v)em S VTV

/ [ ey ), v 5) (), 5,V (5)) v s,
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The starting point of the next computations is the same as above. For every test-function 1(q)€ Cp(R3?),
we have (particular case of (9.134))

//f (5))¥(a(s))dsdq = // () (q(v(s)))dsdv.

The idea now is to plug the expressions of the integral solutions into the previous relation, use the
expression of the effective total cross-section (9.137) to get after few computations

! (|q(8)‘08(q(8)aq/( )) ‘V( )lEs( (q(s)) V'(q'(s)))) , B
//o / [ X f(x(s),s,q(s))e Jo lal@loellale)Dday,(g(s)) dq'dqds = 0.

The above expression is true Vi)(q)€ Cy(R?), hence if and only if
O (Vv VI) = %Us (q7 q/)' (9140)

Now it only remains to identify the corrections on the source term. It is dealt with in the next section.

Source term in the new frame

In order to express the correction one has to operate on the source term, it is enough considering equation

Ouf (x.t,Q) + +a0ef(x.t,q) + a(x, t, Q)0 (x,t,q) = S(x,,q), (9.141)

and
Opu(x,t,v) + voxu(x,t,v) = S(x,t,v). (9.142)

In order to make sure (9.142) allows an equivalent resolution of (9.141) in a new frame, the effective
source term S has an imposed expression which can be deduced from the integral forms of both equations

FOx().talt) = folx,a) + /s a(s)ds,
u(X(t),t,v(t)) = uo(x,v) —|—/0 S(x(s),s,v(s))ds.

Now introduce an arbitrary test function 1(q)€ Cp(R?), we have (particular case of (9.134))

//f (5))¥(a(s))dsdq = // () (a(v(s)))dvds.

Plugging the two integral expressions of u and f with respect to ug, S and fy, S into the above relation
together with few computations lead to

L//S (s))(a(s))dsdq (//S (s))(a(v(s))dsdv,

//S (a(s)¥(a(s))
//S <mwmw'“”}®®.

The above expression is equivalent to

11/Fw@ﬁa@»—aﬂqawm@»‘“*2
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This relation is ensured V¢ C,(R?) if and only if

5(v) = S(a)>. (9.143)

This expression is in agreement with the one obtained by [296, 296] (neutronics) and by [59, 203] (pho-
tonics).

Implications of the above corrections on an MC resolution

In the previous section 9.10.1, dealing with curved trajectories, we did not details the MC resolution*?
as the treatments were very similar as the one highlighted in the previous sections 9.2-9.3-9.4-9.5-9.9.
It depended more on the choice of the MC scheme, with a backward or a forward resolution, than on
taking into account the acceleration term. The only difference came from the fact that the MC particles
had curves trajectories defined by (9.123) instead of straight ones (9.122).

The treatments described in this section deserve some more practical details for its MC resolution.
The MC particles have straight trajectories, this is the simple part, but the cross-sections and source
term must be corrected on-the-fly in order to take into account the acceleration term. The aim of this
paragraph is to present the algorithmic implications of the above corrections on the cross-sections and
sources (9.137)—(9.140)—(9.143) for an MC resolution.

Our aim here is to solve the following transport equation of unknown u having its dependences in a
new frame (x,t,v)

Ou(x,t,v) + voxu(x,t,v) + vo(v)u(x,t,v) = /UES(V, vu(x,t, v )dv' + S(x,t,v),

q =qw(v,V),v=v(q,V)
vy () — 4ou(o), (9.144)
’UES(V,V/) = qu((L q/)’

2
S(x,t,v) = %S(x,t,q)-

In the above expression, V' is a given external field and induces corrections to the cross-sections and
sources which are only known in the comobile frame. In other words, (9.144) could be rewritten in a
closed form

Ou(x,t,v) + voxu(x,t,v) + |q(v,V)|o(|la(v, V) Du(x, t, v) =
2

/ la(v, V)|ow(@(v, V), (v', V))u(x, £, v')dv’ + 7St av.V)

la(v, V)

By closed form, we mean every quantities except our unknown wu are known fields (V, o, 05,5). The
above equation, now, has a form which has already intensively been encountered throughout the docu-
ment. It can be rewritten in an integral form, as an expectation over a set of random variables, which
determine the chosen resolution scheme, in a backward or a forward manner, for its MC resolution.
We do not provide the details of the computations, they can be deduced from the previous ones in the
different sections (depending on the favorite MC scheme of the reader). We only highlight, in algorithm
13, where the corrections must be carried on and comment on them.

4210 algorithmic details presented for example.
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Algorithm 13: The general canvas for the different MC schemes described in term of algorithmic
operations in order to compute (direct) U(x,t) = /u(x, t,v)dv with an acceleration term. The

velocity V' is supposed constant in each cell in the time step (forward form).

1 call sampling(Nyro) #SAMPLING described in algorithm 5

2 set t = At

3 while t < T do

4 #Initialize to zero the array of the quantity of interest on the whole simulation domain D
5 set U(x,t) =0Vx e D

6 #TRACKING: make sure each u, is an MC particles

7 for p e {1,..., Ny} do

8 set s, =t — At #this will be the current time of particle p
9 #corrections on the MC source particles
10 if p == source then

11 #During the sampling phase, sources emitted in the comobile frame qy
12 Vp = V(qpv Vz:)
2
13 Wy — [vp ‘2 wy
qp|

14 end
15 while s, <t and w, > 0 do

16 if z, ¢ D then

17 #here a general function for the application of arbitrary boundary conditions
18 apply_boundary_conditions(xp, sp, Vp)

19 end

20 compute q = q(vy, V")

21 sample T,ier = sample_interaction_time(|q|, i,)

22 compute Tey;y = compute_cell_exit_time(x,, vp, ip)

23 compute Teensus = max(t — 7,0)

24 set T = min(Tea:ita Teensuss Tinter)

25 #move the particle p

26 Xp ¢— Xp — VpT,

27 #change the particle weight

28 (K,r) = compute_weight_modif(|q|, T, Teensus, Tewits Tinters ip )
29 wy +— K x w,

30 if 7 == Teensus then

31 #set the life time of particle p to zero:

32 Sp—t

33 #tally the contribution of particle p

34 U(xp,t)+ =wp

35 end

36 if 7 == 7.4 then

37 #The particle p changes of cell: find its new cell number
38 ip = find_neighbooring_cell(,, v,)

39 #set the life time of particle p to:

40 Sp— Sp+ 7 <t

41 end

42 if 7 == Tinter then

43 #Sample the velocity of particle p

44 Q' = sample_velocity(q, 7, %)

5 V= v(Q, V)

46 set v, =V’

ar #set the life time of particle p to:

48 Sp— Sp+ 7 <1

49 end

50 end

51 end 291

52 t+—t+ At

53 end




Algorithm 13 is very similar to algorithm 9 where a general canvas for MC resolutions was presented.
Their main differences are highlighted (in blue) in algorithm 13. The first blue lines concern the source
term corrections. The population of source MC particles is supposed to be built in the sampling phase,
in the comobile frame (we only know S in this frame). The energies, angles and weights of the source
particles must be corrected to represent an emitted particle in the new frame (in order to represent
S). The transformation is performed by correcting the energy g, and angle ), using the relation v, =
a(gp, V;") where V" is an estimation of V' at time s, position x, in cell i,. The weight of the source

2
particle is multiplied by the factor Z—’; in agreement with (9.143).

The described source correctionsp are the heaviest modifications to perform. The others resume to

applying the change of variable

v=v(q,V), (9.145)

before the sampling of the interaction time and the computation of the weight modification and its
inverse counterpart

q=q(v,V), (9.146)

after having sampled the scattered velocity in the case of an interaction. The different functions described
in algorithms 10-11-12 are only called with argument q, instead of v,,. Of course, if a = 0, algorithm 13
degenerates toward algorithm 9 as the change of variable v = v(q, V') and its inverse become identities.

9.11 The Uncertain Linear Boltzmann equation

In this section, we would like to tackle the combined problem of uncertainty quantification (as in part
IT) and the resolution of the linear Boltzmann equation (current part IIT). More precisely, we tackle it
from two different point of views:

— in section 9.11.1 we question the necessity to eventually design numerical schemes*3 adapted to the
uncertainty analysis we aim at carrying on.

— The matter of section 9.11.2, fully adressed in [241], shows it is sometimes very efficient opening
the black-boz, i.e. being intrusive, to perform an uncertainty analysis.

We assume the reader went through the material of part II regarding uncertainty quantification: this
allows going straight to interesting uncertainty analysis considerations. As explained in part II, we
explicitly introduce the dependence of the solution u(x,t,v) of the PDE of interest with respect to a
random vector X = (X1, ..., Xg)! modeling the uncertainty. Vector X € Q C R? may depend on the
position, the time or the velocity of the physical particles, i.e. X = X(x,t,v), Vx € D,t € [0,T],v =
vw € R3. We assume its components are independent** and that its probability measure is known
Vx € D,t € [0,T],v = vw € R3, denoted by dPx = Hlel dPx,. The aim of this section is to solve the
general SPDE (Cauchy problem)

u(x,t,v, X) + voxu(x,t, v, X) + vor(x, t, v, X )u(x,t,v,X) =
—|—/vos(x,t,v,v’,X)u(x,tv',X)dv’ + S(x,t,v, X), (9.147)
u(x,0,v, X) = up(x,v, X).

With such general formulation, X can describe uncertainties in the initial condition, the source term,
the cross-sections*® without more distinctions.

43for the black-box code.

44We recall this is not a strong hypothesis as we can assume the correlations have been pretreated, see part II and
[169, 100] for example.

45and even in the boundary conditions which are not recalled here for the sake of conciseness.
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9.11.1 Non-intrusive resolution of the uncertain linear Boltzmann equation

The non-intrusive resolution of (9.147) uses a simulation code?® solving the linear Boltzmann equation
as a black-box, run at several identified points (X;,w;)ieq1,... v} of an experimental design depending
on the measure dPx, see chapter 5. Once the simulation code available, this corresponds to the most
direct, simple and fast way to tackle the uncertain counterpart of the numerical resolution of (9.147).
While performing an uncertainty quantification problem, we tacitly demand conditions to hold:

— From a mathematical point of view, we suppose VX € Q C R?, the wellposedness of the linear
Boltzmann equation is not questionned.

— From a numerical point of view, we assume VX € Q C R? the resolution scheme of the black-box
code can accurately capture the regime of interest.

Without any of these two conditions, the uncertainty analysis may be pointless [153]. The first condition
and its implications have been intensively studied in chapters 4-5 (for systems of conservation laws).
The second may deserve an example, this is the matter of this section. Suppose there exists a subspace
Ds—0 C ) such that the probability measure of {X € Ds_,o} is non-zero. Assume furthermore that every
realisations of X in Ds_,¢ induce the exploration of a stiff regime characterised by 6 — 0 (see remark
9.1) for the numerical (MC) resolution. If the (deterministic) resolution scheme of the black-box code is
too sensitive with respect to its discretisation parameter in this regime (i.e for example not Asymptotic
Preserving, see definition 9.1), the numerical error for some realisations of X € Ds_,o may overcome the
variability of the uncertain parameters?’. The interpretations and the conclusions of the uncertainty
analysis may then be wrong.

Let us apply non-intrusive gPC to solve (9.147) in a simple configuration. It is monokinetic and
homogeneous, so that an analytical solution is available. We assume the uncertainty, one-dimensional
here for the sake of simplicity, affects the scattering cross-sections

0s =05+ 05X.

In the above expression, X ~ U[—1,1] and 65 = 1—1065: the uncertainty affects the scattering cross-section
by a factor 10% relative to its mean. Let us build the analytical solution for this test-problem. In the
monokinetic configuration, the uncertain linear Boltzmann equation resumes to

Apu(x,t,w, X) + voxu(x, t,w, X) + voy(x, u(x, t,w, X) = /’UO’S (x,t, X)u(x, t,w', X)dw’,

u(x,0,w) = ug(x,w).

(9.148)

In a homogeneous test-problem, the solution is given by U (¢, X) solution of the uncertain ODE
u(x, t,w, X) + voxu(x,t,w, X) + vo(x, t)u(x, t,w, X) =
vos(x,t, X) / Pi(x,t,w, 0, X)u(x, t,w’, X)dw', (9.149)
u(x,0,w) = up(x,w).
It is given by

U(t,X) _ erfvoa(X)t _ erfv(otfisf&sX)t _ erfv(ﬁaf&sX)t' (9150)

The quantity U(t, X) is a random variable indexed by time ¢, i.e. it is a stochastic process. In this case,
mean and variance of the stochastic process (9.150) can be computed analytically and are given by

_ Vo5t —vbst
MY () =E[U(t, X)] = 3Upe™ Tt E—pmf,
— 206 st —2vG st
MY (1) = E[U%(t, X)] = Uge 2outC——C " (9.151)
VUl = MY (t) — (MY (1))

46hased on an MC resolution with one of the MC scheme described in this part.
47j e. some realisations may need finer discretisations for the uncertainty analysis to be relevant.
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Of course, higher order moments, probability of failure, complete characterisation of the pdf of the
stochastic process can be made but we first focus on the two first moments, the mean E[U](¢) and
the variance V[U](t). Let us discretise (X,dPx) with NAZ% Monte-Carlo points. Every runs of the
black-box code solving the deterministic linear Boltzmann equation (with the non-analog or the semi-
analog MC scheme) have Nj;c MC particles. Figure 9.3 presents a convergence study with respect to

F Semi-Analog, Nyc = 10 === ]
: Semi-Analog, NS Z 30 —w— 1
- Semi-Analog, Nyjc = 100 ==
- on-Analog, ]\71\1\440:10 =
g i |
2 . .
g 0.1F ' =
° i 1
= - ]
kS I ]
= i
2
| 0.01 F
~ i
0.001 ] ] ] —
1 10 100 1000 10000
NU©
MC

Figure 9.3: Convergence studies with respect to N z\(i[% for the resolution of the uncertain linear Boltzmann
equation in a homogeneous configuration. Comparison of the convergence studies for the semi-analog
scheme for several Nj;c and of the non-analog scheme.

Ng[% =1,2,...,2'3 = 8192 performed in the previous configuration with the semi-analog MC scheme of
section 9.3 and the non-analog one of section 9.4 for a fixed discretisation*® Njy;c = 10,20,100. The
L'—norm of the error (i.e. on the variance) is averaged on 10 times of interest uniformly distributed (i.e.
At = 1) in the time interval [0, = 10].

The three first curves (red, green, blue) are obtained with the semi-analog MC scheme for different
Nye (i.e Naye = 10,20 and 100). The curves all present two regimes:

— as NA(Q% increases, the L' —norm of the error decreases with the characteristic slope —% of the MC
method in the log-log plot of figure 9.3,

— until it reaches a plateau, after N}\f[% ~ 32 for the red curve (Np¢c = 10), NAZ% ~ 128 for the
green one (Np¢ = 20) and NAI{[% ~ 1024 for the blue one (Npc = 100).

For Ny, = 20, for example, for the semi-analog MC scheme, using NA[{IQC = 128 MC points or 8192 does
not improve the accuracy of the approximation. This is due to the too important Nj;c—error of the
semi-analog scheme for NAI{[% > 128. It is even possible to compare the errors of the three plateaus and

recover roughly an O( \/Nch) convergence rate. In other words we experimentally recover the fact the

error has the general form

1 1
e =0 () + 0| — 1. (9.152)
vV Nyco /NI\[iI%

4Ny = 10,20, 100 may seem very low but this is enough in order to illustrate our purpose in this configuration.
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Once N][d[c is important enough, it becomes negligible with respect to the error of the semi-analog

scheme. For the green curve for example, when N, vQ C > 128, the computed variance is numerical*®
and not representative of the variability due to the uncertainty. This is closely related to the fact the
constant Osemi-analog, given by (9.82) in this homogeneous regime, strongly depends on the values of
0s(X) which fluctuate due to the uncertainty. To make sure the accuracy with N]lv][% for the semi-analog
scheme is improved, Nj;c must depend on the uncertain parameter X. On another hand, with the
non-analog MC scheme, Asymptotic-Preserving in this same configuration (homogeneous, see remark
9.1), increasing N M% always improves the quality of the approximation. With this scheme, care has

been taken to have a numerical scheme adapted to the uncertainty quantification problem of interest
Onon-analo (X) __ Onon-analo

Noro VN =
for the regzme of interest before tackling any uncertainty quantification problem. Of course, the problem
here is very simple but is representative of the difficulties encountered on real industrial simulations: the

different numerical errors must be balanced for an efficient study.

as This example emphasizes the importance of identifying a relevant scheme

The above conclusion of this study has indirectly already been emphasized in previous examples and
convergence studies of part II. For example, replace

,0(

) by O(Au),

~ and O (@) by O(exp (—P*)),

and we obtain the same content as remark 4.2. In other words, we can expect a non-intrusive resolution
of the uncertain linear Boltzmann equation to depend on three discretisation parameters, N, Na;c and
P (the size of the obtained P—truncated reduced model). This point is more developed in [241].

In the context of this chapter, there is one difference with the examples of part II. We may be able to take
advantage of the MC resolution to treat the uncertainties on-the-fly during the MC tracking. The idea is
to capitalize on the fact MC methods are insensitive to an increase of dimensions (the uncertain ones) and
weaken the sensitivity to dimension of gPC. The idea would be to obtain a resolution method depending
on one less discretisation parameter (dependence only with respec to Nas¢, P). The description of such
resolution scheme is the purpose of the next section.

9.11.2 A gPC-intrusive Monte-Carlo scheme for the uncertain linear Boltz-
mann equation

The previous section showed a non-intrusive application has one important drawback. The dependence of
the accuracy of the computations to three intricated parameters. This is especially true if the uncertainty
analyst has not designed an Asymptotic-Preserving scheme in agreement with the (uncertain) regime he
wants to capture in his study. The idea here is: suppose one has to design a new adapted Asymptotic-
Preserving MC scheme, is it possible to make the MC scheme solve on-the-fly the uncertain counterpart
of the linear Boltzmann equation? The answer, positive, is summed up below and fully addressed in
[241]°°. Let us consider the following uncertain transport equation

ou(x,t, v, X))+ v -Vu(x,t,v,X) = —voi(x,t,v, X)u(x,t,v,X)
—H}Us(x,t,v,X)/Ps(x,t,v,v/,X)u(x,t,v’,X) dv’
(9.153)
Recall we have the notations
os(x,t, v, X) :/as(x,t,v,v’,X)dv/7
(9.154)

os(x,t,v,v', X)

’ _
Py(x,t,v,v,X) = 7. (.5, X)

4given by (9.86) with cross-sections depending on X.
50In [241], we presented the construction of the gPC based semi-analog MC scheme, we here build the gPC based
non-analog one. This way, this document and [241] remain complementary.
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Let us go through the same steps as in sections 9.2-9.3-9.4 in which we built MC schemes but having
in mind the quantities depend also on X. We aim at identifying the changes one must perform to the
different samplings to take X into account on-the-fly during the MC resolution. First, we introduce

fr(x,t,v,s,X)ds =

1j0,00[(8)v0Os(x — Vs, t — 5,0, X) exp ( / vog(x —va,t —a,v, X) da) ds. (9.155)
0

Under some boundedness conditions® VX € Supp(X), where Supp(X) denotes the support of the
random variable, (9.155) remains an exponential probability measure [219]. The uncertain counterpart
of (9.28) is then given by

u(x,t,v,X) =
1[t oo[(s) Uo(X —vt,v, X) e~ Jo voa(x—va,t—a,v,X)da
' ! -3 (x—va,t— X)d ’ (9156)
lig(s)  u(x—vs,t—s,v,X) e Jov%e at-av,d)da p(x —vs, t—s,v,v X)
X fr(x,t,v,s, X)dv'ds.

Introduce the set of random variables Tx, Vx sampled from the probability measures 7x ~ f,(x,t,v,s, X)ds
and Vx ~ Py(x,t,v,v', X)dv'. The above integral equation rewritten as a recursive expectation becomes

+1[t,oo[(7—X) e~ fg Vo, (x—va,t—a,,X)da UO(X —vt, v, X)

x,t,v,X)=E -
’LL( ) +1[07t] (TX) . fo X vo,(x—va,t—a,v,X)da ’LL(X _ VTX7t - Tx, Vx, X)

] . (9.157)

The next step consists in introducing an MC discretization allowing to take into account the uncertain
variables. Let us introduce an 'uncertain MC particle’ u, defined as

up(x,t, v, X) = up(x, 1, v)0x (Xp(t)) = wp(t)dx(xp(2))0v (Vp(£))dx (X, (2)). (9.158)

We are now going to identify the operations we must perform to ensure (9.158) is solution of (9.153).
For this, we plug (9.158) into (9.157) and make sure u,(x,t,v, X) is a particular solution of (9.153).
Plugging u, into (9.157) leads to the construction of a (compatible) system of equations of unknowns

wp(t),x,(t), vp(t), X,p(t) given by

wy(t) = 1poeo(7x) €7 J5 voa (x*"o"t’o"”’x)do‘wp(()) +1j0,4(Tx)e™ I W"'(xf"“’t*a’”’x)dawp(t —Tx),
Xp(t) = L oof(tx) (x(0) 4 1) 10, (7x ) (Xp(t — 7x) + v7x),

vp(t) = lpeo(7x) v 10, (7x) (vp(t — 7x) = Vx),

Xp(t) = Lpeo(tx) Xp(0) +110,4(7x ) (Xp(t — 7x)).

(9.159)
Let us focus on the last equation: inconditionally with respect to time ¢, X,(¢) is not modified. Indeed,
if Tx <t we have X,(t) = X,,(t — 7x) until, events after events, the initial condition is reached leading
to X,(t) = X,(0) = X,,.

Remark 9.3 The latter result tells the uncertain variable must be sampled initially for every MC' par-
ticles and remain unchanged. It also implies an MC particle must transport amongst its attributes the
realisation of a random vector of size Q. This has some impact on the memory consumption of the
algorithm.

Now we know X, (t) = X,, (9.159) reduces to

t TX,
’U.)p(t) — 1[t7oo[(7_Xp) e~ f() Uo‘a(x—Voz,t—a,’u,Xp)dawp(O) +1[07t] (TXp)ei fo P 'uo'a(vaa,tfa,v,Xp)dawp(t _ TXp)a
Xp(t) = Lpoo(tx,) (x(0) 4 i) +1j0,(7x, ) (Xp(t — 7x,) + V7x, ),
vp(t) = Lpeol(rx,) v 10,4 (7x,) (vp(t — 7x,) = Vx, ).

(9.160)
Recall 7x,,Vx, are sampled from the probability measures 7x, ~ f-(x,t,v,s,X,)ds and Vx, ~
Py(x,t,v,v', X,)dv'. System (9.160) is similar to system (9.24) but the samplings depending on x,
may need few comments. Assume, for the sake of simplicity, the cross-sections do not depend on x,t

51Here, the hypothesis VX € SuppX is certainly not optimal but sufficient for the property to hold.
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locally®® (i.e. within a cell or an element of geometry). Then the probability measure (9.155) for the
sampling of the interaction time resumes to

Jr(Vp, 5, Xp) ds = 19 oo (8)v0s (Vp, Xp)e™ VP7e Vo Xp)s g, (9.161)
In practice, this implies sampling 7y, according to°?

In(U)

“uos(vy, X where U ~ U([0,1]) and X, is an embedded particle field just as v,. (9.162)

TXp:

Expression (9.162) echoes (9.55). The same apply to the sampling of the outer® velocity Vx, and to the
weight modification of the uncertain MC particles. The cross-sections at play in (9.154)—(9.160) must
be used at both the physical (x,,v,) and uncertain (X)) fields of the uncertain MC particle.

Now the gPC coefficients can easily be estimated thanks to the uncertain MC particles: the scheme
once again intensively uses the linearity of equation (9.153) together with the linearity of the P—truncated
gPC approximation defined via in corollary 3.2. Indeed, (u,(x,t, v, X)qﬁkX(X))pe{Lm,NMc}, vk € {0,.., P}
are independent solutions of the projection of the solution of (9.153) onto a P— truncated gPC basis.
This implies the sum over the number of uncertain MC particles verifies Vk € {0, .., P}

Nye

D up(x,t,v, X)op (X) & u (x,1,v).

p=1

Applying the operations related to (9.159) to any given uncertain MC particles ensures, by construction
(see theorem 3.2.1 of [165]), the convergence of the MC solver toward the projection of the solution
of (9.153) onto the truncated gPC basis in the limit Ny — oo. The overall cost remains O(Nys¢)
together with an O( \/Nljvifc) accuracy on the gPC coefficients to compute. Note that the computation of

52This assumption is commonly done.

53The next expression is obtained inversing the cumulative density function of an exponential law, this is common in
MC computations see [165].

54Inner would be more appropriate as we are here identifying the backward samplings.
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the gPC coefficients explicitly appears in the algorithmic presentation 14 of the new MC scheme.

Algorithm 14: The gPC-intrusive MC non-analog scheme described in term of algorithmic
operations in order to compute (backward) the gPC coefficients of u(x,t,v, X ). The differences
with the classical canvas are highlighted in blue: they concern the initial sampling (X, from
dPx), the tallying (estimating the gPC coefficients (uj (x,t,V))kefo,..,p} intrusively) and the
different calls to cross-sections.

1 for k € {0, ..., P} do

2 ‘ set up (x,t,v) =0
3 end
a forpe{l,...Nyc} do
5 set s, =t #this will be the remaining life time of particle p, it must go down to zero
(backward)
set x, =
7 set v, =v
8 set w, = %MC
9 Sample X from the distribution having probability measure dPx.
10 set X, =X
11 while s, > 0 and w, > 0 do
12 if 2, ¢ D then
13 #here a general function for the application of arbitrary uncertain boundary
conditions
14 apply_boundary_conditions(z,, sp, vp, Xp)
15 end
16 Sample 7 from the distribution having probability measure f-(x,, sp, s, vy, X;)ds.
17 if 7 > s, then
18 #see the treatment in factor of 1 oo((7) in (9.160)
19 #change the particle weight
20 Wy +— e~ fUSp vpaa(xp—vpoz7sp—a,vp,Xp)dawp
21 #move the particle p
22 Xp — Xp + VpSp,
23 #set the life time of particle p to zero:
24 sy +— 0
25 #tally the contribution of particle p
26 for k € {0,..., P} do
27 ‘ Ui (%, t, v)+ =wp X uo(Xp, Vi, Xp) o (Xp)
28 end
29 end
30 else
31 #see the recursive treatment in factor of i () in (9.160)
32 #move the particle p
33 Xp — Xp + VpT,
34 #change its weight
35 w, « e fOT vpoa(xpfva,spfa,vp,Xp)dawp
36 Sample the velocity of particle p from Py(x,, sp, T, vp, v/, Xp)dv’
37 vp =V
38 #set the life time of particle p to:
39 Sp— 8, —7>0
40 end
41 end
42 end

From the previous description, one must understand the basic idea is to try to avoid a tensorisation
between the N experimental design points concerning the random variable X and the Nj;c samplings
related to the physical variables (x,t,v) for the MC particles. This imposes some identified operations
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to perform a full MC approximation of the gPC coefficient with Ny;c samplings in the whole space of
variables (x,t,v, X). We intensively make use of the insensitiveness of an MC integration with respect
to dimension to compute the gPC coefficient of any given output of interest. The new MC scheme is
intrusive in the sense one must modify®®

— the attributes of the MC particles to take into account a discretisation (X )pe(1,.... Ny 03 Of (X, dPx),

— the call to the cross-sections at those points (X})peq1,..., Ny} t0 sample the interaction time, the
outer velocity and modify the weight of any uncertain MC particle,

— the tallies (to embed the computations of the gPC coefficients and other outputs of interest).

The last point may deserve few more details: to approximate any ouput of interest, the post-treatment
must also be embedded in the MC resolution. Any other quantity of interest will not directly be available
unless every fields of the uncertain MC particles are tracked in some files to be post-treated. We clearly
want to avoid such solution because tracking down information with such frequency (many tallies® of MC
particles per seconds leading to an important volume of 1/0°7) slows drastically down the computations
and can easily make a filesystem collapse. More details are given in the numerical examples of [241].

At this stage of the discussion, one may also wonder why relying on gPC and consequently remaining
sensitive to the dimension Q wvia the increasing number®® of coefficient (u? Jke{o,..,p} to be evaluated.
To give an element of answer, let us build the PDE satisfied by the moment of order 2 of u, solution of
(9.147). It is defined by

Ms(x,t,v) :/uQ(x,t,v,X)dPX,

= /mg(x, t,v,X)dPx.

It certainly corresponds to one of the simplest statistical observable. In this case, quantity ms is solution®?

of

Oma(x,t, v, X) +v-Vma(x,t,v,X) = —2v04(x,t,v, X)ma(x,t,v, X)

+2u(x,t,v,X)/vgs(x,t7v7V/7X)u(x’t7v/7x)dv('9.163)

The latter equation is nonlinear (see the scattering term). The difficulty to solve (9.163) with an MC
method can be compared to the one to solve the quadratic Boltzmann equation [37, 28] for example. In
other words, to be solved numerically, it may

— either need an additional linearisation hypothesis. For example, for a Nanbu-like [37] resolution,
this implies relying on a time step discretisation and an MC resolution of the explicited equation

Oma(x,t, v, X)+v-Vma(x,t,v,X) = —2vo(x,t, v, X)ma(x,t,v, X) (9.164)
+2u(x,t", v, X) [vos(x,t,v,v, X)u(x,t, v/, X)dv"

In the above expression, u(x,t", v, X) is the approximated solution at the beginning of the time
step At. In other words the convergence depends on Nj;¢ but also on the time step At.

— Or perform a splitting of operator between the streaming part and the collisional one with an
adaptation of Bird’s algorithm [28]. This splitting, even if having good mathematical properties
(conservations), also introduces a dependence with respect to a time step At.

— Or apply an analog MC scheme and keep track of the count rate to take correlations and higher
moments into account [52]. This is usually done in a file which must be post-treated (binning and
linear fit etc. see [52]). But analog schemes are known to have a slower convergence rate, to be
computationally intensive and inadapted to very multiplicative media (in this case the size of the
written file is known to explode).

55This is easier to understand thanks to the algorithmic representations 3 and 14.
56See algorithm 3 for the definition of tallying.

571/0 refers to input/output.

58The number of coefficients increases with Q.

59Multiply (9.147) by u(x,t,v, X) to obtain (9.163).
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Of course, the above list of alternatives may not be exhaustive. Anyway, the application of gPC does
introduce a new parameter (P rather than a time step as in [37] or [28]) but the modifications to an
existing solver are minor (compare algorithms 3 and 14) and the approximation with respect to P can
even be expected to yield spectral convergence for smooth solutions (in fact, spectral convergence has
been proved in this context in [235]). In the example above, a gPC-i-MC approximation of My is simply
given by

oo P
2(x,t,v) Z (x,t,v)) E:ukj\,Mcxtv))2
k=0 k=0
where Vk € {0, .., P} we have
Nuco
ui (%,t,v) & up, Nare (X5 1,V) Z wy (£)0x (% (1)) by (Vi (1)) 03 (Xp)-
p=1

In [241], we numerically verify and illustrate the previous points and even consider more elaborated
statistical outputs of interest (in particular Sobol indices for sensitivity analysis, see [266, 145, 255]).
We also put forward very important gains on the new gPC based MC scheme designed in this section,
compared to a non-intrusive gPC application.

To end this section, we revisit the uncertainty quantification problem tackled at the beginning of this
section with the new gPC based semi-analog MC scheme. The results are displayed figure 9.4: the new

1 T
E emj Analo ]\ = 10 —_ ]
geml Analo§ UC 20 =—w— |

2

Semi-Analo

[ PC intrusive Semi-Analog MC scheme (Nj¢ ME \ﬁc?%' 4
0.1 E N ]

log of the L'—norm of the error
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Figure 9.4: Convergence studies with respect to N = NAI{I% and A = Ny¢ as in figure 9.3 (bottom right)
together with a curve obtained with the new gPC-i-MC scheme. For the latter, the uncertain parameters
are sampled within the Ny;c MC particles.

method also allows avoiding the kinks in the convergence curves.

9.11.3 Summary

The two previous sections could be (restrictively) summed up as the presentation of two resolution
schemes avoiding the kinks in the curves of figures 9.3-9.4. To avoid those kinks, the first method
(section 9.11.1) is non-intrusive but implies developping the relevant numerical schemes (the non-analog
one here) within the simulation device. In a sense, it is as intrusive as the second one (section 9.11.2),
which achieves the same purpose and even has some other interesting features, see [241].

More broadly, in this section, we tackled the resolution of the uncertain linear Boltzmann equation.
The first paragraph mainly aimed at putting forward the importance of having a relevant resolution
scheme for the uncertain study of interest prior to performing an uncertainty analysis. In the second
paragraph, we presented a gPC based intrusive MC scheme. It takes advantage of the MC resolution
and its insensitiveness to an increase in the dimension to treat on-the-fly during the MC tracking the
uncertain counterpart. It only needs enriching the fields of each MC particles and instrumenting the
tracking to compute the statistical observables of interest (high order moments, histograms, Sobol indices
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etc.). More details and HPC considerations can be found in [241].

9.12 Application of gPC for MC accelerations for the linear
Boltzmann equation

It is difficult talking about MC methods without hinting at variance reduction or acceleration techniques.
MC schemes, in opposition to deterministic ones, are even often chosen for their agility for decreasing

1 K "
= . Under som nditions, K can
\/NMC'> N Under some conditions, K ca

be assimilated with the standard deviation of the MC resolution. Variance reduction techniques are
presented and quite well described in many books, [165, 256, 173], and we do not intend to be exhaustive
here. Our aim is to put into perspective the materials of part II and part III. The originality of this
section comes from

the constant K multiplying the convergence rate O (

— the analogy made with Asymptotic Preserving MC schemes (see remark 9.1),
— the introduction of gPC developments to accelerate MC computations (see part II).

Those two points are developed in the following paragraphs but to understand the stakes, at this point
of the discussion, it may be more relevant to give a simple example. Let us consider a toy integration
problem. Suppose one wants to compute

I:/O exp (z)dz, (9.165)

with an MC method. Of course, the analytical solution is known, equal to I = expl — 1 ~ 1.7183. The

I =1.7183 Results Std Comparison
Vn
Classical MC (n =1000) | 1.6991 | stdyc = 0.0153 reference

”Good” VR (n = 1000) 1.7093 0.0064 < stdyc
"Bad” VR (n = 1000) 1.7500 0.0299 > stdyc

Table 9.1: The table compares the Classical MC method, a variance reduction (VR) method (control
variate) with reduced model * — 1+2x (”Good”), the same VR method with reduced model z — 145z
("Bad”).We used n = 1000 samples. The abbreviation Std is for the estimated standard deviation, see
section 5.2.1.

principle of MC method for simple integration has already been presented in chapter 5 together with its
asymptotic properties, see section 5.2.1. Applying an MC scheme consists in introducing X ~ U/([0, 1])
and sampling Nyso points (X;)icq1,... Ny o} independent identically distributed (i.i.d.) according to X in
order to approximate I by

1 Nye

> u(Xy). (9.166)

Nueo =

1

I= [ uta)de = B() = Iy =
The quantity I, is called an estimator and its properties will be investigated later on. Table 9.1 sums
up the results obtained with the classical MC method, a variance reduction (VR) method (which will be
detailed later on) and a badly tuned VR method on toy problem (9.165). Both VR methods rely on the
introduction of a priori information through a reduced model (detailed later on). The results are simple:
if the reduced model is not well enough chosen, the results can be worse than in the simple MC case.
Figure 9.5 illustrates why the second variance reduction approach fails. The reduced model u* has to
be as close as possible to the integrand so that the variance reduction method resumes to the evaluation
of nearly 0. In the second case (x — 1 + 5z), the area under + — |expz — 1 — 5z| is even larger
than the area under x — expz. And the two MC approximations use the same number of MC sam-
ples to explore both areas. In this case, the variance is increased and the estimation is worse, see table 9.1.
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”Good” VR "Bad” VR

3 T T

o
exp(x)-1-x

Figure 9.5: On the left, © — exp x (red), x — 1+ (blue, good reduced model) and x — expz—1—=x
(black) are plotted. On the left, x — expx (red), + — 1 + 5z (blue, bad reduced model) and
x — expx — 1 — 5z (black) are plotted. The dashed area is the surface under © — expz — 1 — =z
and x — expx — 1 — 5x. In the second case the dashed area is more important than the surface under
x — expx (variance is not reduced), whereas it is smaller in the first case (variance is reduced).

With this example, it is easier having an idea of why being able to find a ”good” reduced model
is the key step®’. Finding a good reduced model can reveal to be quite tricky, as illustrated above.
One generally relies on a priori available information on the integrand. How to practically use it is
the next question. There are several ways to introduce a reduced model to accelerate MC computation
of (9.166). The most classical ones are Importance Sampling (IS) and Control Variate (C'V) methods.
Lots of other methods exist (Stratified Sampling, low discrepancy suites, etc. see [256, 65, 103]) but do
not necessarily need the introduction of a priori information on the integrand via a reduced model u*.
For both methods, u* has to be the closer possible to u. They only differ from the fact the IS method
introduces u* multiplicatively whereas the CV one introduces u* additively®!. We briefly go through
their principles in the two next paragraphs.

The Control Variate acceleration method

The CV method supposes one has a model (reduced model) x — u*(z) approximating u. For ef-
ficiency, few requirements are mandatory: u*(z) is assumed to be fast to evaluate Yoz € R? so that
Iy = [u*(x)dPx(x) = E[u*(X)] is known with a good accuracy at a relatively low cost. The reduced
model u* is then plugged in the computation of I by introducing its expression in the expectation

I =Eu(X) - u*(X) +u*(X)] = E [u(X) — u*(X)] + Io. (9.167)

The problem consequently resumes to the estimation of the expectation of the difference u(X) — u*(X).
The question now is, what does it bring? Let us introduce (Xi)ie{l,...,NMc} be Nyc ii.d. realisations
of X. Then according to the law of large numbers (stated in section 5.2.1), the estimator Iﬁ}‘\;c ensures

Nyeo
Iye =To+ Nﬂlw D (u(X;) = ut(X3)) N;C'—%_‘m Elu(X)] =1. (9.168)
=1

It is almost surely converging and is unbiased [256]. Being unbiased ensures its variance is an error

. . . 1 . .
estimator. It means the constant K multiplying the convergence rate N equal to the variance of

the estimator [ I%‘ZC, given by

K=V[I{V ] =V[uX)-u"(X). (9.169)

Nye

60Note that for us, a ”good” reduced model does not mean the best: only a reduced model ensuring a variance reduction
(and above all not an increase of it!) with relatively low cost.
61also known as Difference Formulation in the literature.
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Expression (9.169) consequently ensures the constant K can be reduced if u* is sufficiently well-suited,
i.e. close enough to u. Of course, if u* = u, the error is zero. Note that the Control Variate method is
at the basis of Multi-Level MC for uncertainty quantification, see [23, 264], which can be understood as
an iterated CV approach. This latter method was not described in part II mainly because we focused
on spectral methods.

The Important Sampling acceleration method

The IS method also assumes one has access to a model (reduced model) x — w*(x) approximating u.
The main difference comes from the fact «* is introduced multiplicatively in the expectation I = E[u(X)]
and must satisfy slightly different requirements. Suppose u*(X) > 0 and [u*(2z)dPx(z) = 1, then
dPy«(z) = v*(z)dPx (x) is a probability measure. The IS method is then based on the following change
of variable

— [ H e @apsio) = [ H0ape) =5 | 2 (9.170)

In the above expression, Y follows the law defined by the probability measure dP,-(z). Implicitly,
another condition for the IS method to ensure a gain supposes Y must be sampled easily and quickly.
The cdf of the latter probability measure must be fast to inverse, see [33].

To understand how gains can be obtained, let us introduce (Y;)ie(1,..., Ny 0} Nme i.d. realisations
of Y. Then, according to the law of large numbers (stated in section 5.2.1), the estimator Iﬂ,ﬁw ensures

Nuce
Yi)  as, u(Y)
5, = uli) as g ~ I 9.171
It converges almost surely and is unbiased, see [256]. The variance of the estimator I ]I\,im is given by

K =V[I},.] =/<$((yy))> dPu*(y)—IQ=/Z*Ez;d7’x(y)—12- (9.172)

Expression (9.172) ensures the constant K can be reduced if “T is close enough to u. In such case, i.e.
if “T ~ u, we have

u?(y) S T e o
/u*(y)dpx(y) I ~I/ ) dPx(y) =1 —I/ (y)dPx(y) — I* = 0. (9.173)

Remark 9.4 Note that the non-analog MC scheme presented in section 9.4, AP in the homogeneous
regime, can be reinterpreted as an IS variance reduction with u*(x,t) = ug(x)e~"?*" (along a character-
istic) leading to a zero variance in this particular configuration. The computations of section 9.7.3 are
similar to the one performed to obtain (9.173).

Both methods presented above rely on the hypothesis of having a sufficiently well-suited reduced
model ©* approximating u. Having such function v* is not generally straightforward and we have seen in
the example in the introductory paragraph that mistaking on ©* can have some dramatic consequences. In
the next section 9.12.1, we briefly hint at a parallel between variance reduction techniques and Asymptotic
Preserving schemes. Both are equivalent when the regime of interest is identified and used in the design
of the resolution scheme. In section 9.12.2, we propose a method based on a gPC decomposition of
w in order to reduce the variance in the MC estimations of an integral when a priori information on
the integrand/regime is not available or complex to identify. In section 9.12.3, we apply the material
of section 9.12.2, and use gPC developments as reduced models, to accelerate the MC resolution of the
linear Boltzmann equation.
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9.12.1 Variance reduction, AP scheme, same problems, different denomina-
tions

Some variance reduction techniques have already been presented in this document: the semi-analog and
the non-analog schemes (sections 9.3-9.4) both reduced the variance with respect to the analog MC
scheme (see section 9.7) in the homogeneous case (see section 9.7). The multiplicity option, on another
hand, has been discarded as an interesting MC scheme precisely because it increased the variance. The
non-analog scheme was also presented as an Asymptotic Preserving scheme for the homogeneous regime.

We here want to highlight the fact that variance reduction methods and Asymptotic Preserving
schemes are closely related if not equivalent. They both aim at decreasing the constant in the O( x/NINT)
convergence rate of the MC method. The main difference between both may come from the fact that
variance reduction technique are usually used when the asymptotic regime of interest (6 — 0) is
complex to identify and characterise, see [165, 181, 17]. When the stiff regime is known and identified,
the introduction of the asymptotic regime in the MC computation via the construction of an AP scheme
may be more efficient. An example for the nonlinear Boltzmann equation coupled to Bateman system is
described in chapter 10.

When the stiff regime of interest is hard to determine, we suggest using the spectral property in the
L?-norm (i.e. for the variance) of the gPC decomposition. The aim is to automatically build a relevant
reduced model for the regime/configuration of interest. The methodology is first described for simple
integration in the next section 9.12.2. It is then applied to the acceleration of the MC resolution of the
linear Boltzmann equation in an intensively studied configuration [165, 181, 17] in section 9.12.3.

9.12.2 Application of gPC to accelerate MC integration

We begin by restating convergence theorem 3.2 with slightly different notations. In its essence, the
theorem remains unchanged. This new statement only aims at easing the introduction of gPC for
variance reduction.

Corollary 9.1 Convergence of generalized Polynomial Chaos in new notations: let (2, F,P) be a prob-
ability space. Let X be an arbitrary random variable of given probability measure dPx. Let (¢i )ren be
the basis of orthonormal polynomials with respect to dPx. Let u(X) be an unknown random variable.
Suppose that V [u(X)] < co. Introduce the polynomial development us(X) = kazo urdn (X) where the
polynomial coefficients (uy)ken are defined as u, = [u(X)¢y (X)dPx, the projection of the solution on
above polynomial basis associated to dPx. Then we have

V [u(X) —up (X)] — 0. (9.174)
P—oo
Expression (9.174) echoes (9.169), required by u* to be a relevant ingredient of any CV method. It even
ensures the construction of a reduced model up to an arbitrary accuracy. In the next paragraphs, we
consequently naturally choose u* (CV) or % (IS) as a P—truncated gPC development.

We insist on the fact that this is not the first time orthogonal polynomials are used in VR techniques,
see®? [184, 65, 103, 135, 38, 188, 66, 103]: the aim of this section is to present the properties of gPC in
the context of numerical integration (i.e. closely related to initial and source samplings of sections 9.8.1
and 9.9.1) and of the resolution of the transport equation.

Back to the toy problem (9.165) with a gPCp reduced model for a CV method

Let us illustrate what can be expected from the use of a gPC development as a reduced model on example
(9.165) with a CV method: we aim at evaluating

I :/0 exp zdz = Elexp(X)]. (9.175)

62The list is not exhaustive but has the particularity of ranging from 1964 to 2003.
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Recall X ~ U([0,1]). The three first components of the gPC basis, here the Legendre one, cf. table 3.1,
associated to X are given by

po(z) =1,
$1(x) = V3 (2 —1), (9.176)
¢2(x) = \/5(6332 — 6x + 1) .

The coefficients of the gPC development in this basis are given by (analytical calculations here)

expy = —1 +e,
exp; = V3(3 —e), (9.177)
expy = V/5(—19 + Te).

Figure 9.6 (right) shows the approximation of x — exp x with the first and second order gPC, i.e.

expl(x) = €XPg ¢0 (1') + €XPy ¢1 (x)v (9 178)
exp?(z) = expg ¢o(x) + expy ¢1(x) + expy da(). '

Note that the second order gPC expansion (black dotted curve) matches the analytical curve (red) on
the whole integration domain [0, 1]. On the other hand, figure 9.6 also compares the 1°¢ and 2" Taylor
developments®? of x — expz (right), given by

1
eXPrauior (@) =1+,

S 22 (9.179)
eXpTaylor(x) =l+az+ 92

As expected, Taylor expansions are interesting in the context of VR methods but they only match the
function locally (vicinity of 0 here).  Table 9.2 sums up the results obtained with the classical MC

gPC Taylor
28 T T 28 T T
exp(x) = exp(x) =
26 st orderprg(g —_— o6 L Storder Taypfoa d
: 2nd order PC = = - 2nd order Taylor
7 24 - q
) 22 8
2k
18 q
i 16 e
4 14 - 4
- 12 q
1 1 1 1 1
1 0 0.2 04 0.6 08 1
X X

Figure 9.6: On the left, © — expx (red), © — expy ¢o(z) + exp; ¢1(x) (blue) and x — expy do(z) +
exp; ¢1(x) + expsy p2(x) (black) are plotted. On the right, x — expz (red), z — 1 + = (blue) and
z — 14z + 12? (black) are plotted

method and the CV method for four different reduced models:
— 1%t and 2"? order Taylor expansion of x — expz in the vicinity of 0, see (9.179),
— and the 1% and 2"? order gPC expansions of the same function, see (9.178).

The Taylor-CV method reduces variance considerably especially with the 2" order approximation. The
gPC-CV method reaches the same accuracy as the 2" order Taylor-CV method with order 1. The 2"¢
order gPC-CV method increases the gain of a factor 96.75/8.18 = 11.82 in comparison to the 15 order
gPC.

These results are encouraging but needs to be interpreted carefully: in all those calculations, we
supposed the gPC coefficients were known exactly. This may not be true in real computations as they

63 Corresponding to the ”good” reduced models of section 9.12.2.
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I=1.7183 Results % Gain
Classical MC (n = 3000) 1.7151 | 9.0 x 1072 | reference

157 order Taylor-CV (n =3000) | 1.7169 | 3.8 x 103 2.36
2" order Taylor-CV (n = 3000) | 1.7179 | 1.1 x 103 8.18
15" order gPC CV (n = 3000) 1.7181 | 1.1 x 1073 8.18
2" order gPC CV (n =3000) | 1.7184 [ 9.6 x 1075 | 96.75

Table 9.2: The table compares the Classical MC method to a 1% (z — 1+2) and 2"¢ (z — 1+z+12?)
order Taylor-CV method and to a 1%t (x — expg ¢o(z) + exp; ¢1(x)) and 2" (x — exp, do(w) +
exp; ¢1(x) + expy Ppa(x)) order gPC-CV method. The gPC coefficients are given by (9.177) and the basis
by (9.176). The gain (last column) is the ratio of the std obtain by the Classical MC method and the
std obtained with the considered VR method.

have to be estimated. Nevertheless, it gives a good idea of what can be asymptotically achieved with
such reduced model. In the following sections, we suggest several ways to estimate the gPC coefficients.

The last section tends to show that provided an accurate estimation of the coefficients of the gPC
development of the integrand u(X'), gPC combined to VR methods (CV or IS) can lead to a considerable
and automatic increase in the accuracy of the integral evaluation. We here suggest simple ways for
estimating the gPC coefficients. Let us come back to our general problem of integrating

I= /u(m)d”PX(x) =E[u(X)]. (9.180)

Recall u is unknown in the sense it can only be evaluated. Let us introduce (¢3)ren the gPC basis
associated to X4, We want to estimate the gPC expansions of u(X) on this basis, i.e. we are looking
for the coefficients

wp = /u(x)apgf(x)dpx(x),w € {0,... P).

Several solutions are possible, we suggest to develop three of them.

MC method for the computation of the (u)ieqo.... P}

A first possibility is to compute the (ug)rego,...,p} with an MC method. By definition, we have

,,,,,

e = / ()6 (2)dPx (z) = Eu(X)éX (X)), Vk € {0,..., P},

where X is a random vector of dimension ) of probability measure dPx. Let us consider n;¢ i.i.d.
realisations of X denoted by ($i>ie{1 nare}- according to theorem 5.1,

yeeey

nMmc

uMe = L > ulwi) e (x:), (9.181)

Mo i

is a convergent unbiased estimator of ux, Vk € {0, ..., P}. Now introduce Nys¢ i.i.d. realisations of X
denoted by (X;)ieq1,...,Ny}- Then the following estimator

ITLMC,NMC = ugMC + N]%/[C Z <U(Xl) B ZuﬁMC(bk(Xl)) NM%OO E[U(X)] =1 (9.182)
i=1 k=0

64cf. section 3.4.
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converges Vnpro (according to theorem 5.1) and is unbiased. Indeed, we have

1 nyMc Nye 1 Nyve P 1 nMc
Lnyve Nue = nMC E u(‘r]) + N § U(XZ) N E : E : x] d)k x]
=1 MC oy MC 5 \k=o "MC \ 5= 1
9 183)
nymc Ny P 1 nMc

> uX) - Y]

Nure

e Z u(z;)dr(x;) Z

i=1 k=0 =1 =1

1
nac Z ul@;) +
=1

If we now take the expectation of I,,,,, Ny, We get

L oEu(X)] +

E(I, NycEu(X
[ nyc NMC moE[u(X)]

MCJVMC]

as the x; and X;s are i.i.d

N N

P C
ST LB [ i) | —— Y Elor(x0)] |

N,
k=0 j=1 MG 5

(9.184)

as x; and X; are independent

E[InMC’7NIVIC] = E[u(X)] + E[u(X)]

P Nuve

1
— D E[u )]TWZE[¢k(Xi)] :

k=0 i=1
as x; are i.i.d.

=0,0 (orthonormality)

= E[u(X)].
The last line is characteristic of an unbiased estimator, see [256].

The main drawback of this first possibility is that the VR techniques now implies nyc + Ny
evaluations of the unknown function w rather than Ny;c. Besides, njy;c may need to be important for
efficiency. The next method suggests estimating the coefficients (uy)rego,..., py Without the use of an MC
method.

Quadrature rules for the computation of the (uy)icqo,....p}

A second possibility developed in [103, 38], which is also often used in uncertainty quantification, see
part II, consists in the use of quadrature rules (see [265, 180, 34]) for the evaluation of the coefficients
(uk)keqo,...,py- Let us introduce the deterministic points (x1,wi)ieq1,....n,}> Where (21)ieq1,....n,} are the
points and (w;) 1€{1,....,n,} are their associated weights. Both are deterministic and ensure a discretisation
of (X,dPx). In other words, we have Vk € {0, ..., P}

q
up A upt = Zwlu(a:l)gbi((:rl) (9.185)
The following estimator
1 Nyvce P
Lny Nuse = 15" + J— 2; <u<Xz-) - kZu,;oﬁ? <Xz->> o E(X)] =1, (9.186)
i= =0

converges Vn, (according to theorem 5.1) and is unbiased (as the gPC coefficients are deterministically
evaluated).

Once again, the gPC acceleration of the CV method needs n, + Ny¢ evaluations of the unknown
function u but in general ny < Njre. Of course, with such strategy, the quality of the reduced model
depends on the smoothness of the integrand and of the dimensionality of X, see section 5.2.3. In the
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next section, we suggest a last way of estimating the same coefficients implying only N, evaluations
of the unknown function wu, exactly as with the Classical MC approach.
A biased MC estimator for the computation of the (ux)icqo,... P}

We here detail the implications of having a biased estimator for evaluating the gPC coefficients (ux)reqo,...,p} -
Introduce Ny ii.d. MC points (X;)ieq1,..., Ny} According to theorem 5.1,

uNve = 1 Nijcu(Xi)%X(Xi% (9.187)
Nueo =

is a convergent unbiased estimator of wy, Vk € {0,..., P}. We here suggest to reuse the evaluations
(u(Xi))ieq1,...Nyey Of u at the previous MC points. The approach does not need more sampling or
evaluations than the Nysc ones for the (ux)reqo,...,py- Integral I is approximated by the estimator

_ 1 Nuve P N
INI\/IC - N Z u(Xl) - Zuk Mcd)kX(Xi) . (9188)
MC 5 k=0

Table 9.3 presents the results on the same toy problem (9.165) with this low cost gPC acceleration
(9.188). The variance has been reduced if we compare the low cost gPC acceleration’s results to the ones

— Std '
I =1.7183 Results /n Gain
Classical MC (n = 3000) 1.7079 | 9.1 x 1073 | reference

1% order Taylor-CV (n = 3000) | 1.7145 | 3.9 x 1073 2.33
2" order Taylor-CV (n = 3000) | 1.7188 | 1.1 x 103 8.27
15" order gPC CV (n = 3000) 1.7194 [ 1.2 x 1073 7.58
2" order gPC CV (n = 3000) 1.7175 | 7.9 x 10~* 11.51

Table 9.3: The table compares the Classical MC method to a 1%t (z — 1+x) and 2"¢ (z — 142+ %x2)
order Taylor-CV method and to a 1% (x — exp, ¢o(z) + exp; ¢1(x)) and 27 (z — exp, do(x) +
exp; ¢1(x) +expy d2(x)) order gPC-CV method. The conditions are the same as in table 9.2 except from
the fact that the gPC coefficients are now estimated during the VR computation through the procedure
described in this section. The gain (last column) is the ratio of the std obtained by the Classical MC
method and the std obtained with the considered VR method.

from the Classical MC approach. Of course, the gain with respect to the Taylor based VR method is
less important than the one obtained in table 9.2 as the gPC coeflicients are now estimated (rather than
known exactly).

We insist this method does not ensure estimator I v, defined in (9.188) is unbiaised as the coefficients
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(Ui\[h{c)ke{ova} depends on (X;)ie(1,..., Ny} The bias of the estimator is indeed given by
ﬁ[TNJWC] = IE[INMC - U(X)],

P
BlInue] = EB(X)] = 55— ¥ E [u(X)éf (X0)a (X)),

P
Bl nue] = Eu(X)] - =3 37 E [u(X)éf (X0)éx (X))

—— 2 > E[uX)el (X)ef (X))]

MC p—01,i=0

L =E[u(X)e¥ (X)) E [¢kX (XZ)]
—_——

(9.189)

i
BlInye) = Eu(X)] - gl_Eu(X)] - g Y E [u(X)¢}(X)]
k=1

NMCP
k=1

The bias tends to zero as Njs¢ tends to infinity (VP € N). The estimator is said consistent but not

unbiased, see [256]. Nevertheless, the bias B[In,,.] is O(Nim) so that for important Nasc, B[In,,c]

. Co . 1 1 e
is negligible in comparison to the MC error. Indeed, we have O( m) NM>?>1 O(5,.=)- This will

be confirmed numerically in the following examples. Practically, having a biased (but consistent) MC
estimator implies the estimator converges but the variance is not anymore an error estimator, see [256].

Application of the gPCp reduced model for variance reduction on few test-problems

We suggest to test gPC reduced models for MC accelerations on several test-functions. We integrate
them on [0, 1] with respect to the Lebesgue measure and on R with respect to the gaussian measure:

ul(x) = expw,

u?(z) = cos x,

w(z) =15 _(x),

G
u’(z) = exp (5z),

ul(z) = 1j0.4,0.6]()

These functions are emphasizing different aspects and difficulties for integration with MC methods (also
relative to resolution of transport equations) and VR methods.

Remark 9.5 (Error estimations) As tackled in the previous paragraph, in the case of unbiased esti-
mators, the standard deviation is an error estimator and can be evaluated a posteriori. Otherwise, it
is not, see [256]. In the following calculations, when the estimator is unbiased, the error is computed
by estimating the standard deviation of the MC results. When it is not, i.e. when estimator (9.188) is
applied, it is evaluated by computing the L?—norm of the error with respect to the analytical results (no
a posteriori error information is available or relevant/reliable in practice).

In the following examples, we apply the gPC formalism for variance reduction. When the integration
is carried on [0,1] with respect to the Lebesgue measure, the normalized Legendre polynomials are
chosen as the gPC basis®®. When the integration is carried on R with respect to the gaussian measure,
the normalized Hermite polynomials are chosen as the gPC basis®®. This is in agreement with the Askey

650rthonormal with respect to the measure x — 10,1)-
.2
66 Orthonormal with respect to the measure £ — L

V2r
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scheme, see table 3.1 and section 3.3. Note that more elaborated choices could have been done concerning
the gPC basis, cf. i-gPC in chapter 6. This will not be investigated in this section but has been tested
and gives quite satisfactory results.

Figure 9.7 compares the logarithm of the variance (In(—24

Nuve

)) with respect to the number of samples
(Nac) for the evaluation of

/ ub(z)dx, for k € {1,...,6}, (9.191)
[0,1]

with
— the Classical MC method (blue curve),
— a CV method with reduced model given by (9.192),
— and the gPC accelerated CV method we propose in this section.

The reduced models used in order to accelerate the convergence of (9.191) are given by (9.192). They are
Taylor development of the integrand (uk)ke{L___,ﬁ} except for the indicatrix functions u? and u®. They
are given by

u%’aylor (J}) =1+
( T

u%aylor I’) =1- 2

uGuess(x) =1+uz, (9.192)
uTaylor(x) =1- ‘T

uTaylor( ) =1+ 5'7:

X
u%uess( ) =1 + .

For the gPC accelerated CV method, we used the low cost (biased estimator (9.188)) for estimating the
gPC coefficients (u*)eqo,... py-

Figure 9.7 shows that for every function, every gPC acceleration reduces the variance without more
estimations of the integrand than the Classical MC approach. For figure 9.7 (u?), the 1% order gPC
acceleration is less efficient than the Taylor-CV method. This is due to the fact that the cosine function
is even. Higher truncation orders give satisfactory results. The 2P + 1 orders are superposed with the
2P order ones. For figure 9.7 (u?), 1% and 2"¢ orders are superposed as well as 3"¢ and 4" orders. Every
orders are more efficient than the Taylor-CV method. The gPC acceleration shows great improvements
for u* and u® with respect to the Taylor-CV method. Note that for u°, the Taylor-CV method gives
results close to the Classical MC approach. For u%, the improvements of the gPC accelerations are less
important but still reduce the variance (note that once again, the Taylor-CV method gives the same
results as the Classical MC approach).

std

Figure 9.8 compares the logarithm of the variance (In( Nors

)) with respect to the number of samples
(Nae) for the evaluation of

1 x?
uF(x e (—)dm, for k € {1,...,6}, 9.193
[ = e (-5 {1,..6) (9193)

with
— the Classical MC method (blue curve),
— a CV method with reduced model given by (9.192),
— and the gPC accelerated CV method we propose in section 9.12.2.

Once again, for the CV method the reduced model of (9.190) are Taylor developments of the integrand

given by (9.192). For the gPC accelerated CV method, we used the low cost biased estimator (9.188).
For functions u!,u* of figure 9.8, the results are as expected: the gPC acceleration always gives

better results than the Taylor-CV method. For u* the Taylor-CV method gives the same results as the
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Figure 9.7: Convergence tests for the MC, Taylor-CV and gPC accelerated CV methods: integration
over [0, 1] with respect to the Lebesgue measure. The figure shows the logarithm of the estimation of the
std with respect to the number of samples. Note that the gPC accelerations always reduce the variance
of the MC method without a priori knowledge on the integrand.

Classical MC method. For function u?, the 1% order gPC accelerated CV method gives the same results
as the Classical MC method. This is once again due to the fact that the cosine is even (ujlvMC ~ 0).
Note that this test (u?) emphasizes the fact that the gPC acceleration do not give worse results than the
Classical MC method. This is not the case for the Taylor-CV method, as illustrated on figure 9.8 (u?)
where the Taylor curve is above the MC curve. Function u® is particular, cf. [165]: indeed, the exact

241



ulzx—>expx ’U/2Z(E—>COS.'L'
10° T T T T T T : 107 T T T T T T T .
—o—MC —e—wmc
o 1ay|0r]
—o—9PC,
. o wPc,
Q
e
=
3]
()
=
e}
[,
o
o
Q
=
| 10 E
[}
~
10 . . . . . . . 10° . . . . . . . .
0 3 4 5 6 7 8 9 10 0 1 2 3 4 5 6 7 ) 10
x10 x10"
Nuc Nuc
. 4. 2
~$—>1[;OO[(ZE) u*:x — exp (—a?)
3
10 T T T T T T " 10° T T T T T T T T
—o—MC —o—wmc
o taylor, o taylor,
—o—9PC, —e—9PC;
— —o—9PC, —e—9PC,
o ——9PC, 3 —e—9PCy
= oC, 10° wc,
[<3)
)
=
e}
Gy
o
=
Q
=
|
[}
~
10 . . . . . . . . . 107 . . . . . . . . .
o 1 2 3 4 5 6 7 8 9 10 0 T 2 3 4 5 6 7 8 9 10
x10" x10"
Nuc
u’ 1 x — exp (5x)
10° T T T T T T T T
? —o—nC
o taylor,
—o—9PCy
o f —o—0PC,
o . ® —o—9PCy
= 10°F aPc,
5] P
Q
~
+ @ )
L‘a 10°H J 1
=
=
| 10%% E
[a\}
~
102 . . . . . . . . . 10+ . . . . . . . . .
1 2 3 4 5 6 7 8 9 10 0 T 2 3 4 5 6 7 8 9 10
x10* Y 10°
Nuc Ny

Figure 9.8: Convergence tests for the MC, Taylor-CV and gPC accelerated CV methods: integration
over R with respect to the gaussian measure. The figure shows the logarithm of the estimation of the
std with respect to the number of samples.

variance of the estimator for this function exp (5X) where X is a normalized centered gaussian random
variable can be evaluated and is given by €0 — €25 ~ 5.1847.10?!. The variance is very important and
even once reduced, it is still very high, see [165]. On this difficult case, every methods show the same
poor behaviour due to the intrinsic important variance of the solution. Function % is also particularly
difficult to integrate. It is a thin heavyside function integrated on R. Only few realisations of the RV X
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contribute to the estimation of the expectation. Once again, the gPC acceleration gives the same results
as the Classical MC approach whereas the Taylor-CV method gives worse results (loss of more than a
decade in accuracy!). Note that the computational time for the gPC-CV method is not displayed in this
section as it is the same as the one for the Classical MC approach: indeed, reusing the former MC points
(cf. section 9.12.2) only implies few more operations which are not time consuming with respect to the
sampling.

Until now, we have mainly considered gPC acceleration of the CV method. The gPC acceleration
is also compatible with the IS one. Figure 9.9 revisits the same problems as previously but considering
a gPC acceleration of the IS method. For this method, the development is only carried up to order 1
mainly because the IS method implies an inversion of the cdf of the evaluated gPC expansion” which
can reveal to be quite tricky for important P. Alternative methods exist in order to sample random
variables defined through normalized gPC expansions, from histograms, from approximated discrete pdfs
or by rejection sampling [173] for example. They aim at avoiding an inversion. Evaluating these methods
with gPC acceleration is beyond the scope of this section.

Accuracy | timex10~2 | ratio of times

ul Classical MC (N = 220000) 10-3 9.089 s. 1 (reference)
gPCy (Narc = 4000) 103 0.840 s. 10.82

u? | Classical MC (Nysc = 20000) 1073 1.203 s. 1 (reference)
gPCy (Npye = 1200) 1073 0.418 s. 2.87

u? | Classical MC (Njr¢ = 100000) 1.6 1073 | 6.70 103 s. | 1 (reference)
gPC1 (Npe = 21000) 1.6 1073 | 0.609 103 s. 11.00

u? Classical MC (Njr¢ = 40000) 1073 2.245 s. 1 (reference)
gPCy (Narc = 1000) 03 0.389 s. 5.77

u® | Classical MC (Npsc = 15000000) 1072 0.763 103 s. | 1 (reference)
gPC1 (Npye = 1500000) 1072 0.130 103 s. 5.86

Table 9.4: Comparison of computational times times to attain the same accuracies with the Classical
MC method and the gPC accelerated IS for the (uk)k€{17.._,5} problems (9.190).

Figure 9.9 compares the Classical MC method to the Taylor IS and the gPC accelerated IS method
with integration carried on [0, 1] for (uk)ke{h“,@}. The 1%t order gPC accelerated IS gives better results
than the Classical MC and the Taylor IS on (uk)ke{17...,5}. Even for u2, for which the Taylor IS is second
order (see (9.192)). The uS case is particularly difficult. It consists of an indicatrix with a thin support.
For this test-case, every methods are equivalent. Table 9.4 presents quantitative results on the gains in
computational time for these last problems. The gPC acceleration enables gains from =~ 2 to 11 with
only first orders expansions.

Remark 9.6 (Possible Optimizations) Note that for the later examples, the same number of point
is always used in the two steps of the algorithm. Very simple and obvious optimizations can increase the
efficiency of the approach:

~ [(i)] indeed, to estimate the gPC coefficients, we used N(;y = Nasc points,

— [(ii)] and we used the same number of points to evaluate estimator (9.188) thanks to the reduced
model of step (i), Ny = Nyco = Ny points .

The gPC-IS accelerated method can also be used with two different numbers of points in steps (i) and
(ii), i.e. with Ny # Ny, to increase the gain (CPU time vs. accuracy). This is emphasized in the
problem of section 9.12.3, see results of table 9.9.

P
67 Inversion of the pdf of ug (z) = Z ukzi)i( (z), implying the computation of the roots of the polynomial cf. [287].
k=0
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Figure 9.9: Convergence tests for the MC, Taylor-IS and gPC accelerated IS methods: integration over
[0, 1] with respect to the Lebesgue measure. The figure shows the logarithm of the estimation of the std
with respect to the number of samples.

Application of the gPCp reduced model for variance reduction on multi-dimensional test-
problems

From now on, we have only dealt with one dimensional integration problems. Here, we illustrate the gPC
acceleration on some two dimensional test-cases, presented in figure 9.10. These problems are relevant
for several reasons:
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— The treatment of higher stochastic dimension is important as the gPC expansions are subject to
the ”Curse of dimensionality”, see chapter 3 and [213]. With dimension and truncation order, the
number of gPC coefficient to evaluate grows exponentially fast%®.

— These problems are often encountered for computation of presence fraction/mass fraction in the
context of material interfaces crossing cells (Finite Volume methods), see chapter 7.

— The considered problems are more and more anisotropic leading to difficulties for classical VR
technics when the direction of interest is not known a priori.

Problems of figure 9.10 consists of computing thanks to MC methods (hit and miss MC or rejection
sampling) some surfaces within a cell of size [0,1] x [0,1]. We suggest to evaluate the surface of a circle

Full circle: 22 + 4% <

=
A

Quarter of circle Corner

Half circle

PN

ek

o

o
=

0 1 0 1

Figure 9.10: Presentation of the 2-D test-cases: it consists of evaluating the (red) surfaces: a full circle
of radius 0.5 (), half a circle (%), a quarter of circle () and the outside corner of a full circle (4*)
of the same radius. The first problem has uniform directions and every other problems are direction
dependent: the gPC-VR (both CV and IS) automatically build a reduced model detecting the direction

of interest (see figures 9.11 and 9.12) and reduces variance.

of radius % (isotropic problem), the surface of half this circle, the surface of a quarter of this circle and

68The number of coefficient is M = % where P is the truncation order in every stochastic dimensions, D denote
the dimension.
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the surface of one corner® (the three last corresponding to anisotropic problems).

The results comparing the Classical MC, a Taylor VR and some gPC accelerated VR for problems
of figure 9.10 are given in figures 9.11 (CV method) and 9.12 (IS method). For the gPC accelerated
CV method, the 2-dimensional gPC basis is built by tensorization of the normalized one dimensional
Legendre basis. In the context of the gPC accelerated IS method, the 2-dimensional basis is 15 order, as
in section 9.12.2, and separable (no correlation terms’™). Once again, this simplifies the inversion of the
cdf in the IS procedure. Let us now describe the results of figures 9.11 and 9.12. The full circle problem
is isotropic: this explains why the odd gPC orders are not contributing to an increase of the accuracy.
The gPC; reduced model gives the same results as the simple MC appproach on figures 9.11 and 9.12.
This is due to the fact the first order gPC coefficients are zero. Note that the results are not better but
also not worse. In this case (gPCy), the gPC acceleration is less efficient than MC in the sense it gives
the same accuracy but computes the gPC coefficients leading to a loss of time, see tables 9.5 and 9.6.
Nevertheless, at least, the accuracy is not deteriorated.

Remark 9.7 Note that this additional computational times can be avoided by merely checking the values
of the first coefficient gPC development. In the case it does not contribute to accuracy (i.e. if gPCy = 0),
we do not perform the second step of the algorithm. But this implies the introduction of an additional
numerical parameter.

For the anisotropic problems, the 15¢ order gPC reduced models are efficient, see tables 9.5 and 9.6. For
the gPC accelerated CV method, see figure 9.11 and table 9.5, taking polynomial orders P > 6 leads to a
gain of about one decade in computational time with respect to MC for a given accuracy. Let us consider
the case of the gPC accelerated IS method (figure 9.12 and table 9.6) for the anisotropic problems. For
these problems, at fixed truncation order P = 1, the more the test-case is anisotropic, the more the
gain is important. This enables understanding the main difference between gPC accelerated IS and gPC
accelerated CV. The IS method suppose the sampling is done according to the pdf corresponding to the
gPC; expansion. This pdf samples mainly in the region of interest. This explains the important gain
obtained in the case of the ”corner” problem (ratior 80). On the other hand, the gPC accelerated
CV method only reuses the uniform sampling from the uniform pdfs on [0,1] x [0, 1], leading to many
misses and a less important gain, see table 9.5. Note that this latter has the advantage of being easier
to implement than the gPC accelerated IS for orders P > 1 and ensuring a gain in accuracy even
for isotropic problems. Finally, we would like to emphasize the fact that in the context of VR method,
polynomials are not always the best reduced models. The latter 2-dimensional problems together with the
step functions 4 and u® of section 9.12.2 could be treated more efficiently by considering discontinuous
reduced models. We want to emphasize here the possibility to combine gPC with piecewise polynomial
functions see ME-gPC [294, 201, 278], or wavelets [185], Multi-Resolution Analysis [168] or i-gPC (see
section 6 and [238, 242]). The same automated methodology presented in this section could ne used with
these reduced models. Of course, many of these approaches imply having a priori information on the
smoothness of the integrand as it is for example the case in the example of this section 9.12.2.

Remark 9.8 (CV vs. IS) The IS accelerated MC computations present important gains in the case
of anisotropic problems and poor ones in the case of isotropic ones. This can be explained by the fact
that IS approaches rely on a mew sampling, done according to a new pdf allowing exploring the most
important parts of the stochastic domain. In the case of isotropic problems, the sampling is the same
as initially and the second step of the IS computation does not contribute to an increase of the accuracy
while needing more computational time (two identical samplings).

To finish this section, we briefly highlight the similarity of the above simple integration problems and
the initial or source sampling phases in MC resolutions of the linear Boltzmann equation, see sections
9.8.1-9.9.1.

69Gee figure 9.10 bottom right. ‘
Oje. u(zy,z2) = (uf +ulgi(z1))(ud +u2e1(z2)) where uj for i =1,2 and j = 0,1 are computed independently in each
directions x1 and z2.
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Figure 9.11: Convergence tests for the MC, Taylor-CV and gPC accelerated CV methods: integration
over [0, 1] x [0, 1] with respect to the Lebesgue measure. The figure shows the logarithm of the estimation
of the std with respect to the number of samples. Note that the gPC accelerations always reduce the
variance of the MC method without a priori knowledge on the integrand.

9.12.3 Acceleration by gPC of the MC resolution of the linear Boltzmann
equation

In this section, we suggest applying the latter materials, gPC acceleration of MC computations, to the
resolution of the linear Boltzmann equation. Several authors [181, 17, 33] used VR techniques based
on solutions of the transport equation obtained with a deterministic first step, for example to solve a
reduced model built from the solution of the adjoint equation in a particular configuration [181, 17, 33].
In the presented algorithm, both steps, construction of a (gPC based) reduced model and resolution
using it, are stochastic. It presents the advantage of having two inconditionally stable steps. We consider
the test-case studied in [165, 181, 17, 33]. It consists in solving the stationary linear Boltzmann equation

w - Vyu(x,w) + opu(x,w) = o /u(x,w’)dw’, (9.194)
where x = (21, 73) € D =[0,17] x [0,15] and w = S?. The problem is homogeneous

ot = 17
{ S (9.195)

with particles incoming in the simulation domain with direction w = (0,1) from boundary {xo =0,z €
[0,17]} (the bottom one, see figure 9.13). The observable of interest is the flux through the surface
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Full Circle Accuracy time ratio of times
Classical MC (N = 100000) | 1.3 x 1073 [ 6.623 s. | 1 (reference)
gPCy (Npre = 100000) 1.3 x 1073 | 13.453 s. 0.49 or 1
gPCs (Npe = 40000) 1.3x 1073 | 2170 s. 3.05
gPC5 (Npc = 40000) 1.3x10°3 | 2.216s. 2.08
gPCy (Npe = 30000) 1.3 x 1072 | 1.300 s. 5.09
gPCs (Nye = 30000) 1.3x 1072 | 1.340s. 4.94
gPCs (Npe = 22000) 1.3x 1072 | 0.806 s. 8.21
gPCs (Npe = 19000) 1.3 x 1073 | 0.827 s. 8.00
Half of Circle Accuracy time ratio of times
Classical MC (Nps¢c = 100000) | 1.5 x 1073 | 6.631s. | 1 (reference)
gPC1 (Nyre = 65000) 1.5x 1072 | 5.690 s. 1.16
gPC5 (Npe = 55000) 1.5 x 1073 | 4.085 s. 1.62
gPCs (Nye = 28000) 1.5x 1072 | 1.133s. 5.85
gPCy (Npyre = 28000) 1.5 x 1073 | 1.167 s. 5.68
gPCs (Nye = 23000) 1.5x 1073 | 0.817s. 8.11
gPC7 (Npe = 17000) 1.5x 1073 | 0.502s. 13.80
gPCs (Nye = 15000) 1.5 x 1073 | 0.548 s. 12.10
Quarter of Circle Accuracy time ratio of times
Classical MC (Njr¢ = 100000) | 1.3 x 1072 | 6.681s. | 1 (reference)
gPC1 (Npye = 65000) 1.3 x 1072 | 5.660 s. 1.18
gPCy (Npre = 60000) 1.3 x 1073 | 4.850 s. 1.37
gPC5 (Nye = 38000) 1.3x 1073 | 1.996 s. 3.34
gPCy (Nye = 30000) 1.3x 1072 | 1.292s. 5.17
gPCs (Nye = 25000) 1.3x 1073 | 0.948 s. 7.04
gPC7 (Nye = 17000) 1.3 x 1072 | 0.571 s. 11.70
gPCs (Npe = 15000) 1.3x 1073 | 0.543 s. 12.30
Corner Accuracy time ratio of times
Classical MC (Njr¢ = 56000) 1073 2.108 s. | 1 (reference)
gPC1 (Npe = 40000) 1073 2.170 s. 0.97
gPCy (Nyre = 25000) 1073 0.867 s. 2.43
gPC3 (Npe = 15000) 1073 0.324 s. 6.50
gPCy (Nye = 13000) 1073 0.257 s. 8.20
gPCs (Np e = 13000) 1073 0.266 s. 7.92
gPC7 (Npye = 8700) 1073 0.153 s. 13.77
gPCs (Nyre = 7800) 1073 0.150 s. 14.05

Table 9.5: Comparison between times for reaching the same accuracy with the Classical MC method
and the gPC accelerated CV for the problems of figure 9.10. The gPC acceleration gives satisfactory
results (ratio> 1) for every problems. Note that the ratio of the full circle problem has been corrected
according to remark 9.7.

{z2 = 15,21 € [0,17]} (top boundary, see figure 9.13).

Let us now apply an IS variance reduction technique for this problem. It consists of introducing
u*(x,w) > 0 such that [ u*(x,w)dw =1,Vx € D as a reduced model and perform the change of variable

u(x,w) = f(x,w)u”(x,w). (9.196)
Introducing (9.196) into (9.194) leads to the following transport equation of unknown f:

V™ (x,w)

o Vuf) + o+ T f) = s [ o eanas. @197
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Figure 9.12: Convergence tests for the MC, Taylor-IS and gPC accelerated IS methods: integration over
[0,1] x [0, 1] with respect to the Lebesgue measure. The figure shows the logarithm of the estimation of
the std with respect to the number of samples.

Full Circle Accuracy time ratio of times
Classical MC (n = 100000) | 1.3 x 1073 | 6.623 s. | 1 (reference)
gPC1 (n =100000) 1.3 x 1073 | 13.263 s. 0.50 or 1
Half of Circle Accuracy time ratio of times
Classical MC (n = 100000) | 1.5 x 1073 | 6.687 s. | 1 (reference)
gPC7 (n = 50000) 1.5 x 1073 | 3.347 s. 2.00
Quarter of Circle Accuracy time ratio of times
Classical MC (n = 100000) | 1.3 x 1073 | 6.652's. | 1 (reference)
gPCy (n = 29000) 1.3x 1073 | 1.150 s. 5.78
Corner Accuracy time ratio of times
Classical MC (n = 55000) 1073 2.020 s. | 1 (reference)
gPC1 (n = 3900) 1073 0.025 s. 80.79

Table 9.6: Comparison between times for reaching the same accuracy with the Classical MC method
and the gPC accelerated IS for the problems of figure 9.10.

For simplicity, in the following paragraph, we consider u*(x,w) = u'(x)u?(w), relaxing the conditions™
on u* to [u?(w)dw =1 and u' > 0, u? > 0. Besides, the expressions of u' and u? are chosen as follows:

Vxu®

+— > 0 for convenience.
u

71 Note that care will be taken to satisfy ot +
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Figure 9.13: Description of the test-case: the particles are incoming from the surface {zs = 0,27 € [0,17]}
with direction w = (0,1). The problem is homogeneous and the detector is the surface {z2 = 15,21 €
[0,17]} located at 15 mean free paths of the particles as o = 1.

— ul(x) = exp o+ F - x consists of spatial exponential transform of parameter’ F, see [17, 280].

~ u2(w) = 1+ Fw-wy where F = |F| € [0,1] can be compared to an angular biasing toward direction
wp through a change in the distribution of the directions w after collisions™, see [17, 181, 280].

With these choices and adding the fact that the direction of interest is taken as wg = (0, 1), equation
(9.197) simplifies to

1+ Kuw)
w- Vxv(x,w1) + o (1+ Kwy) f(x,w1) = 1_|_le / f(x,wh) mdwi. (9.198)
m/ 1 — (Wi

In the above expression, we have

wwy) = 2L S0 for Fe0,1], w1 € [-1,1],

/1 —w?

/1 w(wy)dwy = 1.

—1

In other words, w(w;)dw; is a probability measure. We introduce the gPC basis associated to the pdf
w, denoted by (¢x(w1))ren. Here, this basis corresponds to the normalized Chebyshev polynomials
bo(z) = 1,¢01(x) = V2z, ¢o(x) = 2v/22% — V/2,.... Applying the gPC-IS method described previously
consists in running one first Classical MC computation in order to evaluate the gPC coefficients wug, uy
of the solution u(x,w1) =~ ug(z)Po(w1) + u1(x)p1(w1). They are then introduced in a second ’biased’

72This parameter F will be linked afterward with gPC coefficients.
73This parameter F will be linked afterward with gPC coefficients and u? will be identified as a normalized gPC devel-
opment.
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computation via the coefficient™

F=23 (9.199)
Uo

at the basis of the exponential transform. Relating K and the gPC coefficients wug,u; via (9.199) aims

at emphasizing the two approaches (exponential transform and gPC) are complementary. The second

(gPC) helps identifying a relevant reduced model, the first one (exponential transform) is only a way to

use the gPC reduced model into the MC computations.

Remark 9.9 (Comparison with results obtained with Deterministic Models in [17]) Figure 9.1/
compares the coefficient F(x2) obtained in [17] with a deterministic reduced model (left picture) to the
one obtained with the gPC-1S variance reduction method. Both approaches recover the relevant coefficient

of the exponential transform allowing a variance reduction in the configuration of interest.

T T T T T T T
K with Morillon s method —+— K with gPC-IS —+—

0.7 -

0.6 q

0.5 q

05 -
04 g

0.45 L L L L L L L 0.35 L L L L L L L

Figure 9.14: Comparison of coeflicients of the values of coefficient F' with respect to x5, 20 cells, obtained
with the gPC-IS, on the right hand side of the figure and the method suggested in [17] (figure VIIIL.1, p.
137) on the left hand side of the figure. The figures show an good agreement despite the use of different
methods.

Let us now present several numerical results obtained with the above procedure. Figure 9.15 shows
the flux through the surface {z3 = 15,21 € [0,17]} for several computations. On figure 9.15 (left), three
computations are displayed: there are two MC computations with 200000 and 5000000 MC particles and
one gPC-IS computation with 200000 particles. With 200000 particles, the gPC-IS approach gives results
comparable with the Classical MC approach with 5000000 particles. Note that the computational cost
is diminished as the gPC-IS (200000 particles) calculation took 12 s. whereas the Classical MC approach
(5000000), for approximately the same accuracy, took 2 min. 15 s. The quantitative results for this
problem are displayed in tables 9.7 and 9.8. Figure 9.15 (right) shows two simulations. The first one is
a classical MC calculation with 10000000 particles (CPU time 3 min. 11 s.). The second one is a gPC-IS
calculations with 200000 particles in the first step (step (i) of remark 9.6) of the algorithm (estimation
of the gPC coefficients (u)refo,13) and 1000000 particles for the second step (CPU time 36s.) (step (i)
of remark 9.6). This example illustrates the fact that different combinations are possible for the number
of MC points used in the different steps of the algorithm to increase the gain. The quantitative results
for this problem are displayed in table 9.9.

Tables 9.7, 9.8 and 9.9 present the CPU times, the estimated standard deviation (Std) and the
quality (or figure of merit, FOM), defined by @ = m as in [17], with respect to the number

of MC particles of the computations for solving problem (9.194). The computations are performed with
a classical MC method (table 9.7), a gPC-IS method (table 9.8) and a gPC-IS tuned method (table 9.9).
The tuning of the last approach consists of taking less particles (10 times less in this case) to estimate the

"Due to the fact that ¢ (x) = v/2z and by normalization.
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Figure 9.15: Left: Three computations are displayed: two classical MC calculations with 200000 (CPU
time 7 s.) and 5000000 (CPU time 2 min. 15 s.) particles and one gPC-IS accelerated calculation with
200000 (CPU time 12 s.) particles. The accelerated computation (only 200000 particles) reaches the same
accuracy than the MC calculation (with 5000000 particles). Right: the first computation (classical MC)
has 10000000 (CPU time 3 min. 11 s.) particles whereas the gPC-IS computation uses 200000 particles
to evaluate the coefficient F, see (9.199), and 1000000 particles in the second step of the algorithm (total
CPU time for this gPC-IS computation: 36 s.). The gPC-IS computation is much less noisy than the
converged MC one.

gPC coefficients ug, uq (step (i) of remark 9.6) than for the biaised computation following the estimation
(step (i7) of remark 9.6). Note that this tuning could have already been used in the computations of
sections 9.12.2-9.12.2.

MC points | CPU time (s) Std Quc %
10000 0.21 0.01607 | 18439.49 1
100000 1.93 0.01432 | 2526.71 1

1000000 18.80 0.01374 | 281.75 1
10000000 190.01 0.01372 27.95 1

Table 9.7: Classical MC computations: we display the CPU times, the estimated standard deviation (Std)

and the quality Q¢ = m with respect to the number of MC particles in the simulations.

Tables 9.7 and 9.8 allow comparing classical MC calculations to the gPC-IS ones. The gain with
gPC-IS is important, see table 9.8, and tends to increase with the number of MC particles Nj;¢. This is
related to the fact that the gPC coefficients are more accurately computed as Ny;¢ increases. The gains
represent more than one decade.

gPC points | CPU time (s) Std QgpPc %
10000 0.49 0.009049 | 24923.13 | 1.35
100000 4.70 0.002770 | 27729.53 | 10.97
1000000 46.00 0.002205 | 4471.20 | 15.86
10000000 461.05 0.002132 475.88 17.02

Table 9.8: gPC-IS accelerated computations: we display the CPU times, the estimated standard de-
viation (Std) and the quality Q,pc = m with respect to the number of MC particles in
the simulations. For these computations, the same number of particles is used to estimate the gPC
coeflicients ug, u;. The gain with respect to MC computations are also given.

Tables 9.8 and 9.9 allow comparing two gPC-IS approaches with different numbers of particles used
in step (¢) of remark 9.6. For the computations of table 9.8, the same number of particles is used for the
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two steps, i.e. N(;y = Ny = Nayo. For the computations of table 9.9, different numbers of particles are
used for the two steps and we choose N;) < N(;;. In practice, we took Ni; = 1—10 X Ny = % X Nyc.
The comparison of tables 9.8 and 9.9, allows putting forward some possible optimizations: it is possible

gPC* points | CPU time (s) Std Qgprcx %’%
10000 0.30 0.009145 | 39857.61 2.16
100000 3.01 0.006505 | 7851.25 3.10
1000000 29.8 0.002678 | 4679.10 16.60
10000000 313.12 0.002132 702.61 25.13

Table 9.9: gPC*-IS accelerated computations: we display the CPU times, the estimated standard devi-
ation (Std) and the quality Qgpcy = m with respect to the number of MC particles in the
simulations. For these computations*, we used a lower number of particles (Njs¢/10 each time) so as to
estimate the gPC coefficients ug,u;. The gain with respect to MC computations are also given.

using less particles in step (i) without diminishing the accuracy of the full calculation, see table 9.9 (last
line). With the precedent choice (i.e. N(;) = % % Niis)), it is possible to gain more than two decades in
quality (see the rate of 25.13 in table 9.9) where the gPC-IS (N(;) = N;;)) allowed a gain of 17.02 (see
table 9.8). The accuracy is maintained with less particles in step (4), i.e. a faster restitution time for the
simulation.

Remark 9.10 (Unstationary Problems) We here illustrated the gPC based VR techniques on a sta-
tionary problem. Its application to unstationary problems is straightforward: it consists of repeating the
same algorithm as precedently but for each time steps of the simulation.

Note that we do not apply the gPC-CV variance reduction technique to the resolution of the linear
Boltzmann equation. The application of the CV formalism is straightforward thanks to the material of the
previous sections: the CV approach implies a transformation of the initially considered linear Boltzmann
equation into a new one with a modified source term (see also [45] for some detailed explanations) which
can be handled thanks to the material of section 9.9.

9.12.4 Summary

To sum up this section, we first put forward what we consider an important analogy between AP schemes
and Variance Reduction techniques. Both aim at reducing the constant multiplying the convergence rate
of the MC method. Two situations occur:

— if the stiff regime of interest is clearly identified, we think it is more efficient relying on an AP scheme
formalism to tackle the problem. The identified stiff regime of interest can then be plugged in the
MC computations via a change of variable closely related to the IS variance reduction method.
Examples will be given in the next chapter 10 in a coupled context.

— If the stiff regime/configuration of interest is complex to identify, we suggest the introduction of
a gPC based reduced model to accelerate automatically (i.e. thanks to computations rather than
analysis) the MC resolution. Note that this is not the first time UQ based methods are applied in
order to reduce variance, see [40, 41] for example. The purpose here is not to be exhaustive but to
emphasize close relations between the different parts of the document (part IT and IIT) and hint at
a continuity in my contributions.

Finally, section 9.12.2 (dealing with simple integration problems without further hints at the linear
Boltzmann equation) may seem far from the considerations of the other sections of this chapter. We
insist this is not the case. The problematic is comparable to the one of sections 9.8.1-9.9.1, dealing with
initial and source samplings. Those are crucial steps in a direct MC resolution of the linear Boltzmann
equation.
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Chapter 10

Monte-Carlo methods for the
nonlinear Boltzmann equation

Asymptotic-Preserving Monte-Carlo schemes for two different physics, two different regimes

Contents
10.1 Boltzmann equation coupled to Bateman system (neutronics) . ... ... 254
10.1.1 Classical MC schemes for neutron transport . . . . . . .. . ... ... .. ... 255
10.1.2 An Asymptotic Preserving MC scheme for neutron transport . . . .. .. ... 260
10.1.3 Summary . . . . ... e e 265
10.2 Boltzmann equation coupled to Stefan’s law (photonics) . . . . .. ... .. 266
10.2.1 Classical Monte-Carlo schemes for photon transport . . . . ... ... ... .. 269
10.2.2 Two Asymptotic Preserving MC schemes for photon transport . . .. .. ... 274
10.2.3 Summary . . . . ... e 283

In this chapter, we present our contribution to the MC resolution of the nonlinear Boltzmann equation.
The nonlinearity comes from a coupling with another equation or system of equations (depending on the
physics). The first section 10.1 deals with a neutronic application and the second one, section 10.2, is
related to photonics. Independently of the application, the resolution strategies are mainly based on a
splitting between the linearized Boltzmann counterpart, solved with an MC method, and the other set
of equations, usually solved with a deterministic scheme. In plasma physics, such split resolution scheme
implying both an MC resolution and a deterministic one is commonly called a Particle In Cell (PIC)
method. In neutronics or photonics, such denomination does not really hold and the solvers are usually
called MC schemes. But we insist both terms describe the same resolution strategy.

The coupling with some additional equation or set of equations introduces nonlinearity. Linearity is

mandatory for an MC resolution. The latter intensively uses the fact that if every MC particle u, is a

particular solution of the transport equation (see expression (9.15)), Z;V:Mlc u, is also a (converging in

law, see [165]) solution of the same equation. Consequently, to apply an MC discretisation, a relevant
linearisation of the coupled system has to be introduced. By relevant, we mean the linearisation choice
must be driven by the asymptotic regime one aims at capturing. Care will be taken to highlight this in
the two following sections. Depending on the physics, the regime of interest may differ and the relevant
linearisation bearing good asymptotical properties too. For the two physical applications, we first briefly
present the system of equations. We then describe the classical MC resolution schemes. We identify and
illustrate their main drawbacks with respect to the asymptotic regime of interest. We finally suggest
some Asymptotic Preserving (AP) MC schemes.
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10.1 Boltzmann equation coupled to Bateman system (neutron-
ics)

In this section, we are interested in the resolution of the time-dependent problem of particle transport
in a media whose composition evolves with time due to particle interactions (reactions). We suppose
transport to be driven by the linear Boltzmann equation (10.1a) for particles having position x € D C R3,
velocity! v € R3, at time ¢ € [0,T] C RT. Quantity u(x,t,v) is the density of presence of the particles at
(x,t,v). We assume the time variation of the media composition (vector 1) can be accurately modeled
by Bateman equations (10.1b) (see [126]). Quantity on(x,t,v) = (ai(x,t,v),...,Uﬁw(x,t,v))t is the
vector of reaction rates (depending on velocity/energy). We consider the vector of reaction rates is stiff.
By stiff, we mean the characteristic time for the reactions is much smaller than the transport one, at
least for some media components, in some subsets of the computation domain D. Care will be taken to
identify this regime in the following section. As a result, problem (10.1) is stiff, nonlinear and strongly
coupled:

Ou(x,t,v) + vVxu(x,t,v) + o (n(x,t), v)vu(x, t,v) = /os(n(x, t), v, v)vu(x,t,v')dv’(10.1a)
om(x,t) = /ar(n(x,t),v)vu(x,t,v) dv. (10.1b)

The interaction of particles with matter is described wvia the total interaction probability of particles
with media o¢(x,t,v) and a scattering term o4(x,t,v,v’). Macroscopic interaction properties depend
on both microscopic ones designated by (0a,m)aeqt,s} and the media composition vector n(x,t) =

(771(Xa t)a "-7772\/I(X, t))ti

M M
Ut(n(& t)a 'U) = Z Ot,m (U)Tlm (Xa t)v and o (TI(Xa t)v Vlv V) = Z Us,m(vl? V)ﬂm (Xa t)' (102)

m=1

Under this general form, model (10.1) can be relevant in many fields of applications. The Bateman coun-
terpart (10.1b) may be considered a particular case of the Lotka-Volterra system (see [223]) in which we
only kept the strong coupling term. Amongst the applications (non exhaustive list), one can quote biology
[223] with population dynamics, or physics with burn-up computations in neutronics [95, 147, 148, 98].
In the latter case, the particles (u) are neutrons, the media (1) is composed of nuclides. Of course, the
numerical methodology we develop in this paper is general and can be broadened to a larger scope.

Our aim is to pedagogically put forward the limitations of solvers involving a splitting between the
transport equation (solved using MC method) and the Bateman system when the latter is stiff. For
this, it is enough working on a simplified problem. Let us first assume a monokinetic particle transport
equation, i.e. u(x,t,v) = u(x,t,w). Besides, considering the scalar Bateman equation (n(x,t) = n1(x,t))
where the reactions are modeled only with a scalar reaction rate o,.(x,t) = o,n(x,t) does not alter the
nature of the coupling. Of course, the material of this section can be extended to the general case.
Its complete description has been published in [3] together with numerical examples highlighting the
drawbacks of the classical scheme we describe here. Still, we insist the material of this section is not
redundant with [3], it is complementary. Under the previous hypothesis, the collisional counterpart
becomes

Va € {t,r},00(n(x,t)) = 0u(X,t) = gan(x,t), os(n(x,t),w w)=0s(x,t,w w)=0csn(x,t)Ps(w,w).

The term Py(w’,w) corresponds to the probability for a particle having direction w’ to get out of an
interaction with direction w (i.e. VYw, [ Ps(w’,w)dw’ = 1). The simplified system, still strongly coupled,

Lor energy v = |v| € RT, direction w = ‘VT‘ €S2
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is thus a 2-equations system:
Ou(x,t,w) + vwVxu(x, t,w) + on(x, t)vu(x, t,w) = osn(x,t) / Py(w', w)vu(x, t,w") dw'(10.3a)
on(x,t) = n(x, t)arv/u(x,t,w) dw. (10.3b)

We also introduce o, = 0; — 05 as in the previous chapter. The above system is general with re-
spect to the coupling and can still> describe very different regimes (absorbing, multiplicative, reactive
etc.) by changing the values of (04)ae(s,t,0,r}- Let us now describe the classical methodology applied to
solve (10.3) in section 10.1.1 and the new Asymptotic Preserving MC scheme we suggest in section 10.1.2.

10.1.1 Classical MC schemes for neutron transport

We first describe the most common methodology to solve system (10.3). It consists in a splitting between
the transport phase (10.3a) and the Bateman phase (10.3b). Such splitting is very convenient in practice.
For example, one can solve system (10.3) by relying on two different simulation codes: one solving the
linear Boltzmann equation and the other the Bateman system. The idea is to use the output of the first
as inputs of the second and iterate. Our aim here is to highlight the main drawback of such methodology
when encountering a stiff reaction regime (neutronics for example, see [97, 98, 148, 95, 96],[3]).

The classical MC scheme description for the resolution of (10.3)

We here present the (classical) split solver applied for the resolution of system (10.3). We analyse
the solver (linear Boltzmann phase + Bateman phase) on one time step ¢ € [0, At] in the limit of an
infinitely accurate MC resolution (as in [77] in photonics). In order to apply an MC scheme, one needs
a linearisation hypothesis. The latter can be summed-up as follows: the cross-sections are assumed
constant (explicit) with respect to time on [0, At], i.e.

O'a(n(x7 t)) ~ Ua(n(x7 0)) = Uano(x)7V04 € {57 t,a, T}'

The transport phase in [0, ¢] consequently becomes
Ou(x, t,w) + vwVu(x, t,w) + vomo(x)u(x, t,w) = /vasno(x)Ps(x, W w)u(x, t,w') dw’. (10.4)

It is solved with an MC scheme (see chapter 9). The MC resolution is here performed with the non-
analog scheme of section 9.4 but the conclusions of this section does not depend on this choice?. The
MC resolution is followed by a Bateman phase during which the nuclide density 1 must be consistently
updated.

Regarding the transport phase, by construction of the non-analog MC resolution scheme, theorem
3.2.1 of [165] ensures the convergence of the MC solver toward the solution of (10.4) in the limit Ny;c —
oo for the considered time step [0, At = t]. In order to ensure the convergence of the scheme for (10.3) in
the limit At — 0, it remains to perform consistent tallies to update the nuclide concentrations at the end
of the time step. This contribution, or tally, must be in agreement with both the structure of equation
(10.3b), and the hypothesis made in the previous transport phase (i.e. n(x,t) = n(x,0) = no(x)). We
here rely on an explicit Euler scheme for the time discretisation of the Bateman counterpart?. The
application of the split MC/explicit Euler solver consists in integrating (10.3b) on time step [0, t] so that
the equation becomes

n(x,t) = no(x) + UO'T/O n(x,s) /u(x, s,w) dwds. (10.5)

2Some considerations about the generalization are tackled in section 10.1.3.
3 Asymptotically, every other MC scheme converges and consequently allows recovering (10.4).
4Others are detailed in [3], once again, the conclusions of this section do not depend on this particular choice.
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With the explicit hypothesis applied during the transport phase, the time integrated part rewrites

/(:n(xa S)/u(x,s,w) dwds ~ Atno(X)Alt/Ot /u(x,s,w) dw ds. (10.6)

The scheme is explicit for the nuclide concentration n but not for the density of particles u. The integral
At fo J u(x, s,w) dwds is evaluated thanks to a tally during the MC phase. Time integrated observables
are commonly called track length estimator in an MC resolution context (see [268, 165, 173, 52]). The MC
discretisation of the latter expression is obtained plugging the MC discretisation Ep u,, of u, obtained
from (9.15), into (10.6). This leads to

1 t Nase 1 Nue Nuyco
E/o /u(x,s,w)dwds ~ / /Zupx s,w)dwds = Z At/ wp(8)dx(x,(s)) ds.

(10.7)
The contribution of the MC particle p is non-zero only if fot 0x(xp(8)) ds, the local time at x, is non zero.
Let us introduce the N, local times (t]lg)le{lv___pr} spent at position x for particle p. Then (10.7) can be
rewritten

Nuye Np Nuye Np Nuye Np

Y N ECERIRIED 90 o5 LACTICTIES D Wb R TED ooV

p=1 i=1 p=1 I=1 p=1 [=1
(10.8)

The term Aué(x) is the contribution, track length estimator, of the particle p for the time té spent at x.
Suppose the tracking of the MC particles is now instrumented to compute the sums over the flights of
each particle in each cell, this means we will have access to ZNMC Zl \ Aul(x). Then system is closed
by updating n at each position x by plugging the previous contrlbutlon mto (10.5). The time step is
then over.

The domain is usually discretised into Ny cells as in section 9.6 with constant nuclide densities per
cell. In other words, we have ny(x) = vaz"l nilp,(x) (equivalent to constant cross-sections per cell).
Integrating the local time [ dx(x,(s)) ds in one cell leads to a local interval of time [, [ dx(x(s)dsdx =
J 1p,(x,(s)) ds. If we introduce the N, local intervals of time (AtﬁJ = t;“‘l - ti;)le{l ,,,,, ~,} spent in cell
i for particle p during time step [0, At = t], the expression of the contribution of particle p to cell 4
becomes

thtt . 1— efvain(’;At;

i_ 1 |7 _
‘Z%z‘ f'D1 AU;(X)dx = AU; —Kt /t;J ’LUP(S)]_'Di (XP(S)) ds = wp(tp)w. (109)

It is consistent and it only remains to use the above expression in (10.8) to update the nuclide concen-
tration and end the time step.

Algorithm 15 presents how the direct resolution of section 9.5.2 must be instrumented to perform the

previous tallies, mandatory to update the nuclide density 1 consistently. The tracking phase only needs
the addition of one line, function compute_track length, which is detailed in algorithm 16.
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Algorithm 15: The general canvas for the different MC schemes described in term of algorithmic

operations in order to compute (direct) U(x,t) = /u(x,t,v)dwdv with instrumentations to

compute track length estimators.

1 #SAMPLING described in algorithm 7 or algorithm 8

2 call sampling(Nys¢)

3 set t = At

4 #Time step loop

5 while t < T do

6 #Initialize to zero the array of the quantity of interest on the whole simulation domain D
7 set U(x,t) =0Vx €D

8 set AU(x,t) =0Vx €D

9 #TRACKING: make sure each u, is an MC particles
10 for p e {1,..., Nyyeo} do

11 set s, =t — At #this will be the current time of particle p

12 while s, <t and w, > 0 do

13 if z, ¢ D then

14 #here a general function for the application of arbitrary boundary conditions
15 apply_boundary_conditions(xp, sp, Vp)

16 end

17 sample T;y,¢er = sample_interaction_time(vp, ip)

18 compute Tey;y = compute_cell_exit_time(x,, vp, ip)

19 compute Teensys = max(t — 7,0)

20 set 7 = min(Tea:it7 Teensuss Tinter)

21 #move the particle p

22 Xp ¢— Xp — VpT,

23 #change its weight

24 (K, r) = compute_weight_modif(v,, T, Teensus, Texit, Tinters ip )
25 AU (xp,t)+ = compute_track length(wy, Vp, T, Teensuss Tewit, Tinter, ip)
26 wp — K X wy,

27 if 7 == Teensus then

28 #set the life time of particle p to zero:

29 Sp—t

30 #tally the contribution of particle p

31 U(xp, t)+ =w,

32 end

33 if 7 == 7.4 then

34 #The particle p changes of cell: find its new cell number
35 ip = find_neighbooring_cell(ip, v;)

36 #set the life time of particle p to:

37 Sp— Sp+ 7 <t

38 end

39 if 7 == Tinter then

40 #Sample the angle and velocity of particle p

a1 V' = sample_velocity(vp, r, ip)

42 set v, =V’

43 #set the life time of particle p to:

44 Sp— Sp+ T <1

45 end

46 end

ar end

a8 t—t+ At

49 end
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The instrumentation to compute the track length estimator is in blue in algorithm 15. Expression
(10.9) is estimated along the flight path of any MC particle (independently of the event). In algorithm
16, we even present the track length estimator for the semi-analog or the analog MC schemes.

Algorithm 16: The track length estimator depending on the MC scheme
1 Function compute_track_length(real wg, real v, real Tmin, 7€l Teensus, T€Al Texit, T€Gl Tinter, TEAL
i)
2 set A =1
if MC _scheme == non — analog then
_ o VTET) Tmin
4 A = U}O 1 e
P wolng At

5 end

6 else

7 #It corresponds to the limit o — 0 of the above estimator

— ,,0 Tmi

8 A =wp k¢

9 end
10 return A

Numerical Analysis of the classical MC scheme for Boltzmann/Bateman

The (split) MC scheme sketched in the previous paragraph is simple but lacks accuracy and can lead to
unaffordable constraints on the time step At for a stable and accurate resolution. This is illustrated in
[3] on various configurations and test-problems. In this paragraph, we perform the numerical analysis
of the MC scheme for the coupled system (10.3) to identify the constraining term (in term of accuracy
mainly). Of course, we obtain the same conclusion as in [3] but with an analysis-driven discussion rather
than a numerical-examples based one. Let us introduce the couple (U€,n) solution of (10.3) integrated
with respect to w. It is solution of

0 U%(x,t) + F°(x,t) = —vo.n(x,t)U%(x,1), (10.10a)
{ om(x,t) = von(x, )UC(x,t). (10.10Db)

In the above expression, we defined F¢(x,t) = [ Oxvu(x,t,w)dw. The above system is not closed as F*
depends on u. But the analytical quantities U®, F'® are only auxiliary variables at this stage of the talk,
aiming at easing future calculations. The analytical solution of (10.3) integrated over angles can then
be formally rewritten

t
Ue(x,t) = U(x,t) — / Fe(x, s)e Ja voantoada,
0

In the above expression, U(x,t) is solution of the homogeneous counterpart of (10.10), i.e. with source
term F'® = 0. In other words, (U(x,t), q(x,t)) is solution of

QU (x,t) = —vo.q(x,)U(x,t), (10.11a)
{ q(x,t) = tvo.q(x, t)U(x,1). (10.11b)

The latter can be solved analytically in this particular case (monokinetic, scalar Bateman) and has
solution (see [3]):

Ux,t) = Oot )+(‘7T(U()>(X)+Q(o((x)0§)€fo)(>_? .
Op X go(X)oq exp (V{0 x q0(X)0,
q(x,t) = i (grUO(X) + QO(X)af)qo(x) 0 . (10.12)
) o Up(x) exp (—v(0,:Up(x) + qo(x)04)t) + qo(x) 0,

We furthermore introduce one last expression UN-4(x,t) = Up(x)e ?7am ™)t The upperscript V-4

recalls that this is what is solved along the characteristics for every MC particles (see the definition
of the non-analog MC scheme in section 9.4). Quantities UY-4(x,t) and U(x,t) can be numerically
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compared: UN-4" is a second order (O(At?)) approximation of U:

1
U(x,t = At) — UV (x,t = At) o §arv2q0(x)aaU§(x)At2 +O(A). (10.13)

In other words, we have

t

Us(x,t) = U(x,1) - / Fe(x, s)e™ J2 voenboade (10.14)
= UNA(x,1) + O(At?) +U9”(X, t).

Now, introduce ¢, solution of the linear (with n(x,t) = no(x)) transport equation on time step [0, ¢]. It
satisfies

8t¢(X, ta Ld) + Vax¢(x7 tv Ld) =+ UUtnO(X)¢(X7 t7 CU) = V0sTo (X) /Pé (("'/7 W)d)(X, t’ w/)dwl'

It is solved with the non-analog MC scheme. As we focus on the time discretisation, we can assume,
without loss of generality, an infinitely accurate MC resolution of the above equation just as in [77]. On
another hand, the transport equation of solution u can be rewritten as

Ayu(x, t,w) + vVxu(x, t,w) + oo (x)e?or Jo UTGamdayy (x ¢ o) =
asmo(x)ev7r 5 U (x,a)da [ Ps(w', w)vu(x, t,w) dw'.

In the above formulae, we introduced the expression of the analytical nuclide density expressed thanks
to our auxiliary variable U¢. Finally introduce e(x,t,w) = u(x,t,w) — ¢(x,t,w). Quantity e is the
discrepancy during time step [0,¢] between the solution ¢ of the linearized problem and the analytical
solution u. The equation satisfied by e is given by

Ore(x, t,w) + voxe(x,t,w) + vorn(x) (e’ o Ue(x’“)d”‘u(x, t,w) — d(x,t,w)) =
vos1o(X) <e“‘” o Ue(xva)da/Ps(w',w)u(x,t,w’)dw' - /Ps(w’,w)(b(x,tw’)dw’) )

By rearranging the different terms, we obtain
ore(x,t,w) + voxe(x,t,w) + von(x,t) (e(x, tw)+ (1L —e v Js UtGea)day gy (x ¢, w)) =
vogn(x,t) (/ Py (W w)e(x, t,w)dw + (1 — e 7" I Ue(x"")do‘)/Ps(d,w)qﬁ(x,t,w’)dw) .
By introducing T, the operator implicitly defined by T'(u(x,t,w)) = 0, we can rewrite the equation
satisfied by e as

T(e(x,t,w)) =
(1 . efuar(fot[UN.A-(x,a)+O(At2)+UF(x,a)]doz))vn(x’t) <—Ut¢>(x,t,w) + o, / Ps(w’,w)gb(x,t,w’)dw’) )

The above expression allows first recovering some already known results:

— if 0, = 0, the MC scheme for the linear Boltzmann equation is inconditionally accurate with respect
to the time discretisation. Indeed, in this case T'(e) = 0 and u = ¢ (uniqueness of the solution u
for operator T', see [127]) in the limit of an infinity of MC particles.

— We have the same result if n = 0, i.e. for particles evolving in a vacuum.

— It also holds if oy = o and if the problem is isotropic (i.e. if ¢ = [ ¢). In this case, we even have
an inconditionally accurate approximation with respect to At for o, # 0.

Of course, the latter remarks are case dependent. More generally, we have

T(e(x,t,w)) =(1— e_”‘”(fot[UN'A'(x’“)+O(At2)+UF(x’“)}d”‘))F(x,t,w) with T" # 0.
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Quantity I' is given by

[(x,t,w) = vn(x,t) (—0a¢(x,t,w) — 0sP(x,t,w) + US/PS(w’,wW(x,t,w')dw’) : (10.15)

Let us now study the effects of the time discretisation scheme. Let us introduce the mean of the flux on
time step [0, ¢]

UF(X) = é /Ot Ut (x, )da. (10.16)

Let us use expression (10.13) to write

—voang(x)At

T(@(X, t,LU)) _ (1 - €UGTUO(X)At;_zdano(x)Ait _;y3q0(x)g,,,Ug(x)afAt?’—i-(’)(At‘l)_va'TAtUF(x)) F(X, t, w).

Thanks to the previous simplications, we isolated the term where (aa)ae{s’t_’a’r} and At compete.
—F
Now assume we are in a regime such that o, ~ (%2, Oq ~ 5%’ o5 ~ %, v~dand U ~ 62 with § — 0.

We will see in the next section it characterises a stiff reactive regime. We then have the two following
expressions

R;(x,t,w) 6f0 —%ﬁ(xi)(b(xaﬂw) - 77(X7 t)¢(x,t7w) + 77(X7 t) / ¢(X7tvwl)wl7
At
Aty lze 00 14,0288 Lo(AtY)—ALs
and T(@):— 1—66 0 TIOAT 290V 53 ( ) (%nqs_’_an)_n/d))

Assume we have &' < 1 (via the choice of At), we can write

At3

At
= =

Tleltw) = 0,000 1.0) | Do) 5 + 0P m(x)0300)

4t~0

: - At] . (10.17)
Suppose we want an approximation ¢ of u ensuring T'(e) = O(At), it demands At = 2. Such condition is
numerically intensive in many physical applications, see in neutronics for example [97, 98, 148, 95, 96],[3].
Finally, let us rewrite (10.17) as T(e(x, t,w)) = —o(x, t,w) Ks(X, t,w, At)At, then

At? ]

= (10.18)

Ks(x,t,w, At) = BUO(X) -1+ %qo(x)Ug(x)

The coefficient K5 does not satisfy the conditions of definition 9.1 regarding AP schemes as K 6—>0 00.
—

Consequently, the above MC scheme is not AP in the reactive regime.

10.1.2 An Asymptotic Preserving MC scheme for neutron transport

The Asymptotic Preserving MC scheme we present in this paper has already been presented in [3] in a
more general context (non-monokinetic, non-scalar Bateman case). The material of this section remains
complementary to [3] in the sense the new MC scheme has been described via an illustration-driven
analysis in [3] whereas we here perform the numerical analysis (in a simple case). We here compare the
convergence rates of the classical and the AP schemes.

Asymptotic regime of interest for system (10.3)

We suggest identifying more precisely the stiff regime of (10.3) for which the previous MC scheme fails
to produce accurate (and even stable see [3]) solutions, see [97, 98, 148, 95, 96],[3]. It is helpful to
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non-dimensionalize the coupled system (10.3). Let us introduce

x =x*X,v=vV,t =t"T,
(10.19)

Oq = O’Z%,VO& € {s,t,a,r}.
«
The upperscript * denotes a nondimensional quantity. Let us introduce u*(x*,t*,w) = u(x, t,w), then

l8t*u*(x*,t*,w) = Ju(x,t,w), %8x*u*(x*,t*,w) = Oxu(x, t,w),
00" (X", ) = O (x, 1)

Using the above expressions in the nonlinear Boltzmann equation coupled to Bateman one (10.3) yields
%&g*u* (x*,t",w) + Vo wig-u™ (x*, t*, w) + v*ofn* (x*, t*)]i\—xu* (x*,t*,w) =
t
v*ojn*(x*,t*)K—X/u*(x*,t*,w)dw.
* * gk * VU: * * g% * * gk
%at*n (x*,t*)=wv D (x*t )/u (x*,t", w)dw.

Let us decompose 0; = 0, + 05 to obtain

%@wf‘ (x*,t*,w) + Vo wie=u*(x*, t*,w) + v*olin* (x*, t*) ]f\Xu*(x*, t*,w)

bt () S (e, w) = vt (e ) RE [t )

o, e0) = vor 5 t0) [t )

Now suppose 5 = O(3) = K—X = K—X, Y = O(9) and ‘;\—X = O(8) ensuring O(+5) = & = /\i and

5 52
)\% = O(1), we have (we drop the upperscript for convenience)

%(‘%u(x, t,w) + Ivoeu(x, t,w) +voan(x, t)%u(x7 t,w)
+ovosn(x, t)u(x, t,w) = dvosn(x, t)/u(x,t,w)dw.

%atn(x,t) = v%n(x,t)/u(x,t,w)dw.

Performing a Hilbert development, i.e. u = u® + u'd + u2§% + O(63) see [143], and considering only the
first order (i.e. u") leads to

ol (x,t) = —von(x, t)u’(x, 1),
{ o’ (x,t) = +vo,n°(x, t)u(x, t). (10.20)

It corresponds to the monokinetic homogeneous regime as § — 0. The second order yields

v’ (x,t,w) + von’ (x, )u’(x,t,w) = von’(x, t)/uo(x,t,w')dw’.
It implies F°(x,t) = Ox [ vu®(x,t,w)dw = 0 = O(6?). As a consequence, in the stiff regime of interest,
T (x) related to F¢ through (10.14) and defined in (10.16) is also UF(X) = O(4?). In the next section,

we present a general methodology, already detailed in the general case in [3], to build an Asymptotic
Preserving MC scheme for regime (10.20).
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Construction of an Asymptotic Preserving MC scheme for regime (10.20)

We recall the system we aim at solving is given by
Ou(x,t,w) + vVxu(x, t,w) + om(x, t)ou(x, t,w) = asn(x,t)/Ps(w’,w)vu(x,t,w’) dw’(10.21a)
On(x,t) = n(x, t)orv/u(x,t,w) dw. (10.21b)
We need an MC scheme able to capture efficiently the asymptotic regime defined by:

{ 8tU(X, t) = _'UO'aQ(Xa t)U(Xv t)? (10.22)

8tQ(Xv t) = +’UCTTQ(X’ t)U(Xa t)'

The system of ODE (10.22) can be solved analytically in this configuration (monokinetic, scalar Bateman)
and its solution is given by (10.12), see [3]. To construct the Asymptotic Preserving MC scheme, we
suggest linearizing (10.21) on time step [0,¢] substituting ¢, solution of (10.22), to n in (10.21). This
leads to

0100, 1,) + VT, 1.0) + (D0, 0) = 0w, 0) [ Puled )0, t,') dw'(10.250)
om(x,t) = q(x, t)a,«v/gb(x,t,w) dw. (10.23b)

In (10.23), the (now linear) transport equation (10.23a) is self consistent and has a form which has
already been intensively encountered (time dependent cross-sections) all along the document. The time
evolution of the nuclide density 17 only depends on ¢, solution of the linearized transport equation, ¢ being
supposedly known. Consistent tallies during the MC resolution will ensure its update. The linearized
transport equation can then be rewritten as a expectation

Flpooi(r) e77edoabvaedda gy (x — vt w)

X, t,w)=E s
(b( ) +1[O,t] (7_) e~ V0 ft—r q(x—va,a)da ¢(X N VT,t - W/) PS(W/, w)

)

over the following set of random variables

7~ & (voy),
W'~ Py(W, ).

The exponential law in the above expression depends on time. The sampling of 7 is made according to
fr(x,t,v,8)ds = 19 oo[(5)v0sq(x — Vs, — 5)e™ Jg vosa(x—vart—av)dagy

It is obtained from plugging the time evolution of ¢ in expression (9.27). The weight modification® of
any MC particles is done according to

U(x,t)
Uo(x)

The consistent tally to update the nuclide density can be obtained in a same way as before. First by
integrating (10.23b) on time step [0, ¢]. Second by plugging the expression of ¢ in (10.23b) together with

wp(t) = wp(0)e™"7" Jo abx=vasa)da wp(o)

5To obtain the previous expressions for the probability measure of the time interaction or the weight modification, we
performed similar calculations as the ones presented in the previous chapter 9. They are only particular cases. In order to
avoid redundancies, they are not repeated here.

263



the MC discretisation. It leads to

n(x,t) —nox) = / t / / vo,q(x, s)u(x, s,w)dwds,

Nuyo Np

= 3 [ a5y (),
p=1 i=1 12
_ORESA Uxy(s), 5)
- ; ;/ vo,q(x, s)wy(t;) Do (5, () dx(xp(s))ds,
Nye Np 1 tip1
= Zl Zlfuarwp Uo(Xp( m) /t q(x, 5)U(xp(s), 8)0x(xp(s))ds,
W g, U(xp(tit1), tit1)
- pgl i=1 ;awp( g <1 Ut ) ) '

It only remains to instrument the new tracking with the consistent track length estimator. It is given by

i _ 9r , _ U(xp(tit1), tiv1)
Aul = ;awp(tz) (1 U(szrti)’ti)* ) . (10.24)

It allows closing the time step.

Note that in this section, we recovered the same MC scheme as in [3] in a slightly different way. In
[3], we perform a change of variable u(x,t,w) = U(x,t)f(x,t,w) and identify the transport equation
satisfied by f as in [3] or in section 9.9.2 (source term). Here, we invoked the plugging of ¢ = 7 on time
step [0,t]. The advantage of presenting the scheme as in [3] comes from the fact it is easier emphasizing
the Asymptotic Preserving MC scheme can be resumed to a balanced gain-loss transport equation on f
in the transport phase. In other words, we have along each characteristics, see [3],

8S/f(x+vws,s,w)dw =0, Vs €0,t].

It also eases its comparison with Quasi-Static (QS) methods, see sections 9.9.2 or 9.12.1. We refer to [3]
for more details on this point and insist that on the simplified system (10.3), the two derivations lead
to the same MC scheme. In the general case (non-monokinetic non-scalar Bateman), the two different
ways to introduce the linearisation lead to two slightly different MC discretisation schemes. Still, both
bear the asymptotic preserving property presented in the next section.

The previous expressions, for the sampling of the time interaction, the weight modification and the
tally were general. To end the description of the Asymptotic Preserving MC scheme, let us introduce

a cell discretisation as described in section 9.6. Let us assume a constant per cell discretisation for the
particle and nuclide densities of the reduced model. We have Vx € D, s € [0, ¢]:

Ny
= Ui(s)1p,(x)
N
)= qi(s)1p, (x)

With this previous hypothesis, the inversion of the cdf of the probability measure for the sampling of the
interaction time can be done analytically. We can explicitly exhibit the sampling of the time interaction
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7 for an MC particle p in cell i:

(qior exp (vt(oqh + Uioh)) + o) exp (“ m(uT)) i
(o2

S

1

— — n —
(990 + Ugoy) 9%,

T=1—

. (10.25)

Its expression takes into account the nuclide density variation along the flight path of the treated MC
particle. We can verify that at the first order with respect to 0% ~ 0 we have 7= — —— In(l,). Tt

’L)G'gqo

corresponds to the sampling of the interaction time for the classical scheme (non stiff regime), see section
9.6. We can even put forward the second order development with respect to o

Uf‘} Ui (v igit 111(“7)”3)
. . o 0 Ua ol — -
In(U;, Ust U5(1—-U-* : ; ;
T o n(i z) + S5t ?(2 Z iy V) % o, +0((07)?). (10.26)
oin0 vokgh | ohgy v(oggh)® exp (voggpt) (o0 dp)

Higher order approximations can be obtained in the same manner. The explicit expression for the weight
modification for an MC particle p remaining in cell ¢ between times 0 and ¢ is given by
U'(t) (03U + 4boa)

wy(t) = w,(0) —= = ——— 10.27
) = O = T ot exp (v(oiUs + o)) o2

Quantity U’(t) is solution of (10.22) in cell i. We can once again verify that asymptotically with o’ ~ 0,
we recover the classical weight modification along the flight path of each MC particles

. . P ) ) P 7v02q8t i
Ut) = Ufevosivt — ot (Ug)2evonit —LEE 7 V0l
ol~0 0;(]6

+ O(o?). (10.28)

Of course, the same applies to (10.24), the tally to update the nuclide densities.

In practice, the described Asymptotic Preserving MC scheme can be developed in the same general
canvas as in section 9.8 provided an additional line to compute the track length estimator as in algorithm
15. For this, it is enough modifying

— function sample_interaction_time using expression (10.25),
— function compute_weight_modif using expression (10.27),
— function compute_track_length using expression (10.24).

The other functions, in a more general case (non-monokinetic for example), must be consistently be
developed and we refer to [3] for their detailed descriptions. In this document, we now focus on the
numerical analysis of the newly built MC scheme.

Numerical Analysis of the Asymptotic Preserving MC scheme for Boltzmann/Bateman

Let us now perform the numerical analysis of the newly built Asymptotic Preserving MC scheme and
compare the results with the one of the previous classical one (mainly with expression (10.17)). The
analysis is here pretty fast thanks to the already introduced material. On time step [0, ¢], the previous
process supposes solving the following linearized transport equation

Dhp(x, t,w) +voxd(x,t,w) +voy  g(x,t)  P(xtw) =
——

no(x)e”r j& U(x,a)da

Ol q(x,t) /Ps(w’, w)p(x, t,wdw'.
——

o (x)e’7™ JE UG, @)da
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In the above expression, 1 has been substituted by ¢. It is expressed with respect to U, solution of the
reduced model (10.22) preserving the stiff regime of interest. Once again, let us introduce e = u — ¢ and
substract the two transport equations to get

Ore(x, t,w) + voxe(x,t,w) + vorn(x) (e’ s UC(X’”‘)dau(x, t,w) — evor o U(x’a)do‘(b(x7 t,w)) =

vos1Mo(X) (e”"r I Ue(x*a)d"‘/Ps(w’,w)u(x,t,w’)dw’ _evorls U(x’(")da/Ps(w’,w)qb(x,t,w’)dw’) )

Let us use the fact that U = U® — U¥ in the above expression to rewrite

ore(x,t,w) + voxe(x,t,w) + von(x,t) (u(x, t,w)— e vor o UF(x’a)dagb(x, t, w)) =

vosn(x, 1) (/ Py, whu(x,t,w')dw’ — e Jo UF("’O‘)d"‘/Ps(w”w)QS(X,t,w')dw') :

We obtain

T(e(x,t,w)) = D(x, t,w)(1 — e~vorAT (),
=, oot - e, (10.29)

vop ~ %

T ~ 52
= —n(x,t)p(x, t,w)At = O(At) = KsAt = KAt.

At—0
It is first order in At independently of 6 — 0 (as K5 = K). Expression (10.29) must be com-
pared to (10.17). With the new Asymptotic Preserving MC scheme, the dependence of Kj(x,t,w) =
—n(x,t)p(x,t) with respect to § is considerably weakened and the new MC scheme satisfies the condi-
tions of definition 9.1. The new MC scheme is AP in the reactive regime, bigger time steps can be used
and computational gains are at stakes. We rely on [3] for numerical examples.

10.1.3 Summary

To end this section, we would like to come back on some aspects of the presented Asymptotic Preserving
MC scheme:

1. first, the new MC scheme is more intrusive than the classical one which can be applied calling
successively two simulation codes. Nevertheless, we rely on the comparison of (10.17) and (10.29)
to motivate and convince the reader willing to solve (10.1) in the stiff regime (10.22).

2. The generalization of the Asymptotic Preserving MC scheme to system (10.1) (instead of (10.3))
has been presented in [3]. In particular in [3] we identify the stiff regime of interest in the non-
monokinetic non-scalar Bateman case. The numerical analysis performed in this document still
holds for such more general reduced model. The computations are only more complex. In fact, the
real challenge in this generalized context consists in the efficient resolution of the reduced model
solving the stiffness along the flight path of each MC particles, see [3].

3. Regarding the forementioned real challenge, for the simplified configuration considered in the previ-
ous paragraphs, an analytical solution for the stiff regime (10.22) is available. One cannot do better
in term of efficiency (see [3]). In fact, with this simplified configuration, we presented what can
asymptotically be expected with a cheap and efficient resolution of the reduced model. In [3], less
ideal cases were also tackled and for them, we introduced a numerical solver to estimate on-the-fly
the reduced model. In some particular configurations, it is not obvious whether the Asymptotic
Preserving scheme is still more efficient or not®.

Now, with expressions (10.26) and (10.28) and the development they introduce with respect to
o, we wanted to highlight it is possible to define high order MC scheme. For MC schemes,
the relevant quantities on which one must increase the order are typically the time interaction,
the weight modification etc. (see for example (10.26) and (10.28)). Relying on such high-order
developments may lead to even less costly approximations.

6For some configurations, for the same accuracy, we have similar restitution times between the classical and the AP
scheme, see [3]. In fact, those cases are closer to § = O(1) than 6 < 1 as assumed in this section.
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4. To finish, we insist on the fact the methodology to build an Asymptotic Preserving MC scheme is
general and can be summed up in few phases:

— first, identify the stiff regime of interest.
— Build a relevant reduced model and approach it (efficiently).

— Plug the solution of the reduced model in the transport equation to linearize it. This can
be done wvia a change of variable as in [3] or by plugging it directly in the cross-sections’
expressions as in this document.

— Solve a linearized Boltzmann equation with time dependent cross-sections with an MC scheme
(with similar linearisation hypothesis as for Quasi-Static methods, see sections 9.9.2-10.1 and
[3])-

— Consistently update the quantities which are not discretised with MC particles and end the
time step.

Section 9.9.2 is typically an example of application of such methodology for problems with stiff
sources. Another example is given in remark 10.3 of the next section.

In the following section, we study a different nonlinear Boltzmann equation. It implies a different stiff
regime and different relevant linearisations for the construction an Asymptotic Preserving MC scheme.
Care will be taken to hint at point 4.) above to emphasize the methodology applied in this section also
does for different physical applications.

10.2 Boltzmann equation coupled to Stefan’s law (photonics)

In this section, we are interested in the resolution of the time-dependent problem of particle transport
in a media whose density of internal energy evolves with time due to particle interactions (Stefan’s law).
We suppose transport to be driven by the linear Boltzmann equation (10.30) for particles having position
x € D C R3, velocity ¢ (speed of light), frequency v € R, direction w € S§? = [0,27] x [0, 7], at time
t €10,7) C RT. Quantity u(x,t,v,w) is the density of energy of the particles at (x,¢,v,w). We assume
the time variation of the media’s density of internal energy E(x,t) can be accurately modeled by Stefan’s
law (10.30b), see [245, 203, 59]. As a result, problem (10.30) is nonlinear and strongly coupled:

Opu(x,t, v,w) + cwdxu(x, t, v,w) + co(x, t, v)u(x, t, v,w)
= // cos(x,t, Vv, wu(x, t, v, W) dw' dv' + coq(x, t,v)B(x,t,v), (10.30a)
OE(x,t) = // coq(x,t,v) (u(x,t,v,w) — B(x,t,v)) dwdr. (10.30b)
To close system (10.30), we need to define the dependences of o, 0, 04, B with respect to the unknowns

u and F. First, the source term B corresponds to the Planckian distribution defined as

B(x,t,v) = B(T(x,1),v) = CUA S (10.31)

he .
02 eFTGxt) — 1

It describes the spectral density of electromagnetic radiation emitted by a black body in thermal equi-
librium at a given temperature T'(x,t). The constant k and h are respectively the Boltzmann and the
Planck constants. Let us integrate the above expression over frequency and angles, we have

8k*7o

4

/B(x,t, v)dv = aT*(x,t) =
In the above expression, a is the radiative constant. Second, as detailed in chapter 9, we introduce

os(x,t,v) = // os(x,t, Vv, w)dw'dv.
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The opacities o, oy and o, are related via the simple relation o4 (x,t, V) = o¢(x,t,v) —0s(x, t,v). For the
same reason as in chapter 9, the dependence with respect to w of o4(x,t,v) is not recalled. The cross-
sections are commonly called opacities in such physical context and depend on x,t¢ via the temperature
T(x,1), i.e.

oa(X,t,-) = 0a(T(x,t),-),Ya € {s,t,a}.

The density of internal energy F(x,t) also depends on T'(x,t) via an equation of state. For a perfect gas,
this is the well-known relation E(x,t) = C,T(x,t) where C, is the adiabatic coefficient of the considered
material. System (10.30) can consequently be rewritten in a closed form wia the introduction of the
temperature

Opu(x,t,v,w) + cwdxu(x, t,v,w) + co (T(x, 1), v)u(x, t, v,w)

= // cos(T(x,t), v v, w)u(x,t,V, W) dw' dv' + co, (T (x,t),v)B(T(x,t),v), (10.33a)
WE(T(x,1)) = /caa(T(x, t),v) </ u(x,t, v, w)dw — B(T(x,t),l/)> dv. (10.33b)

The next step consists in simplifying (10.33) to focus on the difficult numerical aspects. Of course, care
will be taken to make sure the Asymptotic Preserving MC schemes we suggest in the following sections
can be extended to the complete problem (10.33).

To simplify problem (10.33), we first assume o = 0, = o. In other words, there is no (physical)
scattering. Besides, we aim at focusing on the nonlinearity induced by the source term B rather than
by the opacities or the equation of state. We consequently assume that o(T(x,t),v) = o(x,v) and
E(T) = C,T. Furthermore, we consider the grey approximation, i.e. the opacities do not depend on v.
It ensures we can solve problem (10.33) with respect to u(x,t,w) = [u(x,t,v,w)dv, solution of (10.33)
integrated over every frequencies:

dpu(x,t,w) + cwdsu(x, t,w) + co(X)u(x, t,w) = co(x)aT*(x,1), (10.34a)

BE(T(x,1)) = co(x) ( / w(x, £, w)dw — aT(x, t)) . (10.34b)

To simplify the notations and focus on the nonlinearity introduced by the source term, we even go one
step beyond and set a = C,, = 1 so that (10.34) can be rewritten in a simplified closed form

Opu(x, t,w) + cwdeu(x, t,w) + co(x)u(x, t,w) = co(x)E*(x,t), (10.35a)

O E(x,t) = co(x) </ u(x,t,w)dw — B(x, t)) . (10.35b)

The asymptotic regime we aim at capturing with (10.35) has already been intensively studied in the
literature, see [245, 203, 59]. To characterise it, let us introduce

0 (10.36)

{ x=x"X,t =t*T,

The upperscript * denotes a nondimensional quantity. Let us denote by u*(x*,t*,w) = u(x,t,w) and
E*(x*,t*) = E(x,t), then

L&gﬂi‘(){*,t*,w) = Owu(x,t,w), %ax*u*(x*,t*,w) = Oxu(x,t,w),
T&*E*(X*,t*) = atE(X, t)
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This leads to

Opu™ (X", t,w) + c%w@x*u*(x*,t*,w) + %—co*(x*)u* (x*, %, w) = co*(x*)(E*)*(x*,1%),(10.37a)

O B* (x*,1%) = gca*(x*) </ W (", w)dw — (E*)4(x*,t*)> . (10.37b)

Now suppose % = O(%) and 77—00* = 5%0*, we have (we drop the upperscript * for convenience)

Oru(x, t,w) + Fwiku(x, t,w) = 0 (x)(B*(x,t) — u(x,t,w)),

HE(X,t) = $z0(x) </ u(x, t,w)dw — E4(x,t)) . (10.38)

The above non-dimensionalization (10.38) from (10.34) can be found in many books and publications
[245, 203, 59, 77, 301, 48, 178]. All along this section, we work on the closed forms (10.35) and (10.38) of
unknowns (u, E). System (10.35), independently of the value of §, conserves the total density of energy
of the system ’'particles+media’ as

O </ u(x,t,w)dw + E(x, t)) + 6x/cwu(x,t,w)dw = 0.

This invariant is important in many applications and one may want the MC scheme to ensure it numer-
ically, independently of the discretisation parameters (Ax, At or Nys¢). Let us study the limit regime
§ — 0. For this, we perform a Hilbert development [143, 48, 178], i.e. u = u® + u'6 + u25% + O(6?) and
E = E°+ E'§ + E?6% + 0(6%), and identify the stiff asymptotic regime of interest for (10.35). Plugging
the previous development in (10.38), and more precisely in the transport counterpart (10.35a), leads to

0 0 Eé UQ
0 , UO(SQ (E4)15 u10
0, | o +wdy | o = o || (EY)20? — | wed®
Zui(;wrz Zui(;z‘ﬂ Z(E‘*)iél Zuiél
i=1 i—2 i>2 3
For the media counterpart (10.35b), we have
0 Eél Ug
0 (E%)16 U1
a, | Eod’ = - / o|| (BY.82 | | wd?
i=1 i>2 i=3

By identifying the coefficients of 1,6, 5% we finally obtain:

Eal = Uo,
wdyug = o((E*)1 — 1),
3tu0 —+ waxul = U((E4)2 — UQ),

(B = / i,

8tE0 = —/O‘((E4)2 — UQ).

(10.39)

The first line of the previous expression ensures ug(X,t,w) = ug(x,t). Together with the second line of
(10.39), it implies $8xuo(x,t) = —o(x) [ wui(x, t,w)dw. The latter expression is commonly called Fick’s
law. Now, plugging the last expression in the third line of (10.39) and integrating it over the angular
distribution yields

atU() - 8xi6xu0 = /U((E4)2 - u2).
3o
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Finally, adding the last line of (10.39) to the above equation leads to

Eg(x,t) = uo(x,1), (10.40)
O (Eo(x,t) + Ej(x,t)) — Ox 35050 0x o (x, 1) = 0. '

System (10.40) is commonly called the equilibrium (relative to Ej(x,t) = ug(x,t)) diffusion (relative to
the second order operator in (10.40)) limit for system (10.35). In the next sections, we aim at building
MC schemes to solve (10.35) with good asymptotical properties in the limit (10.40).

10.2.1 Classical Monte-Carlo schemes for photon transport

We first describe one of the most common methodology to solve system (10.35). It consists in a splitting
between the transport phase (10.35a) and the implicited Stefan law (10.35b). It is commonly denoted
by IMC for Implicit Monte-Carlo and has been introduced by Fleck and Cummings in [110]. The
implicitation, presented in the next paragraph, introduces an artificial scattering term. This numerical
trick is important and efficient in practice. This is mainly for this aspect we choose to describe this
scheme in this section rather than others (such as the Carter-Forrest [57] or the N’Kaoua [211] ones, see
[77] in which their asymptotical properties are studied).

In the next section, we briefly describe the IMC scheme for the resolution of (10.35). The beginning
of the description may recall [77] but we go further by analysing the effect of a (spatial) discrepancy
on the source term. It is crucial for the complete study of the asymptotic regime we aim at capturing
(teleportation error, see [301]).

The classical MC scheme for the resolution of (10.35)

Once again, we suggest describing the MC scheme on one time step [0,¢]. The IMC linearisation of
system (10.35) can be summed up as follow: first, consider the new variable O(x,t) = E4(x,t) such that
8,0(x,t) = 4E3(x,1)0, E(x,t) = 4013 (x,1)8, E(x,t) = B(O(x,1))0, E(x,t). The IMC scheme relies on
rewriting system (10.35) with respect to the variables (u, ©)

Opu(x,t,w) + cwodxu(x,t,w) + co(x)u(x,t,w) = co(x)O(x,1), (10.41a)
0O(x,t) = B(O(x,1))co(x) (/ u(x,t,w)dw — O(x, t)) . (10.41b)
Let us consider an explicitation” of 3(0(x,t)) ~ 3(0(x)) = B(x) together with an implicited source term
O(x,1) = O,(x) in (10.41). Quantity ©,(x) denotes a constant with respect to time evaluation of ©(x, t)

at the end of the times step [0,¢]. With the above hypothesis, system (10.41) can be rewritten on time
step [0, t]:

Opu(x,t,w) + cwdxu(x, t,w) + co(X)u(x, t,w) = co(x)O:(x), (10.42a)

0O(x,t) = B(x)co(x) (/u(x,tw)dw — @t(x)> . (10.42b)

Let us integrate (10.42b) on time step [0, ¢] to obtain

0:(x) - () = x)ea(x) ( | t [t s.opans - At )

We can evaluate the implicitation as follows

1 n x)co(x)
1+ co(x)B(x)At ' 1 —|—co )ﬁ() x)At

O:(x) =0O(x) / u(x, s, w)dwds,
1 (x)At

~ O T eomBmAal T 1—|—ca N /]“X’W
~ O(x)f(x, A) + (1 — f(x, At))/ (x,t,w)d

(10.43)

Ti.e. ©(%,0) = O(x).
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In the above expression, f is commonly called the Fleck factor [110].
The above expression of ©;(x) is then plugged in (10.42a) and a second equation is introduced to
ensure energy conservation on time step [0,¢]. We finally obtain

Opu(x, t,w) + cwdxu(x, t,w) + co(x)u(x, t,w) =
co(x) f(x, At)O(x) + co(x)(1 — f(x, At)) /u(x,t,w)dw, (10.44a)

0B (x,1) = co(x) f(x, At) ( / w(x, £, w)dw — @(x>> . (10.44b)

System (10.44) is now only weakly coupled in the sense (10.44a) is self consistent and (10.44b) only
depends on u solution of (10.44a) and other known fields (8, ©, f). Equation (10.44a) is now linear and
has a form that has already been intensively encountered in this document. The linearisation introduces
an artificial scattering term, defined wia the opacity os = o(1 — f) and an artificial absorption term wvia
the opacity co, = cof such that o, + 05 = . The source term only depends on quantities evaluated
at the beginning of the time step and has expression co fO. Equation (10.44a) is classically solved with
the non-analog MC scheme of section 9.4 together with the source sampling strategy of section 9.9.1, see
[110, 77, 301]. The update of the material energy (and temperature) is made by instrumenting the MC
resolution with a consistent track length estimator as in the previous section. The update is made once
the tracking phase is over and every MC contributions tallied. The time step is then over.

Remark 10.1 The description above can be found in many publications. We would like to focus briefly
on the assumption made to go from the first line of (10.43) to its second one. Let us characterise this
hypothesis. It can be summed up as Vt,s €]0,t = At]

1 t
ﬂ// u(x, s,w)dwds ~ /u(x,t,w)dw = /u(x,t,w)dw =cst = /u(x,s,w)dw. (10.45)
- 0

In practice, during the resolution phase, the equality in (10.45) is only applied along a characteristic, i.e.
we only use ds [u(x + cws, s,w)dw = 0 and ffot u(x + cws, s,w)dwds = At [u(x + cwt, t,w)dw rather
than (10.45). In fact, the true linearisation hypothesis is closely related to the stiff equilibrium regime
defined by

(stiff equilibrium regime) Oyu(x,t,w) + cwdxu(X,t,w) + co(x)u(x, t,w) = co(x) /u(x, t,w')dw’,
(along a characteristic)  Osu(xX + cws, s,w) + co(X)u(x + cws, s,w) = co(X) /u(x + cws, s,w")dw’,

(isotropic as 6 — 0) 85/u(x + cws, s,w)dw ~ 0.

We briefly wanted to emphasize the hypothesis done in order to obtain (10.44) is closely related to
plugging the solution of the stiff regime of interest along a characteristic to linearise the system, see
point 4.) in section 10.1.3.

Now, we aim at analysing what can be asymptotically obtained (in the limit of an infinity of MC
particles) from such linearisation. The latter is well-known in the literature and its asymptotical analysis,
detailed in [77], leads to the following limit equation:

ﬁtuo(x, t) — Ox

Ol (x,t) = (u®(x,t) — 0°(x)). (10.46)

1 1
30(x) B(x)At
The IMC scheme, in the limit of an infinity of MC particle to solve the linearized transport equation
(10.44a), recovers the diffusion limit with the correct coefficient 5=, see (10.40), but misses the strict
equilibrium limit. It introduces a numerical relaxation time SAt such that the smaller SAt, the better
the equilibrium limit is fulfilled. Note that the authors in [77, 282] emphasized the fact that in practice,
time steps ensuring a good agreement for the local equilibrium limit are affordable for the IMC scheme

(i.e. we can afford SAt ~ 0 small enough). On another hand, the treatment of the source term is central

8relaxed state of (10.35).
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for the limit regime we aim at capturing: a small inaccuracy in its sampling can introduce a significant
teleportation error. The denomination has been introduced in [197] and is very well described in [301].
Until now, we only summed up results which can be found in many publications, we now would like to
introduce some originality in the study, especially with respect to this teleportation error.

The analysis of the limit equation on time step [0,¢] for the IMC scheme has been carried on con-
tinuously with respect to the spatial variable x € D whereas many authors (see [301] and the references
therein) admit the spatial discretisation of the source term in the IMC linearisation is closely related
to the teleportation error. See [77, 69, 70, 301] and [282] for very pedagogical numerical examples. It
is even confirmed by the fact that tilts, i.e. spatial (bi-)linear interpolary reconstructions of © can lead
to significant improvements, see [69, 70, 301]. In practice, a spatial discretisation is introduced (as in
section 9.6, i.e. D = Uf\i‘l D;), together with assumptions such as constant © in each cell. At every
beginning of time step we have an O(Ax) approximation of ©(x) = Efvz"l O'lp,(x) + O(Ax) where
Ax = max;e(1,.. n,}(|Ds]) and ©F = ﬁ Jp, ©(x)dx. This choice affects ©(x) but also f(x) = B(0(x))
and above all the source sampling of the MC particles at every beginning of time steps. The material
of section 9.8.1 (together with the examples) put forward the importance of accurate samplings within
cells. In the following paragraphs, we suggest

— taking into account a spatial O(dx) discrepancy in the source term within cells (inaccurate source
sampling),

— together with the asymptotic development O(J) of the linearized system (10.42).

Let us now revisit the limit equation under such condition.

Let us perform a Taylor development of ©(x) with respect to a small spatial parameter dx. Note
that we are also going to perform a Hilbert development afterward with respect §. For this, we write
O(x) = Op(x) + O1(x)dx + O(62) with of course Og(x) = ZZV:"I Oil1p,(x) and O1(x) = 0xO(x). The
upperscripts refer to the terms in the development with respect to § (as before). Assume constant
opacities o(x) = o, then for small dx, we have

3/4
cofO(x)= = % + x4 Lt CUAt®8/4 ;T 0(53),
8x~0 1 + deo AtO) (1+4coAtOy'")
420> Ate3/* 3coAt
co(l—fl= = ————"0__ 1 o0 oo + 0(63), (10.47)
A=N= =1y dcoAtO? Y1+ 4conte}/ 2ol (%)
cof =T 6, ScoAl 4 O(52).
x~0 1 + 4o AtO) (14 4coAtOy ")0§

The above developments are then plugged in the collisional part of (10.42) solved on time step [0,¢].
This yields (we drop the dependences for convenience)

co® 1+ coAtO3/4
-0 3/4+605x@1 g/42
1+ 4eo AtO, (14 4coAtOy")
. < 48202At@(3)/4 3202 AtO1 0y

_|_
1+ 4c0At@g/4 (1+ 400At@g/4)2@é/4
2 QA
OF = Lm_axe)l SCTAL L o) /u
1+ 4coAtO] (1+ dcoAt0y *)?0 !
0y 1+ coAtod*

- — ¢00x0O
1+ 4caAt@3/4 (1+ 4coAt®g/4)2

+ O(83)

Oyu + cwdyxu + cou =

+O(5,’i)> / u, (10.48a)

+O(82). (10.48b)

Note that (10.48b) is built ensuring conservation of (10.48) on time step [0,¢]. Now use the fact that
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*

L =0(%), coT = 0(%3) in (10.48) so that we have

§%caO, §4+62Atca@3/4 5.6,
2 3/4 te 2 3/4 2 °X
5% + 4Atco©; ((5 + 4AtcoOy ™)

4At(co))205 302 At
+ (4 (ca)) N (C;f/)4 7010 / udw + O(62).
0% + 4Atco©, (0 + 4Ateo©y *)20,

520uu + Scwdxu + cou =

(10.49)

Assuming § — 0 and keeping only the O(§*) orders, we obtain

_ 20X n 501x)
AAt 16At0% % (x)

(52 2 3@1(}()6x / 2 4
+ | co(x) — +4 u(x,t,w)dw + O(6;) + O(67).
(C ( ) 4At@g/4(x) 16At@g/4(x) ( ) ( ) ( )

§20pu(x,t,w) + dewdyu(x, t,w) + co(x)u(x, t,w) =
(10.50)

The leading order terms allows identifying the asymptotic regime for the linearized equation (10.50)

w(x,t,w) = [ u¥(x,t,w)dw,
cwdxul (x,t,w) + co(x)ul (x,t,w) =0,
Ol (x,t,w) +;:w8xu1(x,t,w) + co(x)u?(x,t,w) = Wl(x))‘g/‘l (@8(x) - /uo(x,t,w)dw)(10'5l)
 5x0Y(x) / 3 1 0 / 0 2
—16At(@8(x))3/4 + 2(x,t,w)dw + 16 A(60(x)) /] 07 (x)0x | u’(x,t,w)dw + O(6%).

Integrating the previous relations over angles and combining them (just as in the beginning of section
10.2) yields

Ou(x,t) — 3foX)3xu0(X,t) _11&(@81@())3/4 (@8(){) _ uo(x,t))
0 0 0 9
+ ToarenggyTT (3700 t) = ©5(0) 8x60(x) + 0(6)).

(10.52)

Besides, the leading order with respect to ¢ in (10.48b) ensures [ u®(x,t,w)dw = OF(x)+05xO}(x)+O(52).
Together with the isotropy of u°, we have

Dl(x, 1) = ———x 5 00(x) + O(62),
= — D 0:00(x) + O(62), (10.53)

—ﬁ@xuo(x, t) + O(82).

8tu0 (X, t) — QXTC(X)

The limit equation on time step [0,t¢] of the IMC scheme obtained with an infinitely accurate MC
approximation for (10.44a) but taking into account an O(dyx) discrepancy in the source term (during the
source sampling phase) yields

Ol (x,t) — 8x3 x )8 ul(x,t) + Ta ul(x,t) = O(52). (10.54)

The limit equation (10.54) is an advection-diffusion one. The velocity of the advection operator depends
on the discretisation parameters At and dx. They even compete during time step [0,¢]. On one hand,
taking At the smaller possible ensures recovering the equilibrium limit (first term of the right hand
side of (10.52)), but imposes a finer and finer spatial discretisation (perturbed advection velocity in
(10.54)). In fact, the error can be very important for steep gradients of u® (front of a Marshak wave for
example for which d,u® > 1). It is well-known the mechanism accumulates discrepancies proportionally
to the number of time steps (due to the cycle-to-cycle differences of magnitude %é&uo, see [301]).
The behaviour of the IMC scheme is close to the behaviour of the Dufort-Frankel scheme for parabolic
equations. For this scheme, if C'dy = At — 0, the scheme is inconsistent. It is possible to force At = C
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the greater possible (limit of stability) and make sure dx — 0 to obtain a converging O(dx) scheme.

Let us detail another way to put forward the sensitivity to a small error with respect to a spatial
perturbation of © during the source sampling phase. Let us consider the linearized IMC system (10.48)
and substract the system below (we drop the dependences for convenience)

Oyl + cwOx + cot =

o 1252 At}
70 ot €e " /u (10.55a)
1+ 4co AtOy 1+ 4co AtO
. &)
ab=—T /u - (10.55b)
1+ 4coAtOq 1+ 4co AtOg

In the above expression, we truncated © to its first term ©g. Let us introduce e; = u—u and e; = E—E.
They correspond to the errors due to a discrepancy in the spatial discretisation (source sampling) of ©
on time step [0, At] with respect to a spatially accurate IMC temporal linearisation. We have (we focus
on the first equation as it is self-consistent)

3/4
Ore1 + cwdyer + coep = codxO1 1+ CGAt@g/4 5
(14 4ecoAtOy ")
4> Aol 3202 AtO,
t——— g [ edw+ 3/42 o1/4 :
1+ 4co At (1 +4co Aty %)?0,
We can rewrite it more concisely
1+ co(x)AtOF* (x) 320 (x)2AtO1 (x)6y

T(e1(x,t,w)) = co(x)0xO1(x) /u(x,t,w)dw.

(1 + 4o () A3 (x))2 (1 + deo () A107 3 (x)) 201 ()

In the above expression, if the sources are infinitely accurately sampled (no spatial discrepancies in ),
T(e1(x,t,w)) = 0. In this case, we recover the temporal IMC discretization. This is precisely this latter
property we will aim at having by construction in the next sections. Now, let us compute

1 1
. 1+ ﬁmeg/ 4(x) 357 101 (x)dx
T(e1(x,t,w)) = ?5x@1(x) T 34 + T 27 T /u(x,t,w)dw,
co)~ 32 (1445 A0 (x)* (1+455At0) (%)) (x)
= Ox 9. O(x) + O(8°).

50 407

The above expression tends to show the IMC linearisation is not AP (cf. definition 9.1) due to the
spatial discrepancy (dx). Furthermore, (10.54) shows that any such discrepancy will be amplified along
the time-steps. Any small spatial error on the emission will be amplified in the equilibrium diffusion
limit. In order to design AP MC scheme, care has to be taken to avoid such behaviour during the MC
phase. This will be the aim of the next sections but first, we would like to study the effect of having
resort to source tilting.

As emphasized in many publications, see [301] and the references therein, if the emission is non
uniform within the cell, a reconstruction method can be introduced to estimate co f© in (10.42) at every
beginning of time steps. This is commonly called a tilt (see [301, 69, 70]) and it has been experimentally
observed it reduces teleportation errors. In fact, it corresponds to a second order approximation of
O(x) = O (x) + O(62). The same asymptotic developments (Taylor of order 2 with respect to 5 and
Hilbert one with respect to §) applying an accurate tilt can be performed. The second order equivalent

274



of (10.47) reads

1+ 0093/4At

cofO(x) = ﬂﬁ“(ﬁCO’@ +0(82),

folx) 5 ~0 1 —|—4coAt@3/4 1+ 40063/4At) (%)

42 At 20,At
co(l—f) = 5 o 3/4 F 1/4 300, 3/4 A N2 +0(6)
~ 1—|—4c0At/@ Oy (1 +4coOy" At) (10.56)
3/4 ’

co FAO(x)) 4co©y 9 3coO9 +0O(83),

0%
b0 1 + 400At@3/4 @1/4(1 + 400@3/4At)

40097 /4 7@ 4 16@000At
cofB(O(x))O(x — 0 1 5200@ VO

+0(53),
5 ~0 1 4 4co AtO;

with O9(x) = 02, 0(x). Plugged in the transport equation linearized on time step [0, t] and going through
the same steps as before leads to

c 52 .
Oyl (x,t) — 8xmaxu0(x, t) = WW 0%(x) + O(82),
— 02 09(x) + O(53), (10.57)

o QL}t

Re-arranging the terms in (10.57) produces expression

B0 (x, 1) — O {3 gt 2(24 Bu(x,8) = O (g%) . (10.58)

2
It is a diffusion equation (up to order O(63)). The asymptotic diffusion coefficient is %6y T % and

depends on discretisation parameters dx and At. Once again, both discretisation parameters compete
during time step [0,t]. This is attenuated by the fact that 0y is squared but it still accumulates dis-
crepancies proportionally to the number of time steps due to the cycle-to-cycle differences of magnitude

2At 02, u°. The same remark as above still applies here: if At = C62 with 5 going to zero, the tilted
IMC scheme is inconsistent (behaviour to be compared with the Dufort-Frankel scheme for parabolic
equations). On another hand, if % = (' is kept constant and dx goes to zero, a convergence behaviour
can still be observed.

The above analysis shows that an accurate third order (tilt) reconstruction (i.e. ©(x) = 0" (x) +
0O(82)) is mandatory to recover the correct diffusion coefficient for the regime § — 0. This observation is
all the more interesting that in plasma physics, many PIC codes rely on a third order spatial discretisation
of the electromagnetic fields (often third order Splines, see [25, 24, 29] for example). This is probably
for the same reason as in the previous section: the linearisation induces modification of the propagation
waves for first and second order operators. Of course, I did not study precisely the MC scheme of PIC
codes but this should be interesting to do so with the above point of view. Maybe the material of the
next section could also benefit their resolution. Due to

. . .. sk .
— the appearance of competing discretisation parameters (th)kzl,zm at every reconstruction order

2
k (even if attenuated from % to % from order 1 to order 2),
— and the possible error accumulations along the cycles,

instead of introducing an additional reconstruction, we prefer building MC schemes which do not suffer
teleportation errors. Based on these remarks, in the following sections, we present two new MC schemes,
three if we count the (approximated) one of remark 10.3, and detail their asymptotic properties.

10.2.2 Two Asymptotic Preserving MC schemes for photon transport

At this stage, it may be tempting to try to apply strictly the same methodology as in section 10.1. In
other words, plug the solution of the asymptotic regime of interest, here the equilibrium diffusion limit,
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in the MC scheme via a change of variable (u = Uf) as in [3]. This will be briefly done in remark 10.3.
We first want to emphasize the fact that for system (10.30) there are different presentation possibilities,
related to more relevant linearisations of (10.30) on time step [0, ¢].

In this section, we present two MC schemes to solve system (10.30) bearing interesting asymptotic
properties (as 6 — 0). Depending on the linearisations, those properties differ. Their common point
remains an accurate diffusion limit capturing behaviour (and no teleportation error but the notions
are closely related). The two MC schemes are presented so the reader can pick the solver having the
properties he finds the more relevant. The first linearisation ensures capturing the diffusion limit, is
conservative but does not capture exactly the equilibrium one (only up to O(At)). The second captures
the equilibrium diffusion limit but does not ensure exact conservation of energy at the end of the time
step (only up to O(At)).

The study of section 10.2.1 showed a reconstruction of E* = © is mandatory to ensure recovering
the diffusion limit. For this, we built high order reconstruction of this field from a spatial Taylor serie.
In this section, we suggest building MC schemes which do not need this spatial reconstruction (or one
may say they reconstruct it on-the-fly during the MC resolution).

A conservative Asymptotic Preserving MC scheme for the diffusion limit

We aim at solving (10.34) together with capturing regime (10.40) characterised by § — 0. We here
suggest introducing the variable e(x,¢,w) defined by [ e(x,t,w)dw = E(x,t). System (10.34) can then
be rewritten in term of unknowns (u,e) by

4
Opu(x,t,w) + cwdxu(x, t,w) + co(x)u(x, t,w) = co(x) (/e(x,t,w)dw) , (10.59a)

Dye(x,t,w) = co(x) ( / w(x, £, w)dew — ( / e(x,t,w)dw)>4> . (10.59h)

Integrating (10.59b) with respect to w (such that [ dw = 1) allows recovering (10.35b). Besides, introduce
n(E(x,t)) = E3(x,t). Then it can also be rewritten

Opu(x,t,w) + cwdxu(x, t,w) + co(x)u(x, t,w) = co(x)n(E(x,t))/e(x,t,w)dw, (10.60a)
Ore(x,t,w) + co(x)n(E(x,t))e(x,t,w) = co(x) /u(x,t,w)dw. (10.60b)

System (10.60) is still nonlinear. On time step [0,¢], we consider linearisations corresponding to a
particular choice of n(E(x,t)) = E3(x,t) = ([ e(x,t,w)dw)? with respect to the time variable, i.e.
explicit, implicit etc. Independently of this choice, the linearized system is conservative as

Oy (/u(x,t,w)dw + /e(x,t,w)dw) —l—ax/cwu()g t,w)dw = 0.

An explicit choice for 1 together with the non-analog? scheme of section 9.4 lead to the known MC scheme
of [11]. In practice, it is computationally unusable due to the small time steps it needs for stability [301].
For relevant and efficient numerical tricks to be able to take bigger time steps with this same scheme,
we rely on the work of [282] summed up in the last paragraph of this section. We here want to focus
on how to build an MC scheme for the resolution of system (10.60) of unknowns (u,e). Discretising e
with an MC approximation ensures we do not need to reconstruct a density or use source sampling and
avoid, by construction, the teleportation error.

Let us assume a linearisation based on a choice!? of n(E(x,t)) ~ n(x,t) on time step [0,¢]. The

9and not the semi-analog scheme as in the title of [11].
10explicit or implicit, this only affects the resolution, not the MC scheme.
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linearisation of system (10.60) of solution'! (¢, e,,) is then given by
(X, t,w) + cwdxp(x,t,w) + co(x)p(x,t,w) = co(x)n(x,t) / em(X,t,w)dw,  (10.61a)
Orem (X, t,w) + co(X)n(x, t)em (X, t,w) = ca(x)/qb(x,t,w)dw. (10.61b)

System (10.61) is now linear and can be solved with an MC scheme. It has the same structure as a
multigroup transport equation in neutronics for example, see [173, 268]. But in this case, there are only
two groups and the basis functions are analytical, given by ¢o(v) = d.(v) and ¢1(v) = do(v). Let us
clarify this point. To solve (10.61), let us build u(x,t,w,v), a new unknown depending on one more
dimension and on unknowns (¢, e) solutions of (10.61). For this, the variable v is chosen such that

w(x,t,v) = ¢(x,t,w)0:(v) + em (X, t,w)do(v).

In fact, v is nothing more than a velocity which can be ¢ for photons or 0 for matter. Let us now build the
linear equation satisfied by u(x,t,w,v). Expression (10.61) can be rewritten (we drop the dependences
for conciseness)

Ot(Pde + emdo) + vwOx(Poe + €mdo) = —co(Pde + nemdo) + co (n / em0c + / ¢(50> . (10.62)
—_—— —_———

It remains to make w appear in the collisional part. For the moment the integration is only over the
angular distribution. Let us introduce the Kronecker symbols

00.c(v,v) = do(v)d:(v") and .0V, v) = b.(v)do(v'), (10.63)
and rewrite (10.62) as

Opu(x,t, v, w) + vwdu(x, t,v,w) + co(x)(d:(v) + n(x,t)do(v))u(x, t,v,w) =

+co // [u(x,t,v",w" )60, (v, v) + u(x, t, 0", W n(x, t)d. 0 (v, v)] dv'dw’. (10.64)

One can check that choosing v = ¢ in (10.64) allows recovering (10.61a) and choosing v = 0 in (10.64)
leads to (10.61b). We can identify scattering and total cross-sections to rewrite (10.64) under the general
form encountered all along chapter 9:

Opu(x,t,v, w) + v, wixu(x,t,v,w) + o¢(x, £, v, w)u(x, t,v,w) =

O's(x,t,U71}/)u(x,t’v/7w/)dvldw/' (1065)

In the above expression, we have
o1(x,t,v) = co(x)(0:.(v) + n(x,t)do(v)), and o4(x,t,0v,0") = co(x)(do,c(V,v) +n(x,t)d. 0V, v)).
Let us rewrite the scattering part as os(x, t,v)Ps(x, t,v,0") = 04(%,t,v,v’), this implies

/

os(x,t,v) = [ os(x,t,v,0")dv,

/ca(x)(éo,c(v', v) + (%, t)8c 0V, v))d0,

= co(x)(1(x, t)dc,0(v, 0) + do,c(v, ),
= co(x)(n(x,)dc(v) + do(v)).

11We insist on the change of notation:
— (u, e) is solution of the nonlinear system (10.60),

— whereas (¢, em) is solution of the linearized system (10.61) on time step [0, ¢].
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By definition of P; we have

!
— 50,C(,UI7 U) + 77(X, 15)5670(1)/7 ’U)
T W)+ b)e(v)

The above expression can be considerably simplified by noticing that

)

for v =0, Ps(x,t,0,v") = §.(v"), and for v = ¢, Ps(x,t,c,v") = §o(v').

Practically, the later expressions imply the scattering term systematically makes an MC particle change
state at a collision:

— if a particle represents matter (i.e. v = 0), the outer particle represents a photon with probability
1.

— Conversely if a particle representing a photon (with v = ¢) encounters a collision, it is transformed
into a matter MC particle with probability 1.

Now, we are interested in a direct resolution of (10.64) on time step [0,¢]. We consequently apply the
material of section 9.5 and consider the adjoint form of (10.64) given by

—Ou(x,t,v,w) — v,woxu(X,t,v,w) + or (X, t,v)u(x,t,v,w) =

Os (Xa ty v, U/)Ps (X, t, v, ’U/)'LL(X, t, 'U/7 w/)dw/dvl. (1066)

Just as in section 9.5, we introduce
os(x,t,v,v") = 05(x,t,v)Ps(x,t,v,0") = 04(x,t,v')Ps(x,t,v,0").
The latter can be characterised computing
os(x,t,v) = /os(x,t,v’)P,;(x,t,v,v’)dv'7
— [ ot mix 0. + 8o(w')

Oc(v
= co(x)n(x,1) So() UEX)a 1)0.(0) + co(x)n(x,t) So(v) + n(x,1)3.(v)

Few calculations, similar to the already performed one before to identify Ps, show that
Ps(x,t,v,v") = Ps(x,t,v,0") =1 —4,(v).

Suppose one wants to apply the (direct) non-analog MC scheme of section 9.4 to solve (10.61). Then the
samplings are quite simple:

— the time interaction is sampled from og, i.e. co if the MC particle represents a photon (i.e. if
v = ¢) or con if the MC particle represents matter (i.e. if v = 0).

— We have c4(x,t,v) =0,Vx € D,t € [0,t],v € {0, ¢} so that the weight of the MC particle does not
change all along the tracking phase.

— Finally, if the MC particle encounters an interaction, it changes of state with probability 1 (i.e.

systematically), from photon to matter and matter to photon.

Let us show why it is a satisfying linearisation for our coupled system. On time step [0, t], the previously
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presented MC scheme (for Ny — 00) recovers

O + %Wax(lsz 5%0 <77/6m _¢> )

(10.67)
O = 5%0 (/qb—nem).
Performing a Hilbert development in the first equation of the above linearized system yields
0 0
0 $od _
(9t ¢062 4 + (JJ@X ¢162 | =
+ Zl ¢i51+2 22 ¢i51+1 (10 68)
No€o %o '
o / (noe1 + mieg)d | ¢id
(noezmer + 12e9)0? $20%
D it M0t >3 $id"
It leads to (we used the notations (E; = [€;, ®; = [ ¢;)ien)
(raw results from (10.68)) (integrated results with respect to w)
noEo = o, noEo = ®o,
wixpo = a(noEr +mEo — ¢1), 10x®p = — Py,

Oedo + wdxdy = o(no By + mEy + 2By — ¢2), 0:P — Ox350xP0 = o(noEa + mEr + 2B — 2).

The same development of the second equation of (10.68) yields

0 No€o b0
0 (noe1 + nieo)o / 16
P — |- . 10.69
o oes? 4 7 (moezmier + mae0)d * $20® ( )
+ 21 ¢i51+2 Zi+_j>2 meﬂ’“ 23 $i0°
It leads to
(raw results from (10.69)) (integrated results with respect to w)
noeo = | ¢o, noEy = P,
noe1 + nieg = /¢1, nokE1 +mEy = @4,

Oreo = o(—noez — mex — naeo + /¢2)7 0:Ey = o(=noEy — mEy —1m2E + ®2).

Some equations are redundant (hence no incompatibility) but we finally obtain the asymptotic limit for
the linearized system (10.61):

(10.70)

In summary, an asymptotic analysis of the above MC scheme yields, to leading order, a valid (explicit or
implicit, the above calculations are general enough to be independent of this choice) conservative discreti-
sation of the equilibrium diffusion equation (10.70). The MC scheme does not introduce ’source sampling’
as a resolution strategy and consequently does not suffer the teleportation error (avoiding potential com-
peting discretisation parameters, no cycle-to-cycle error explosion). However, the leading order radiation
intensity is not given by a planckian at the local end of time-step, indeed ®¢ = ngEy = E§ + O(At) # Ej
in general. Thus, the above method only has the diffusion limit, and not the equilibrium diffusion one,
or only up to order O(At).
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A non-conservative Asymptotic Preserving MC scheme for the equilibrium diffusion limit

The MC scheme presented in the previous paragraph is conservative, capture the diffusion limit, but
not the equilibrium one. We here aim at solving (10.34) together with capturing the equilibrium dif-
fusion regime (10.40) characterised by 6 — 0. For this, we introduce variable 6(x,t,w) defined by
J0(x,t,w)dw = O(x,t) = E*(x,t). System (10.34) can then be rewritten in term of unknowns (u, 6)

Opu(x,t,w) + cwdyu(x,t,w) + co(x)u(x, t,w) = ca(x)/(9()::,1f,w)dw7 (10.71a)
AMO(x,t,w) = co(x)B(O(x,t)) (/u(x,t,w)dw — /Q(X,t,w)dw)) . (10.71b)

System (10.71) is still nonlinear. On time step [0,¢], we consider linearisations corresponding to a
particular choice of B(O(x,t)) = 40%/4(x,t) = 4([ 6(x,t,w)dw)®/* with respect to the time variable,
i.e. explicit, implicit, etc. Once again, the discussion on an explicit or implicit choice for 3 is not the
purpose of this section. We focus on how to build an MC scheme for the resolution of system (10.71)
of unknowns (u, §). Discretising 6 with an MC approximation ensures we do not need to reconstruct a
density or use source sampling and allows avoiding, by construction, the teleportation error.

Let us assume a linearisation based on a choice!? of 3(O(x,t)) ~ B(x,t) on time step [0,¢]: the
linearisation of system (10.71) of solution (¢, 8,,) is then given by

Ord(x,t,w) + cwdxp(x,t,w) + co(x)p(x,t,w) = co(x) /Qm(x, t,w)dw, (10.72a)
0l (%, t,w) + co(x)B(X, t)0m (X, t,w) = ca(x)ﬁ(x,t)/(b(x,t,w)dw. (10.72b)

System (10.72) is now linear and can be solved with an MC scheme. To solve it, introduce
u(X,t,v,w) = ¢(x, t,w)0:(v) + Om (X, t,w)dp(v),

where v is nothing more than a velocity which can be ¢ for photons or 0 for matter. Expression (10.72)
can be rewritten (we drop the dependences for conciseness)

(60 + 01200) + VD (380 + O0o) = —co($0e + BOmbo) + co (/ 0,08, + / ¢50> . (10.73)
—— ——

u u

To make sure u appears in the collisional part, introduce the same Kronecker symbols as in (10.63) and
rewrite (10.73) as
Opu(x,t, v, w) + vwdku(x, t,v,w) + co(x)(d:(v) + B(x,t)do(v))u(x,t,v,w) =

+co(x) // [u(x,t,0",w")0c0(0v", v) + u(x,t,v",w)B(x,)d0,c(v,v)] dv'dw’. (10.74)

One can check that choosing v = ¢ in (10.74) allows recovering (10.72a) and choosing v = 0 in (10.74)
leads to (10.72b). We can identify scattering and total cross-sections to rewrite (10.74) under the general
form encountered all along chapter 9:

Oru(x,t, v, w) + vwoxu(x, t,v,w) + o (x, t, v)u(x, t,v,w) =

os(x,t,v, 0" )u(x, t, v, w)dv'dw’. (10.75)

In the above expression, we introduced

oi(x,t,v) = co(x)(0:(v) + B(x,t)d0(v)), and os(x,t,v,0") = co(x)(8c0(v",v) + B(x,)d0.c(v,v)).

12explicit or implicit, this only affects the resolution, not the MC scheme.
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Let us rewrite the scattering part as o(x,t,v)Ps(X,t,v,0") = 05(x,t,v,v). This implies

os(x,t,v) z/ os(x,t,v,v")dv'dw’,

= [ co(x)(0e,0(v",v) + B(x,t)d0 (v, v))dV',

= ¢o(x)(0e,0(v,0) + B(x,t)d0.c(v,0)) + co(x)(0¢,0(v, €) + B(x,t)d0,(v, €)),
= co(x)(dc(v) + B(x,t)do(v)).

By definition of P, we have

Py(x,t,0,07) = &s(;c,t,v) '
_ e0(v,v) + B(x, )80, (v, v)
de(v) + B(x,t)d0(v)

exactly as in the previous section. Now, we are interested in a direct resolution of (10.74) on time step
[0,t]. We apply the material of section 9.5 and consider the adjoint form of (10.75) given by

—Opu(x,t,v,w) — vwixu(X, t,v,w) + o1 (X, t, v, w)u(x, t,v,w) =

os(X,t,0) Py (x,t, v, v )u(x, t,v, 0" )dw'dv’. (10.76)

Just as in section 9.5, we introduce
os(x,t,v,0") = 05(x,t,v,w)Ps(x,t,v,v") = 05(x,t,v,w") Ps(x,t,v,0).

It can be characterised computing

os(x,t,v) ://as(x,t,U,U’)Ps(x,t,v,v')dv’dw’,

B co(x ’U/ < ’ 6070(1}/,1))—|—6(X7t)607c(’0/,11) U/
= [ ot )+ 0 ,(t>50< ) 500+ 8 Dle) s
_ x)B(x c\U co(X LUV

= co(x)B( 725 W) 56 0%0) T X5y + Blx, 00 (0)”

Furthermore, few calculations similar to the already performed one before to identify Ps, show that
Ps(x,t,v,v") = Ps(x,t,v,0") =1 —4,(v).

With the above expressions of the cross-sections, the non-analog MC schemes of section 9.4 for the direct
resolution of (10.72) on time step [0, ¢] implies

— sampling the interaction time from og, i.e. cof if the MC particle represents a photon (i.e. if
v =c),

— or co if the MC particle represents matter (i.e. if v = 0).

We have
oa(X,t,v) = o0y(x,t,v) —os(x,t,v) = co(x) (1 — B(x,1))d:(v) — (1 — B(x,t))do(v)) .
It describes the weight modification along the flight path of any MC particles, see section 9.5. Concerning

the scattering part, at each interaction, the MC particle changes of state, from photon to matter and
matter to photon with probability 1.
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Let us study the asymptotic properties of the above linearisation in the limit § — 0. On time step [0, ¢],
the previously presented MC scheme (in the limit Ny ¢ — o) allows solving

Or + §udxtd = 550 (/9m—¢>,

(10.77)
010 = a5 ([ 0-0.).
Performing a Hilbert development in the first equation of the above linearized system yields
0 0 to b0
0 oY - 0,0 @16
I R I S j/ S B R | B
Zl g0 +? 22 g0+ Zi>2 0i0" 23 pi0"*
It leads to (we used the notations (0; = [6;,®; = [ ¢i)ien)
(raw results from (10.78)) (integrated with respect to w)
/90:@2507 B0 = Do,
HOxpo =0 (/ 01 — ¢1> ) 305D = —0®y,
Ordo + poxp1 = o (/ O — C/>2) , 0iPo — Ox5=0xPo = 0(O2 — Dy).
The same development of the second equation of (10.77) yields
0 Bobo Bodo
0 (Bob1 + B16o)d / (Bod1 + Bro)d
- _ (10.
o 000> 7 (Bob2 + B161 + Babo)d? * (Bog2 + P11 + Bagpo)d” (10.79)
21 ¢i51+2 Zi+j>2 Biejfslﬂ Zi+j>2 5j¢7151+]
It leads to
(raw results from (10.79)) (integrated with respect to w)
0o = [ %o, O = Py,
Bob1 + B10o = BoP1 + B1Po, 0, =%,
Ot = 0(—P0O2 — 101 — B200 + BoP2 + S1P1 + S29o), %&:@0 = —0(02 — ®3).

Combining the two asymptotical analysis, we finally obtain the asymptotic limit for the linearized system
(10.72):
¢y =09 = Eg,
{ O (Eo + Ef) — Ox = 0xEf = O(At). (10.80)

In summary, an asymptotic analysis of the above MC scheme yields, to leading order, a valid (explicit
or implicit, the above calculations are general enough to be independent of this choice) non-conservative
discretisation of the equilibrium diffusion equation (10.80). The MC scheme does not introduce ’source
sampling’ as a resolution strategy and consequently avoids teleportation error (avoiding potential com-
peting discretisation parameters, no cycle-to-cycle error explosion). The leading order radiation intensity
is given by a planckian at the local end of time-step, indeed ®; = Ej. Thus, the above method captures
the equilibrium diffusion limit. Conservation is only ensured up to O(At).

Few words on how to be able to take larger time steps for the two AP linearisations

The original idea comes from X. Valentin and H. Jourdren. It consists in applying a similar methodology
as in the IMC framework. Let us introduce wisely the equivalent of the Fleck factor (see section 10.2.1)
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for the previous linearisation. We here sketch the idea for the Asymptotic-Preserving scheme obtained
from linearisation (10.61). The quivalent for the (Asymptotic-Preserving) linearisation (10.72) can be
obtained in a very similar manner and will not be presented.

The starting point is consequently (10.61) reminded here:

(X, t,w) + cwdxd(x, t,w) + co(x)P(x,t,w) = co(x)n(x,1) / em(x,t,w)dw,  (10.81a)
Orem (X, t,w) + co(X)n(x, t)em (X, t,w) = ca(x)/¢(x7t,w)dw. (10.81b)

Applying the same implicitation as in the Fleck and Cummings methodology supposes choosing n(x,t) =
n"*1(x) and making sure the closure equation for the energy ensures conservation of the total energy of
the system. Beforehand, n"*1(x) must be evaluated. To do so, we first identify the equation it solves
(we here drop the dependences and recall no linearisation is assumed for the moment)

NEL = Endm+ndEn = 4E3 0, Ep, = 4nco /<b —nEm |,
(10.82)
= E,0m + neo (/ ¢ — nEm> = 4E3 0, E,, = 4nco /¢) —nE,

We then have

on(x,t) = 3n(x, t)co(x) ( =0 /(b x, t,w)dw — n(x, t)) (10.83)

Let us introduce the explicitation and implicitation hypothesis

on(x,t) = 30" (x)co(x) ( /(,zb X, t,w)dw — " (x )) . (10.84)

We now integrate the above equation with respect to time to write

n+1X — n(x " (x)eo (x t# X w)aw — n+1X
00 =000+ 3 er) ([ iy [oten e - i) (10.85)
%n"(x)—‘v‘?)nn(X)CU(X)At (W/¢(X7tvw)dw_nn+l(x)>
We finally have
n+1 — 1 ( )CU X)
E) =t T e oAt 1+377 (x)co(x)At Ep, Xt /(bx hujd, (10.86)

= " (x)V(x, At) + (1 — V(x, At))%/¢(x,t,w)dw.

In the above expression, we introduce the Valentin’s factor V™: it plays exactly the same role as the
Fleck one, except it is fitted for linearisation (10.81).

Remark 10.2 The same remark as remark 10.1 can be made about equations (10.85) and the hypothesis
made to go from its first line to its second.

Plugging the expression of 7! in (10.81a) and introducing the second equation to satisfy conservation
on the time step leads to

O d(X,t,w) + cwdy (X, t,w) + co(x)p(x,t,w) =
co(x)n™(x)V"(x, At)/em(x, t,w)dw + co(x)(1 — V™(x, At))/gb(x,t,w)dw, (10.87a)

Orem (%, t,w) + co(x)n™ (x)V"(x, At)en (X, t,w) = co(x)V"(x, At) / d(x,t,w)dw.  (10.87b)

The above linearized system has to be solved on time step [0,¢] with an MC scheme, very similar to
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the one presented before (after linearisation (10.61)), except an artificial scattering is introduced. This
artificial scattering is such that a radiative MC particle is not necessarily changed into a matter one.
There is no additional difficulty to build an MC scheme for system (10.87), it consists in applying the
material of the previous chapter 9. There is no additional difficulty to show the new linearisation bears
relevant properties with respect to the conservative equilibrium diffusion regime. The same applies for
the question of the teleportation error. The new scheme does not suffer it (as the previous analysis have
been carried out independently of an explicit or implicit choice of 1 and ).

10.2.3 Summary

In this section, we deepened the analysis of the IMC scheme [110] together with its improved tilted versions
[69, 70, 301]. In particular, we formally showed how a tilt behaves with respect to the regime 6 — 0.
Tilting ensures better numerical approximations but intrinsically makes the At and Ax discretisation
parameters compete during each time steps. It leads to cycle-to-cycle error accumulations (see [301]). To
avoid such competing behaviour, we detailed the construction of two Asymptotic Preserving MC scheme
for the stiff regime (10.40). They are based on avoiding any small spatial discrepancies in the emission
along the cycles of the MC resolution. They both capture the diffusion limit but differ with respect
to the equilibrium conservative one. They are not subject to the teleportation error and the different
discretisation parameters do not compete. This ensures converging approximations as Ny, — o0
together with At — 0 and Ax — 0 independently.

We finally would like to mention a third possibility based on the few observations of this section. The
above analysis shows that without the introduction of any spatial discrepancy, the IMC linearisation
does capture the equilibrium diffusion limit. Being able to design an MC scheme for the IMC lineari-
sation avoiding this spatial discrepancy should consequently give satisfactory results. In section (9.9.2),
we detailed the construction of a new AP scheme in the stiff source regime. Its application to the IMC
linearisation (10.42) also avoids the teleportation error and gives very satisfactory results in the equilib-
rium diffusion regime. We consider the material of both sections 9.9.2 and 10.2.1 makes its construction
straightforward but we give few details on how it has been numerically tested in the following remark.

Remark 10.3 (A third AP MC scheme in the diffusion limit based on the IMC linearisation for legacy
IMC codes) In this remark, we focus on the limited number of modifications to apply in an IMC code
to be able to apply the material of section 9.9.2 and avoid the teleportation error. Let us focus on the
self-consistent equation (10.44a) obtained from the IMC linearisation (10.44):

Opu(x,t,w) + cwdyu(x, t,w) + co(x)u(x, t,w) =
co(x)f(x, At)O(x) + co(x)(1 — f(x, At))/u(x,t,w)dw.

It can easily be recast as
Ou(x, t,w) + cwdku(X,t,w) + cop(x)u(x, t,w) = coq(x)S(x) + cogs(x) /u(x, t, w)dw, (10.88)

to fit in the notations and structure of section 9.9.2. Equation (10.88) is simpler than in section 9.9.2
in the sense the source term depends only on the spatial variable x during the considered time step. It
is easy, from the simulation code in which the IMC method is developed, to test the strategy of section
9.9.2. We here describe the few modifications needed:

— the weight modification along the flight path in a given cell i is given by (cf. (9.116))

Kilt) = g =« <ot

S;
(1 —e %t
i

In the above expression, U;(t) corresponds to the analytical solution of

{ U, (t) = —colUy(t) + colS;, (10.89)

U (0) = U?.
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We assumed constant per cell quantities (opacities, sources, initial conditions) along each charac-
teristic. The weight of each MC particles is multiplied by K;(t) between two events, the first one
occuring at time 0, the second at time t (independently of their nature, census, cell exit, interaction)
within cell i. In other words we have wy(t) = w,(0)K;(t) along the flight path of the MC particle
in the time interval [0,t].

— The contribution to matter in cell i occuring between times 0 and t (track length estimator) is then
given by w,(0)(1 — K;(t)).

— Of course, without source term in cell i (if S; = 0), we recover the classical weight modification
wy(t) = wy(0)e™at and track length estimator wy(t) = w,(0)(1 — e~at) in cell i for the non-
analog MC scheme of section 9.5 with constant per cell opacities.

— We insist with this method, source sampling (cause of the teleportation error) must be desac-
tivated.

— Finally, the sampling of the interaction time (for an MC particle in cell i) must be done according
to (9.43) with

Si
Uioe—cofzt + Sl(l _ e—cUzt) .

_ i
=co, +

vol(t) = col +

lhgﬂ (10.90)

To sample the interaction time from an uniform random variable U on [0,1], expression (9.53)
must be inversed using (10.90). This inversion implies (to my knowledge) an iterative procedure
(newton or fized point). The latter can be computationally intensive especially in diffusive media
(characterised by the need to compute many interaction times per MC particles). To avoid relying
on such complex and costful process, we suggest approzimating (10.90) by its mean on the time step
[0, At]. In other words, we suggest performing the following additional hypothesis

vos(t) = vol = At vol(a)da = Elvok(ty, )] where ty, ~ U([0, At]). (10.91)

To compute the above mean on-the-fly during the MC' computations, we suggest applying an MC
method. Just before sampling the interaction time, the new scheme relies on one more sampling:

- sample Uy from an uniform random variable on [0, 1].
— Compute ty, = Uy At uniformly distributed in [0, At].

~ Use ty, to evaluate vo's(ty,) from (10.90) (analytical formulae).

Sample one realisation of the interaction time T from

1
T:.Jﬂﬁfmmu~u®JU
vog(tu,

The above strategy ensures the population of MC particle, in mean, sees (10.91) as an opacity
in cell i during time step [0, At].

With the above modifications, it is easy implementing an IMC solver without tilt, without source sampling
and without teleportation error from an already existing (legacy) IMC code. Numerical results on the
classical benchmarks' confirm

— the time linearisation (10.44) is efficient',

— the loss of the AP character in the diffusion limit is mainly due to the source sampling phase'®,

13Marshak waves for example.
Mno dissuasive time steps for stability needed.
15¢riggering teleportation errors.
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— all the more emphasized by the fact the interaction time sampling (9.43) can even be simplified to
(10.91) without leading to significant errors on the numerical tests performed in the equilibrium
diffusion regime.

This MC' scheme has only been tackled briefly here because it relies on additional approximation (10.91)
in comparison to the approaches of section 10.2.2.

Finally, we insist on the similarity of the methodology described here and the one presented in section
10.1 and [3]. System (10.89) typically refers to the reduced model in the stiff regime of interest hinted at
in point 4) of section 10.1.3 to build an AP MC scheme.

About the construction of the MC scheme for the nonlinear Boltzmann equation:
— once a relevant linearisation chosen,
— it simply resumes to the application of the material of chapter 9.

The key idea is then to enrich the unknown u with an additional dimension (v in the previous sections).
The MC scheme is insensitive to such increase. It then only remains to identify the resulting total
and scattering opacities. Such general methodology can be applied in many other fields of applications
(section 9.11 is a typical example with the uncertain linear Boltzmann equation).
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Conclusion
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Chapter 11

Conclusion

The end is the beginning is the end is the ...

Contents
11.1 On Uncertainty Quantification (part IT) . . . . . . .. ... ... ... .... 287
11.2 On Monte-Carlo resolution schemes (part III) . . . . ... ... ....... 288

In this concluding chapter, we would like to come back to several aspects of the researches presented
in this document. We insist on

— how they can be deepened,
— which tracks could have been followed and probably will in the future,
— and which of the previous topics lead to shorten the gap between long-term studies to at hand ones.

This section is brief, on purpose, to avoid speculations on the future hot topics and possible dead-ends.
Just as the manuscript, the conclusion is divided into two parts, the first one dealing with uncertainty
quantification, the second with Monte-Carlo schemes.

11.1 On Uncertainty Quantification (part II)

Let us begin by concluding remarks and perspectives for the uncertainty quantification topic. We mainly
would like to come back on three points:

— the first point concerns the ergocidity property at the basis of polynomial chaos in the seminal work
of Wiener [295]. Ergodicity has only been skimmed in this work, mainly because the notion is still
unfamiliar to me. The literature about this mathematical and physical notion is furnished and
complex and it is not easy being a self-taught newcomer in this area. Still, I feel the importance
of it. Its underlying properties for modeling could greatly improve the understanding of complex
physical (as in chapter 7 and paper [243]) or mathematical/numerical (as in [109]) phenomenon.

— The second point concerns mainly non-intrusive gPC!, i.e. chapters 5, 6 and 8, and the construction
of improved approximation methods having

— a less important truncation error (see expression (5.5)),

— in much more (non-smooth or multimodal, see the examples of chapter 8) situations.

land its derivations, collocation-gPC, Kriging-gPC etc., see chapter 5.
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In chapter 6, a general inequality (see (6.3)) has been put forward. It has been exploited in section
6.1.1 via a particular choice of change of variable ensuring a gain in a new basis. This choice is not
unique and there may exist some more relevant ones. For example, in section 6.1.1, we chose the
change of variable Z(X) such that (uf)2 = S+, (uX)? to make sure (6.3) becomes (6.5). Amongst
the many other possibilities, we may be able to make sure every (uf )ke{o,...,py are related to every
(Ui-()ke{o,...,PL i.e. with Vk € {0,.., P} uf = u¥ x K}, and (Kk)keqo.,...,py sufficiently well-suited
to have inequality (6.5). Filters [162] could help finding relevant relations for example. Different
choices may bear some different interesting properties.

— The last point concerns intrusive methods. For the Euler system, it is still not clear whether being
intrusive is really an advantage. In the summaries of chapters 4 and 5, care has been taken to
highlight the pros and cons of the two approaches in the same configuration. But the conclusions
whether one approach is better than the other probably remains subjective. On another hand, in
section 9.11 and above all in [241], we put forward intrusiveness can be much more efficient than
non-intrusiveness for the resolution of the uncertain linear Boltzmann equation. In other words,
intrusiveness, under certain conditions? helps a lot. It is sometimes worth opening the black-box
code.

The last point, closely related to the MC resolution topic, will also be tackled in the next section.

11.2 On Monte-Carlo resolution schemes (part III)

Let us finish by concluding remarks and perspectives on Monte-Carlo resolution schemes. For this topic,
we also would like to come back on three points:

— the first point concerns chapter 9 and the MC resolution of the linear Boltzmann equation. To
my knowledge, this chapter is the most complete and furnished work available in the literature
allowing to build from scratch consistent and converging MC schemes for the linear Boltzmann
equation. Some parts can probably be found in different books or publications together with some
more theoretical details but every practical /numerical® ones are described in this document. The
latter concern has been particularly important for me during these past (engineering) years. Every
parts are originally written and we hope pedagogical enough to build simulation platforms having
several MC schemes fitted for different regimes of interest. In this chapter, there are also some
original (and efficient!) MC schemes®.

— Second, in chapter 10, we presented several Asymptotic-Preserving schemes for the resolution of
the nonlinear Boltzmann equation. The scheme of section 10.1 is presented in [3]. The schemes
of section 10.2 will be the purpose of future publications and will be accompanied by numerical
examples for comparisons. In this chapter, the steps can be summed up as

— first, identify a relevant linearisation with respect to the regime one wants to capture accu-
rately. The latter must ensure taking large time steps: having in mind an MC scheme will
be used to solve the linearised equation, to take advantage of replication domain®, one must
make the communications at the end of time steps the scarcer possible, see [99].

— Once the above step performed, it only remains to choose an adapted MC scheme (for example
amongst the ones of chapter 9) for the now linearised equation. The identification of such MC
scheme is not straightforward: for example in section 10.2.1, we put forward a very common
MC discretisation (implying source sampling mainly) leading to a loss of the asymptotical
equilibrium diffusion limit.

2Possibility to compute the gPC coefficients with an uncertain MC scheme for the system of interest as in section 9.11.

3For example, the accelerated Boltzmann equation is dealt with in [296, 297] but numerical aspects are eluded in the
latters.

4The scheme of section 9.9.2 is used to solve the model described in section 10.2 for example and bear very interesting
properties, see remark 10.3. The efficiency of the uncertain MC scheme of section 9.11 is demonstrated in [241].

5The most straightforward efficient (weak scalability) parallel strategy for MC scheme, see [99, 247, 2, 190, 187] and
[99, 3, 241].
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Now, regarding short term perspectives on this topic, we will probably tackle uncertainties in the
nonlinear models of chapter 10. The combination of the efficient MC schemes of this chapter
together with the new gPC based MC scheme of section 9.11 could lead to an almost immediate
and efficient intrusive method. This will probably the purpose of future publications.

— Finally, T would like to come back on the uncertain Euler system (tackled in part II) and the
possibility to address it via BGK or Fokker-Planck models [193, 22, 194]. Those models can be
solved with an MC scheme (see [298] for example). If a relevant linearisation of the model can
be found, i.e. if we are able to take large time steps, its MC resolution could be enriched, as in
section 9.11 and [241], to take efficiently uncertainties into account. This will also constitute future
prospective tracks.

This ends the manuscript, hope you enjoyed it, thank you for reading.
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Appendix A

Analytical resolution of the
uncertain Burgers’ equation

Or what is behind the resolution of stochastic PDEs and those histograms...

The idea of this chapter is to analytically solve an uncertain propagation problem. It will allow
— identifying explicitly its different steps,

— and introducing progressively the important notions (probability measure, histogram, introduction
of a Monte-Carlo resolution scheme for propagation etc.) casually used in the whole document.

In this short chapter, we focus on one of the simplest nonlinear conservation law, the Burgers’ equation
in 1D (spatial dimension). It corresponds to a particular choice of U and of the flux f(U) in (2.1). They
are given by Vo € D,Vt € [0,T]

{ Do, ) + 0, 2@ g (A1)
u(z,0) = up(x).

Equation (A.1) must come with proper boundary conditions. For the moment, we focus on the previous
Cauchy problem (A.1). The initial condition is given by

UL—UH(

P x—xg)+ UH) 1[1H7IL}(SC) + uL]_[IL’OO[(J]), (A.2)

uo(a:) = 'U/H]-]foo,xH](w) + (
with g # x1, and ug # ur. Initial condition (A.2) is continuous and has two constant states, ugy for
x < xg and uy, for x5, < x, separated by an affine part between = € [xy,zr] connecting state ug to
state ury,.

In a first paragraph of this chapter, we solve (A.1) together with (A.2) analytically. Equation (A.1)
is deterministic. Its analytical resolution is classical, see [81, 260, 81]. It is briefly recalled in the
following section. Let us define t* as

1
A
Inf (dsuo())

then ¢* is such that the solution is continuous for ¢ < ¢* and exhibits a discontinuous behaviour for
t > t*. Given the explicit expression of the initial condition (A.2), we have t* = —ZL=¢L see [81, 260].
First, for ¢ < t*, the solution of (A.1) can be built applying the characteristic method [81 260]. Let us
mtroduce the change of variable

{ dx(t) = u(z(t),t),

z(0) = zo.
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Then if ®(t) = u(z(t),t), we have d;P(t) = Opu(x(t),t) + dpx(t)Oru(x(t),t). Furthermore, d;®(¢t) = 0 if
u is a smooth solution of (A.1). This implies ®(¢) = ®(0), Vt < t*. We then have

O(t) = u(x(t),t) = ®(0) = u(x(0),0) = ug(xo).

Finally, the solution u(x,t) can be obtained inversing the relation © = z¢ + ug(2zo)t of unknown zy =
xo(t, ). We do not detail the computations here. The solution for ¢ < ¢* is given by

u(m, t) = +UH1]—OO,$H—th] (:E)
+ <IL+&%($ —upt — )+ UH) Yoy —unter—ust] (x) (A.3)

+uL]—]7oo,:cL7uLt] .23)
After t*, the solution exhibits a discontinuous behaviour [81, 260] and can be obtained applying Rankine-
Hugoniot’s relation [81, 260]: let us introduce z*(0) = zg +upt* =z +upt*, 2*(t) = z*(0) + L (¢ —
t*), we then have for ¢ > t*
w(z,t) = ugl)_oopr )] (%) + L)ooz ()] (7). (A.4)
The solution of (A.1) with initial condition (A.2) is then given by!

“V‘UH]-]foo,a:Hqut] (Jf)
u(z,t) = H1ge((t) | + (%(x —ugt —xg) + UH) Yoy —uptior —upt) (T)

rxrturt—ugt—xmg

+uL1]—OO,$L—ULt] (z) (A.5)
+uH1[7oo,z* (t)[(-r)
+1[t*7w[(t) O

+uL1[I*(t)’oo[(l‘)
Few notations can be introduced to alleviate the above expression
o*(t) = of + Lt — t7),
2 (t) =L (8) [xm + unt] + L o) (D)2 (1),
IEL(t) = 1[0,75*] (t) [IL + ULt] + l[t*,oo] (t)x*(t),
U(z,t) = (%(m —xzg(t)) + UH) , with up, <Ul(x,t) <ug,

so that the solution can then be rewritten in a much simpler form

Tum 1o @)(@)
’ +ug oo (@
u(zyt) = 1[0,t*[(t) +U($C7t) 1]mH(t)’mL(t)] (3;‘) + 1[“700[(15) { +uf 1[ ‘ t, (tz[gg)) ' (A.G)
TuL 1[IL(t),00[(x [ (t),00[

The dynamic of the deterministic solution is illustrated figure A.1. Each spatial profile corresponds to
a particular time. The first continuous profile on the left corresponds to the initial one. As time passes,

— the slope of the affine part becomes steeper and steeper,
— the spatial interval in which it lives narrower and narrower,

— until a discontinuity forms and propagates at velocity % (discontinuous profiles on the right
hand side of abscissae z = 2 in figure A.1).

Such kind of solution, of low regularity, is encountered all along the present document.

In the second part of this chapter, we build an uncertainty quantification problem from (A.1) and its
initial condition (A.2). The stochastic solution of the problem we build from the previous configuration
can also be solved analytically. Suppose the solution no longer only depends on (z,t) but also explicitly
on a random variable X ~ G(0,02) where G(0,0?%) denotes a gaussian of mean 0 and variance 2. Here,

IWe insist it is only rewriting (A.3) and (A.4) in the same expression.

293



1
=u (x,t
08f
06|
—~
+
8
~—
s 04
02
0
0 1 2 3 4

Figure A.1: Time evolution of the spatial profile for the solution of the deterministic Burgers’ equation.

we suppose X models an uncertainty in the initial condition ug(z, X) = ug(z — X). With the previous

particular choice for X, the probability measure of X has expression dPx (t) = m}ﬂ exp ( (=)’ )dt

202

with g = 0. Its cumulative density function (cdf) is given by

T 1 (f ;L
Fx(x) = dt 1+ erf
x() /—ooo o 2( (0\[))
Besides, we have

(/K> L S a1 (/I L 41— (o) = 1(1 f( )) (A7)
e 20 =1- e 20 =1- —er .
z OV2m oo OV 2T X 2 a2

The above expression will be useful later on?. With the above modeling of the initial uncertainty, the
uncertain Burgers’ equation rewrites

2
D, t, X) + 0, @1 X) _ g (A.8)
uo(x,0, X) = ugp(z, X) = uo(x — X),

n (A.8), we have
~ (2,t,X) e DC R x[0,T] x Q,
— ug(z, X) is the uncertain initial condition built from (A.2).

The unknown u now belongs to a probability space and the solution of the uncertainty quantification
problem is a stochastic process, i.e. a random variable parametered by both3 2 and t. In this sense,
solving a uncertainty quantification problem corresponds to the resolution of stochastic partial differential
equations (SPDE). As a consequence, solving analytically the uncertainty quantification problem implies
fully characterising the stochastic process u(zx,t, X), solution of the uncertain Burgers’ equation (A.8).
It resumes to characterising the random variable u(z,t,X), V(z,¢). A random variable being fully
characterised by its probability measure, we here aim at looking for dPy(,  x), the measure of X —
u(x,t, X). This implies looking for the probability of every admissible states of u(z,t, X') ~ dPy, x)-

2In the above expressions, the erf function is defined as erf(z f /

3i.e. for fixed z,t, quantity u(z,t, X) is a random variable.
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The initial uncertainty is here modeled by a gaussian random variable X ~ G(0,02). It affects the
position of the affine part between the two constant states. Applying the same resolution strategy as
above and taking X into account leads to a relatively simple solution of the stochastic Burgers equation
(A.8). It is given by

u(z, t, X) =
T oo n@)(@ = X)
7 Fugli_ oo o* z—X A9
L) | +U(@ = Xot) Lagt)an@)(@—X) | + L oo (f) —|—ufl [ : t, (t().[x(_ P ) ' (A.9)
UL Ly (1).00) (7 = X) [ (8)00]

In the particular chosen configuration, t* does not depend on X and is still given by t*(X) = ¢* =
fﬁ%i’f. The maximum principle for Burgers equation [81, 260] ensures those states are within u €
[ur,ug|. The form of the solution (A.9) allows considering separatedly the states up, vy, and the interval

u €lur, ugl:
— The probability of having u(x,t, X) = ug is denoted by P(u(z,t, X) = ug) and is, by definition?,
given by

o0

Plu(z,, X) = ug) = / Sy (WAPuiosn) (1) = / Sy (ulz, £, X))dPx,

— 0o

o 1 y>
= Oupy (u(x, t, e 2.2 dy.
| bttt ey

Using expression (A.7) in the above formulae bears

o 1
P(u(z,t, X) =un) = 1[0,t*[(t)/ 1) cozm@)(T — ) e ﬁdly

oo o/ 2
oo 1 _i
1 oo / 1— oo,z ()] x—y)ame 22 dy,
> (y—=)2
= 1[0,t*[(t)/_ 1o,z (0] (Y )0\/%6 22 dy
> 1 _ (-2
+1p-, [()/ 1oz )[(¥) 5 e 207 dy,

=1j0,4-((t)5 (1 + erf (%)) + L of(t) 3 (1 L erf (rﬂ-(t\}im)) 7
_ )

In the following lines, w,, (z,t) corresponds to the weight of the Dirac mass d,,,, at u(z,t,X) = ugy.

— Very similar computations of the probability of having u(z,t, X) = uy, leads to

Plu(z,t, X) = uy) = / B (W)APu (o) (1),
:/ duyu(z, t, X)dPx,
:/ 5uLu($7tay)dPX(y)v

— 1(0) / Lo, (6001 (& — 9)APx () + Lo oar(0) / Lo (e f(x — 9)APx (1),

—00
oo

— 1) / e o )P (9) + L o0 / Lo oo (1) ()P (),

!
= Ljou((1)3 (1+erf(‘7” “0)) 4 1 ()} (14 et (25542,
= Wy, (z,1).

Once again, w,,, (x,t) is the weight of the Dirac mass §,, at u(z,t,X) = up.

— The computations for the affine part are a little bit different. Let us rewrite U(z,t) = a(t)z + b(t).

4we here only use simple probabilistic calculations, see [256].
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This implicitly defines
a(t) = 7“7(‘5_;‘50) <0,
b(t) = — ot kmen(t) + un.

We consequently have U(z — X, t) = a(t)z + b(t) — a(t)X = U(x,t) — a(t)X. Then by definition of
the probability of having u(x,t, X) within interval Jur, ug[ we have

Plur <u(x,t,X) <ug) =Plu(e,t,X)=1,0)2,0) @ — ) (z — ))
:]P’g (J]tX)—l[x 21 (t),c—2w (1)) [U t02g),
=P (x t X) = l[r zr(t),x—z(t)] ( (t 029)) (A.lO)
=P <’U,(£L',t,X) = l[z—zg(t)’z—z%(t)] (U fE, (t 02(]))

The latter expression ensures u(z,t, X) can be expressed in term of truncated gaussian law: let

mean, V,t = 0.0 mean, V,t = 1.0
1 1
08 0.8
0.6 0.6
0.4 0.4
0.2 0.2
0 0
-4 -2 0 2 4 6 -4 -2 0 2 4 6
X X
mean, V,t = 1.2 mean, V,t =1.5
1 1
08 0.8
0.6 0.6
0.4 0.4
0.2 0.2
0 0
4 2 0 2 4 6 4 2 0 2 4 6
X X

Figure A.2: Mean and Variance spatial profiles of u(x,t, X) solution of the uncertain Burgers’ equation
(A.8) for different times.

us introduce a new gaussian variable X of mean U(x,t) and variance a(t)o?, then the probability
measure conditioned to u(z,t, X) €]ur,up[ is given by

1 1 _ WU —w)?
APy (e t,x)€Jur un (W) = KLH1[U(z,t)7a(t)(m7:rH(t)),U(z,t)fa(t)(xme(t))](U)7_2ﬂa(t)0_26 —2a(07% du.
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In the above expression, the normalization constant K g is simply defined such that V(z,t)
fdpu(x,t,X)e]uL,uH[(u>du =1- Wy gy (.’IJ, t) = Wy, (xat)'

dPy(2=1.8,t=0.0,X) APy (2=2.0,4=0.0,X)
0.05 0
0.04 0
8 0.03 3o.
j = [ =
[9) (9]
=] 3
g g
= 0.0 E 0.
0.01 0.1
0 0
o 02 04 06 0B 1 o v Sy — Y 1
u u

dPy(r=2.2,1=0.0,X)

frequence
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N
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u

Figure A.3: Pdfs of the random variables u(z = 1.8,¢t = 0.0, X), u(x = 2.0,¢t = 0.0, X) and u(x = 2.2,t =
0.0, X).

1 1
Kr.m \/—2ra(t)o?’
characterised by the sum of measures

Finally, introduce wyy, (%, t) = then the probability measure of u(z, ¢, X) is fully

F Wy (x t)éu (u)
dp (u) = _Wenow?
u(z,t,X) - eruuuH[( , )1 U (x,t)—a(t)(z—zp (t),U(z,t)—a(t)(z— o:l,(t))](u) “2a(Ho?  du
F Wy, (T,)0u, (u).

(A.11)

Recall Wy, (2, 1) + W)y, upy (T, 1) Fwy, (2,t) = 1 holds V(x,t). From (A.11), every statistical observable of
interest can be obtained. For example, the expressions of the high order moments (My)ren of u(z, t, X)
can be calculated analytically V(x,t) from

Mk(x,t) = /ukdpu(z,t,X)(u)'

The first moment M (z,t) (mean) and the variance V[u](x,t) = My (x,t) — M?(x,t) are displayed figure
A.2. We do not detail their expressions here but we display their spatial profiles for up, = 0,uy = 1,2 =
1,xg = 2,0 = 1 and for several times t = 0.0, t = 1.0, ¢t = 1.2 and ¢ = 1.5. We recall that for the
previous choices of ur,uy,xr, Ty, the critical time at which a discontinuous solution appears is t* =
whatever the value of the realisation of X. On figure A.2, it is interesting noticing how the dynamics
of the solution is hidden by the important amount of uncertainty: the slope of the mean or even the
variance are nly very slightly affected by the appearance of a shock (after t* = 1). Mean and variance
only seem to be advected and nonlinear behaviours are almost impossible to identify.

On another hand, from (A.11), it is also possible to display the probability density function (pdf)
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Figure A.4: Pdfs of the random variables u(z = 1.8,¢t = 0.6, X), u(x = 2.0,¢t = 0.6, X) and u(x = 2.2,t =
0.6, X).

of u(x,t, X) for several spatial locations x = 1.8, x = 2.0, z = 2.2 and times t = 0.0, t = 0.6, t = 1.4
in the same conditions (figures A.3—-A.4-A.5). On figure A.3 for example, for z = 1.8,¢ = 0.0 (top left
picture), the initial condition behaves as a Gaussian random variable plus a Dirac mass at u = uy, = 0.
At z = 2.0 on the top right picture of figure A.3, the Dirac mass has a more important probability. At
position x = 2.2, the solution is deterministic with state ur, = 0 having probability 1. As time passes,
the pdf of the solution changes: in the top left picture of figure A.4, the two Dirac masses at states
ur, = 0 and uy = 1 have a non-zero probability whereas the pdfs at the other locations are only slightly
affected. At time ¢t = 1.4 on figure A.5, the top pictures testify of the deterministic behaviour of the
solution for positions = 1.8 and = = 2.0 (state uy = 1 with probability 1) whereas the solution behaves
as the binomial law (two Dirac masses only) at x = 2.2 in the bottom picture of the same figure. If the
nonlinear behaviour of the solution was hidden when considering the mean and variance, this is not the
case when considering the pdfs: the discontinuous behaviour induces the dynamical appearance of Dirac
masses in the random variables X — u(z, ¢, X) for some z as time ¢ increases.

Up to this point, few comments can be made: first, the complete characterization of a stochastic
process, solution of an uncertainty propagation (typically the construction of (A.11)), is complex. In
our case, it even strongly relies on the availability of an analytical solution of the deterministic model
of interest. Obviously, such analytical solution is usually far from being available. Analytical solutions
are not available anymore in this document (reason why this study is considered singular and is in the
appendix). Nonetheless, before explaining how numerical solution can be handled to capture the same
kind of solutions as in figures A.2-A.3-A.4-A.5, i.e. mean, variance, histograms etc., we would like
to make few comments on the structure of the uncertain solutions in a hyperbolic context. With the
deterministic analytical solution, we emphasized the appearance of discontinuous solutions, dynamically,
as time passes. With the uncertain problem, we emphasized first, with the study of the mean and of
the variance, that the solutions may seem smoothed out (figure A.2). They are not in reality, as testifies
the study of the pdf of the stochastic process (figures A.4-A.5). In practice, this is of capital interest as
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Figure A.5: Pdfs of the random variables u(z = 1.8,¢t = 1.4, X), u(x = 2.0,t = 1.4, X) and u(x = 2.2,t =
1.4, X).

the discontinuous behaviour in the stochastic space typically generates important threshold effects with
respect to the uncertain parameter. This justifies why, in this document, we consider mean and variance
are not relevant enough quantities when dealing with uncertain systems of conservation laws.

Now, to be able to perform the same interpretations as above, there is another possibility, less calcu-
latory, more computational: instead of calculating the probability measure (A.11) (complex process), it
is possible to introduce a numerical method to compute every statistical observables of interest. Having
access to the analytical solution (A.9), the idea is to apply a Monte-Carlo method, i.e. sample Ny¢
realisations of X and apply (A.9) to them before a postprocessing step. Figure A.6 compares the pre-
vious results, obtained from the analytical characterization of the probability measure, i.e. from (A.11),
to Monte-Carlo approximated ones obtained from the sampling of (A.9). Figure A.6 (left) compares
the results on the mean and variance spatial profiles at ¢t = 1.5 for Njy;c = 100 Monte-Carlo samples.
The dynamics of the solution is well captured by the Monte-Carlo approximation (the smooth curves
are the references) but the numerical solutions exhibit a noisy behaviour, less and less identifiable as
Nyse is increased. On figure A.6 (right), the analytical pdf at = 1.8 and ¢ = 0.5 is compared to the
Monte-Carlo approximated one, commonly called a histogram, obtained with Ny;c = 10000 samples.
Both are in good agreement, the two Dirac masses are captured together with the central part, even if
more samples would be needed to, for example, accurately estimate the probability of having u within
interval [0.3,0.4]. Of course, when an analytical solution such as (A.9) is not available, one must rely on
a simulation device which must be run for the Ny;¢ realisations of the Monte-Carlo method. It usually
implies dealing with longer restitution times and an additional discretization error. Those practical issues
are discussed all along the present document.
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Figure A.6: Comparisons of mean, variance and pdf obtained from the analytical probability measure
(A.11) and approximated from (A.9) together with a Monte-Carlo method.
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Appendix B

Statistical hypothesis testing in a
nutshell

An example of use of an uncertainty propagation study in a V&V context

Contents
B.1 A (too brief and general) presentation of statistical hypothesis testing . . 300

B.2 Statistical hypothesis testing and uncertainty propagation for V&V . . . . 301

In this short appendix, we briefly present the main principle of statistical hypothesis testing. It is
first generally presented in section B.1. The section, in any way, does not represent a substitute to
complete works on statistics (see [256, 1] and the references therein or [250] for an interesting industrial
application in neutronics). The aim of section B.1 is to enumerate the basic bricks necessary to introduce
properly statistical hypothesis testing as can be needed after an uncertainty propagation. Section B.2
then corresponds to an application of the material of section B.1 on the problem of comparing efficiently
and rigorously experimental and numerical results tackled in section 1.2 (more precisely when dx can
not be made arbitrary small in section 1.2.4).

B.1 A (too brief and general) presentation of statistical hypoth-
esis testing

Statistical hypothesis testing is of crucial importance for anyone willing to compare two data sets
(Yi)ieq1,...ny} and (X;)ieq1,.... Ny} Obtained from two systems, two devices. In this section, we present a
crude summary of its main steps. These steps will be illustrated in the next section on the problem of
comparing experimental and numerical results in a V&V context (cf. the end of section 1.2.4). When
one has to compare two sets of data, generally, first comes

1. one or several questions: are my two systems, from which are drawn my two data sets, equivalent?
Are they fundamentaly different? Of how much do they differ? Or do they have the same perfor-
mances? As many questions any physician would be eager to answer when comparing experimental
results to simulation ones for example.

2. Suppose we are interested in the question
”do my systems have the same average performances?” (B.1)

The statistical hypothesis testing framework implies stating two hypothesis. They will be con-
fronted wvia the two data sets at hand. Those hypothesis are:
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Hjy the null hypothesis. It is associated with a contradiction to a theory one would like to prove.

H; The alternative hypothesis. It is associated with a theory one would like to prove.

Relative to question (B.1), in general, we hope for our systems to have the same performances
and do not expect any important differences. The null hypothesis would correspond to "my two
systems do not have the same average performances”. The alternative hypothesis would rather be
"my two systems have significantly different average performances”. Note that H; does not need
to be the contraposition of H.

3. The next step corresponds to the efficient and accurate mathematical and statistical modeling
of the two hypothesis from the two data sets. This is where uncertainty propagation plays an
important role. Emphasis is made on the need for accuracy and efficiency because without them,
the conclusion at the end of the tests may be wrong. This modeling step will be illustrated in the
next section.

4. The last step corresponds to the definition of relevant statistical tools to compare our hypothesis,
their relevance, their significance. The comparison is said to be statistically significant if the
relationship between the data sets leads to the null hypothesis having its probability of occurence
under a certain threshold probability, the significance level. The relevant statistical tools must
be able to determining the probability of a rejection of the null hypothesis for an a prior: chosen
significance level. Those tools are the type I and type II errors:

Type I : the type I error/risk corresponds to the probability a of having the null hypothesis falsely
rejected.

Type II: the type II error/risk corresponds to the probability § of having the null hypothesis falsely
assumed to be true.

By specifying a threshold probability on the admissible risk of making a type I error, the type II
error can be estimated and the statistical decision process can be controlled. One can decide to
either reject the null hypothesis in favor of the alternative or not reject it. The decision rule is to
reject the null hypothesis Hy under a certain value of the type II error, and to accept or ”fail to
reject” the hypothesis otherwise. The strength the test is defined by 1 — 8 and corresponds to the
probability of rejecting Hy when H is true.

With the above lines, we quite abruptly introduced the general framework. We mainly highlighted four
points. We suggest identifying those points in the context presented in section 1.2.4 regarding V&V and
the use of uncertainty analysis as a tool to compare experimental and numerical results.

B.2 Statistical hypothesis testing and uncertainty propagation
for V&V

In the previous sections, we presented general guidelines for statistical hypothesis testing. In this section,
we focus on its application to compare rigorously experimental and numerical results. More precisely,
we are going to focus on the situation where dx can not be made arbitrary small in section 1.2.4.

Let us come back to the problem addressed in section 1.2.4 and assume we are in situation summed
up by (1.47) recalled below

Usp = Upx =00 = 0a  +06px — Ox = Spx —Ox. (B.2)
O(AN)K1 x1

In the above expression, recall that (see section 1.2.4 for all the details)

— vector X models probabilistically uncertain parameters from in an experimental setting.

Nexp
_ 1 i .
— Scalar Uexp = Newp E Uexp 1s the mean of Nexp experiments.
i=1
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Nexp
— Scalar dx = % Z 6% is a random variable modeling probabilistically the noise in the Neyp,
exp 7
i=1

experiments.

— Scalar U MX is the numerical solution of model M.

Scalar da is the numerical error during the resolution of M.
— Scalar dx is finally a flaw in the model which we would like to confirm or not or even to quantify.

Equation (B.2) expresses the fact the numerical error o can be made arbitrary small (cf. the O(A%) < 1
term) but not the experimental noise 0x (cf. the x1 term). Still, we would like to be able to extract
some information from our set of experimental data (Ueixpvaé()ie{l,..i,Nexp} to validate or invalidate hy-
pothesis (1.33) having some computational device at hand. The latter computational device is typically

a simulation code giving access to random variable U MX (X), result of an uncertainty propagation of the
uncertainty from parameter X through model M¥X. Note that having access to U MX (X) leads to having
access to a new data set (UM}A( (X;) = Uj\A)A()iE{L---,N}~ In agreement with the notations of section 1.2.4,
we decompose Upx (X) = Upex + dx as a sum of its mean Upx and a fluctuation term Ox.

With the few lines, we wanted to integrate the problem of section 1.2.4 into the framework briefly
depicted in the previous section. We have access to two data sets and we want to answer the question of

the validity of model M*X to represent some experiments. Let us revisit the above summed-up problem
of section 1.2.4 applying the material of section B.1. Let us go through the same steps as before:

1. in section 1.2, we hinted at validating or invalidating hypothesis (1.33). The equivalent question
in this context would be

”is my model M¥ relevant to represent my physical observations?” (B.3)

Question (B.3) is probably too complex to be answered. But in general, we will be fine with having
the answer of a much less ambitious one such as

”do random variables Usyp + 0x and U mx + SX have the same mean?” (B.4)

We will consider that if they do, the answer to question (B.3) will be ’yes, model MX is relevant’.
Question (B.4) will be considered in the following steps.

2. Let us now formulate some hypothesis relative to question (B.4). We are looking for a flaw in the
model so hopefully, our experimental and numerical results do not have the same performances
and Uexp +6x and U MX T dx do not have the same mean value. As a consequence, some relevant
null and alternative hypothesis can be stated as

Hy "Random variables Ueyxp + 6x and UM?A( + SX have the same mean”.
H; "Finer experimental settings (i.e. a better control of the fluctuations of X) may lead to

significant differences for the means of random variables Uexp + 6x and U mx + (5~X”.

Once hypothesis Hy and H; stated, it remains to model them. This is when uncertainty propagation
plays an important role.

3. The modeling of the two above hypothesis comes with the characterization of random variables
Uexp + 0x and U mx + dx. Suppose their respective probability measures dPs, and dPgX are
available:

— the characterization of dx ~ dPs;, may come from the application of the GUM’s guidelines,
see [112].

— The characterization of gX ~ dPgX may come from any of the propagation methods presented
in part IT of this document for example.
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— The question now is how can we model Hy and H; from dPs, and dPgX? Let us introduce
the statistics of the test

dpx =0x —0x ~ p; - (B.5)

It is also called the decision variable in the litterature [256, 250]. Having access to dPs, and
dPs_ implies we have access to the probability measure! of §y,x, denoted by dP; . From
M
dPs » We are going to model Hy and H;.
M

— Under hypothesis Hy, ng =dx — 5~X ~ dPgMX has mean Ugyp — UM;A(. As a consequence,
dPh, ~dP; _ and the modeling of Hi is simple in this case.
M

— Under hypothesis Hy, the decision variable ng =0x — (5~X has zero mean. As a consequence,
the statistical modeling of Hy comes with a translation of the mean of dPy _, i.e. we have
M

d’PH0 (u) ~ d’PgMX (U - (Uexp - UM)A())

The definition of probability measures dPp, and dPg, modeling hypothesis Hy and H; ends this
step. Note that more elaborate hypothesis may lead to more complex modeling but the idea remains
the same.

4. The last step corresponds to the exploitation of APy, and dPy, and the computation, for example,
of a type II risk 8 given a certain significance level (type I risk) «.

— Assume « chosen, then the critical region (region in which Hy is rejected) is defined by the
interval [U,, oo[ such that

/l[Ua,OO[(u)dPHO (u) = o

In order to determine U,, one needs to inverse the cumulative density function of dPp,.

— Once U, obtained, the type II risk 5 can be computed:

B:/l]—oo,Ua](u)d,PIh(u)'

It is obtained integrating dPy, on the complementary of the critical region | — oo, U,].

Risk 8 corresponds to the probability of falsely accepting Hy. Risk « corresponds to the probability
of falsely rejecting Hy. As a consequence, for a given «, the smaller 3 is, the more efficient the test
is. Note that o and 8 are closely related (via U, ): one can decide to decrease 8 but this will lead
to an increase of a.. In practice, the only way to decrease § without increasing « is to reduce the
variances of probability measures dPg, and dPp,. In other words, it is in agreement with making
sure dx < 1 and reducing the fluctuations of the uncertain parameters X of the experimental
setting.

To end this section, we suggest illustrating the previous purpose. Suppose the characterization of dPg,
and dPp, done according to the material of the above points. Assume furthermore that

— we performed some experiments and some calculations to characterize dP5_ and dPs, .

— Their difference of means gives Uexp — U MX = %

— The convolution of dPs;, and dPgX leads to the following expression of the decision variable’s

measure:
d'PgMX (u) = %d’Pg(x, 0, Jexp) + id'Pg(x, 40’exp, 2Jexp).

In the above expression, dPg denotes the gaussian measure defined by

dPg(x, u,0) = e 22 dux.

I The probability density function (pdf) of a sum of two random variables is obtained convoluting their pdfs, see [256].
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Texp = 0.55, a = 5%, B = 82.5%

Texp = 0.25, a = 5%, B = 29.0%
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Figure B.1: The figure presents the mean of Hy, the mean of H;, the distributions dPy, and dPy, and
the area corresponding to the type I and type II risks (- and /), for several values of the experimental
variance ey, and a chosen type I error of @ = 5%. The numerical values of the corresponding type II
errors are also displayed.

In this case, the decision variable’s distribution is a mixture of gaussian depending only on gexp.
The choice of having a mixture of gaussian as a decision variable is here arbitrary. It makes the
plots of figure B.1 fancier but will also put forward some interesting points later on.

— Now, according to the previous material and the considered hypothesis, we have:
d’PH0 (u) = dP5

(= Uy~ Unay),
dPp, (u) = dPgMX (u).

It now only remains to exploit the results.
Figure B.1 displays
— the mean of Hy, which by hypothesis is always zero,
— the mean of H;, which is given by the difference Uey, — U MX = 37
— the distributions dPy, and dPy,,
— the area corresponding to the type I and type II risks (- and 3),

for several values of the experimental variance ey, and a chosen type I error of a = 5%. The numerical
values of the corresponding type II errors are also displayed above each picture.

Figure B.1 (top-left) presents the results of the statistical hypothesis test for gexp, = 0.55 and o = 5%:
the type II error is 8 = 82.5%, see the important arca under the curve dPy,. The risk of accepting
falsely Hy, i.e. that the means of the experimental and numerical results are the same, is important. For
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such level of experimental noise oqxp, One can not either reject hypothesis Hy. Thanks to the quantified
risk 3, one can decide to work on the reduction of the experimental noise (by better controling the
fluctuations of parameters X for example). Figure B.1 (top-right) presents the same curves but with
Oexp = 0.25: the type II risk has considerably decreased to § = 29.0%. Note also that the (arbitrary)
choice of having dPp, and dPg, based on a mixture of gaussian allows having distributions for which
the means are different from the maximum likelihood. With this remark, we wanted to put forward the
fact that hypothesis Hy and H; must be stated according to the relevant statistical observable, their
choice is crucial to fully harnest the potential of statistical hypothesis testing. With such asymetrical
distributions, we may have had to work with quantiles rather than with the mean. Now, by decreasing
the experimental noise to gexp = 0.20 (figure B.1 bottom-left), i.e. of only 20% with respect to the
previous plot, a drastic improvement is made with respect to the type II risk as it drops from 8 = 29.0%
to B = 2.7%. Finally, by once again decreasing the noise to oexp = 0.05 (figure B.1 bottom-right), we
can verify we recover the ideal case where dx < 1, tackled in section 1.2.4, leading to having # < 1.
In a way, such methodology only generalizes the ideal one, to be able to deal with situations where dx
can not be made arbitrary small and help decide whether model MX is relevant enough or if some new
studies must be carried out.
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