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Abstract

The ensemble Kalman filter is nowadays widely employed to solve state and/or parameter
identification problems recast in the framework of Bayesian inversion. Unfortunately its cost
becomes prohibitive when dealing with systems described by parametrized partial differential
equations, because of the cost entailed by each PDE query. This is even worse for nonlin-
ear time-dependent PDEs. In this paper we propose a reduced basis ensemble Kalman filter
technique to speed up the numerical solution of Bayesian inverse problems arising from the
discretization of nonlinear time dependent PDEs. The reduction stage yields intrinsic approx-
imation errors, whose propagation through the filtering process might affect the accuracy of
the identified state/parameters. Since their evaluation is computationally heavy, we equip our
reduced basis ensemble Kalman filter with a reduction error model based on ordinary kriging
for functional-valued data, to gauge the effect of state reduction on the whole filtering process.
The accuracy and efficiency of our method is then verified on two numerical test cases, dealing
with the identification of uncertain parameters or fields for a FitzHugh-Nagumo model and a
Fisher-Kolmogorov model.

1 Introduction

The solution of inverse and uncertainty quantification problems involving systems modeled by
partial differential equations (PDEs) is computationally demanding. In this paper we develop an
inversion technique that combines the reduced basis (RB) method and the ensemble Kalman filter
to solve state/parameter identification problems for large-scale nonlinear dynamical systems arising
from the discretization of nonlinear time-dependent PDEs. The parameter vector u € P C R? can
characterize physical or geometrical properties, or again boundary conditions and forcing terms.
In this context, we are interested to identify the value of p (in a sense to be made precise) which
has generated a set of noisy measurements of an output s, () € R?, provided by a linear function
of the PDE numerical solution uy(t; ) corresponding to p at time ¢. The pedix h typically refers
to the gridsize; for small values of h, we deal with large-scale inverse problems whose solution is
computationally intensive. On the other hand, the distinction between state u, and parameter
variables p requires a suitable extension of the techniques usually exploited to face this kind of
problems. Following the Bayesian approach, both parameters g and outputs s, are modeled as
random vectors. In this setting, starting from the observation of the noisy outputs sy, the inverse
problem of state/parameter identification consists in finding the posterior distribution of [w,up]”
by combining the prior distribution and the likelihood of the measurements set, encoding the
information on the forward problem (see e.g. [37, 38]).
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If the forward problem is given by a dynamical system, the posterior distribution usually results
from a sequential update, which combines at each step along the time interval the knowledge on the
estimated parameters (until the current step), together with the most recent update provided by
the solution of the forward problem through a new output evaluation. Due to the nonlinearity of the
map p — sp (), the resulting posterior distribution cannot be written analytically; its computation
is typically based on sampling techniques, such as Markov chain Monte Carlo (MCMC) methods
[15], however, this requires an extremely large number (order of 10° — 10°) of evaluations of the
forward problem solution.

For time-dependent problems, alternative approaches like the Bayesian Kalman filters have been
developed in order to provide less expensive approximations of the target distribution [21, 24].
The basic Kalman filter sequentially produces an estimate of the mean and covariance of the
unknown quantities. In its canonical formulation, it requires the random vectors p and s, to be
normally distributed, and the forward map g — sp () to be linear with respect to the parameters.
Since these assumptions are seldomly matched, suitable generalizations known as approximated
Kalman Filters are exploited. In particular, we focus on the Ensemble Kalman filter (EnKF), which
combines the filtering approach with a suitable sampling strategy: the distribution of [, u]? is
then represented by a finite ensemble of vectors which are advanced in time according to the
Kalman updating formula.

Since the EnKF also requires repetitive evaluations of solutions (and outputs) of the nonlin-
ear dynamical system, solving an inverse problem in this context still represents a computational
challenge. The cost of the inversion procedure can be considerably reduced by approximating
the dynamical system through suitable surrogate or reduced order models (ROMs), see e.g. [1]
for a survey of these techniques. In this work we exploit the RB method [33], relying on (i) the
proper orthogonal decomposition (POD) technique for the basis functions construction and on (ii)
hyper-reduction techniques, such as the discrete empirical interpolation method, for the efficient
evaluation of the nonlinear terms involved in the forward problem [26, 3, 31]. Recently a great
effort has been devoted to the reduction of computational complexity entailed by inverse prob-
lems dealing with PDE system. For instance, ROMs have been exploited both within MCMC
[12, 11, 27, 4, 16], and Gaussian filtering [35, 5, 19] techniques to tackle state identification prob-
lems more efficiently. ROMs have also been considered in conjunction with approzimate Gaussian
filters for the sake of state estimation [18] and state/parameter estimation [25, 30]. With respect
to already existing approaches, in this paper we develop for the first time a reduced basis ensemble
Kalman filter (RB-EnKF) for the solution of state/parameter identification problems governed by
nonlinear time-dependent PDEs. In this field, a computationally attractive alternative is repre-
sented by polynomial chaos expansion, a non-sampling-based method for uncertainty propagation
in dynamical systems; this also has been applied for the efficient construction of approximate
Gaussian filters for the sake of state estimation [32, 7| and state/parameter estimation [34].

When a full-order (or high-fidelity) model of the forward problem based on an approximation
technique such as the finite element, finite volume or spectral methods, is replaced by a ROM, the
propagation of the reduced-order approximation errors during the inversion procedure could lead to
biased estimates of the unknown state/parameter [27, 18]. In order to enhance the accuracy of the
inversion process when relying on very efficient (but very low-dimensional, too) ROM, we develop a
statistical error model, to be included in the RB-EnKF to correct the bias on the output evaluation.
Acting as a calibration of the reduced-order input/output map, this reduction error model (REM)
can be obtained through a kriging interpolation procedure, thus extending a technique previously
introduced in [27] to the case of forward problems described by unsteady PDEs.

To the best of our knowledge, this is the first investigation on the effect of the ROM accuracy
during the filtering procedure. Our analysis shows that in the case of complex forward PDE
problems, the ROM dimension could be significantly large for the sake of accuracy of the inversion
procedure, thus yielding a dramatic loss of computational efficiency. On the other hand, equipping
our RB-EnKF with a REM aims at improving the reliability of state/parameter identification
problems also in those cases where the ROM has small dimension. The error analysis represents
another original contribution of this paper: by adopting the perspective of functional data analysis,
we are able to provide an efficient prediction of the propagation of the error on the estimated
quantities.



The paper is organized as follows. In Sect. 2 we provide a general formulation of the class of
problems we are interested to, whereas in Sect. 3 we introduce the ensemble Kalman filter, outlining
the whole algorithm for state/parameter estimation. In Sect. 4 we exploit the RB method to solve
nonlinear dynamical systems efficiently, and derive a RB formulation of the EnKF. Some theoretical
results are also proven in order to carry out an a priori error analysis on the estimated quantities,
with respect to the increasing accuracy of the underlying RB approximation. In Sect. 5 we
introduce the kriging-based reduction error model, we incorporate it into the inversion procedure,
and we provide an analysis of the estimation error with respect to the uncorrected RB-EnKF.
In the last section, we present some numerical results exploiting the proposed procedure for the
identification of unknown parameters or random fields when either a FitzHugh-Nagumo or a Fisher-
Kolmogorov model is considered.

2 Problem formulation

In this section we introduce the class of problems we focus on, and recall some basic notions on
the Bayesian approach instrumental to set up the whole framework. For the sake of simplicity, we
directly deal with the algebraic formulation of the full-order model (FOM), obtained by a finite
element approximation of the forward problem.

2.1 Forward problem

We consider as FOM of the forward problem a map assigning to any p € P C R% an output vector

T
sn() = / Hu, (1 p)dt € R, (1)

where u;, = u,(t; ) is the solution of a nonlinear parametrized dynamical system, arising from
the spatial semi-discretization of a nonlinear parabolic PDE, under the form
Buh
{M(u)at + A(p)un + N(wsip) = fu(tp),  te (0,7) @)
uy, (0; p) = uo;

H € R¥*Nn encodes the observation (linear) operator, M(u) € RM»*Nn the mass matrix, f;, € RV
the data of the PDE problem (source term and boundary conditions), A(u) € RN»*Ne and
N(;p) € RN% a parametrized linear differential operator and a nonlinear operator respectively.
Problem (2) arises e.g. by applying a Galerkin-finite element (FE) method relying on a finite-
dimensional space X C X of (possibly very large) dimension dim(X}) = Np; X = X (2) denotes
the functional space where the continuous problem is formulated, whereas 2 € RP, p =1,2,3, is
the spatial domain; A is a parameter related to the mesh size of the computational grid.

Given a partition (t(),t+1), £ =0,..., N, — 1 of the time interval (0,7 into N, subintervals
of length At, we adopt the implicit Euler method for the time discretization, thus solving

M M
R R ST

u)) = uy.

3)

To solve the nonlinear problem in (3), we rely on the Newton method as follows: at each time step
£=1,...,N;y — 1, while ||&},|| < tol, we solve

Juy el = v ™), ufh=u Ve, =1,

ey (4)
being ug@}gl) = ug) and tol > 0 a fixed small tolerance. The Jacobian matrix J and the residual

vector r of the problem (2) are respectively given by



M
J(v) = A(QL) + A(p) + In(v;p) € RVw>* N

M(p)

v u)) — A(u)v - N(vip) e RV,

r(v) = £, ) —
being Jy € RN» XNk the Jacobian matrix of the nonlinear term N.

Since the state/parameter identification problem is performed sequentially over the time interval
(0,T), we need to evaluate the output (1) at various time steps instead than only once. Hence,
we introduce a coarse partition of the time interval (0,T) into N, windows (7(*), 7(*+1)) of length
AT = KAt, with k = 0,...,N, — 1 and K > 1 (a sketch is reported in Fig. 1). Therefore, we
consider as outputs over each window (7(*), 7(*+1)) the values

Aot D) K (k+1)
sgﬁ_l)(u) = / Huy, (t; p)dt ~ AtH Z weuy, (95 ), k=0,...,N,—1, (5)
T =Kk

where wy, £ = Kk,..., K(k+ 1) are weights depending on the chosen quadrature formula.

£(0) F() o) +3)

[ » n »
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T

Figure 1: Example of partition of the time interval in windows of length A7 = KAt, K = 4.

Remark 1. An alternative choice for the output vector is given by the measured values at each
t =700 e

S2k+1)(u) _ Huh(T(kH);“) k=0,...,N. —1. (6)

However, this choice provides less information than (5), thus affecting the estimation accuracy.
We only use the outputs given by (6) when providing a detailed derivation of the Kalman update
formula in the Appendix A, for the sake of simplicity.

2.2 Inverse problem

We formulate the problem of estimating p* € P ¢ R% and u* € X, from noisy data {SU‘C)},ILT1 €
RN7%5 as a Bayesian inverse problem (BIP). The solution of the BIP is given by the posterior
probability density function (pdf) mpest : {P, Xp} x RN7*s — Ra' of the parameters pu* and the
state u* given the noisy data {s(k)}k;r Thanks to the Bayes theorem, we can express Tpos; as

e (] 902) e (s [ e (2]

being mprior : {P, Xn} — Rar the prior pdf of the parameters, m : RN7*% x {P X} — Rar the
likelihood function and 7(s) a suitable norming constant, which does not affect the inversion step.
We consider the (rather classical) additive noise model:

S(k) = Sglk) (IJ’) + €noise) Vk = 1’ trt NT (8)

where we assume that the noise is modeled by a gaussian random variable €05 ~ N(0,T).

Due to the nonlinearity of the forward map p — s, (), a closed form for the posterior distribu-
tion 7ot cannot be obtained; instead, sampling methods like MCMC techniques are exploited to
approximate mpost. Nevertheless, for the case at hand, the computationally expensive solution of
the nonlinear dynamical system (3), required to evaluate sp(u), would make MCMC-based inver-
sion extremely inefficient. A more feasible option is represented by Bayesian filtering techniques,
which are well-suited for the sequential estimation in the case of BIPs featuring nonstationary for-
ward models. The aim of a filtering technique is to sequentially approximate the posterior pdf of
(p, 1) through a sequence of pdfs {7((’9)}221, given the measurement vectors {s(k)},ivz*l, exploiting
an update algorithm based on the following prediction-analysis procedure at the generic step k:



1. Prediction stage: at step k, given

(k) ({ /(‘k)] s(k)>7
u,;,

compute ugﬁl) = uy, (7(F+1): ) by solving (3) on the window [7(®), 7(*+1)) with initial datum
uy,(7(%)-), to obtain the prior for the k 4 1 step
S(k)) ;

(k) K
“ (|ufo]

then, compute the corresponding output sgﬁ_l) and evaluate the likelihood

(][] ) = m i et TR ), )

assuming that €, is normally distributed.

2. Analysis stage: update the posterior distribution according to the Bayes theorem:

(k1) o gk - L <k+>‘ (k) B k) 1
0 (ugfn|s40) = e (40 o] ) = (o] [+) 00

where the prior mprior = 7(%) is nothing but the posterior evaluated at stage k.

At the end of this procedure, mpost = 7N+ is the solution of the BIP. In order to efficiently update
{ﬂ(k)}é\f;p it is necessary to consider specific Bayesian filters, known as Gaussian filters, which
assume the noise to be Gaussian and the output s;, to be linear with respect to p (see e.g. [22]).
Since the map g — sp(p) is usually not linear, suitable approximations must be introduced to
handle more general cases. Among the approrimated Gaussian filters, we consider the ensemble
Kalman filter, which takes advantage of a randomly generated sample to successively approximate
the distribution of {ﬂ'(k)}i\il. In the following section we recall the basic features of this technique,
a more detailed overview can be found e.g. in [8, 20].

3 Ensemble Kalman filter

The ensemble Kalman filter (EnKF) is a recursive filter, based on the original Kalman filter, widely
exploited in data assimilation and forecasting, see e.g. [9, 17, 34]. This method is based on the
idea of updating an ensemble of particles using the prediction/analysis procedure introduced in the
previous section. In our case, by ensemble of particle we mean a sample of N, parameter vectors
k k) Ne _
P = (e k=1, N,
where /,sz()] denotes the value of a parameter vector u;, , at the k —th iteration, and the associated
ensemble of N, state solutions

Z/l(k) {u(k)(u), uE’P;(Lk)}, k=1,...,N;.

Moreover, let us introduce, for any kK =1,..., N,, the sample mean vectors
—(k k _(k 1 k —(k 1
u,” = Yooulw, sV =x Y s, m = Y w11
N Ne Ne
nep Y pep pepy

the sample covariance of the outputs

1 k _(k)\, (k _(k sxs
Ch =57 > 6w -5 -5 e R (12)
‘ ueP,Skfl)



and the sample cross-covariances

1 (o k _(k s
Cit =7 2 (—m*) s (1) )" e RV, (13)
¢ uEPflk_l)
1 k —(k k —(k s
Clh =7 2 @ -w))s () )" e RV (14)
¢ MEP,(,’“_”

All these quantities will be used in the following to characterize the updating formula of the Kalman
Filter. Hence, starting from the initial ensemble {P,SO),Z/[}(LO)} sampled from the prior distribution,
the prediction-analysis procedure of the EnKF is given by the following two stages recursion:

1. prediction stage:
ng'H)(u) of the forward problem over [r(F) 7(k+1)) by solving (3)
with initial datum uﬁlk) (pn) € U®) | and the relative output sgﬁ'l)(u) for each p € P,Slk);

e compute the sample means ﬁgfﬂ), §§Lk+1)

. E+1 . k+1 E+1
e compute the sample covariance Cghifh ) and the cross-covariances C,(ihth) and Cg,i;h).

e compute the solution u

and m™®);

2. analysis stage: update the state/parameters ensemble by taking advantage of the new infor-
mation from the prediction stage, through the following Kalman formula:

§Lk ) /“L;,kq) Cﬂ(khS ) T (k4+1)\—1/4(k+1) (k+1) (k)
1 4 - ) + o ( +C ) (S — S ([L )) (|5)
k+ k+1 k+ k k+ ShS )
u;], )(IJ’EL,Q )) u;z )(IJ’EL,(I)) 7(L}LS}L) e g o

foreach ¢ =1,..., N,.

Note that even though the algorithm is derived under Gaussian assumptions, the ensemble is not
prescribed to be Gaussian as it evolves under nonlinear dynamics. Then, at each iteration we
estimate the unknown parameter vector by computing the sample mean fi;, = 1;, and compute
an empirical confidence region from the updated ensemble P}(L’H_l). For a formal derivation of the
EnKF algorithm see Appendix A, while for further properties and results, see e.g. [2, 23, 6]. A

detailed description of the procedure is reported in Algorithm 1.

Algorithm 1 Full-order Ensemble Kalman filter procedure

1: procedure ENKF

2 Initialization

3 {Pﬁo),u,io)} <+ sampling N, particles from mprior

4 fork=0:N,—1do

5: Prediction stage:

6 for [p2,ul” ()" € (P, UM} do

7 ugvﬂ)(u) < solve forward problem (3) with initial datum ugg)(p,)
8 compute means ﬁ;k+l),§§f+l), and ﬁﬁlk) by (11)

9 compute covariance Cg’f;i) by (12)

10: compute cross-covariances CSJjjg,{) and Cfﬁ,;i) by (13)
11: Update stage:

12: for [p] € {P}(Lk)} do

13: update each state/parameters particle using (15)

4 Reduced-order model

Even if the sequential update through the EnKF requires, at each step, the solution of the forward
problem on the window [T(k), 7+ for each particle in the ensemble, the large size of this latter
entails very large computational costs. The nonlinear nature of the forward problem makes the



whole estimation process even more challenging. For these reasons we rather rely on the RB
method for the fast evaluation of the prediction stage, taking advantage of a further hyper-reduction
procedure based on the (discrete) empirical interpolation method for managing nonlinear terms
more efficiently.

4.1 Reduced basis method

The RB method is a projection-based ROM which computes an approximation u, (¢; p) of uy(¢; p)
(as well as an approximation s,(p) of the output s,(u)) by means of a Galerkin projection on
a reduced subspace X,, C X} of very small dimension n < N (see e.g. [33] for a detailed
overview). Here we construct such a space by means of the proper orthogonal decomposition
(POD) technique. This latter selects as basis functions the first n singular vectors (corresponding
to the largest n singular values) of the snapshot matrix, whose columns are given by the full-
order solution uy, (t); ), computed for each time-step t®, ¢ =1,...,N; and a large training set
K € Strain = {my,...,py,, ., }- Given the matrix V € RNX™ which collects the basis functions,
we approximate the full-order solution uy(¢; ) ~ Vu,,. By projecting (2) onto the space generated
by the columns of V € RV X" we obtain: find u,,(¢; u) € R™ as the solution of the following reduced
nonlinear parametrized dynamical system:

{Mn(u) 5 AR+ VIN(Vu,;p) = £,(t; ), t€(0,7) (16)
u, (0; u) = VT,

where the reduced arrays are given by
M, () = VIM(pn)V,  A.(p) =V A(u)V, f, =Vt

Proceeding similarly to the full-order case concerning time discretization, the implicit Euler
method applied to (16) yields the following dynamical system:

M,
( (tu) An(u)) a4+ VIN(VaH; )
= 7"(#) ul® 4+ £, (D ), £=0,....,.N,—1 (17)

u; = Ug.

Due to the presence of the nonlinear term N(-; ), we use the Newton method as follows: while
|0, || < tol, we solve

Tu(w e, =ra(a), il =8, =1 (1)
with ugf 31) = ul. The reduced Jacobian matrix J, € R"™ " and the reduced residual vector

r, € R" of the problem (17) are

M
Jn.(v) = Z(tu) + A, (1) + VIIN(Vv; ), v e R",
and M, (1)
n{H
ry(v) = fn(t(e+1)§ n) — Tt(v - ugf)) — A, (p)v — Ny (v ),

respectively. For the ROM output evaluation, we consider the integral of the reduced output vector
over each interval (7(®), 7(*+1)] that is

F (D)

Sglk—H)(I'L) - / H,u,, (8 p)dt, Vk=0,....N- -1,
(k)

where the reduced output operator is defined as H,, = HV € R**™. As a consequence the additive



noise model (8) is now replaced by
s+ — g+ (1) g Vk=0,...,N; — 1.

The efficient evaluation of the reduced arrays appearing in (17) as time and parameters vary
is still a challenging task in order to achieve an efficient online evaluation of a ROM when dealing
with nonlinear (and/or complex nonaffine) terms. Indeed, under the assumption of affine paramet-
ric dependence, those arrays can be expressed as the finite sum of products between p-dependent
functions and p-independent operators [33]. In nonaffine cases, an (approximate) affine approxi-
mation can be recovered by means of the empirical interpolation method (EIM), see e.g. [26]. For
instance, given a nonaffine operator A (u), the EIM approximation reads

MEIM

A(p)~ > Bi(p)A
j=1

where for any p € P, the coefficients {3;(p)}75" are evaluated by solving a linear system of

dimension mgm X Mg, arising by the imposition of mgny interpolation constraints over a set of
mpm magic points selected according to a suitable greedy procedure (see [26]). Given this approx-
imation, the reduced operator can then be obtained by projecting each p-independent operators
A7 that is,

MEIM

Au(p) =Y Bi(wAL, A, =V'AIV.
k=1

In this way, computations can be decoupled into an expensive p-independent offline stage and
a very inexpensive p-dependent online stage, to be performed several times during the inversion
algorithm. Unfortunately, when dealing with nonlinear operators, evaluating VI N(V-; u) would
also depend on the FOM size Ny, and therefore still very expensive. To overcome this problem, the
(discrete) empirical interpolation method (DEIM) can be exploited at each iteration of the Newton
algorithm to handle the u-dependent nonlinear terms efficiently, as proposed in [3] and further
discussed in [31]. In particular, the DEIM approximation of a nonlinear operator N : RV» — RVx
is given by

N(up; p) = Z cj(un; p)gj(x),
j=1

where the coefficients {c;},;'°, can be computed at each iteration by solving a linear system of

dimension mp x mp. In particular, by defining the basis matrix U = [¢1, ..., ¢mp] and the index
matrix P = [e;1,...,€imp], We get the following reduced approximation of the nonlinear function

N(u,) ~ VIU(PTU) ' NP Vu,; p) .

nxXmp mp X 1

In the case of the implicit Euler method, also the Jacobian Jx has to be assembled efficiently at
each Newton step. For the case at hand, we can directly differentiate the previous formula, yielding

In(u;p) =~ VIUPTU) LI (PTVu,; u) PTV.

mp Xn

nxXmp mp Xmp

Alternative solutions can be obtained by considering an extension of DEIM for sparse Jacobians,
known as matrizc DEIM; see also the related discussion in [31, 36].

4.2 Reduced basis Ensemble Kalman filter

Given a suitable ROM for approximating the solution of the forward problem, a reduced-order
EnKF can be obtained by replacing the full-order output evaluation with the reduced-order one.
Since we have adopted the RB method, we will refer to the resulting procedure as to the reduced
basis ensemble Kalman filter (RB-EnKF). We define the ensemble of N, parameters as

Pr(Lk) :{lu'(k) e :ZC:O,...,NT,

n,qfq=1>



and the associated ensemble of reduced state solution
UP = {u,(n), peP®},  k=0,...,N,.

Consequently, we also compute the means (11), the covariance (12) and the cross-covariances (13)
by relying on the reduced-order quantities. Hence, starting from the initial ensemble {’P(O) 7(10)}
directly sampled from the prior, the RB-EnKF can be built with a two-stage recursion, similarly
to what we did in Section 3:

)

1. prediction stage:

e compute the reduced solution u'"™ of the forward ROM (17) on the window [r(*¥), 7(k+1))
with initial datum u(k)( ) € L{,(Lk), and the relative output s(k+ ) for each ne P(k)

e compute the sample means u(k'H) sgfﬂ) and u%’“);
e compute the sample covariance Csf;l ) € R**5 and the cross-covariance matrices Cffi)sn €

R¥*s and Cg’ifgi € R™"*s using formulas (12)—(14) by substituting sj, u;, and P;(Lkil)

(k—1)

with s,, u, and pF , respectively;

2. analysis stage: update the state/parameters ensemble through the following reduced Kalman
formula:

phia Y criy (b =1 (k1) (k+1) [, (k)

n,q n,q HnSn —

k k = k k + k (:I'—‘<i>cjs77s77 ) (S — Sy (u'n, ))a (19)
ul ()| [l ()] | ClEY ‘

foreach¢g=1,..., N.

In this way, we are neglecting the error between the ROM and the FOM, which nevertheless
might affect the accuracy of the inverse problem solution, as shown in the following section.

4.3 Effectivity of the RB-EnKF

We now want to prove that the solution of the inverse problem given by the RB-EnKF converges,
as long as the ROM dimension increases, to the one which would be obtained by relying on the
full-order EnKF. For that we compare the resulting state/parameters ensemble {P(NT),U(NT)}

with the reduced ones {Pn ™) ,Un, (N-) }, for any dimension n. To this goal, let us denote by

® _ (k) (k) fk)
e — " , k=1,...,N, —1,
(k) uﬁlk) vial

the error between the means [u(k) Vu(k)] and [ﬂzk), ﬂ;bk)}T

bles. Then, let us denote by

computed over the respective ensem-

k
W =B ) A® =+ e, )T,

being || - || the Euclidean norm. Then, at each step we can bound the error e(*) as follows.

Theorem 2. For any 0 <n < Np, k=1,...,N,, the following relationships hold:

k k k
el < le®=D ) + 5 st — 5P| + cfe®), — P, ||+ HIe®, — ekl |, (20)
k k k k
el < Jlel* = + s —sE V| 4 P e®,, —ve®, ||+ dHc®, — e, ), (21)
where
k k k k k
cL,i=v§L(;)||cL{%,H, . &) =491, 1,
*) 5 () Cn2=C2="" ||S((k) §£LIZL|)|
M3_’y7(l P)/h HCHnSnHRdX" (k _gnk ||7 Cu,3 Tn /yh)”VCunén”HS(k) g’ELk)H



Proof. By averaging over the sample P of (15), we obtain the following update equation for the

estimate [fi),; tn]

~ (k [~ (k—1)] [ ~(k
M() N( ) c®

h _ h KR Sh (k) =1/ (k) _ <(k)
= _ + '+ C; s s; ).
ﬁgbk) ﬁzk 1) _Cg;)sh_ ( Sh h) ( h )

By doing the same on (19) we have

[ & )] [ (k—1)] [k ]

e Chnsn (k) \—1(k) (k)

R = | (k-1 | Tt r'+cC s\ —8,").
uglk) llglk 1) CT(LIZ)Sn ( Snsn) ( n )

By subtracting (23) from (22), we can express e*) = e(*~1) 4 egk) + egﬁ), being

® _ | Cihsn k) \=1/=(k) _ =(k)
e = | " (T+Ck,) (507 —58,7),
Up Sh
(k) (k)
® _ [ |Cinsn (k) -1 Cisn k) y=1 | o) _ <(B)
e;; = r+cC,s - r+cC s —8y, ).
i ( N e R RSO R ) L
Then, the following error estimates hold
k k) 1=(k —(k k k k
lef)ll < efialIsh? =il el =7 ICH,
k k) 1=(k —(k k k k
eIl < eI =il el =l I,

respectively. On the other hand, by adding and subtracting in (24) the quantity

ot

nSn

(k) \—1
velb, | FTCae)

and rewriting the expression (24) as eﬁ) = egk) + egf), with

(k) (k)
@ _ [ [Cupsn Clisn k) \—1,.(k)  =(k)
e: = r + Cs s S - Sn ]
0= (|- [V ) @ ot s
(k) C&’ifsn (k) -1 (k) =1\ (k) _ (k)
i (k) ((F + Csnsn) - (F + CS;LS;L) ) (S —Sn )7
VC.i/s,
we have
k k k k k k k —(k
le)| < cMled,, — Bl =71 —s®)),
k k k k k k k —(k
e < cFled,, —vel, 1 e =PI —sP)).

By applying the Sherman-Morrison-Woodbury Formula (see, e.g., Sect. 2.4 in [14]) we have that

(C+Cil,) " - @+ el =@+l - el )@+ e,
and, consequently,

)T < AEIROICS, -

ShSh 5n5n||7

0+, ) — (@ + )

ShSh
whence the following bounds hold for e

He(k) H < C(k) ||C(k) —Cc®

i, .3 ShSh snanv

lely | < e, — e

sisn = Cononll

Finally, by combining (25), (26), (27) and (28), we obtain (20)—(21).

(22)

(24)

(25)

(26)

(28)

O

In order to obtain accurate state/parameters estimates when employing our proposed RB-

EnKF, we thus require the ROM to be able to generate similar means Eg“)(u) o~ §§Lk)(u) and

similar covariance matrices Cgi)sn o~ Cé’f}sh and Cgi)sn ~ Cffffsh, for each £k = 1,..., N, to the

ones which would have been provided by the FOM.

As a matter of fact, from the previous proposition we can also prove an asymptotic consistency
property, ensuring that the state/parameters estimated through the RB-EnKF converge to the

ones estimated by the full-order EnKF, as soon as n,mp — Nj.
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Corollary 3. By assuming that for any RB dimension n = 1,..., N, and DEIM dimension
mp =1,..., Ny, there exists € (n,mp) > 0 such that

lug? (1) = Vol ()| < €O (n,mp),  VE=0,...,N, YueP
and €9 (n,mp) — 0 for n,mp — Ny, then it follows that

i, — f,] =0 Vi, —a,| — 0 for n,mp — Ny,.

Proof. Since the outputs s;k)(p,), sslk)(u) are linear with respect to the solution u(t; p) of the dynamical

system, it follows that, for any p € P,
I8 () — s () || < At|H]|| > “(n,mp)  Vk=1,...,N;. (29)
K(k—1)<t<K(k)

Since the means and the covariance matrices of the quantities of interest are evaluated on different subsets
P}(Lk) and Pflk) for each k =1,..., N,, let us denote by

_ 1
= Y s,

e ¢ —
;LEP}(Lk B

(C ) =57 2 670w =GR (1) - 6)e,)"
‘ ;LGP,(kal)

the mean and the covariance of the reduced output over the full-order ensemble Py, respectively. Then,
we can control the difference between the output means as

e e e R P R (G Pl
so that, by averaging (29) with respect to Pp, we bound the first term as

52 -~ el <agB] ST Ommp)  Vk=1,...,N..

K(k—1)</<K(k)

Similarly, the difference between the covariance matrices can be bounded as

Hc(k) _c® )Ph - Cgi)sn)u

ShSh SnsSn

I <|c®,, — (P

ShSh SnSn

)Pl + II(CE3)

SnSn

where the first term can be bounded as

e, — (€ )pll<c® > Dmmp)  VeE=1,...,N,,
K(k—1)<t<K(k)
where

B =aAt max (|Ist () — 57| + (I (1) — 5,
pepk—1)

being, for any couple of random vectors x = [x1,X2],y = [y1,¥2],
[Cxryr = Crayall < (llyr = ¥ull + [lx2 = X2l [)(Ix1 = x| + %1 — X2l + [ly1 — y2ll + 71 = ¥lD),

where Cyy denotes the cross-covariance matrix between x and y; see e.g. [6].

Provided that Péo) =P and assuming that ¢ (n,mp) — 0 for n,mp — Ny, we have that
—(k —(k k k
||Sl(1 ) (S% ))Ph ” =0, ||Cgh)sh - (an)sn)Ph, H — 0, k=1,...,N:

and, consequently,

16 )P, =522l =0, I(CEk )P, = CELINI =0, k=1, N,.
In the same way, we can conclude that ||C1(ﬁhti) — Cgfj;?)” and ||C,(fhﬁi) — Cgfj;?)” are also controlled by
O (n,mp), £ = Kk, ..., K(k + 1), thus yielding the fact that the right-hand sides of both (20) and (21)

go to zero in the limit n,mp — Np,. O
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5 Reduction error model

Using a ROM to evaluate the output of the forward PDE system greatly reduces the cost entailed
by the solution of the whole Bayesian inverse problem. Indeed, by simply rewriting the additive
error noise model (1), we get

s(k) — S%k)(“*) i (Sglk) (u*) — S%k)(u*)) T Enoices Vk=1,...,Ny; (30)

hence, if the reduction error szk)(u*) — sslk) (pn*) is not negligible with respect to €pise, the RB-

EnKF might yield biased estimates. Therefore, we wish to introduce a statistical model for the
(k)

reduction error ey (1), over each window k =1,..., N, such that (30) can be replaced by
st = s®) () + ég%M(u*) + Enoise Vk=1,...,N; (31)

and the evaluation of the deterministic quantity sy (p) — s, (p), which would depend on the FOM
solution, can thus be avoided.

To compute an estimate of sg%M(uL which will be denoted hereon by ég%M(u) and to which
we refer to as reduction error model (REM), we rely on the curve kriging method, a weighted
interpolation technique for spatially-distributed functional data (see e.g. [13, 28]).

Let us denote by Scar = {1, .- .,NNW} a calibration set made by N, parameter vectors,
for which we need to determine N.4; queries to both the ROM and the FOM. We underline that
these evaluations have to be performed only once, after the ROM has been built, and before the
inversion procedure takes place. In particular, we can choose S¢q; such that Sirqin C Secq; SO that
we can take advantage of the snapshots already computed before running the POD, and ensure
not to overestimate the reduction e(rgor in those training points.

J

We assume each component {x;”"’(p)}, 7 =1,...,s, of the reduction error

Xt(y‘) = H(uh(t; H) - un(t; “)) €R?, le (O’T)

to be a functional random field, that is, a set of functional random variables indexed by p € P,
taking values in L?(a,b), with (a,b) C (0,T). For each j = 1,...,s, the curve kriging method
provides an estimate of the error over (0,7, for any new p, € P, as a linear combination of the
reduction errors computed for the elements in the calibration set S.,;, that is,

Neat
) = S ). Py gL

q=1
where the set of weights {)\((Jj )(uo)}évzc‘il are computed by requiring that )ng ) is the best linear
unbiased estimator of ng ), see Appendix B for a detailed construction.
Since we are interested to embed the REM into the Kalman formula for the sequential update
of the ensemble on each window [7(®), 7(F*1))we need to build a curve kriging predictor )A(gj)(u)

for each j = 1,...,s, on each window [r(*~1 7(*)) As a matter of fact, our REM is given, for any
ne pk) by integrating over [r(*=1) 7(*)) the kriging predictor, that is,

k)

it
~(k ~(k ~(J
i) s = [ P )

(k—1)

The corresponding trace-variances (see equation (49) and Appendix 2 for the definition of +; and
n)

Necai k)

o
o= > 2w [l wl) -
g=1 ™
allows to define the (diagonal) covariance matrix
(k) o (k) N
From(k) : (From)ij(k) = U%j)(ﬂ) (33)

12



. (k
The proposed REM thus yields an output correction ég%M and an additional contribution I‘;())M

to the Kalman gain — which have indeed to be evaluated for each k£ = 1,..., N, and upon each
ensemble particle — thus leading to the following corrected Kalman formula to update the ensemble

Pék):

(k+1) (k) (k+1)
He g _ He g Chicsc AL (k) (et 1)\ —1 o (k+1) _ (k+1) ¢, ()
’ = ’ + r+r pe)+Cie, s — S, e 34
|:ugk+1)( gkjl))] u§k+1>( gkg) ngtn ( roM ( ,q) -Sc ) ( ( ,q)) (34)

where sgk) () represents the corrected output, i.e.

~(k
P () =P () + 69 (w),  peP;

the sample covariance Cgclc and cross-covariances CLC)SC, ngc)sc are computed as in equations (12),

(13) and (14) by substituting s, up and ?,sk_l) with s, u, and P, respectively.
The use of our REM during the RB-EnKF thus only requires, at each iteration of the filtering

procedure, to solve s linear systems (see equation (45)) of small dimension (Ngq; +1) X (Near + 1),
to get the weights {)\gj)}év:“?l" for each output component j = 1,...,s. A detailed description of the
corrected RB-EnKF algorithm is finally reported in Algorithm 2. The components appearing in
the matrix and the vector of system (45) are evaluated using the so-called semi-variogram function,
which is fitted on the calibration set S.,; as shown in Appendix B.

Algorithm 2 Reduced basis Ensemble Kalman filter procedure
1: procedure RB-ENKF(+REM)

2 Initialization

3 {Péo),l/l(go)} < sampling N, vectors from 7prior
4 for k=0:N,—-1do

5: for j=1 : sdo
6.
7
8
9

sample the empirical semi-variogram {(8m,5(6m))}M_;, using (46)
fit the parametric semi-variogram model (47) on the sample {(3m,5(0m))} A _1

Prediction stage:
for [, u” (W)]” € (PP, UM} do

10: u,(ikﬂ)(u) < solve forward problem (16) with initial datum u,(p(u)
11: for j=1 : sdo

12: el (u) « solve linear system (45)

13: (f‘ggl\?)jj + evaluate (49)

14: s () = s () + £330 ()

15: compute means §£k+l>, ﬁgk“), ﬁ&kﬂ)

16: compute covariance Cg’jjj)

17: compute cross-covariances Cﬂfgf ), Cffcfcl )

18: Update stage:

19: for [, uglkﬂ)(u)]T e {PM} do

20: update each state/parameters particle using (34)

5.1 Effectivity of the proposed REM

We observe that the reduction error directly affects the quality of the likelihood function (9) from
which we have derived the updating formula of the Kalman filter (see Appendix A). By defining
the reduced likelihood as

7 _s _1 1
o (509 [ yfion] ) = @ICIDE exp{- G0 < 40,
and the corrected likelihood as

I _s (k)1 Lok :
e (504 [tben] ) = @m0 D10+ Bl exp{= 314 — sy

13



we can rely on the analysis provided in [27, Section 6] on the Kullback-Leibler (KL) divergence
between the likelihood function 7, m, and . at each prediction-analyis step k = 1,...,N,. To
this end, let us recall the notion of Kullback-Leibler (KL) divergence, which is a measure of the
difference between two probability distributions 74 and 7 p:

Drcslrallre) = [ maoyion (4 ) a:

In this case, we would obtain

1
DKL 7TH7TTL = 52

= Ly
and
s k1 k1 k1
Ly () =55 () — e ()]
DKL 7'('||7'l'c *Z
2 (k+1)
j=1 Tj; + (Crom )i (k)

F]J ( F]J > )
—1—log .
(k+1) - (k+1)
Lj; (FROM )i (1) L+ (Trowm )js(w)

Thus, in order to ensure that the KL divergence D (||7.) is smaller than Dg (7||7,), we require
that:

_|_

1. the REM correction is effective, that is

k k
Efls;” (1) — & ()] < Ellsp” (1) = sP @l VE=1,..., N, (35)
o (k+1)
2. (T'grow )jj is sufficiently small compared to I';;, j =1,...,s.

Note that by construction s;lk) (n) — st (w) = 0 and T'ron(p) = O for each pr € Seqr. Since the

noise is prescribed with a fixed covariance, the ROM and the REM construction can be suitably
performed in order to ensure both the previous assumptions.

Remark 4. Since the EnKF is based on a finite ensemble of particles, the distributions w, m,
and 7. are only approximated in the EnKF updating formula. It is sufficient to consider a large
ensemble in order to avoid the propagation of additional sources of error.

Note that the updating formula (34) could be derived using the corrected likelihood distribution
7. instead of 7 following the approach proposed in Appendix A. As a consequence, the updating
formula (34) is a good approximation of (15) if the REM is effective. Moreover, under the two
previous assumptions the corrected particle ensemble P(k) (and respectively Z/{c(k)) is considerably
closer to ’Phk) (U(k)) then P (U(k)). If we assume at each step £k = 1,..., N, to use as initial

datum (a priori information) the full-order ensemble P}(Lk) (Z/{,Sk)), it is possible to prove that

E[Dgr(n|x{?)] < E[Dxr(x®||m)]
where 7(%) flk) and 7Tck) denote respectively the full-order, the reduced-order and the corrected
posterior distribution obtained by substituting the respective likelihood function 7, m, and 7. in
(10); for further details see [27, Section 6.2].

As a matter of fact Eronm and f‘ROM depend on either the number of basis functions and on the
calibration set dimension. For this reason, in the numerical results we compare the errors ||, — i, |
and ||ft;, — fr.|| between the sample means and the errors between the relative covariance matrices
1(Cpp )2 = (Cpa, . )Y?|| and [|(Cp, i, )% — (Cp, . )Y/?|| over the ensemble obtained with
the full-order Kalman filter (P},), the RB-EnKF (P,,) and the corrected RB-EnKF (P.) on varying
the the number of basis functions and on the calibration set dimension.
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6 Numerical results

We present some numerical results exploiting the proposed RB-EnKF procedure for the identifica-
tion of unknown parameters/fields in a FitzHugh-Nagumo and a Fisher-Kolmogorov model*; the
dynamics described by those two nonstationary nonlinear diffusion-reaction PDEs involve traveling
front.

6.1 Test case 1

We consider the FitzHugh-Nagumo (FN) equations [10], which model the activation/deactivation
dynamics of an excitable system, e.g., a neuron or a cardiac cell. In particular, we consider the
test case proposed in [3]: given the parameter vector g = [u1, pa, u3)t, Vt € (0,T), find the couple
[u(t; p), w(t; p)], x € = (0,1), such that:

vug(t; p) = Vg (G p) + N(u(t; p)) —w(t;p) +po 2 €Q, t€(0,7)

wy(t; ) = pru(z, t) — yu(z, t) + pz z e, te(0,T)

ug(t; ) = —50000t3e 15 z=0,te(0,7) (36)
ux(t,u): z=1,te(0,T)

u(0; p) = w(0, ) =0 x €

we define a cubic nonlinear term N (u) = u(u — 0.1)(1 — u), and set v = 2,

(z — 0.6)2> |

€ =0.015(1 — p3) exp (— 004

The semi-discretized FE approximation of problem (36) based on a partition of  into 1024 elements
and linear finite elements yields an ODE system which can be written under the form (2). By
considering a time discretization based on N; = 800 time-steps and the implicit Euler method, we
obtain the dynamical system under the form (3). Then, we consider as output the vector

F(k+1)
k1) _ | [l un(t; w)|a=odt
Sh - F(k+1)

f'r(k') uh(tal'l’)|Z:1dt

The goal of the inverse problem is to estimate pu* from a noisy output measurement s = s, (p*) +
Enoise, With €poise ~ N(O,sz) exploiting the RB-EnKF procedure detailed in the paper and
comparing the results obtained with the full-order EnKF. We take a Gaussian prior, so that
JUAS N(”’priow Zprior)7 with:

eR? Vk=0,...,N,—1.

0.7 0.0004 0 0
/'l’prior = (0.07 ) Eprior = 0 0.00009 0
0.76 0 0 0.004

The discretized solution [uy, wp]T of the forward problem for the optimal vector of parameters p* =
[0.6331,0.0985,0.7197] is represented in Fig. 2. This is hereon considered as the true parameter
vector value, which generate the data s.
We first solve the inverse problem with the full-order EnKF starting from data measurements
with different noise levels, in particular by considering ¢ = 50y and o = o, with o9 = 0.033. By
looking at the behavior of the estimate fi;, in Fig. 3 for each component of the parameter vector, we
observe that a faster convergence of the estimate to the true parameter value during the inversion
procedure is achieved in the case of a smaller standard deviation (o¢ with respect to 50¢) on the
noise.

Next, we compare the solutions of the inverse problem obtained by varying the window length
A7 and the noise standard deviation (see Fig. 4) taking mp = 15 DEIM elements and n = [7,11, 15]
basis function on the RB approximation. As expected, the estimates improve if both the noise

LComputations have been run on a laptop with a 2,2 GHz Intel Core i7 processor and 8 GB of RAM.
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wy(z,t) for p = p*

e

up(z,t) for p=p

> 4 6 8
t
Figure 2: FE approximation of the forward problem for pu = p*.
M1 . M1 .
T — M T - M
0.75 M == ,ah 0.75 *-‘ —0= ﬂh
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0.6 >l | | | n
0 200 400 600 800
14 14

Figure 3: Comparison between pu* and {ﬂ;lk)}fcvgl for o = 50¢ (left) o = o (right), using Nens =
500 particles. The lower the noise level, the faster the convergence to p* during the inverse
procedure (see e.g. the figures on the third line, related to the component u?).
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and A7 decrease. While the former is a datum of the problem, the latter can be properly tuned
(and reduced) to improve the estimation of the quantities of interest by slightly increasing the
computational costs of the inversion procedure.

lina — i/ | lina — 1il/ |
’ T T T ’
1071 | \-—\'—_s‘,\ 1071 )
1073 | 1073 k |
| | | 1 |
0 200 400 600 800 0 200 400 600 800
|fin,2 — 5]/ 3] |fin,2 — 5]/ 3]
1 T T T [ ‘ ‘ ‘
10-1 1 |
103 w*q-T 34
| | | | | |
0 200 400 600 800 0 200 400 600 800

lfin,3 — w3l/|p3] lfin,3 — w3l/|p3]

T T T
1074 ﬂ 10|
1071 ! 1075 |- \/ | ]

| | |
0 200 400 600 800 0 200 400 600 800

——AT=20|/ ——0 =500 |/
—— A7 =40 —e— 0 = 2.509
AT =280 o =09

Figure 4: Comparison of the relative error on estimated parameter components |pu* — ﬂglk) |/|p*| on
varying the updating time-disctetization (left) and on varying the noise standard deviation (right).
By considering different values of the updating time-step length A7 it is possible to improve the
accuracy of the estimated parameter values.

Then, we consider the solution of the inverse problem by exploiting the RB-EnKF not including
the REM correction. By looking at Fig. 5, we notice that the estimate fi,, is not as accurate as
the FOM estimate fi;,, except for the case of n = 15 and a noise variance of 50, because of the
propagation of the reduction error on the solution (see Fig. 5) and, consequently, on the measured
outputs s,. These numerical results empirically confirm the theoretical findings of Proposition 2
and Corollary 3 we have proven in Sect. 4.3.

The use of a REM thus proves to be mandatory in order to improve the accuracy of the estimates
when relying on the RB-EnKF: as a matter of facts the proposed REM based on curve kriging
allows us to improve the accuracy of parameter identification in our RB-EnKF even by two orders
of magnitude in some cases, as shown in Fig. 7.

More detailed results can be found in Table 1: for a noise level 0 = oy, the ROM affects the
accuracy of the identification for every choice of n, while for higher noise levels the estimation error
can be much smaller at least for larger RB dimensions (see e.g. the results obtained for n = 15).
This is motivated by the fact that the reduction error for n = 15 is considerably small, as we can
observe in Fig. 7.

We recall that REM construction is performed only once after the ROM has been built. Given
the reduction error x,(u) for each p € Scq, we check the assumptions of the functional kriging
interpolation (see Appendix B). As shown in Figure 8 for the case Nipqin = 80 and n = 11, the
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Error on u forn =7 Error on u for n = 11 Error on u for n = 15

Figure 5: Error |uy,(¢; p*) — u,, (¢; 1*)| between the FOM and the ROM for different choices of the
RB dimension n = 7,11, 15.
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Figure 6: Comparison of the relative error on estimated parameter components |pu* — ﬂ%k) |/|p*| on
varying the RB dimension n with |Strqin| = 80. The performance of the filters clearly depends on
the relation between the ROM error sy, () — s, (1) and the noise standard deviation o: the error
in the estimated parameter component is around 10% in the case where o = oy.
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Figure 7: Comparison of the relative error on estimated parameter components |u*
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obtained by varying the dimension of the RB space for the corrected RB-EnKF with S.q; = Sirain

and |Strqin| = 80. A noise variance of 50 (left) or o (right) is considered, g = 0.033. Relying
on the proposed REM we obtain a relevant improvement of the estimation in both cases.
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correlation between errors shows a dependency with respect to the parameter location: parameters
with small lag between each other present a smaller variability with respect to parameters with
a larger lag. Then we estimated the empirical semi-variogram {%(d1),...,5(ds)} using (46) at
8 discrete lags {61,...,0s} for each component of the output and on each window (7, 7(*+1)),
Through these estimated values the spherical semi-variogram model (47) is fitted and then used
to compute the corresponding matrix of the linear system (45). An example of empirical semi-
variograms and relative semi-variograms model is presented in Figure 9.

output 1 output 1
10° T 10°
1073 [ 107°
1076 L | | | 10710 | | |
0 200 400 600 800 0 200 400 600 800
output 2 output 2
10°
10-5 | W: ¥ |
s — IT1CATL I : L — ean
wem VAT i': ke wans VAT
10-10 | | ! l 10-10 H | | | l
0 200 400 600 800 0 200 400 600 800

Figure 8: Sample means and covariances of the errors on both output components evaluated over
samples N(d71) (left), N(d2) (right), §; < da.

semi-variogram output 1 semi-variogram output 2
3-1072
|
1-1072 . g 0O
2.107% | | 0
= =
' %‘ 1073 [
1-1072
0 | | | 0 | | |
0 0.1 0.2 0.3 0.4 0 0.1 0.2 0.3 0.4
lag distance § lag distance

Figure 9: Estimated semi-variogram {%(d1),...,%5(ds)} (red squares) and fitted spherical model ~y
for the two output components on the time interval (a,b) = (0,7T)

The use of REM allows to improve the accuracy of fi, in any case, when both the RB dimension

n and the noise level o vary. In Fig. 7 we show the results obtained constructing a REM with
Nirain = 80 and Ngq; = 240 samples.

The quality of the REM yields significant improvements not only on the estimated means f,., but
also on the covariance matrix of the parameter ensemble CEZZT). If we compare the errors ||ft;, — ft,, ||
and ||ft;, — ft.]| between the estimates obtained with the full-order Kalman filter (), the RB-
EnKF (f,,) and the corrected RB-EnKF (f1.), we find that ||f;, — fi.] is smaller than ||, — i, ]|
in all the considered cases, differing in some cases by more than two orders of magnitude. Even

more, also the error ||(CL]ZT,)%)1/ 2 (Cg\cff,lc)l/ 2|| between the square roots of covariance matrices
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is considerably smaller than the error on the mean || ﬂle*) — N7, as we can observe in Table

1. In other words, the correction introduced by the REM is able to correct the bias yielded by
the propagation of the reduction error, without modifying substantially the distribution of the
ensemble particles. This means that the ensemble PCNT) resulting from the application of the
corrected RB-EnKF is closer to P,(LNT), the ensemble given by the full-order EnKF, than PT(LNT),
the ensemble given by the RB-EnKF, as we have proven in Sect. 5.1.

l [ o [ n="7T [ n=11 [ n =15 ‘
500 | 0.0442 (1.49-10~7%) [ 0.0365 (2.01-10~7) | 0.0054 (3.11-107°)
RB-Enkf 2.500 | 0.1594 (6.11-107°) | 0.0488 (2.37-10"%) | 0.0070 (3.47 - 10 °)
oo | 0.1779 (4.09-107°) | 0.0708 (2.59-107°) | 0.0613(2.04-10"")
500 | 0.0148 (3.37-10" %) | 0.0265 (1.01- 10" %) [ 0.0073 (2.25-10" %)
RB-Enkf(+REM) | 2.500 | 0.0175 (1.24-10~7) | 0.0226 (9.63-10-7) | 0.0117 (2.84-10~ %)
oo | 0.0058 (1.95-10~T) | 0.0108 (5.85-10~T) | 0.0059 (2.82-10~7)

Table 1: Comparison of the error |[ft, — o, || ( [|(Cly, )2 = (Cl )2 ) and iy, — il (

||(CELIZT,)%)1/2 - (CLJZT,ZC)I/QH ) on varying the dimension n of the RB space and noise variance o.
Our REM considerably improves the accuracy of the estimated parameter: ||f, — [, || decreases

by an order of magnitude for n = 7 whereas the error on the covariance matrices ||(C§ff;lh)1/ 2

(Cg:f,ln)lmﬂ is still negligible with respect to the error ||f;, — f,, |-

l l Ncal =0 l Ncal =24 l Ncal =80 l Ncal = 240

n="17 0.6669 0.1490 0.0250 0.0361

Nirain =24 n =11 0.0465 0.0337 0.0152 0.0140

n =15 0.0385 0.0118 0.0161 0.0082

n="7T 0.1594 — 0.0218 0.0175

Nirain =80 n =11 0.0488 — 0.0398 0.0226

n =15 0.0070 — 0.0075 0.0117
Table 2: Comparison of the error ||pu* — fi.||/||ft]| on varying the dimension Nirgin = |[Strainls
Near = |Scar| of the training set and of the calibration set. The error decreases as soon as the

calibration and the training sample have a large dimension. The case with N.q; < Nipgin 1S
meaningless, since we would ignore part of the already computed data within the training set.

As we can observe in Table 3, building a RB approximation of small dimension n over a training
set with dimension N.q = 24 (resp. N = 80) requires an offline CPU time of 16 min (resp
53 min), which is small compare to the 387 min requested by the full-order EnKF procedure.
In this setting, the calibration of the REM over sets of comparable dimension (N., = 24 and
Ncai = 80) can be performed in few seconds. On the other hand, considering a calibration sample
of large dimension N.,; = 240 yields better results in terms of estimation accuracy, however
entailing a remarkable increase of the calibration costs. The solution of the inverse problem using
the corrected RB-EnKF entails only 11 min: by comparing the whole procedures, in the worst
case scenario we are saving 219 min, i.e. more than the 55% of the total computational cost. We
also pointed out that the computational saving is even larger if more than one inverse problem has
to be solved, for instance on varying the noisy data s: in this case the basis computation and the
calibration must not be run again, and the only additional costs are given by the execution of the
filtering procedure.

6.2 Test case 2

As second test case, we consider the Fisher-Kolmogorov-Petrovski-Piskunov (FKPP) reaction-
diffusion equation, which models the dynamics of patterns in reactive media e.g. arising in com-
bustion, spreading of epidemics and transport of chemicals in cells (see, e.g. [39, 29] for further
details). Here we consider a two dimensional domain 2 C R? and formulate the forward problem
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RB FE

n=71 n=11 n=15 | N, =1024
dof reduction 99.3% 98.9% 98.5% 0%
Forward solution 0.6 s 0.7 s 0.8s 40 s
|St7"ain| =24
ROM construction 16 min 16 min 16 min
REM cal. N.q = 24 15.1 s 174 s 18.73 s
REM cal. N¢o; = 80 37 min 37.1 min 37.3 min
REM cal. N.q = 240 139.2 min  139.3 min | 139.4 min
|St'rain| =80
ROM construction 53 min 53 min 53 min
REM cal. N.o = 24 15.1s 174 s 18.73 s
REM cal. N¢.qi = 80 49.8 s 53.8 s 59.7 s
REM cal. N.q; = 240 103.3 min  103.4 min | 103.5 min
Inverse problem
EnKF time 6 min 6.3 min 6.9 min 387 min
EnKF REM N.q = 24 7.7 min 8.2 min 8.6 min
EnKF REM N, = 80 8.9 min 9 min 9.4 min
EnKF REM N.q; = 240 | 10.9 min 11.1 min 11.4 min

Table 3: Test case 1: computational performances of the proposed framework (offline construction
and online inversion stages) and comparison with the FOM case.

as: find u = u(t; p) s.t.

% —divir(x; p)Vu) + N(u) =0 xe€Q,te(0,7)
Vu(t;p) - n=0 xe0Q, te(0,T) (37)
u(0; p) = e ((@1-1.5)*+5023)) x €,

where M (u) = 75u(1 — u) and the spatial domain 2 is given

= {(p,ﬂ) €(1L,1.5) x (07 g) L p= m, ¥ = arctan <ij>}

This particular shape of 2 imposes a preferential propagation of the front modeled by (37) along
the tangential component of the arc. The semi-discretized FE approximation of problem (37) based
on a partition of €2 using N = 2768 mesh nodes and linear finite elements yields a system of ODEs
like the one in (2). By considering a partition of the time interval (0,T) into N; = 140 time-steps
(At = 1.1-1073) and the implicit Euler method, we obtain the dynamical system (3). Then, we
consider eight outputs of the form:

1 (1 — 2c)? + (22 — yes)? .
5;(t) /Q 0.05m P ( 2(0.025)2 u(t; w)d J=he8,

being (2c;,yc;) = (pcosb, psinf) given by all the possible combinations between p = {1,1.5} and
0 = {n/6,7/4,7/3,7/2}. These eight components of the output vector represent approximated
pointwise measurements of the quantities of interest u(¢; ).

To show the reliability of our procedure in the solution of large-scale parameter identification
problems, we consider a parametric field description of the diffusion coefficient v appearing in (37)
of the form

d
v(x,p) =1+ _Z i/ Nt (38)

where p;, 1 < i < d play the role of identifiable parameters, and &;,€,,...,&,; are the d most rel-
evant (independent) eigenmodes corresponding to the largest eigenvalues of the covariance matrix
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C, whose components are chosen as

B ||X(i) — X(j)||

Cij = aexp < 52

)-’-C(gij Vi,jzl,...,Nh,

being a,b,c > 0 and {x(i)}f\f:h1 the nodes of the computational mesh. The parametric field (38)
is nothing but the Karhunen-Loéve expansion (up to term d) of the Gaussian random field v ~
N(0,C), where the prescribed covariance matrix C' describes the spatial smoothness of the random

field v.
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Figure 10: First d = 20 most relevant field modes of the Karhunen-Loéve expansion of v(x, ).

The goal of the inverse problem is to estimate p* from noisy data with €pise ~ N(0,0%1).
The prior distribution of p is assumed to be Gaussian, u € N (fpyi0p, Dprior), With gy, = 0 and
Yprior = L. The reference field v(x; u*) and the solution of the inverse problem v(x; fi;,) obtained
with the full-order EnKF, relying on the FOM, are represented in Fig. 11.

Reference field FE field

1.2 1.2
. “ .
. ~
0.8 0.8

“—®o4 4 0.4

Figure 11: Reference (left) and estimated (right) field using the full-order EnKF.
In this case, the identification problem is even more challenging than in the test case 1: the

inverse problem solution with the full-order EnKF requires more than 38 hours of CPU time and
constructing the ROM is very expensive due to the higher dimension of the parameter space and

23



the complex nonlinear dynamics. For these reasons, the REM will play a key role in balancing
performance and accuracy of the proposed framework. Therefore, we compare the results obtained
by solving the inverse problem when relying on a reduced EnKF taking mp = 300 DEIM elements,
n = [115,150,185] basis functions and by considering a REM built upon a calibration sample
Scal = Sirain of dimension Nip.qin = 420. As shown in Fig. 12, the uncorrected RB-EnKF fails
in the identification of the unknown field for n = [115,150], that is, if the RB approximation is
too coarse. For each choice of n, we recover more accurate reconstructions of the field using the
corrected RB-EnKF with respect to the uncorrected procedure (the error |v(x; fi,) — v(x; f,)| is
reduced by at least an order of magnitude with respect to |v(x; ft,,) — v(x; f,)|, without extra-
costs due to the calibration procedure. As shown in Table 4, the ROM construction requires several
hours to be performed, but the online costs of the reduced EnKF are considerably smaller with
respect to ones obtained using the full-order EnKF. The extra costs of the corrected RB-EnKF
are negligible with respect to the entire procedure: this fact, as well as the improved accuracy
in the estimation, clearly motivate the introduction of a REM in the solution of complex inverse
problems. We finally point out that developing efficient ROMs for problems involving traveling
fronts is still an open issue; we remark that the proposed framework to solve Bayesian inverse
problems is rather general and can be integrated within any choice of surrogate or reduced-order
models.

log-error RB n=115 log-error RB n=150 log-error RB n=185

05 -05 ’\ 0.5
—

"ﬁ H el
. I 4"

log-error RB-REM n=115 log-error RB-REM n=150 log-error RB-REM n=185
0.5 .‘ 0.5 .‘ 0.5
. i . ) )

\ [? *
25 25 " -2.5

L _3 A—AJ l _3 _3

Figure 12: Errors between reference and identified fields for different ROM dimension n =

115,150, 185, without (top) and with (bottom) REM correction. This latter clearly yields a relevant
improvement in the estimated field.

RB FE

n=115 n =150 n =185 ‘ Np, = 2768
dof reduction 95.8% 94.5% 93.3% 0%
Forward solution 2.7s 3.9s 58 279 s
|Strain| = 420
ROM contruction [ 31h 31h 31h [
Inverse problem
EnKF time 25 m 34 m 46 m 38 h 50 m
EnKF REM N.q = 420 54 m 62 m 76 m

Table 4: Test case 2: computational performances of the proposed framework (offline construction
and online inversion stages) and comparison with the FOM case.
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Conclusions

The RB-EnKF approach proposed in this paper allows to speed up the solution of state/parameter
identification problems without affecting the accuracy of the computed estimates. Since the EnKF
requires repetitive evaluations of solutions (and outputs) of the nonlinear dynamical system, in
order to reduce the cost of the inversion procedure we can replace the forward map p — sp,(¢; @)
with the less expensive one g — s, (¢; i) obtained using a RB method instead of a full-order model.
Our numerical results confirm that a considerable speedup is achieved when using the RB-EnKF
instead of the full-order EnKF: the computational speedup in performing the filter goes from 55x to
64.5x for the first test case and from 50x to 93x in the second one. Nevertheless, the propagation
of the reduction errors during the inversion procedure leads to biased estimates of the unknown
state/parameter, as underlined also by our error analysis. The RB-EnKF has to be equipped with
a statistical REM in order to recover unbiased output evaluation and consequently to guarantee the
accuracy of the overall filtering technique. Moreover, the additional costs introduced by the REM
are negligible: in the worst case scenario the computational time required by the corrected RB-
EnKF is twice the uncorrected RB-EnKF, ensuring anyway a considerable speed up with respect
to the full-order EnKF.
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A Derivation of the Kalman update formula

In this section we provide the detailed derivation of the Kalman update formula (15) for the analysis
stage. We will extend to our state/parameter case the derivation proposed for the state filter in
[24, Chapter 4]. For simplicity we show the derivation procedure for the output

k k
st () = Hu{" ™ (p),

the more general case of (5) being essentially very similar to deal with. By assuming that the prior
and the likelihood are multivariate Gaussian distributions, we can rewrite (10) for each element of
the ensemble as

2
k41
exXp - m— (k lfﬁg (i)e 1)
+ +
2 || w, (g ) ch
2 (39)
x exp 1 Hs(kﬂ) S(k+1)(N)H2 1 [H} &
5 ~Sh 5 | (k1) (R
2 0o 2l [ ] ||,
where Cgrior is the covariance matrix of the parameter-state vector, given by
k+1 k+1
Corior = C%}?ﬂi C%I:Jrhl; :
’ Cunp ™ Cupun,

We recall that, in order to solve the inverse problem, we need to identify the unknown posterior

(k+1) u(lc+1) (Ht(zk+1))]T

mean [fg ,uy, and the unknown covariance C" of the posterior pdf. By requiring
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that the means and the covariances of the quantities appearing in (39) are equal, we derive two
equations to be satisfied by the unknown mean and covariance:

(€)= (Chao) ™ + | T [ﬁ]T, (10)

(k)

(k+1)
€ (k+lf)q ity | = (Chuior) ™! (kﬁf (k)
rior
u,, (g ) P u,, (g”)

From (40), by applying the Woodbury matrix identity (see e.g. [24, Chapter 4]), we get

+ L‘H [ igk+l), (41)

T
ho_ ok 0 (k+1)y—1 | O oo
C =|(Z Cprior H (F + Csh,sh ) H C’prior7

substituting this last expression in (41) we obtain:

(k)

(k+1)
(kflb)q (k+1) (k+P1L;1 N {0} Ikt
u;, (g ) w, " (pg ) H

n o |0 k o]" me

_ 1)\—1

- (I - Cprior |:H:| (F + Cthsrh)) |:H:| > [u(k+lg(u(k))
h q

By observing that

e [B] v 8] =7 it = e [3] m+ et [

= Ch ((Cgrior)_ !

H

ot | gl rsen,

H H prior prior H ShSh

and that
(k)
Hq

_ o(k+1) (k+1) (k)
k+1 k)| =S — Sy (1g")
w! () ‘

)

T
kt1) |0
[y

we easily obtain the system (15) for the Kalman update. The generalization of the updating
formula to the case of a different output, like the one expressed by (5), can be obtained in a very
similar way by considering as prior mean

T
1w ) ) ®: )]

and as output operator [0 AtwgH - Atwg_H --- Atle}T
approach of the proof reported above.

, and following the same

B Construction of a functional kriging interpolant

Assume that the error {x;(u), p € P} is a (functional) random field, that is, a set of (functional)
random variables indexed by pu € P, taking values in L?(a,b), with (a,b) C (0,T). We assume
that x;(u) is a second-order stationary and isotropic random process, that is:

1. the mean and the variance are constant with respect to u € P,
Elx ()] =my(t),  Varlx(w)] =o3(t),  te(ab);
2. the covariance depends only on the lag § = ||, — pgll,

COU(Xh (ll/a)a Xto (NB)) = Cty,to (u’on Au'ﬁ) = Cty,ts (6)’ Hos K3 €P, t,ta€ (a’v b)’

moreover, if t; = ¢t = ¢, we denote by ¢;(8) = ¢, +,(0).
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Given a sample of known functions of the random process {Xt(l‘l’q)} 45", the best linear unbiased
predictor (BLUP) of {x:(pq)}, for each new p € P, is given by the linear combination

Necai

Z Jxe(p,)  YHEP

whose weights are obtained by imposing that the mean square error of x:(p,) is minimized, i.e.,

Pt Aol =en iy [ Var i Gao) ol (42)

15 ;N

under the constraint that x:(p,) is unbiased, that is

E[x:(1o) — xt(140)] = 0 (43)

Finding the BLUP thus yields a constrained quadratic program to be solved (for each p): indeed,

L(Ll Ncal
Var(xe(po) — xe(mo)) Z Aq(Bo) Ap (o) et (Bg: 1) + ct(pos o) — 2 Z Aq(bo)ce(ps, po) (44)
¢,p=1 q=1
cal cal
E[Xe (o) — xt (1)) Z Ag(10)E[%e ()] — E[Re ()] = Z

thanks to assumption 1. Denotmg by

b b
E(Ah--ﬂzvm,,n):/ Var(Xt(uo)—xt(uo))dtJrn/ E[X+(10)dt — xt(#20)]

the Lagrangian functional associated to problem (42)—(43), we get the following linear system to
be solved, for each p:

b b b
Jocelp,pm)dt oo [De(py, py,,)dt 1 A1 Jo ee(pis po)dt
. : o : : =], :

I, Ct(“Nlmwul)dt R ct(uleﬂule)dt (1) ANt I, Ct(“Nlmnl%)dt
e n

Thanks to assumption 2, ¢;(p,, pr,) = Cov(xt(p,), Xt (1)) = ce(|lieg — p,]]) so that, by denoting
14(6) = ¢ (0) — e (9),

the previous linear system can be equivalently rewritten as:

b b b
Jo 1(0)dt o Jo Ul =, IDdE 1T A Jo vellees = poldt

b : - : : =] :
Lo, —mdt o vl — o, Dt T {ANea | ) v (ln,,, — moll)dt
1 1 o]l » 1

(45)
To compute the components appearing in the matrix and the vector of system (45), we estimate
the so-called (theoretical) semi-variogram

7(6) = / Y¢(0)dt
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with an empirical semi-variogram

5(6) = 3 / xelis) — xepay)) %t (46)

2|N
1,jEN(J)

being N(6) = {(m;, pt;) : [|; — pyl| = 0} In practice, the empirical semi-variogram is estimated
at M discrete lags {01, ...,0a}. Through these estimated values {%(d1),...,5(dn)}, a parametric
semi-variogram model (e.g. spherical, exponential or gaussian) is fitted using a least squares
approach. In this paper we consider the spherical parametric semi-variogram model, that is

+(6) = {d (1.52 —0.5 () ) §<c n
d d>c

where ¢, d are the two parameters identified by fitting this model on the finite set of points

{0 A(0m)) F=1-
Finally, we define the prediction trace-variance & (#0) of the functional ordinary kriging as

b
692((#0) = / Var(Xt(po) — xe(ko))dt.

Using (44), we get

cal Ncal
/ (Z Xa (o) Ap (1) et (g, 14,) + e (B0, o) — 2> Aq(tto) ct(ﬂz»l’/O)) dt.  (48)

q:p=1 g=1
Since {)\p(uo)}g:““i’ and 7 are the solution of the linear system (45), it holds

Neat

b b
/ (Z )‘;D(/J'O)Ct(/'l'pap’q)> dt:/ Ct(ﬂqvllo)dt*U vq: 17'-'7Ncala

p=1

so that, by substituting this latter relation in (44), we finally get

b /Necal Neai Neai
2 (1) =/ <Z Aq (o) (ct(frgs o) + ct(thos 110)) — 2D Ag(pro)er (i, uo)>dt = > Aglro)n

q=1 q=1 g=1
———
=1
b Ncal cal
= [ (X M) st = g ) )t~ 1= 3 At = ) -
a =1
! el —t0ll)
(19)
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