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Abstract

Reduced-order models are widely used to accelerate the simulation and assimilation of parametrized
partial differential equations, but their performance is fundamentally limited by the linear approxi-
mation capabilities of classical reduced basis methods. This work proposes a nonlinear compressed
reduced basis framework for data assimilation that combines Proper Orthogonal Decomposition
(POD), the Empirical Interpolation Method (EIM), and machine learning. We first revisit the the-
oretical foundations of reduced basis methods, establishing the connection between POD approxi-
mation errors and the Kolmogorov N-width of the solution manifold. Motivated by the observation
that the intrinsic dimension of the parameter manifold is often much smaller than the number of
POD modes required for accurate reconstruction, we decompose the reduced coordinates into a low-
dimensional linear component and a nonlinear residual. The latter is approximated by a Gaussian
Process Regression model that learns the mapping between low order and high order POD coef-
ficients. This nonlinear closure is incorporated into several data assimilation strategies, including
direct optimization, gradient-based reconstruction, and fixed-point iterations, to recover the full
state from sparse and noisy sensor observations. Numerical experiments on analytical benchmark
problems and nonlinear transport equations demonstrate that the proposed approach accurately
learns the latent nonlinear structure of the reduced coordinates and improves state reconstruction
while reducing the number of optimization variables. The framework aims to provide a flexible and
computationally efficient extension of classical POD-EIM techniques for nonlinear reduced-order
modeling and sensor-based data assimilation.
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I- APPROXIMATION OF THE SOLUTION MANIFOLD 4

Part 1

Reduced Basis Method

I - Approximation of the solution manifold

1) Physic state

Let X be a Hilbert* of functions over a space-time domain 2x]0; 7], with @ € R? (d > 1) open® space
domain, endowed with the inner product (-|-)y and its induced norm |[|-|| . Let P € N*, P C R” be a
compact parameter space. Let F': X x P+—— R a functional.

We consider the physical field parameterized by p € P :

Find u =u(-,- ;u) € X, F(u,p)=0. (1.1)

In what follows we suppose the physic system admits an unique solution u(- ; p) for each p € P.
Such physical system usually derives from a parameterized partial differential equation (PPDE):

Example 1: Parameterized partial differential equation [RAU91; HRS16]

Let L, : X — X’ be a linear operator that includes the linear differential operators®.
Let G, : X — X’ be a nonlinear operator that includes the nonlinear differential operators’.
A Parameterized Partial Differential Equation can be written :

0
aitt + Lu(u) + Gu(u) = 0,

Find u = u(-,- ; p) € X, Initial conditions, (1.2)
Boundary conditions,
Physical constraints.

Here the PPDE is supposed to have (in the time-dependant case) only order one time derivative,
a linear part L, and a nonlinear part G,.

“See [LAN9G; KYTI6] for definition.
’See [LE 13; TAY91; KYT96] for definition.

We define the manifold described in X by the solution of (1.1) when the parameter p describes P :

We define the solution manifold |[RHESS] as:

Me={u(, ;p) /peEP, F(u,p)=0}CX.

This is the quantity of interest that we want to approximate in what follow.

Such system of equations is hard to describe in a closed analytical form, thus the use of numerical
methods to obtain an approximation of the solution. Some methods include Galerkin elements meth-
ods [EG04; DE12; FIL24; QSS06].

In practice, these methods discretize the space X (in space and time) into a linear space X of fi-
nite dimension denoted ng > 1.

“See [BRE11] for functional analysis theory.
See [MENY0] for topology theory.

Raphaél LECOQ Part 1 | Table of contents



5 2) Approximation by a reduced basis

In the time-dependent case, u,, € R"® will be isomorph to a matrix where the coefficient u;; corre-
sponds to the i-th spatial degree of freedom at the j-th timestep.

For the sake of simplicity we assume that we are working in a conforming Galerkin framework [AG21,
Section 18 and 19|, where X5 C X such that F'(uy,, p) is well defined. For p € P, the truth problem
then reads :

Find u,, = un,(p) € X5, F(up,, p)=0. (1.3)

We call truth solution a solution u,, of the truth problem. From the truth problem, one can construct
the truth solution manifold :

We define the truth solution manifold as

M i= {tny(p) / 1 € P, Flun,, 1) = 0} C X,

For § > 0 and for ng big enough® it is expected that :

VH € P, [lttn, (1) — ulp)] ¢ < 6. (1.4)

1
“Strongly depends on the numerical method, e.g. for order 1 Lagrange finite elements ng o< 5 [EG04; QSS06].

Remark :
The issue with the truth problems is the computational complexity, e.g. for finite elements
it usually scales like (ng)? [HRS16, Section 3.5].% In particular, this not tractable for high
precision simulations or high dimensional PDEs.

“Recall that d < 1 is the spatial dimension and ny is the discrete space-time dimension.

In the case of conforming Galerkin finite element methods, Cea’s lemma [CEAG4| give an a priori error
control :
C >0, Vu € P, lu(p) = wn, (p)] x < C iré{;((s lu(p) — vnyll - (1.5)

nd

The approximation is said to be quasi-optimal if it satisfies an estimation equivalent to Eq.(1.5). In
what follow, we suppose we have such property of quasi-optimality of the truth problem.

2) Approximation by a reduced basis

To answer the computational issue we consider a method with reduced linear dimension. We look for
a reference function u,.f € Xs and a reduced basis By = [Cl, el ] € (Ms— Uref)N, N > 1 such
that

Vi := Span {(Ci)lgigjv} + Uper C M
is a reduced space of dimension IV that aims to represent M with high fidelity and dimension N < ng.
We call the linear space Vi a Reduced Basis (RB) of the PPDE. Its goal is to approximate Mg
as well as possible while having the smallest dimension allowing it.
Such method of constructing a RB to approximate a infinite-dimensional solution manifold is the so

called Reduced Basis Method [OS16].
Searching an approximation of the physical field u € X by uy € Vi then read as :

N
For p € P, find un(p) = wer + Zﬁi(u)ci € Vy, Fluy,pu) =0. (1.6)
i=1

Raphaél LECOQ Part 1 | Table of contents



I- APPROXIMATION OF THE SOLUTION MANIFOLD 6

The formulation of the equation is the same as before yet the computational cost of the reduced basis
is of the order O(N?) which can be several amplitudes lesser than O( (ng)? ).

Since the reduced basis is a linear subset of X, we recover quasi-optimality [HRS16, Eq.(3.7)] :
3050, Vel Julw) —un(llx <C inf [lu(u) - oxlly. (1.7)
vNEVN

6

To compare Vi with M we consider their Hausdorff distance®7 in the X-norm :

EM, Vi ;[llx) = sup inf [lu—wy|x =sup min [lu(p)—vx|x. (1.8)
ueM YNEVN pueP YNEVN
The ||-|| y can be omitted if there’s no ambiguity on the considered norm. The inf is attained because

X is a Hilbert [BRE11, Theorem 5.2] and Vi a finite dimensional linear subset.
We then focus on the optimal distance one can expect with such a approximation of M.

The Kolmogorov N -width measures the optimal Hausdorff distance between the approximation
of a manifold M and a N-dimensional linear space included in M:

AN(M 5|l x) = Vz\lrléf:/\/l EM Vi il
dim (Vy)=N

The ||-||x can be omitted if there’s no ambiguity on the considered norm.

Because of the orthogonality property Eq.(1.8) and denoting by IIy; the orthogonal projection from
X into Vy we can rewrite this quantity as :

dy(M) = V]\l,léf/vl |u—1ly, (“)HLO@(P,VN)- (1.9)
Assuming the numerical solving method of the physical field is as precise as we want, we can write :

Vi€ P, u(p) — tin, ()l <6 = dn(Ms) — dy(M)] < 6. (1.10)

It is equivalent to estimate Kolmogorov N-width with either the truth solutions or the continuous ones.
Thanks to Eq.(1.7) we get the following a priori control :

3C >0, Vp € P, |lu(p) —un(p)| x < Cdy(M). (1.11)

In that sense, equivalence holds between the error of the reduced basis representation of the analytical
solution and the optimal distance between the solution manifold and a reduced basis model.

PDE Equation Kolmogorov N-width decay | Reference

Diffusion/Heat equation Opu + Oy (u0zu) = f dy(M) S exp(—aN) [MPTO02]
Linear advection Opu + poyu = f dy(M) = N—1/2 [OS16]
Wave equation Pu — p20%u = f dy(M) 2 N—1/2 |GU19]
Stokes equation —vAu +d(1:(1§)u VP i g dny(M) S exp(—N/3) [MS20]

Table 1: Kolmogorov N-width of some partial differential equations.

These estimations are only true for some specific situations since there the Kolmogorov N-width decay
depends on the data of the PDE and the dimension of the parameter space [AGU23].

6[SEN90], note this is the full Hausdorff distance since Vy C M.
"Also called the angle, deviation or discrepancy between M and Viv [QMF16, Section 5.4].
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II - Generation of the Reduced Basis by Proper Orthogonal Decom-
position

A N-dimensional Proper Orthogonal Decomposition (POD) [LIA-+02] space of X is a N-dimensional
linear subset Viy C X that minimizes their distance in the least-square sense [LIA+02; BUL12; HRS16].

Let Ny > 1. Let P, = {u', ... ,u™s} C P be a discrete and finite point-set. Define a set of
snapshots of the truth solutions of cardinality N approximating the truth manifold as :

M;(Pp) := {un, (1) / 1 € Pr}.

Define the centered snapshots matrix § = [un,(u') ... ty,(p"*)] € R"*Ns. To construct the
reduced basis Viy we apply a Singular Vector Decomposition (SVD) [LIA-+02; BUL12] to S.

Let r = rank(S) < min(ng, N). There exists V' € R"*" D = diag(oy,...,0,) € R™" and W €
RNs*" guch that [BHK20] :

S=vDwT Vviv=1., W'W-=1I,. (1.12)
The diagonal values of D, o; > 0, are such that 022 is an eigenvalue of S7S and :
o1 >...>20,>0. (1.13)

Remark :

Some SVD [LIA +02; BUL12; QMF16| considers U € R™*"¢ D ¢ R"*Ns and W €
RNs*Ns and p = min(Ny, ng) such that :

o12...20.>0=0,41=...=0p.

This holds no difference since the p — r last columns of V' are associated to ker(S”S).

The best N-rank approximation of S in the least square sense is [BHK20, Section 3.5] :
Sy = VNDNWJ%T. (1.14)

where Viy € R"*¥ is obtained by the first N columns of Q, Dy = diag(oy,...,0,) € RY*YN and
Wy € RVXN is obtained by the first N columns of W.

We have the following operator least square error [BHK20, Lemma 3.8 and Theorem 3.9] :

S—Syl2= min ||S—A|?=0% .0
|| N||2 AcRmaxN || ”2 N+1

rank(A)=N

Schmidt-Eckart-Young theorem [QMF16, Theorem 6.1] gives the Frobenius least-square error :

T
_ 2 _ ; A2 2 b
IS - Snlp=  min [IS—AlF= >, of.
rank(A)=N k=N+1

“Spectral norm on linear operators of its argument [HJ12, Example 5.6.6].
*Frobenius norm on matrices of its argument [[1J12, Eq.(5.6.0.2)].
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IT- GENERATION OF THE REDUCED BASIS BY PROPER ORTHOGONAL
DECOMPOSITION 8

Remark :
The notation with » = rank(.S) can be replaced by p = min(np, N;) since p is the maximum
rank that § € R™*Ns can admit and defining o; =0, Vp > i > 7.
Hence both notations for the SVD are equivalents, and the dimension of the SVD must be
lower than r or Sy = S.

The SVD orthogonal basis is constructed by taking the NN first left singular vectors of S i.e. the N
first columns of Q, that is V.
We recall that the projection operator from R™ to Span{Vy} is :

My, : ¢ € R™ — VyViz. (1.15)

We have the following optimal property [QMF16, Proposition 6.1] :

Z ”u"d — Vv Vi ug, (ke ) H; - Ae%riz?xw Z H"nd — AA u,, (ne ) HZ (1.16)
ATA=Iy
Z ol (1.17)
i=N+1

where here |||, refers to the euclidean 2-norm on R4 [HJ12, Eq.(5.2.1)].
Thus Vy columns are the N-optimal orthogonal vectors in the sense of the 12-projection [COL12,
Section 6.2] from any snapshot taken in S to Span (V;,).

To get an optimal distance over the X-norm with elements of X, we consider a symmetrlc definite
positive matrix M such that for us, vs € X, it holds (us|vs) y = ug T Msvs and Hw”X = v T Msvs.
In such framework, the orthogonal projections into a space spanned by a matrix V' becomes :

Iy, (z) = Vv Vi Mszx. (1.18)

Then by [QMF16, Proposition 6.2] and [HRS16, Section 3.2.1] :

Consider S = M;/QS, S = VDW its full rank SVD and Sy = VyDyWy its N-dimensional
reduced SVD.

Let Vy = M)/*Vy.

Then all the precedent results hold in the norm |[|-[| x (or [|-|| ,), in particular :

ZH’“’"d — VNV Misun, ( Z)H,zx - Aefélnif}m ZHund AAT Msun, ( Z)”i{
ATM(;A Iy®

2 2
g; -

i=N+1

Since we are interested in a POD that approximates entirely M and not only a discrete subset Ms(PP},),
we consider the minimization problem [QMF16, Remark 6.3] and [HRS16, Eq.(3.6)] :

1/2

. T 2

On2(Ms) = Ae%igxzv </H’u,nd — AA" Msu,, ( )HX dp,) . (1.19)
ATMsA=Iy

Raphaél LECOQ Part 1 | Table of contents



The minimum is attained [QMF16, Proposition 6.3] and Eq.1.19 is analogous to the Kolmogorov N-
width for the L?(P, Xs) norm induced with [-||y [QMF16, Remark 6.3] :

Ona(Ms) = min - lun, — AA" Msuy, || ;2 < |P|Y2 dy(Ms).
AeRnde

AT MsA=Iy

(P, Xs); |-l x)

We need to bridge between the parameter-continuous framework and the parameter-discrete one. This
is done [QMFE16, Section 6.5].
Using quadrature formula we can write [QSS06, Section 9.1] :

/Hund VAV My, (1 demzw etmy (1) — ViV My, (). (1.20)

where w? > 0 are suitable quadrature weights and p’ € P are quadrature points in P.
This approximation holds an error that we call sampling error :

‘Qmun —QYV?VyVE Msu,, (p

/ 1t (1) = Ve Vi Mgt ()] |

samphng
error

The choice of the quadrature points depends on the dimension of the parameters space and define the
sampling P, = (ul, . ,uNS) to construct Ms(Pp,).

We denote by Q = diag(wy,...,wy) € RY¥s*Ns the diagonal weight matrix and define an SVD on
S = M§/25Q1/2, then the N first singular vectors Viy are such that [QMF16, Algorithm 6.3] :

sz Hund VNVN Misun, ( Z)Hi{

- 12

= min HS—AATSH

AERndXN F
AMsAT=Iy

)
- 3 e

i=N+1

Note the o; > 0 are the eigenvalues for the considered sampling. The approximation of M;s by a
weighted POD is [QMF16, Eq.(6.35)] :

Cd (M5) > 6N2(M5) samphng error T Z U + 5numer1cal error 2 dN(M5) (121)

i=N+1
—_———
POD error

For a parameter p € P, we expect the error between the reduced solution uy (p) and the truth solution
Up, (@) to be equivalent to dy(Ms) up to the sampling error esampling error and the numerical error
Enumerical error ™ 10_12 [QSSO6, Section 24]

Remark :
Let N > 1. Let M € RV*Y be symmetric positive definite (SPD) matrix. Its norm induced
by (Mulu) = |lul3s, v € RN, is such that if \; = maxSp(M) and \,, = min Sp(M) :

2 2 2
Ao flully < flullar < Ax ez -

Thus a POD on the 2-norm is equivalent in the sense of the norms to a POD on the X-norm
if the matrix My is SPD.
Hence it is enough to do a sampled POD with the 2-norm in that case.

Raphaél LECOQ Part 1 | Table of contents



IIT - ERROR MODELING 10

We conclude by the following statement that summarizes the method :

Let Ny > 1, (w1,...,wy) € (R%)N be quadrature weights and (u!, ..., pV) € PV be quadrature
points. Define Q = diag(wy, ..., wy) € RNsXNs,

Consider the matrix of truth solutions snapshots § = [un(p') ... un(p+)] € RN,

Let Ms € R"4*"d be the SPD matrix that defines X inner-product.

Let § = M;/>SQV/2.

Then the rank N matrix Viy defined by the N first left singular vectors of TS form a POD basis
such that :

N
Z w; |[un, (1') — VNV Miun, (1) ”i(
1=1

2 T
~  min HS—AATSH =Y a2
AcRma*N F A
AM;AT=TIy =N+1

By Eq.(1.21) we note that the decrease rate of this method is directly linked to the Kolmogorov N-
width, and if the latter has a very slow decay rate then a large number of mode is needed which also
results in a large number of snapshots needed. However large number of modes can make POD-based
ROMs slower than full order models.

III - Error modeling

1) Model error
Let Vv be a reduced space generated by POD. Recalling the form of the reduced solution uy € Vi :

N

UN = Uref + Zﬁk(u)qk = Urpef + V. (16)
k=1

If w,, € X5, then its approximation is :
Up, 2 Urer + VNT.
We define the model error (or bias) of the ROM as
n=u,, —uy € Vy, (1.22)

such that
Un, (p) = un(p) + 1) = et + Vya(p) + n(p). (1.23)

The goal of what follows is to find a way to estimate the error . Toward that goal, we’ll make use of
the Talyor expansion [AGH+26].

Let p € P, let u(p) € X be the solution of Eq.(1.1). Assuming the map p € P —— wu(-,- ;) is
smooth enough, we can apply a 15* order Taylor expansion with respect to g :

] u(po) + Vu(u)(po) - (1 — po) + o(llp — pollgr)- (1.24)
p—po|lgp—0

Raphaél LECOQ Part 1 | Table of contents



11 1) Model error

where V,(+) is the differentiation with respect to the parameter dependence.
We get the following analogy between the approximation Eq.(1.6) and Eq.(1.24) :

Ut = u(po), (1.25)
Vi) = Viu)(o) - (1 — po), (1.26)
n(p) = o(llp — pollge)- (1.27)

le—p20llgp —0

This is proven to be true locally [AGH26]. Since V,,(u)(mo) € L(RY, X), we expect a reduced basis
approximating u(p) for g ~ pgy to need N ~ P vectors to reconstruct, at least locally around pg, the
truth solution.

Hence it is wise to consider N 2 P modes for a reduced basis to approximate u () if g ~ po.

It is possible to go further with Taylor’s expansion to get a better intuition of what 1 can be :

||u—mﬁ o u(po) + Vi (u)(po) - (1 — po) + % Vz(u)(uo)(u — o) ® (1 — po) + o[ — HOH%P)-
(1.28)

Thus, we can expect for p ~ g :

DO | =

n(p) = % V2, () (o) (1 — o) @ (1 — o) + o[ 2 — pollzr) ~ 5 V() (10) (1 — o) @ (1 — o) (1.29)

le—peollgp =0

If u € X with X an Hilbert, then we can write for (¢%); € XN :
u(p) = di(p).
€N
We can also write in the discrete case :
Uy (W) = Uref + Z ﬁz(u)(M)CZ
1<i<ng
Thus we can write the equivalence :
I o 2 A i
(1) = 5 Viu(w) (o) (1 — p0) ® (1 — pro) + ol — prollze) = D ()" (1.30)
l—pollgp —0 i>P

We observe that the coefficients appearing in n(u) are mixed term of the P firsts coefficients. The
equivalence with the reduced basis coefficients suggests the same dependence of the last coefficients
from the first ones. This is proven in [AGH+26] :

For po € P C RP, there exist r > 0 such that for any p € By, (ko,7), the coefficients @;(p),

i > n are function of 4y (po), ..., up(po), i.e. for any i € N, there exists h; : R” — R such that
U = h’i(ﬁ’la ey ﬂp)

We consider the following conjecture :
There exists n ~ P such that the coefficients #;, ¢ > ng are function of 41,...,Uy,, i.e. for any N € N,
there exists hy, : R™ — R such that a4, = hy, (41, ..., Up,)-

Some efforts have already been made in that direction, e.g. using a quadratic approximation [SP24;

JAT+17] or using encoding-decoding framework [BNS25; ARE+26|. Following [ARE-+26], our goal is
to approximate h, with Machine Learning methods.
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IIT - ERROR MODELING 12

2) Decomposition in linear and nonlinear basis

Choose n € N* and n € N* such that N = n + n is big enough to have :

IS = Snllp <e

where S and Sy are defined by Theorem 1.6. Recall that @ = V]\r‘f u € RY was defined as the N
coefficients in the POD basis.
We define for 1 <i<nand1<j<m:

o = Ui, P = UjN-

The hypothesis of Theorem 1.7 suggests that there exists ng >~ P such that for any n > ng we can
construct h which depends on n with

B = h(a) € R,
where
a%] B1
a=|: and 8= |:
Qnp Bﬁ

Suppose knowing only the first n ~ P coefficients (o;)1<i<n is enough to reconstruct the following 7
coefficients (3;)1<i<m-
To highlights this separation of the coefficients, we consider two parts for the POD basis :

e The linear part V = [C L. C”] consists of the n first columns of Viy.

e The nonlinear part V = [¢"*! ... ("] consists of the columns n+ 1 to N =7+ n of Vy.

Thus if uy — Ut € Vy =: [V V] ;

UN = Ures + Va4 VB = Uper + Va + Vh(a)

linear coefficients o1 linear in o

From now on, a will always denote the linear coefficients in front on the linear basis V', and 8 will
denote the coefficients that can be represented by a function h(e) in front of V.

The error between u,, and this uy is as follow :

2

[tn, —un|3 = |[tn, — uPOD + upoD — UN

Vi
eV EVN x

= |[tn, — upon|% + |[Va + VB - Va - Vi(a)||%
= [[mronl% + [V (8 - h(a))|%
= |[mpon|x + I8 — h(c)|3 .

Thus the learning error will be controlled by the model error of the POD mpop and the learning error
between h(a) and 3 :

e, — un % = Imeonll% + 18 = h(a)ll3 - (1.31)

Raphaél LECOQ Part 1 | Table of contents
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Part 2

Nonlinear compressed reduced basis method for
EIM

I - Sensor-observed system

1) Observation function

We actually do not have access to the continuous solution u € X but only of observations of the system.

We set m € N* the number of sensors used to observe the system and assume that we directly observe

u® ; i.e. there exists a function

H:ue X —R™,

called observation function such that any observation y° € R™ of the system can be described as

for a certain u°® € M. In what follow, we suppose H|gn, = P is well-defined and linear.
In our case, we consider that H is a linear pointwise observation such that for u € R™d:

u(wll) Uiy
H(u) := Pu := : =

u(azzm) U;

m

Where for g < x;, < ... <z, <z, x;; is the location of the j — th sensor in the discretized space.
P :R" — R™ is a m x ng matrix that selects the coeflicients (ix)1<k<m of a vector in R™d.
To account for measurements errors, we define the noisy observation

y. =y’ +ecR™ (2.1)

The error is supposed to be relative error modeled as a gaussian noise of scale ¢ > 0 that we assume
to be centered and independent between each sensors. At sensor location 7, the error is

ei=(y°)i-gi, e ~N(0,d%.
Thus the noisy observation at location ¢ is :
(¥2)i = (¥°)i + (¥°)i - & = (Pu’); + e (2.2)
We can define the error vector as a gaussian vector :
e ~ N(0pm,dI,,),
This can be rewritten with the Hadamard product :
y.=y"+y°©e=Pu’+e. (2.3)

where
e:=Pu°Oe, €~N(Ogm,o?l,).

From that definition we have the relative error :

E [ ”e‘g] =2, (2.4)

5]
lly°lls

8Note we suppose here that u models exactly the real observed system and admits no modeling error.
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I- SENSOR-OBSERVED SYSTEM 14

2) Field reconstruction from partial observations
The EIM [BAR+04; MM13] propose a greedy selection of the sensors locations and an optimal recon-
struction of the observed values.
a) Empirical Interpolation Method
The original EIM [BAR+04| method identifies iteratively couples of parameters and (magic) points :

(pt,zb), (p?, x?),....(udn, zhn) in a recursive manner as follows :

Assume {(;ﬂ,ml)} ) are determined, and for any g we can define the interpolation operator
i=1,...,n
7, such that

Tofu(s )] =) (s p') (2.5)
i=1

with
VeE=1,...n, Zyu(;w))(x®) =u(;mwm)(x") (2.6)
then p"*! is defined as
p = argmaxy,[lu(; p) — ofu(s p)llx (2.7)
and
2 = argmasgu(w; 5™ — Tofu(; )] (). (2.8)
Remark :

Note that it is interesting to introduce the basis

u(.; pt) — Liza[u(.; pt))

O =A@ i) — T ful )] (@)

since then, for any p,

Lol )] = Toa [l )] + [u(@™s ) — Tooafuls )] (™) €7, (2.10)

Aside from this original EIM method, was also proposed an alternative approach when an ordered
appropriate reduced basis {(° ﬁ\il is given. There is no point in identifying the @/, and only the
"magic point" are determined through the following recursive method :

x! = argmax, |1 (x)| (2.11)
then o
1
T
and
Tifu(; )] = u(z'; p)€'. (2.12)
Next, assuming that (¢1, '), (€2, 2?),...,(€", ") have been built and, for any p :
Toful )] = Zoaful )] + [u(a ) — Zoafuls )@)€ (2.13)
Hence .
Tofu( )] = Taful )] + 3 [ula's ) — Tooafuls ()€ (2.14)
i=1
We construct
2" = argmax, [("T! (z) — T, [¢"] (@) (2.15)

and Cn+1 _T [CnJrl]
¢ = (L (gnl) — Z:[Cn—i-l](wn—i-l) (2.16)
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15 2) Field reconstruction from partial observations

b) General Empirical Interpolation Method

The original General Empirical Interpolation method (GEIM) [MM13] identifies iteratively couples of
parameters and linear forms : (u!, o), (12, 02),....(udn, oDn) in a recursive manner as follows :

Assume {(,ui, O’i)} -~ are determined, and for any g we can define the interpolation operator 7,
such that o .
Tnlul; )] = viul; p) (2.17)
i=1
with
Tk =1,n, 0| Tululiw)| = oF uls ). (2.18)
Then p"*! is defined as
p = argmaxy, |lu(s p) = Tnlu(s )] lx, (2.19)
and
o™t = argmax,|o[u(.; p" ) = Tulu(; n" ]I (2.20)
Remark :

Note that it is interesting to introduce the basis

i u(spt) — Jica[u(; )]
£ o' [u(x; p?) — Ti1fu(; p?)]] (2.21)

since then, for any p,

Talus W) = T [uls )] + 0" [ul@™s ) — T uls w)]]€" (2.22)

Aside from this original GEIM method, was also proposed an alternative approach when an ordered
appropriate reduced basis {(" fvzl is given. There is no point in identifying the @/, and only the "magic
moments" are determined through the following recursive method

ol = argmaxg|0'[cl]| (2.23)
then o
1
C o]
and
Tilu(;s p)] = olu(z; p)et. (2.24)
Next, assuming that (¢!, xb), (€2, 2?),...,(€", ") have been built and, for any pu,
Tululs 1)) = Foaluls )] + 0™ [uls 1) = T [uls )] € (2.25)
Hence .
Tululs )] = Tilul: )] + Y o [uls 1) = Fialu: )] € (2.26)
i=1
We construct
ot = argmaxa|a'[(”+1 — jn[C”Hm (2.27)

and

§n+1 _ <n+1 _ jn[cn—’—l} .
ontl [Cn+1 _ jn[Cn—&-lH
Following the gappy EIM |PD20| we construct P : R"d — R™ m > Ngpy using the EIM to add more
observations than there are basis functions.

(2.28)
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I- SENSOR-OBSERVED SYSTEM 16

3) Succinct analysis of the noisy EIM error

Let ng be the discrete spacetime dimension of the full-order problem, and let X be the associated state
space equipped with the norm ||| y.

We recall that the POD basis (&;);"¢, fully captures the discrete vector u® € R™.

Let Ngmv > 1 be the number of EIM functions (1/)1)5\; EM who are the columns of Veny € R7a* Nem
A function u° € R" deviated from a known reference state u,.f € R™ can be described by :

N . ng .
U — e = Y WA Y afé = Ve +m,
i=1 i=Ngiv+1
ng i
where n = Y. o€ represents the model error such that n L Ving.
i=Ngim+1

Let P € R™*™ he the sensor placement matrix sampling m > ngny locations. The noisy sensor
observation vector y? € R™ is modeled as :

y. = Pu’ + e,

where e € R™ is a relative measurement noise vector defined by e = o(Pu°) ©® €, with noise level
o> 0and € ~ N(0, I,).

The gappy EIM reconstruction operator M € R™*™ is defined as M = VEIM(PVEIM)T, which satisfies
the fundamental interpolation identity M PVgm = VeEmv. The reconstructed field is given by :

upiv = M (Y2 — PUrer) + Uref-

By substituting the observation model into the reconstruction equation, we isolate the total approxi-
mation error:

u® —ugm = (U — Uper) — M (P(u° — uer) + €)
=(I - MP)(u’ — uwf) — Me
(I = MP)(Vemy® +n) — Me.

Using the property (I — M P)Vgmy = 0, the projection error cleanly simplifies to :
u’ —ugy = (I — MP)n— Me.
Taking the total norm and applying the triangle inequality yields :
[u® —upvlly < [T - MP,[nlx +[|[Me|x -

Squaring both sides and taking the expectation with respect to the random noise field €, we evaluate
the scaling of the stochastic term :

E. |[Melly| = E [|1M(Pw © )|} ]

< IMIZE, [|Pu o €3]
m
2 o\ |2
= M3 3 |(Pu) Bl
=1
m
= 0% MY |(Pu”),l?
=1
< o | M3 I1PI3 1w
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17 4) Data assimilation methods

Normalizing by the energy of the true state Hu°||§( and using Young’s inequality for products :

Ee |[lu® — upnalX ]|
¢ 2 [Inll 2 2
<2||I — MP|;——23- 420" | M| || P||;. (2.29)

— 2
[well

luel%

Equation (2.29) highlights the fundamental EIM trade-off: increasing the number of modes Ngmyu
minimizes the relative truncation error |1y / [|u°||x, but increases the operator norm bounds || M ||,,
thereby magnifying the sensor noise sensitivity proportional to o?.

Bounds of |[I — M P||, and || M|, exist with respect to the number of EIM basis functions Ngpy and

the number of observations m > Ngny [PD20] .

4) Data assimilation methods

Figure 1 summarizes the workflow that will be described in the next part.

The goal is to build in an offline part the needed POD basis, the EIM basis and magic points and an
encoder h trained via a Gaussian Process Regressor (GPR). Then, from a noisy partial observation of
the system, we try different methods to recover the reduced POD basis coefficients

Offtine
- - T T T ]' ““““ - T T T T T T ST T T T \ +
[ POD : [ EIM | el Soomoe,
' Build reduced basis ! i Built from POD 1 ' G.P R training :
' — e = . ' 1 Fit h on scaled
! V.,V € : + Greedy selection of ! {cesi}, {Bor} |
o RMAXT o RPaXT ' observations points : L e
_______ r------- _______.I._______’

[ Noisy Observation

¥y € R
\d
! 7 EIM
! R™ x R™
\ Computes EIM <- -
: coefficients vy
: R" | R?
vy * Picard I:erations
Direct Solvin Gradient Descent 5
Joint Optimizatiin ol = o — "] GPR Mapping h Alternate LS for a"*?
- o .
min(.aﬁ.)elg J(a, B) via Autp—Diff Haﬁ(i)RE RT ﬁn+1U£d2(th+1)
Optim in R"™ x R Optim in R Optim in R”
Y
< Reconstructed Trajectory

U’ = Ups + Var + V,B*

|\

Figure 1: Architecture of the different proposed methods of assimilation.
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I- SENSOR-OBSERVED SYSTEM 18

We focus on retrieving the full trajectory w,,, from observations y¢ using the POD basis.

This has already been addressed with the Generalized Empirical Interpolation Method (EIM) [BAR+04;
MM13; GON-+19], GEIM with ML closure [NIU+25] and Parameterized Best Knowledge Model
(PBDW) [MAD+15; GON-+19] if accounting for modeling error.

Let Vv be a reduced basis. Recall that Iy, is the orthogonal projection onto V.

Let P : R™ — R™ be a linear observation operator.

For an noisy observation y2 find POD coefficients (a®,3°) € R™ x R™ that are the POD coefficients
of the true trajectory u® € R™ :

{yS = Pu® +e, _ (2.30)
u® = Uref + HVN (uo - uref) = Urpef + Va® + V/BO-

Let amin, Qmax € R™ and Bumin, Bmax € R™ be respectively the componentwise minimum and maxi-
mum values of a, 3 for all the snapshots in Pj,. Let d,,03 > 0 be some box tolerance.
In what follow, we will use the following box constraint during optimizations [GON-+19] :

B := [ [lemini — 0a; amax,i + o) X | [[Bumin,i — 65 Bmaxii + 9] (2.31)
=1 i=1
or
B = H[amin,i - 6a; Qmax,i + (5(1] (232)
=1

When there is no ambiguity, we will use the notation B even when optimizing only on a.

We propose several methods that can be written in two forms for a cost function J > 0 :

(a) Find (a*, %) := argmin J(a, 8), (2.33)
(e.8)B
(b) Find a* := argmin J(«), B* = h(a™). (2.34)
aeB

a) Direct solving with full POD model

For an observed y. € R™, we solve the linear least square problem :

N T — 2
(aEODv B?’OD) ‘= argmin 5 Hye - P(Va + V/B + uref)HLZ(Rm)‘ (235)
(a,B)EB

b) Gradient descent with ML model

We let (g, Bg) = EIM(y2). Suppose the ML function A is differentiable, we apply a gradient descent
to :

1, 5 = 2
J(a) =3 Hy6 —P(Va+ Vh(a)+ uref)HLQ(Rm) . (2.36)
agp =argmin J(a). (2.37)
aeB
The gradient with respect to the input « is :
—on\" - "
Vol = | PV + PVa—a (y2. — P(Va+ Vh(a) + uw) ) € R™ (2.38)
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19 5) Learning the mapping between coefficients

oh -
The gradient Yo € R™"™ is done by automatic differentiation [NEI10; BAY+ 18| using the Tensorflow
«a

library?.
Let ™ > 0 be the learning rate defined in [BB88]. We update a™ as :

an+1 —a — nnvaJ(an)

The process stops when ||V, J(a")|| < tol or n > npax iter Where tol and npmax iter are arbitrary
constants.

We denote the solution af at the end of the process and set Bg, = h(agpy) such that the final
solution is given by (agp, B&p)-

c) Picard iterations

Let v = EIM(yg). Let ag = Il (VEIM'YO)~ We set By = h(ag).
Suppose we computed o, B,. We solve the linear least square problem :

1 = 2
ol = argmin — Hyg —P(Va+VpE"+ uref)HLQ(Rm). (2.39)
aeB 2
Once computed, we set 3"+ .= h(a™T1).
o . e = ar|g, . .
The optimization process is repeated until o] < tol or until the maximum number of
(8 Rn

iterations npa.x has been reached.
We denote the solution at the end of the process (@i ..qs Bbicarq) = (@™inatl @nnaltl) (op Grna),

5) Learning the mapping between coefficients

We use Gaussian Process Regression (GPR) [RW05] models to learn the mapping o € R" — B(a).
We use different kernels [RW05, Section 4.2| to learn the function :

e Constant kernel of scale ¢ :
Cste(l)(w;, ;) = £2.

Dot product kernel of scale £ :

Dot (£)(x;, z;) = > + z;2;.

Radial Basis Function kernel (RBF) with scale ¢ :

RBF(¢) (x4, ;) = exp(— }:EZ - 33;}2 /20%).

Matern kernel with scale ¢ and regularity v :

1 <\/$

Matern(v)(z;, z;) = )2 7 |z — $]|> K, (x;, x;).

Here K, is a modified Bessel function, see [RW05, Chapter 4, Section 4.2] .

White noise kernel of scale € (here Jg is the Dirac operator at 0) :

WhiteNoise(e)(x;, x;) = € do(xi, x5).

9www.tensorflow.org/
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The sum, dot product and power of kernels are allowed operations that are aready implementend in
the used libraries. The hyperparameters (scale, noise level, constants, ...) are automaticaly optimized
within the fitting part. The GPR is trained on scaled input.

We use the scikit-learn'? gaussian process library for the training over the data.

If needed (e.g. for automatic differentiation), the sklearn GPR will be converted into tensorflow!! using
GPflow'? GPR.

We suppose p1 < p2 < ... < BN LThe GPR is trained on P train := {2} then tested on
P test := {12i41}i-

IT - Numerical results

1) Test cases
a) Orthogonal modes, P =1, N =2
Let I =[0;7] CR, P=[0;1] CR (P =1). Here, the parameter space dimension is 1. Let A = 0.1.

We consider a function u parameterized by p € P :

u(a 1) = (1) ®1(2) + (1) Do(2) (2.40)

— V12 (M - ;) \/zsin(x) + V180 <u2 —p+ é) \/Zcos(a:)- (2.41)

Following Appendix B, the function v is its own exact POD approximation i.e. u,, = u, for N = 2
with modes :

— 2 o
P = £ sin, (2.42)

Py = \/gcos.
V12

And coefficients :

{a(u) —oi 2 (1n=13) (2.43)

Bp) = a2(p) = MWI80 (u*> —p+g)-

We discretize [0;7] in ng = 4096 points g = 0 < z; = ﬁ < 4005 = 7. The samples are
T

Un, = [u(@o) ... u(za095)]" € R

We construct P, by uniformly sampling 2000 values in in [0; 1]. We define P, train = {12; / ¢ € [0;2000] }.
Up to sampling error, the discrete POD modes (®1, ®2) will be :

dh = +,/2/7 sin, O = +/2/7 cos.

We have the relation of dependance between « and 3 :

5l0) = 720 (a2~ 1), (249

Thus we willset n=1,n=1and N =n+n = 2.

Ohttps://scikit-learn.org/
11www.tensorflow.org/

12gpflow.github.io
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21 2) Orthogonal modes results

b) Advection of a gaussian bump, P =1, N = 00

Let I =[-0.1;1.1] = [a;0], P=[0;1] (P =1). Let s > 0.
We consider an accelerating advection of a gaussian bump :

1 (z — )
We choose s? = 0.01 such that u(x = —0.1 ;4 = 0) = u(x = 1.1 su=1)=0.
We discretize [—0.1;1.1] in ng = 4096 points zp = —0.1 < z; = ﬁ < x4095 = 1.1. The samples are

T
Up, = [’LL(CC()) ’LL(SC4095)] € R4096,
We construct Py, by uniformly sampling 2000 values with the function u € [0;1] = p? which is equiva-
lent to uniformly sampling [0; 1] and consider exp(—(x—pu)?). We define P, tain = {p2: / i € [0;2000]}.

Appendix B shows that it is not possible to exactly recover M = {u(- ;u) / p € P} with a finite
dimensional space, but it can be done up to any numerical precision.

2) Orthogonal modes results
a) POD and EIM analysis
We benchmark the POD implementation on the Orthogonal modes Eq.(2.41) for Niain = 2000.

Recall &1 = \/gsin and ®, = \/gcos.

First POD mode, error : 3.3421939075026613e-16 Second POD mode, error : 1.377416e-04
0.8 0.8 A —— Numerical second mode
—=—=- Theoretical second mode (cos)
0.7
0.6
067 0.4
0.5
0.2

z @
2 E
= 0.4 1 = 0.0
£ [=3
< g

0.3 4 -0.2

0.2 4 —0.4 |

0.1 -0.6

—— Numerical first mode
0.0 1 === Theoretical first mode (sin) —0.8 1
0.0 0.5 1.0 15 2.0 25 3.0 0.0 0.5 1.0 15 2.0 2.5 3.0
Spatial index Spatial index

(a) First mode of the numerical POD ®} and the the- (b) Second mode of the numerical POD &% and the
oretical first mode 1. theoretical second mode ®s.

Figure 2: Modes of the numerical POD and their ||-H§(-error with respect to the theoretical mode.

The POD mode error is computed by H@;‘ — CIJZ-HX following Eq.(3.3) of Appendix A.

Raphaél LECOQ Part 2 | Table of contents



IT - NUMERICAL RESULTS

22

The energy is & = 02 =1 — A2 =0.99 and & = o3

Energy Content per POD Mode

A2 = 0.01, as stated in Appendix B :

Cumulative Energy Content of POD Modes

10714

Energy Content

125 150

Mode Number

175

1.00 4

0.99

—-- 99% energy
M

0.98 4

0.97 4

Cumulative Energy Content

0.96 4

12

14 16
Number of Modes

Figure 3: Energy histogram per modes (left). Cumulative energy I = > &/ > &; (right).

We can verify Eq.(2.43) and Eq.(2.44) :

B vs. a Error : 1.144984e-04

a vs. Parameter c Error : 1.047013e-15

i<n 7

B vs. Parameter c Error : 1.144984e-04

©  Numerical values B/(a®)
-~ Theoretical values B(a)

©  Numerical values a"(c)
--- Theoretical values a(c)

o Numerical values B"(c)

-=-- Theoretical values B(c)

05 10 15 0.0 02 04 0.6 08 10 0.0 02 04
Parameter ¢

0.6
Parameter ¢

0.8 10

Figure 4: Comparison of the numerical coefficients with the theory of the orthogonal test case.

The error is computed as the Mean Relative Error Eq.(3.10) of the |||z (p,) Rorm with uniform sam-
pling, see Appendix A.
Here, ¢ = p € P is the parameter, Ny = Nipain = 2000, a = a(c) and 5 = B(c) are defined Eq.(2.43).

The error values are numerical precision on « and small enough on S to consider that the POD is

well-implemented up to sampling error.
We check that the selected magic points of the EIM are 21 € § and 22 € {0, 7} (Appendix B) :

Trajectory for a given parameter

]
]
0.075 4 |
1
]
1
0.050 :
i
0.025 :
I
k) I
5: 0.000 g
h I
]
=0.025 4 :
i
—0.050 i
Trajectory forp = 0.5
—0.075 4 ® Observed function with 2 sensors
—=- X=0, x=nf2
T T \I T T T
0.0 0.5 1.0 15 2.0 2.5 3.0

X

Figure 5: Trajectory u®(x ;) for a given u = 0.5, the observed function y° and the sensors location.
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2) Orthogonal modes results

We compare the results of EIM and POD in the case where there’s no noise (o = 0).

Number of Modes MRE RMSE Relative L°° error
POD n=2 778 x 10716 | 7.04 x 10716 2.20 x 10714
EIM m=n=2 1.99 x10~1* | 7.61 x 10713 2.19 x 1014

Following Appendix A the MRE is done for the L?(P,)-norm with y =

Table 2: Error metrics in the |[-|| y norm.

M;/Qun(u). The RMSE is done for the same y, v.
The relative L> error is done on the space L2(P;, L2(©2, R™)).

Error with relative sensor error o

M;/Qund(u) and v =

Relative reconstruction error

—@- Error vs number of sensors for o = 1e-1
~@- Error vs number of sensors for ¢ = le-2
—@- Error vs number of sensors for o = 1e-3
-@- Error vs number of sensors for o = le-4

19e-04

19e-p5

19e-p6

Number of sensors (m)

Figure 6: Relative error ||u® — ugm|| y / [|[u®|| x over P test for different value of the noise scale o when
the number of sensors m varies and ngpy =2 if m > 1, ngpy =1 if m = 1.

Note that the slope is m~1/2 for each error scale and the error for m = N = 2 is of the scale of o which
is what the theory predict [PD20] and Eq.(2.29).

b) Learning the coefficients map

Recall we are trying to learn the mapping Eq.(2.44) :

v 180

Bla) = A~ ((a)? —1).

12

Kernel (n, m) MRE RMSE Relative L™ error
RBF + Cste**2 (1,1) | 1.77 x 10797 | 5.14 x 1079 4.28 x 1079
Matern(nu=1.5) + Cste**2 (1,1) | 422 x107% | 3.56 x 107 4.89 x 1079
Matern(1, nu=5) + Cste**2 + White || (1,1) | 2.85x 107 | 1.96 x 10~% 1.66 x 10797
Dot ** 2 (1,1) | 3.80 x 10716 | 5.22 x 10716 1.19 x 10~

Table 3: Error metrics of the GPR output h(a(u)) with respect to the target value 5(u) for different
kernels and p1 € P, test-
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Note that DotProduct optimized its scale to £ = 0.999 which implies the optimized kernel is a polyno-
mial of the form 22 + ¢2 up to a scaling. That correspond almost exactly to a? + (—1)2.
With not much surprises, the polynomial kernel performs the best.

c¢) Online data assimilation

For each p1 € P, test We generate Nyeq) = 10 trajectories u (p) and a noisy observation yf (i) = Puf+e;
with independent realization of the noise e. We consider a relative scale ¢ = 10~!. This construct
Nreal X Ntest samples = 10* noisy observations.

Nreal
For 1 € P, €(p) = ||ug(p) — ujeconstructed|| /g ()| . Figure 7 plot () = ereal > €ilw).

Error of EIM reconstruction with respect to the sample

1071 107! A

Error
Error

6x1077 6x1072

4x1072 4x10-2

=== Mean relative error : 8.108e-02 === Mean relative error : 8.104e-02
3x10-2 — |utruelc) — uemlc) v/ fullv 3x10-2 — |utrue(c) — urun ol ) |v/| U] v

T T T T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 10 0.0 0.2 0.4 0.6 0.8 10

C C
(a) Empirical Interpolation Method. (b) Proper Orthogonal Decomposition.
Error of ML reconstruction with respect to the sample Error of Picard reconstruction with respect to the sample
1071 § 10-1 4
E 107 4 g 102
1073 4 ——- Mean relative error : 7.268e-02 1073 4 ——- Mean relative error : 7.624e-02
— lutrue(c) — vl vAluw — lutruele) = upicaral ) /[l v
00 02 0.4 056 08 10 00 02 04 06 0.8 10
C C
(c) Gradient descent. (d) Picard iteration method.

Figure 7: Error comparison for p1 € P test, M = Nmodes = 2, 0 = 1071,

The Gradient Descent with Machine Learning and Picard iterations perform slightly better with a
huge improvement for ;= 1/2 (which is the root of the function a(u)).
In Table 4, we showcase the average time taken to reconstruct 1 sample from y°.

Method POD Picard EIM Gradient Descent

Time (s/sample) 3.35 x 107 3.83 x 1074 1.66 x 107° 3.27 x 1072

Table 4: Computation time per sample of different methods for orthogonal modes.

We note that EIM is the fastest because the interpolating matrix is cached, and n =7 = 1. We think
that POD or Picard iterations can be faster for n > n. The real bottleneck seems to be the Gradient
Descent which is slowed by the GPflow auto-differentiation of the GPR model.
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25 2) Orthogonal modes results

Time solving of 1 sample for different methods

Error comparison for different methods with noisy observations
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(a) Reconstruction error for o = 1071, (b) Computation time for 1 sample.

Figure 8: Performance comparison of different methods when the number of sensors m = 2¢,
i=0,..,12and n=n=1.

In Figure 8a we observe similar performances of all the methods, with slight advantages for methods
using the GPR model. Figure 8b highlights faster performances for EIM up to a certain number of
sensors m from which the EIM is not faster anymore.

The methods using the GPR seems have constant solving time for m if m <4096, n =n = 1.

We note that for m = 1 (which implies that only 1 mode is used for EIM), the GPR closure slightly
outperforms the EIM and POD method while still being fast in the Picard case.

Error comparison for different noise level and different methods

1072 b Noise levels
—+- g =1e02
@ g=1le-04
% g =1e03
1073 4

Mean relative L2 error
=
[=]
A
L

Methods "
1075 4 - T
1 ® Picard '---..'-o.
® Gradient descent Mg
® POD "'.‘-.'
EIM '
10_5 E T T T T T T T T T T T rorororrT
10! 10? 103

Number of observations m

Figure 9: Relative error of reconstruction ||w,,, (1) — w*(1)| y / ||tn,|| y depending on the noise level o
whenm =2 i=1,..,12and n =7n = 1.

Figure 9 showcases the similar behavior regarding the relative noise level ¢ and the number of sensors
m. Note we discarded m = 1 since it is a special case here.
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3)

Advection of a gaussian bump

a) Analysis of the POD learnability

o
We note that this test case is advection dominated, thus we expect the cumulative energy & = 3 aiz

to have slow decaying terms :

Energy Content per POD Mode

i=1

Cumulative Energy Content of POD Modes

10-13 4

10717

Energy Content
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o] 25
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Figure 10: Energy histogram per modes (left). Cumulative energy I = " &/ > & (right).

i<n

(2

We select value of the singular values ox is oy < 1076 which is numerical noise. We thus select

N =199.

~

Number of Modes MRE RMSE Relative L°° error
POD n = 199 6.25 x 10715 | 3.08 x 10~ 5.51 x 10714
EIM m = 199 9.78 x 1071% | 2.88 x 10712 6.24 x 10~ 14

Table 5: Error metrics of the EIM for different test cases in the [|-|| y norm.

The following table compares in the higher part the error for different values of n with the same kernel

initialisation.

The lower part compares different kernel that has been tried. Only Matern and RBF have been able
to showcase significant learning results for the whole set of coefficients.

Kernel (n, m) MRE RMSE Relative L™ error

RBF + Cste**2 + White (1,100) | 1.06 x 1079 | 3.04 x 107% 8.13 x 1079
RBF + Cste**2 + White (2,100) | 8.03 x 1079 | 9.72 x 1079 4.83 x 107%
RBF + Cste**2 + White (3,100) | 9.42 x 1079 | 2.85 x 10796 5.69 x 1079
RBF + Cste**2 + White (2,125) | 2.62 x 107% | 3.00 x 10~ 1.04 x 10793
RBF + Cste**2 + White (3,125) | 2.82 x 1079 | 3.23 x 107% 1.13 x 10793
RBF + Cste**2 4+ White (2,197) | 5.98 x 1079 | 5.18 x 1093 2.98 x 10702
Matern(v=2.5) + Cste**2 + White || (2,197) | 1.24 x 107%* | 4.96 x 107% 1.68 x 10792
Matern(v=1.5) + Cste**2 + White || (2,197) | 1.56 x 107%3 | 1.01 x 10792 3.02 x 10702

Table 6: Error metrics of the GPR output h(a(p)) with respect to the target value B(u) for different

kernels and p1 € P, test-
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The value coefficients «; are expected to be regular in Appendix B.

Since RBF = Matern(v = oco) where v controls the regularity of Matern functions, it is no surprise
that the best results are obtained with RBF kernel or Matern with large v.

Following Table 6, it seems that the «;, 8; are indeed regular and the real dimension of the coefficients

manifold is n = 2.

We also note that more modes to learn (7 increases) translates into more to learn GPR learning
error, which is no surprise and should be fixed with more numerical samples.

In the following graphs, we compare the error of the POD ||u,, — upopl||y = |[[nrop|x, the error
of the ML constructed function ||u,, — un|| y and the learning error |3 — h(a)||, for different trained
GPR.

We use the Greedy quadratic error closure %y, — %, POD = NGQuadMani Proposed in [SP24; JAT+17] as
a reference comparison for error modeling. We also verify Eq.(1.31) for n = 2, n = 123,148 :

Approximation error depending on the chosen method with a GPR trained on N=125 modes
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=
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Figure 11: Error on reconstructing w,, with a GPR trained on n = 2,7 = 125.

Errors of GPR learning for each f8; with Nz = 150
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Figure 12: Error on reconstructing w,, with a GPR trained on n = 2,7 = 150.
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The reconstruction error attains a plateau : this is due to the decay of the norms (||3;||, = 0;). Thus
even if the relative error increases, the reconstruction error stays stable :

Errors of GPR learning for each §; with Npax = 125

1073 5
1074 5
1073 3

1076 5

Error (logarithmic)

1077 3

10-8 _ —-- Relative error ||8i — hia)|Lz=)/]|Bill 212
i1 « Absolute error |8; — hia)i]|zs)

®*  Cumulative sum of the absolute error

107 4

T T T T
0 20 40 60 80 100 120
i-th component (linear)

Figure 13: Different learning error metrics for a GPR trained with n = 2, m = 125.

The relative error is linear in the loglog scale, translating the difficulty to learn the high frequencies of
the POD coefficients with the low frequencies ones, see Figure 14 and Figure 15.

Different modes of the POD and a snapshot

—— First data sample
n —— First mode of the POD
257 —— 100th mode of the nonlinear part of POD
201
__‘;2_ 15
=
[
=
10
5 -
0 ‘i'tl-'iﬂnwi!'l!i!tll'l

T T
0.0 0.2 0.4 0.6 0.8 1.0
Spatial coordinate x

Figure 14: The first trajectory of the dataset, the first mode of the POD basis and the 100-th mode
of the POD basis.

It is clear that the lower order modes are slowly oscillating while the higher order modes are fast
oscillating corrections. Nyquist-Shannon sampling theorem states that we will not be able to recover
highly oscillating coefficients by only sampling the first mode. Thus we expect n > 1.
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Figure 15 shows that (199 is hard to describe only from «j. The trajectory S190(pt) seems to be in a
2D space as the GPR learning showcased.

15 Bivs ay Bso Vs &y Bioo Vs a1
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. o OO
05 % - 0.00 o ‘e
\ o ol
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| §
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g )
g —0.15 A e
g .
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Figure 15: §;(«1) plotted as function of a1(c) when the parameter ¢ € P varies and i = 1, 50, 100.

This can be verified plotting 100 = S100(a1, @2) in Figure 16 :

Bioolai(c), az(c)) in 3D Space

r0.8

r 0.6

Parameter c

0.0

15

Figure 16: Coefficient Bioo(cv1, ag) plotted for the different values of «(c), aa(c) when the parameter
¢ € P varies.

The results of learning of Table 6 are satisfying considering the measurements error level considered
in industry range from o = 107! to o = 10~ thus we need the ML model to allow representation up

to a tolerance of 104,
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b) Online data assimilation

We consider n = 2 and 7 = 150. The GPR Kernel is RBF(£/=0.0223) + 0.00188**2 4 White(e=1e-12).

1072 1 —— Relative error of GPR on beta(y)

104 4

107° 1

1078 1

Relative error

10-10

10712 1

Figure 17: Relative error of the GPR over the samples ;1 € P, (o5t Mean relative L2-error : 5.98x1079.

Figure 18 showcases the error on each samples for o = 1071,

Error of EIM reconstruction with respect to the sample Error of Full POD reconstruction with respect to the sample

i -2
—=- Mean relative error : 1.002e-01 7x10

12x101] tere (1) = V™ (1) = Vhia* () |/ |lul v

11x 107! 6x1072

Error
Error

10-1 4

5x1072
9x 1072
——- Mean relative error : 5.675e-02
= ||utrue (1) — urun pon ()i l|ufv
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o \mu
(a) Empirical Interpolation Method. (b) Proper Orthogonal Decomposition.
Error of Picard iterations reconstruction with respect to the sample
Error of ML Gradient descent reconstruction with respect to the sample

1.15x 10°

11x 100
1.05x 10° 5

E -------------- &
100
9.5x 107!
—-- Mean relative error : 1.035e+00 — |Utrve (1) = Upicaral )|/ | U lv
— [Ute ) — Ve () = Vhta @)/ ully —==- Mean relative error : 4.658e-01
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Sample y 14
(c) Gradient descent with Machine Learning. (d) Picard iteration method.

Figure 18: Error comparison for j1 € Pp, test, M = Nmodes = 2, 0 = 10~!. Advection case.
For the error, a plain Least Square on the POD coefficients seems to perform the best, while Picard or

Gradient Descent don’t seem to perform better. This may be explain in the further discussion. Note
that Picard iterations converge usually after two or three iterations at most.
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Method POD Picard EIM Gradient Descent
Time (s/sample) 6.67 x 1074 1.63 x 1073 5.56 x 1074 1.31 x 10°.
MRE 5.69 x 1072 4.27 x 1071 1.00 x 107! 1.035 x 10°.

Table 7: Comparison of different methods for advection.

The time for POD and EIM are alike in term of computation time while Picard corresponds to a few
EIM computation. This is no surprise since Picard is an iteration of Least Square + ML evaluation.
The bottleneck is on the Gradient Descent : the GPflow implementation applies autodifferation on 150
independant GPR with a cost of evaluation of ~ 1 seconds per sample. This is not tractable.

Comparison of relative errors

Source of error in Picard iterations : error on a and propagation in h(a) 10° 1

M'Wd i lm‘

=
15}

10! 4

Relative error

10714
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(a) Absolute error of EIM, Picard and GPR. (b) Relative error of EIM and GPR.

Figure 19: L?-error for each samples of the GPR, EIM and Picard data assimilation method.

Figure 19 highlights the propagation of the error on a® from agn through the GPR model h.
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put of exp(|la® — a||§ /2¢%) where ¢ = 0.0223
is the optimized GPR length scale.

Figure 20: Graphic analysis of the GPR sensitivity to noise.
Figure 20 shows that a GPR trained on non noisy a with high confidence may return a GPR with

length scale ¢ too small compared to the scale of the noise. It results as a GPR returning almost null

values for noisy observations!
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Some conclusions can be drawn out of these results :
1. The GPR must be trained on a noisy dataset or with length scale adapted to the noise.
2. Considering more coefficients 3; to learn does not necessarily mean a better approximation.

3. The method of optimization must be gradient-free or parallel evaluations of the GPR should
be used.

4. For m = ngmv, the Picard fixed-point and Gradient Descent procedures did NOT improve
much the accuracy with respect to the initialization, thus no need for online optimization after
evaluation the first coefficients.

Answering the first conclusion will not be an issue and only needs a retraining of the GPR.
Answering the third conclusion has already being done with Picard iteration. We can also consider
setting m = Ngpvy and consider, having evaluated a € R™,

U = Upet + Va+ Vh(a)

with no optimization process.

It is also possible to consider new maps y — (Vi) 1<i<n, (Ui)1<i<n = (Vi)isn, (Gi)isn-

For the fourth conclusion, it is actually easier to only evaluate the mapping once instead of optimizing
over it.

For the second conclusion, it is important to take into consideration that the number of POD modes N
depends on the sampling i.e. N = Ng(Npain). Thus depending on the number of samples considered,
the number of physical reduced basis modes could be reduced and the efforts could be concentrated
into learning only meaningful coefficients.

It is clear that the lower order modes are slowly oscillating while the higher order modes are fast
oscillating corrections. Nyquist-Shannon sampling theorem states that we will not be able to recover
highly oscillating coefficients by only sampling the first mode. Thus we expect n > 1.
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Conclusion

In this work, the encoding of reduced basis methods using Gaussian Process Regressors for data
assimilation was studied.
It was demonstrated the capacity of Machine Learning to discover the latent space dimension of the
reduced basis coefficients and the possibility to encode a full reduced basis into only a few modes,
around the number of parameters.

Several data assimilation methods have been proposed to reconstruct the full field from partial ob-
servations. The Empirical Interpolation Method has been identified as a good initialization point
when needed, and has also served as benchmark to compare the results.

Gradient methods were shown to slow down the data assimilation process for slight to no improvements
while fixed-points methods or direct evaluation of the encoder could prove to beat the EIM.

It was also highlighted that if the latent dimension of the reduced basis was small enough with respect
to the number of basis functions and the number of observations, the evaluation time are equivalent
between EIM and the fixed-point method.

Last it is needed to construct the encoder with scales comparable to the relative noise scale and
not enough to just learn the exact mapping.

Sampling considerations were done and need to be further studied in order to improve the selection of
the reduced basis modes, thus the final reconstruction precision.

Some perspectives consist of focusing on the different mappings learning from the observation to the
reconstructed fields by learning e.g. the map from EIM coefficients to POD, or EIM to the difference
between EIM and POD coefficients and the last POD coefficients.

These could be used to reconstruct the field without minimization on « but just reconstructing the
full field directly from the first coefficients and the evaluation of the ML model.
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Part 3
Appendix

A Error metrics

1) Parameter norm

Let P > 1 be the parameter dimension. Let P  R”.

Let Ng be the number of samples used to represent the parameter space P.

Let n > 1 be the dimension of an output of interest. Let g : p € P — g(p) € R™ be the output
function. For p € P, the 2-norm of g(u) € R™ is

lg(ee) oz = ZI

Following [QSS06, Section 9.1, let pq, ..., un, be quadrature points in P and let wy,...,wyn, > 0 be
quadrature weights.

The discrete L2(P) norm is :
N

lg()lLe ey = D wi lg(ba)llozn (3.1)

=1

When the quadrature is uniform, this reduce to w; = NL :

1 S

2 2

Hg(u’)HLQ(lP’),h - N Z Hg(ﬂz‘)HQ,Rn :
5 =1

For p € P, the supremum norm of g(u) € R™ is

I9001) o = e [9(s2).

The supremum norm over the parameters is defined as :

||9(H)HL°°(P) = Egﬁ lg(ki)ll oo en - (32)

2) Timespace norm
a) Spatial norm

Let d > 1 be the space dimension. Let © C R? be an open domain. Let ng > 1 be the number of
nodes discretizing Q2. Let V' C L2(Q2,R™@) be an Hilbert.

Let My be a mass matrix that can be constructed either by quadrature points over the spatial domain
Q or the basis functions of the Finite Elements space.

If w,, € Vj, the 2-norm is defined as :

nyll5 gna = ZI Unyg )i

If u,, € Vj, the energy norm or V-norm is defined as :

2

2 Td
2 1/2 1/2
g} = 34 P, o= D |08, (33)
’ i=1
The supremum norm of u,,, € R" is:
[englloo pra = max [(wn, )i (3.4)

1<i<ng
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b) Timespace norm

Let d > 1 be the space dimension. Let @ C R? be an open domain. Let ng > 1 be the number of
nodes discretizing €.
Let T > 0, let I = [0;7] be a time interval. Let V C L2(Q, R™) be an Hilbert.
Let Mjs be a mass matrix that can be constructed either by quadrature points over the spatial domain
Q or by the L2-innerproduct of the Finite Elements basis functions.
If u,, € L?(1,V), the energy norm or V-norm is defined as :
2
fanali = [ 3 0], (35)

If I is uniformly discretized in Niimesteps > 1, 0 = t0 <1 < ... < ENyesieps = 1+ this reduce to :

Ntimesteps

1 2
2 1/2
u = M “u(t; : 3.6
sl = o 2 Mt (36)
The supremum norm of u,, € L?(I,R™) is :

”und||oo7L2(I’]R"d) = max [t (ti)||oo7]R"d : (3.7)

1 SiSNtimesteps

3) Error metrics

Let (E, ||| z) be a normed space. Let y € E be a target value. Let v € E be an approximation of y.
The error in norm ||-|| ; between y and v is :

Errp (v, y) = lly = vllg - (3.8)

The relative error in norm ||-||; between y and v is :

— if y £ 0

RelErg(o.y) = (10— 0lle /ol ity £0, \o
e R ) .

Let (yi)1<i<n. € (R™)Ns is a sample of N target in R" and (v;)1<i<n. is a sample of N, approxima-

tions, let w; > 0 be quadrature weights.

The Mean Relative Error (RME) is :

Ns
MREEg(y,v) := Z w;RelErrg (v, yi)/ Zwi. (3.10)
i=1 i
In the uniform sampling case, this reduce to :
1 &
MREg(y,v) := N ; RelErrg(vj, y;). (3.11)

The Root Mean Square Error (RMSE) is their average L2-norm over the sampling :

N
RMSEg pn (y,v) := 4| > wi g — villsgn /> wi. (3.12)
=1 7

In the uniform sampling case, this reduce to :

N
1 S

RMSEs (Y, v) = 4 | 1 > " llyi — vill5 -
S =1
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B Test cases construction

1) Orthogonal modes
Let I = [0;7], P =1[0;1], A > 0.
We consider the function parameterized by p € P :

w(@ s p) = a1 (p)P1(x) + Aag () P2(z). (3.13)
Where we construct @1, ®o and o, as such that :

<ai‘aj>L2(IP) = (51‘]‘, (3.14)
Jpor=Jpaz =0
We want to force ®1 = sin /[[sin||y2(;y and @2 = cos/ [[cos||iz(p.

To force ®9 = \/g cos to be the 24 POD mode, we set A = 0.1 such that cos will represent exactly

1/100 of the total energy.
Note that

argmax o[l o0 () = {1, 2}
p€eSpan(P1,P2)
and
argmax |®(x)| = {g}, argmax |Po| = {0, 7}.

z€[0;7] z€[0;7]
Thus expect the EIM to select x1 € {O, T 7T} as first sensor locations, then choose xo = 5 if 21 # §
or xo € {0, 7} if z1 = 7.
2) Accelerating advection of a gaussian bump

Let I =[-0.1;1.1] = [a;0], P=[0;1] (P =1). Let s > 0.
We consider an accelerating advection of a gaussian bump :

1 x — u?)?
u(x ;p) = W exp <—(28'l;)> . (3.15)

We choose s? = 0.01 such that u(z = —0.1 ;4 =0) =u(z =1.1 ;u=1) ~ 0.
We expand the square to separate the coefficient from the spatial parameter :

@i = o exp (2 ) exp (24 exp (24
A  (2ms2)1/2 P\ ge2 ) P2 ) P g2

The middle part can be written with the power serie of exponential :

N———

o0 _pt Mann g2 o0
u([g 7/”’) = Z e 2s2 52nnl e 2s2 = Z an(u)qn(ﬂ?)
n=0 ’ n=0

2
The family of functions g, (x) := 2"e 3T is linearly independent. Thus (gy), is an infinite dimensional
family of L2(I). Hence the function u can not be represented by a finite dimensional basis, otherwise
there would exist a finite dimensional basis of L(I) that contains an infinite dimensional basis of L?(T).
We conclude that the numerical POD basis can have infinite dimension up to numerical precision.
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3) Burgers equation

This part collects an analysis of Burgers equation made during the internship that we did not have
time to try regarding the difficulties encountered on the advection case.

a) The continuous problem

Let Q =]0; 1[? be a space domain. Let I = [0; 1] be a time interval. Let v > 0 be a viscosity parameter.
Let 1,02 > 0 be small enough to respect Eq.(3.35), P C [1 — 151 + 1] x [0.1 — d2;0.1 + d2]. Let
p=(a,s) el

We note the initial condition ug as :

uo(@ ; 1) = s exP (_(3«’1 —a)? + (22 — a)2> |

2mo?

We consider the solution of the Burgers equation :

2
% + div (Z; (i)) —vAu = 0 in €,
Find u(-,- ; p) s.t w(z, 0) ~ wlmip) 9, (3.16)
u(zx,t) = 0 on 0f).

If v = 0, the expected solution is :

u(z,t) = up(x + up(x, y)t).

Since ug > 0 the solution is a advected gaussian bump along the line R E] from (zg,y0) = (a,a).

If v > 0, then the solution follow the same advection trajectory with dispersion of the energy.

b) Discrete equation

We rewrite this in variational form.

For u € L*(R*; H}(Q)) :
ou . (u? 1
N + div (2 (1>> —vAu =0

2
— Vv e H}(Q), <8u v> + <div <u (1)) v> — v (Aufv)2(q) =0
3t LQ(Q) 2 L2(Q)
i1~ (5 (0))
— v —(—= Vv + v (Vu|Vv)12q =0.
We discretize in time with finite difference using implicit diffusion and semi-implicit advection schemes:
n, n+1
U> — <u u G) ‘VU> + v (Vut! ‘VU>L2(Q) =0
L2(Q) 2 L2()

n, n+1
Do T ()7
12(0) 2 L2(Q)

We then use the finite element approximation for a FEM basis (®;); such that for all n, u™ =3 ul®;
and let v = @, :

= Yo € H{(Q), <

n+l _ ,n

n+1
dt

n

n+1 _ uﬁ
U>L2(Q) + 1/<Vu }VU>L2(Q) = <dt

— Vv e H}(Q), <u
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n+1
S H (@il @)) o + U (VR V) (3.17)
~\ dt L?(Q) L2(Q) '
n@z n-i-l(bi
=S ) gy + R 0w, L+ 9% (3.18)
N — dt R Q) 2 Ox oy '
L*(Q)
This being true for all j we expand the last term as :
0P, 8(I>
Zu”“ug <¢z¢>f + 5 > . (3.19)
ilj Yy L*(Q)
We define :
lolof 8<I>
Cij = <¢z¢z = +5 > 7 (3.20)
Y v
= Ciguf (3.21)
Thus the algebraic formulation :
(dtM5 +vK;s+ N(U”)> Ut = %MJU" (3.22)
(3.23)
We replace now u™ by its approximation U + ®a™
1 — 1 _
(dtM5 +vKs+ N(U + ®a” )) (U + ®a™) = MU + ®a”) (3.24)
1 — 1 — —
= <dtM6 +vK;+ N(U + @a”)) o = %M(;i)a” — (1/K5 - NU + @a”)) U.
(3.25)
1 — 1 — —
= (dt(I)TMa +vKs;+ N(U + @a”)) b = £M5<I>a" — (vKs — N(U + ®a™)) U.
(3.26)
We use Eq.(3.26) as the algebraic formulation of the PDE solver.
This formulation is stable under a CFL condition :
n+1 n n, n+1 1
VUGH19,<u v> + v {(Vu" Vo —<uv> +<uu <>Vu>
0( ) dt L2(9) < } >L2(Q) dt 12(0) 2 1 L2(Q)
(3.27)
n+1 n n, n+1
n+1 u n+1 n+1 n+1 u n+1 uu 1 n+1
= \% \% =(— \Y%
v :< at |" >L2(Q) +u(Vu Ve ) <d,t v >L2(Q) * < 2 (1)} v >L2(Q)
(3.28)
un+1 —um 1 12 ununJrl 1 1
—|u" " = " . 3.29
= < pm u >L2(Q) +v||Vu HLZ(Q) < 5 <1> ‘Vu >L2(Q) (3.29)
(3.30)
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39 3) Burgers equation

We use the following equality :

un+1 _ un n 1 n 2 n n nll2
<dt ! +1>L2(Q) N 2dt (Hu +1HL2(Q) —lu HiQ(Q) + H“ T HL%Q)) ’

It gives the following estimate :

1 n 2 n n nll2 n 2 unun—H 1
2di (e 2y = N1 2y + [ = 6| [Fa gy )42 | V™ Loy = <2 <1>

vunJrl > .
L2(Q)

(3.31)
Then we focus on the nonlinear term of the right-hand side. Suppose u™ € L*°(Q) :

ununJrl 1 v il B unun+1 1 T o _—
2\ g 2 1 Y
@) L2(Q)

1, . n 1
5 [ ey ([0 2 <1> B2
———

IN

HVU”HHLQ(Q), Cauchy-Schwarz [BRE11]

,O0

=1

1 n n n
< (M ooy +1HL2(Q>) (Vo190 g

< — || n||L<>° Q) HUH—HHL )y T I/ HVU”+1HL2 Young’s inequality [BRE11].

Thus we have the following inequality by inserting the last line to Eq.(3.31) :

1
i (1 Bz = 1 sy + 1 = gy + #1197 [y (3.3
1
< o I ey [ P2 + VHW"“HLQ (3.33)

We rearrange the result :

dt v
[ s <1 W ||U”||i°°(sz)> + 5 1V ey < 2y = [0+ = llizq0)-

0< <0

Thus we have the following estimate linking [|u"(|;2(q) and Hu”HHLQ(Q)

nt1(2 dat . .2 "
Hu*Wgﬁ(lnummm)snuﬁﬂm. (3.34)

This estimate prove the scheme is stable under the condition :

dt
01— 2 g
= D g <1
N dt(;j) a3 @ < 1, inverse discrete inequality [AG21].
Note that if "

ey < 1.

then
Hun+1HL2(Q) < HunHLQ(Q)
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B TEST CASES CONSTRUCTION 40
Thus the CFL condition in essential supremum norm ||-||; e is :
dt | o2
2% [ HLOO(Q) <L (3.35)
And the L? CFL condition is : (d2)?
dt d.’L’ 0112
e [y < 1 (3.36)
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