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Abstract

The ensemble Kalman filter is a computationally efficient technique to solve state and/or
parameter estimation problems in the framework of statistical inversion when relying on a
Bayesian paradigm. Unfortunately its cost may become moderately large for systems de-
scribed by nonlinear time-dependent PDEs, because of the cost entailed by each PDE query.
In this paper we propose a reduced basis ensemble Kalman filter technique to address the
above problems. The reduction stage yields intrinsic approximation errors, whose propagation
through the filtering process might affect the accuracy of state/parameter estimates. For an
efficient evaluation of these errors, we equip our reduced basis ensemble Kalman filter with
a reduction error model (or error surrogate). The latter is 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 the resulting method is then verified on the estimation of uncer-
tain parameters for a FitzZHugh-Nagumo model and uncertain fields for a Fisher-Kolmogorov
model.

1 Introduction

The solution of backward uncertainty quantification (UQ) problems, for instance parameter estima-
tion and statistical inverse 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 (EnKF) for dynamical
systems arising from the discretization of nonlinear time-dependent PDEs. The input parameter
vector pu € P C R? can characterize physical properties, geometrical quantities, boundary condi-
tions, and forcing terms. In this context, we are interested to estimate the most likely value of w
(in a sense to be made precise) by observing a set of noisy data (or measurements) s € R®. This
latter involves an output sy, (p) provided by a linear functional of the PDE solution uy(¢; ) and an
additive noise term. The pedix h typically refers to the gridsize of the numerical discretization; for
small values of h, solving the estimation problem becomes computationally intensive. Following
a Bayesian approach, both parameters g and outputs s are modeled as random vectors. In this
setting, starting from the observation of the noisy data s, the state/parameter estimation problem
requires to characterize the posterior distribution of [, us]7. This latter is obtained by combining
through the Bayes theorem the available a priori information on g and the likelihood function,
depending on the output sy (see e.g. [24, 34, 35]).

When the forward problem consists of a dynamical system, state/parameter estimation can
be recast in the Bayesian data assimilation framework [21, 19]: 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, the measurements, and the output coming from
the solution of the forward problem. Due to the nonlinearity of the input/output map g — sp(p),
the resulting posterior distribution cannot be written analytically. Its computation is typically
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based on sampling techniques, such as, e.g., sequential Monte Carlo methods, also referred to as
particle methods [8].

In this paper we rely on the ensemble Kalman filter (EnKF), an ensemble-based data assimi-
lation technique which combines the Kalman filter (KF) with a suitable sampling strategy. The
EnKF sequentially produces an estimate of [u,uy,]? by a finite ensemble of vectors which are ad-
vanced in time according to the KF updating formula. Ensemble-based assimilation techniques
are indeed well suited in situation where linearity and gaussianity assumptions are not matched.
Since the EnKF also requires repetitive evaluations of solutions (and outputs) of the nonlinear
dynamical system, solving a state/parameter estimation 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 surrogate or reduced order models (ROMs), see e.g.
[2] for a survey of these techniques. In this work we exploit the RB method [31], relying on (i)
the proper orthogonal decomposition (POD) technique for the basis construction and (ii) hyper-
reduction techniques for the efficient evaluation of the nonlinear terms involved in the forward
problem [26, 4, 30]. Recently a great effort has been devoted to the reduction of computational
complexity entailed by inverse problems dealing with PDE system. For instance, ROMs have been
exploited both within MCMC [15, 14, 27, 6, 20], and Bayesian filtering [32, 7] techniques to tackle
state and/or parameter estimation problems.

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 estimation problems
governed by nonlinear time-dependent PDEs. A full-order (or high-fidelity) model (FOM) of the
forward problem are typically based on finite elements, finite volumes or spectral methods. When
a FOM is replaced by a ROM, the propagation of the approximation errors during the inversion
procedure could lead to biased estimates of the unknown state/parameter [27, 22]. In order to
enhance the accuracy of the estimation, 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. This REM represents a possible extension of the ROM error surrogates
proposed in [9, 27] in order to deal with nonlinear time-dependent problems, when cheap error
bounds are not available.

To the best of our knowledge, this is the first investigation on the effect of the ROM on the
accuracy of the filtering procedure. The ROM dimension can grow quite dramatically to ensure the
achievement of a prescribed accuracy. Consequently, this entails a dramatic loss of computational
efficiency. By equipping our RB-EnKF with a REM, we minimize the bias of state/parameter
estimates when less accurate, but more efficient, ROMs are employed. This error analysis represents
another original contribution of this paper: by adopting the perspective of functional data analysis,
our REM is able to provide an efficient prediction of the propagation of the error on the estimated
quantities.

The paper is organized as follows. In Section 2 we provide a general formulation of the class of
problems we are interested to, whereas in Section 3 we introduce the EnKF, outlining the whole
algorithm for state/parameter estimation. In Section 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 Section 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 Section 6,
we present some numerical results exploiting the proposed procedure for the estimation 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 build 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 the input/output map

B s () = / Hu, (1 p)dt € R, (1)

where up = up(¢; ) is the solution of a nonlinear parametrized dynamical system, arising from
the spatial semi-discretization of a nonlinear parabolic PDE:

M) 2% - AGwun + N ) = But0). £ (0.7)

uy,(0; 1) = up.

(2)

H < R**"» encodes the observation operator, M(u) € R¥»*Ne the mass matrix, f, € RV-
the data of the PDE problem; A(u) € RM*Ne and N(;u) € RNV are a p-dependent matrix
and vector, respectively, encoding linear and nonlinear PDE operators. Note that p is constant
over (0,7, that is, it is not affected by state dynamics. Problem (2) arises e.g. by applying a
Galerkin-finite element (FE) method using a finite-dimensional space X;, C X of (possibly very
large) dimension dim(X}) = Np; X = X () denotes the functional space where the continuous
problem is formulated, whereas 2 € RP, p = 1,2, 3, is the spatial domain; h is a parameter related
to the mesh size of the computational grid.

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

M M
( A(;L) + A(u)) uf ™ 4 N(up ™5 ) = %uf) + £ (), r=0,... N, —1

uglo) = Uug.

(3)

To solve the nonlinear problem in (3), we use the Newton method: at each timestep ¢ =1,..., N;—
1, while ||0;,|| < tol, we solve

041 041 041 +1 .
Jui e, = @), ult)=uTV s, =1, (4)
with ugfgl) = u%) and tol > 0 a fixed small tolerance. The Jacobian matrix J and the residual

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

I(v) = % + A(p) + J(v; p) € RNV

M
r(v) = A(? (v +ul?) + A(p)v + N(v; p) — (1D p) € RN

J € RN»*Nn i the Jacobian matrix of the nonlinear term N.

Since the state/parameter estimation problem is performed sequentially over the time interval
(0,T), we need to evaluate the input/output map (1) at various time steps instead than only once.
We introduce a coarse partition of the time interval (0,7) into N, windows (%), 7( 1)) of length
AT = KAt, with £ = 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

F(k+1) K(k+1)

sflkﬂ)(u) = / Huy, (¢t p)dt =~ AtH Z weuy, (695 ), k=0,...,N,—1, (6)
T® =Kk

where wy, £ = Kk,..., K(k+ 1) are weights depending on the chosen quadrature formula.
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Figure 1: Example of partition of the time interval in windows of length A7 = KAt, K =4

Remark 1. For the numerical experiments discussed in this paper, we consider data coming from
a particular (noisy) realizations of the FOM; hence, we assume that data are available at each time
step t*®), k = 1,...,N;. Choosing the outputs as in (6) then reflects the availability of K > 1
observations on each assimilation window (t®), 7(-T1Y. A possible alternative — more closely
related to real measurements of observational data, acquired with a given time frequency — would
be to consider as outputs the measured values at each t = 741 e, sgﬁ'l)(u) = Hu, (1D w),
k =0,...,N. — 1; definition (6) however does not impact on the formulation of the proposed
methodology, this latter being independent of the particular output choice.

2.2 Bayesian data assimilation

We formulate the problem of estimating u € P € R? and u;, € X}, from noisy data {s("”')}fg’;1 €
RN7%5 as a Bayesian data assimilation problem. Following the approach proposed in [1, 19], the
solution of this problem at iteration k£ = 1,..., N,, is given by a multivariate probability density
function (pdf) mpest : P x Xp — R of the parameters p and the state uy, given the noisy data
S = {s(i)}le. Thanks to the Bayes theorem, we can express Tpost as

o (17| S©) = —r (00| w17 s () (")

where Tprior : P X Xj, — Rar is the prior pdf of the parameters/state vector, 7 : RFxs Rar the
likelihood function and 7(s) a suitable normalization constant, which does not affect the inversion
step [35, 25]. We consider an additive noise model: given p = p*, set

S(k) = Sgk) (H*) + €noise Vk = 1’ te ’NT (8)

where we assume that the noise is independent from a time step to another and is modeled by a
gaussian random variable €yn4ise ~ N(0,T'), with covariance matrix I' € R*5. Under these
assumptions, the likelihood function can be expressed as:

(59| oa7) = (50 ) 5 (809 | ),
and, consequently, (7)
Tost [ uf]" | SO = niw (@ | T uf17) 7 ($E 0 | fpa, 017w (112, w17

= Lw (s(k) ’ [H,uék)]T) Tpost ([M’ugbk)]T ’ S(’Cfl)).
9)

Equation (9) expresses the sequential updating of the posterior pdf of [, uy]? given the mea-
surement vectors S*). Under the assumption that e€ise is normally distributed, we have that

(k)’ (k) T) _ 1 {_1 (k) _ () ()2 }

s (s ,u = . exp ] s , 10
nouil17) = g o0l sl (10)
where the weighted norm || - ||p is such that ||[v|2 = vIT~lv, v € RS,

The estimated parameter values evolve along the simulation period, and the actual estimation

is achieved with the final values, that is, ﬁpost([u,uéNT)]T | SV)) provides the solution of the

estimation problem.
The EnKF takes advantage of a randomly generated sample to successively update the distri-
bution of interest mpost ([1L, ugk)]T\S (k)) in an efficient way. For the sake of notation we will use the



shorthand 7(*) and ﬁl(jlz)st to denote W(s(k)|[u,u§lk)]T) and ﬂpost([u7 ]T|8 k)), respectively. In
the following section we recall the basic features of this technique, a more detailed overview can

be found e.g. in [12, 23].

3 Ensemble Kalman filter

The EnKF is a recursive filter widely exploited in Bayesian data assimilation and forecasting, see
e.g. [11, 21, 19]. It is based on the updating of a particles ensemble using the prediction/analysis
procedure introduced in the previous section. In our case, by particle ensemble we mean a sample
of N, parameter vectors

P = e, k=1, N,

where [,LEI ()1 denotes the value of a parameter vector u;, , at the k —th iteration, and the associated

ensemble of N, state solutlons
=P @), peP®),  k=1,...,N,

Moreover, let us introduce, for any k= 1,..., N, the sample mean vectors
=) _ 1 u® sk _ 1 (k) =) _ 1
u, N ), Sh N, Z s, (1), Ky = N, Z K, (11)
pepFY pepF~V pep®

the sample covariance of the outputs

1 k —(k k —(k SX s
== > 6w -5 ) -5 e R (12)
¢ ueP,(kal)

and the sample cross-covariances

1 —(k— k —(k s
Clhu=5—7 > A6 -5 er, (13)
¢ u€79<k D
1 k _(k k _(k s
Chu =57 > @ -m)s () 5" e RV (14)
¢ ;LGP,(k*l)

Starting from the initial ensemble {P,(ZO),M}(LO)} sampled from the prior distribution, and the given
data s k =1,..., N,, the prediction-analysis procedure of the EnKF is given by the following
two stages recursion:

1. prediction stage:

e compute the solution u(kH)( ) of the forward problem (3) over [r(®), 7(:+1)) with initial
datum ugl )( ) € U®) | and the output s(kJr )( ) for each p € P,(lk);

k+1) _(k+1) _
e compute the sample means ugl + ), 55D and u(k)
. k+1 k+1
e compute the sample covariance Csh Sh) and cross-covariances Cfthgh), ng,;gh).

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

(k+1) (k) (k+1)
v © Cins k1), (k
)y | = | oo, | | g | 0+ G S - st (u)))s (15)
u,, (:U’h,q ) (H‘h,q) UhSh
for each ¢ =1, ..., N, where N, realizations of the noise egk+1), q=1,..., N, are added to
the data to generate s( = SELkH)(u*) + Eék+1).

At each iteration we estimate p* through the sample mean fi;, = f;,, and compute an empirical

confidence region from the updated ensemble P,(Lk+1). For further properties of the EnKF see, e.g.,

[3, 10]. 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 {73,(10),2/{,(10)} + sampling N, particles from mprior
4: for ¢q=1:N.,k=1: N, do
5: si” s (u) + e
6: end for
7 Prediction/analysis stage:
8 for k=0: N, —1do
9: Prediction stage:
10: for [u, uglk)(u)]T € {P;(Lk),lxl,ik)} do
11: uzkﬂ)(u) < solve forward problem (3) with initial datum uglk)(p,)
12: end for
13: compute means ﬁ;bkﬂ)jgcﬂ), and ﬁglk) by (11)
14: compute (cross-)covariances Cgi‘;} ) by (12), C;’:’;i) and Cfﬁti) by (13)
15: Analysis stage:
16: for [p] € {P;(Lk)} do
17: update each state/parameter particle using (15)
18: end for
19: end for
20: end procedure

4 Reduced-order model

Even if at each step £ = 1,..., the sequential update through the EnKF requires solving the
forward problem on [T(k), T(k+1)) for each particle in the ensemble, entailing severe computational
costs. The nonlinear nature of the forward problem makes the whole estimation process even more
challenging. For a fast evaluation of the prediction stage, we take advantage of the RB method,
which we sketch below.

4.1 Reduced basis method

The RB method is a projection-based ROM which computes an approximation u, (¢; @) of uy(¢; )
(as well as an approximation s, () of the output sp(p)) by means of a Galerkin projection on
a reduced subspace X,, C X of very small dimension n < N (see e.g. [31] for a detailed
overview). Here we construct such a space by means of the 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 uh(t(e); uj), computed for

each time-step t(), £ = 1,..., N, and a sufficiently rich sample Sjyqin = {py, ..y, .} of the
parameter space P C R%. Sjqin is built by drawing random samples from a uniform distribution
whose support is P; alternative techniques, such as latin hypercube sampling, can also be employed.
Given the matrix V. € R¥»X" which collects the basis functions, we approximate the full-order
solution as uy(t; 1) = Vu,. The RB dimension n is chosen so that [Jup (t; ) — Vu, (t; 1) || x, < €tor
for each @ € Sirain, t € (0,T) and a given tolerance €;,; > 0. By projecting (2) onto the space
generated by the columns of V € RV X" we compute u, (t; u) € R™ as the solution of the following
reduced nonlinear parametrized dynamical system:

ou,
Mn(u)ﬁ + An(u)un + VTN(Vun; H) = fn(t§ IJ')a le (07 T) (16)
u,(0; ) = VTy,

where M, () = VIM(u)V, A,,(n) = VIA(u)V and £, (t; ) = VIf, (¢ p).

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



+mm0#”+wwwﬁwm>

17
= Mg(tu)u%) +fn(t(e+1);,u), £=0,...,N,—1 a7

u%o) =VTu,.

Due to the presence of the nonlinear term N(-; it), we use the Newton method as follows: while
|07, || < tol, we solve

T8, = - @Y), T =ul s, =1 (18)

with u%gl) = ul’). The reduced Jacobian matrix J, € R"™" and the reduced residual vector
r, € R™ of the problem (17) are

M, (1)

A T A, () +VTI(Vv; ) € R, v e R",

Jn(v) =

and

Mn n
r,(v) = #(v +ul)) + A (p)v + VIIN(Vvip) — £,(8); ) € R,

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

F(k41)

s%’““)(u) - /(k) Hyu, (t; p)dt, Vk=0,...,N; =1,

where the reduced output operator is defined as H,, = HV € R**™. As a consequence, the additive
noise model (8) is now replaced by

S(k) :ng)(ﬂ*)+€noisea szl""7N7"

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 [31]. 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

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

where for any p € P, the coefficients {8;(p)}; 5™ are evaluated by solving a linear system of
dimension mgyy X Mem, arising by the imposition of mgpy interpolation constraints over a set
of mgmv magic points selected according to a suitable greedy procedure (see [26]). Given this

approximation, the reduced operator can then be obtained as

MEIM

An(p)= Y Bi(wA], A, =VTAIV.
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 p-dependent nonlinear terms efficiently, as proposed in [4] and further
discussed in [30]. In particular, the DEIM approximation of a nonlinear operator N : RV» — RNx
is given by

Vu'rup’ ZCJ Uh7H ¢j ) (19)
where the coefficients {c;}'? can be computed at each iteration by solving a mp x mp linear
system. In particular, by defining the basis matrix U = [¢1,...,dmy] and the index matrix
P =leiu,- . ,€mp|, we get the following reduced approximation of the nonlinear function

VIN(Vu,; p) =~ VIUPTU) "' NPT Vu,; n) € R".

nxXmp mp X1

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 (19), yielding

VII(Vu,; p) =~ VIUPTU) L In(PTVu,; u) PTV € R,

mp Xn

nxmp mp Xmp

Alternative solutions can be obtained by considering an extension of DEIM for sparse Jacobians,
known as matriz DEIM; see also the related discussion in [30, 33].

4.2 Reduced basis Ensemble Kalman filter

Given a suitable ROM to solve 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 RB-EnKF. We define the ensemble of
N, parameters as

PW = {ufy e, k=0,...,N,,

n.,q

and the associated ensemble of reduced state solution
UF = {u,(pn), pePP}, 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 {797(10), ,(10)}
directly sampled from the prior, the RB-EnKF can be built with a two-stage recursion, similarly
to what done in Section Section 3:

)

1. prediction stage:

e compute the reduced solution ul**™" of the forward ROM (17) on [r®) 7(F+1)) with
initial datum u$’ )( ) e U¥ | and the output s for each [TRS P,

e compute the sample means @1, §(*+1) and @),

. E+1 . . k
e compute the sample covariance an;) € R*** and the cross-covariance matrices Cftn)sn €

R4 and Cgii;i) € R™*s using formulas (12)—(14) by substituting sj, u, and P}(Lk_l)

(k—1)

with s,,, u,, and Pp , respectively;

2. analysis stage: update the state/parameter ensemble through the following reduced KF up-
dating formula:

H(kH) H(k) (bt0) k+1 k+1 k+1 k
u;kﬂ)&;k;n) = u;kﬂ)(’ugu)l) Cg&;?) (C+CETD) (s — s (uF))), (20)

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 state/parameter estimation, as shown in the following section.



4.3 Effectivity of the RB-EnKF

We now want to prove that the state/parameter estimation 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. To this aim, we compare the resulting state/parameter ensemble {PV+) 7/(N-)}

with the reduced ones {P(N ) L{,(LN’)}, for any dimension n. To this goal, let us denote by

(k) i (k) [ (%)
(k) _ By | | Hn k= _
e , =1,...,N, -1,

the error between the means [&{"), Va(?]T and [,u,h k) '&Ebk)}T computed over the respective ensem-
bles, at a given time 7). k = 1,...,N,. The following theorem provides a way to bound this

error in terms of the error at the previous step and a combination of the discrepancies between the

full-order and the reduced-order outputs ||§§llc 5+ cross-covariances ||C/Lh sh C,Lngn || (resp.
||Cuh9h - Cq(ji)sn ), and covariances ||C§’,i)sh gn gn |l, weighted by computable factors depending
on

k _
W= +C® )Y AR =@+ c®, ),

ShSh

where || - || denotes the Euclidean norm.

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

k k k .
le® < lelF =D + ¢ 151 — 50 + cLAlCE), — B, [1+cShIe®, —cEL 0, (21
k
e < [lel* =V + s — sk D) 1+ B eP,, —ve®, |+ dHck — e, ), (22)
where
k k k
¥ =4 PCds, I, ii—vh ICPs, 1,
k
) =l =4 PIs® —5(|,
k k k k k k k —
) =71, st —sP), ) = %S Hh Ivel, [s®) —s®)).

Proof. By averaging over the sample P*~1 of (15), we obtain the following update equation for the
estimate [fi),; @n]

i, el e ] (k) \=1g(t) _gk)
= |+ v (T+C (s —-5). 23
_ﬁik)_ _ﬁl(lk 1)_ _Cq(fh)sh— ( thh) ( h ) ( )
By doing the same on (20) we have
()] [ (=1 (o) T
i 2 Ciisn k) \—1/.(k) _ <(k
alo | = [ Gln [+ g™ | @ +C5%) 7 (W =5, (24)

By subtracting (24) from (23), we can express e®) as e(® = e"=1 4 egk> + eﬁ), being

Q) Cffifs;L k) \=1=k) _ =(k)
e’ = (k) (F+Cshsh) (Sn 7sh )7
UpSh
(k) (k)
k Cuylsn 1| Cuysn k) \—1 k) =(k
el = || (m+c,)” syt | @+l )T ™ =8, (25)
Cuhsh VCunsn
Then, the following error estimates hold

k k k —(k k k k —(k

eI < ey I8 =521 [leSlll < el s = s I, (26)

where c(k) = fy,(f)HCL’Z)bhH and c(k) = 'yh )HCUhsh’ respectively. On the other hand, by adding and

subtractlng in (25) the quantity

(k)
CC(L;)" (T +C®, )71 (s —50)




(k

and rewriting the expression (25) as eH) =e; (k)

+ egf ), with

(k) (k)
k Cus Culsn E) \—1,.(k) =—(k
o ( O I )(”Cihl» s — ),
UhpSh Un Sn
k
(k) _ Cfm)sn

i1

vl | (@+e)™ =@ +ei)™) v -5,

we have
k k k k
le™)| < ek, — e,

k k k k k k k —(k
lel)| < e, —ved 1 =Pl -0,

Up Sh

F) _ (R a®) _ (k)
c =7 S — Sy )
l w2 = Tn Il i @
By applying the Sherman-Morrison-Woodbury Formula (see, e.g., Sect. 2.4 in [17]) we have that
(T +Ck)™ = (0 + CEL) ™ = (T + CLL,) TGk, — GOl )T+ )™,

and, consequently, [|(T+C{, )™ — (D + CUL, ) 7| < 484 cl, — )

s.'sn ||, whence the following
bounds hold for e

k k k k
leffhl < erallehh, —Cull llefll < elalcs, — i, (28)
Finally, by combining (26), (27) and (28), we obtain (21)—(22). O

In order to obtain accurate estimates when employing our proposed RB-EnKF, we thus require
the ROM to be able to generate similar means s(k)( ) ~ §§Lk) (p) and covariance matrices CQZLn R~

Cglz)sh and C,(ffl)sn ~ C,(fh)sh7 for each k = 1,..., N;, to the ones which would have been provided
by the FOM. From the previous proposition we can also prove an asymptotic consistency property,
ensuring that the state/parameter estimated through the RB-EnKF converge to the ones estimated
by the full-order EnKF, for n,mp — Np.

Corollary 3. Assume that for any RB dimension n = 1,..., N, and DEIM dimension mp =
1,..., Ny, there exists € (n,mp) > 0 such that

Iu? () = VaD (w)]| < O (nmp),  VE=0,... Ny, VpeP
and that €9 (n,mp) — 0 for n,mp — Nj,,. Then, it follows that
&, — il =0, V@, —0p]| >0 forn,mp — Np.

Proof. Since the outputs s(k)(y,) ;k)(p,) are linear with respect to the solution u(¢; ) of the dynamical
system, it follows that, for any u € P,

I () = sl < afE| 37 P(nmp)  Vk=1,.... N (29)
K(k—1)<¢<K(k)

Since the means and the covariance matrices of the quantities of interest are evaluated on different subsets
73,(1]“) and Py(f) for each k =1,..., N,, let us denote by

(e = 3 s, (C8)e = 3 P = 6 )6 () - 5)p,)

(k—1) (k—1)

e
neEP) HEP),

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

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

I8 = cE)pll<atE] > Dmmp)  VE=1,...,N;.
K(k—1)<¢<K(k)

10



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

| <IC,, = (€L )p N+ 1(CE )P, — CEL)I

Snsn Snsn SnSn

||C<k) —_c®

ShSh SnSn

where the first term can be bounded as
HCS?IZ)S}L - (Cgi)sn)ﬁ’h H S Cg’;) Z 6(2) (n> mD) Vk = 17 ey N7'7
K (k—1)<¢<K (k)
with ¥ = 4A¢ max,, . p(—1) (||s§bk)(p,) - §§zk> |+ 1185 () — 5%])), being, for any couple of random vectors
x = [x1,%2]",y = [y1,y2]",
[Cxayr = Oxaya | < (llyr =¥l + lIxz = X2l )([[x1 = x| + %1 = %2l + [ly1 = vl + 71 = ¥,

where Cyy denotes the cross-covariance matrix between x and y; see e.g. [10].

Provided that P;LO) = 737(1O> and assuming that e® (n,mp) — 0 for n,mp — Nj, we have that

I8 — )p,ll =0, [C¥,, —(CP

ShSh SnSn

Yo ll =0,  k=1,...,N;

and, consequently,

_(k (K k k

||(S7(1>)7’h _ng)” -0, ”(an)sn)Ph _CgW,)SW,)|| — 0, k=1,...,N-.
In the same way, we can conclude that HCS?;? — Cgffj;}))” and ||C£Z§1t,1l) — CL’?;}))H are also controlled by
P (n,mp), £ = Kk,...,K(k+ 1), thus yielding the fact that the right-hand sides of both (21) and (22)
go to zero in the limit n,mp — Np. O

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 entire Bayesian inverse problem without reducing the number of ensemble
particles. Indeed, undersampling caused by small ensemble sizes would yield three remarkable
problems in ensemble filtering: underestimation of covariance, filter divergence and the develop-
ment of long-range spurious correlations. Sampling errors and their drawbacks can be mitigated by
making use of inflation and localization of forecast covariances. The former consists in augmenting
the variance of the additive noise model, whereas the latter properly modifies the prior ensemble
to reduce filtering errors and avoid filter divergence (see e.g. [21, 18]).

The focus of this paper is rather on the mitigation of the reduction error, which can be seen
as a form of model error or epistemic uncertainty affecting input/output evaluation. In the EnKF
literature, this kind of problems arises when real observations are compared with simulated out-
puts [29, 18]. For the method at hand, the RB approximation automatically reduces the EnKF
complexity, since the state vector dimension is reduced from N, to n < Nj, thus enabling the use
of sufficiently large ensembles. Nevertheless, to reduce the estimate bias introduced by the use of
a ROM, we equip the RB-EnKF with a REM which aims at directly correcting the input/output
evaluation. As detailed below, the REM also provides an additive inflation of the covariance matrix
to ensure the accuracy of the results, although for the time being classical localization and inflation
techniques are not adopted; their use, however, could enhance the accuracy of the estimates when
even smaller ensemble size are considered for the sake of computational efficiency.

Indeed, by simply rewriting the additive error noise model (1), we get

s®) = s®) (1) + (sﬁf” (W) — sg’@(u*)) tenome,  Vh=1,.... N (30)

hence, if the reduction error sglk)(u*) — sglk)(u*) is not negligible with respect to &€ppise, the RB-

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

error ey (1), over each window k = 1,..., N, such that (30) can be replaced by
s®) =) (") + ehon (W) + Enoiee  VE=1,...,N; (31)

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

11



To compute an estimate of 5%3?)1\/1(#)7 which will be denoted hereon by égcC))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. [16, 28]).

Let us denote by Scar = {fty,..., 1y, } & calibration set made by N, parameter vectors,
for which we need to determine N.,; 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 Si.qin C Seqr SO that
we can take advantage of the snapshots already computed before running the POD, and ensure
not to overestimate the reduction error in those training points.

We assume each component {X(J)( )}, i =1,...,s, of the reduction error

Xt(”‘) = H(uh(t; H) - un(t; H)) € R’ te (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 Sy, that is,

Nea
(ko) = DAY (ol () o €Py j=Liss

q=1

A(J)

where the set of welghts {A\¢ G )(,uo)} el are computed by requiring that x,’’ is the best linear

unbiased estimator of Xt , see Appendlx A for a detailed construction.
Since we are interested to embed the REM into the KF updating formula for the sequential
update of the ensemble on each window [T(k), T(k+1)), we need to build a curve kriging predictor

)A((j)( ) for eachj =1,...,s, on each window [r(*=1 7(¥)) As a matter of fact, our REM is given,
for any p € P by mtegratmg over [r(#=1) 7(F)) the kriging predictor, that is,

200
~(k ~(k ~(J
i) s = [ P (32)

The corresponding trace-variances (see equation (46) in Appendix A for the definition of v, and 7)

(k)

Necat
(0= 3000 [ ol ) -

allows to define the (diagonal) covariance matrix

Phom(p) = diag([5% ) (1), 6% (W), (33)

This latter takes automatically into account the error committed by the REM in approximating

the reduction error. The proposed REM thus yields an output correction ég%M and an additional

. (k
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 (reduced) KF updating

formula to update the ensemble Pc(k):

C(k+1)

HeSe ~(k+1)
| Gt | (D4 Trowt (uelg) + CLED) T (s = W (ul) (34)

»q

M<k+1> ] { (k)
(k+1) k+1) k1))
(ui ) (u( )

UcSc

where s( )(u) represents the corrected output, i.e.

A(k
S0 () =l () + ERou(m),  pEP;
the sample covariance Cglzlc and cross-covariances C,(Z?SC, Cg?sc are computed as in equations (12),

(13) and (14) by substituting sy, uy, and P,(lkfl) with s., u. and P&, respectively.

12



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 (42)) of small dimension (Neg; +1) X (Neas + 1),
to get the weights {)\(] )} ca! for each output component j = 1,...,s. Each linear system requires
to fit the so-called semi- Varlogram function 7; on the cahbratlon bet, as described in Appendix A.
A detailed description of the corrected RB-EnKF algorithm is finally reported in Algorithm 2.

Algorithm 2 Reduced basis Ensemble Kalman filter procedure

1: procedure RB-ENKF(+REM)
2: Initialization
3 {77<0) Z/l<0 } + sampling N, vectors from mprior
4: for q=1:N.,k=1:N, do
5: sflk) — s () + el
6: end for
7 for k=0: N, —1do
8 for j=1 : sdo
9 sample the empirical semi-variogram {(3,m,5(6m)) }o_;, using (43)
10: fit the parametric semi-variogram model (44) on the sample { (8., 5(0m)) } A4
11: end for
12: Prediction stage:
13: for [, ul® ()" € {PM uP} do
14: gkﬂ)(u) < solve forward problem (16) with initial datum u(k>(y,)
15: for j=1 : sdo
16: égﬁoﬁ\?(u) < solve linear system (42)
17: (Ff{‘&&f)” + evaluate (46)
18: end for
19: sV () = s () + el (1)
20: end for
21: compute means s(k'H) *(k'H) ﬁ(kﬂ)
22: compute (cross)-covariances Cg’zstl), Cﬂgl) and Cgﬁj )
23: Update stage:
24: for [u, (kH)( 1T e {PM} do
25: update each state/parameter particle using (34)
26: end for
27: end for
28: end procedure

5.1 Effectivity of the proposed REM

We observe that the reduction error directly affects the quality of the likelihood function (10) from
which we have derived the reduced KF updating formula. By defining the reduced likelihood as

n

S ].
Ww)ﬂh<s@+DMN{th+UF)(%ﬂ(znr|éexp{2H§kH)Sg+DHF},
and the corrected likelihood as

s ~ (k 1 1
7l = (2m) DD + Pgal “F exp  — 5 s = sE V|
2 T+I5om
we can rely on the analysis provided in [27, Section 6] on the Kullback-Leibler (KL) divergence

between the likelihood function 7(*), w(k) and 7r£k) 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 7p:

Dy (rallrs) = /WA(Z) log (”(z)) dz

7'('3(2)
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In this case, we would obtain

(k+1) (k+1) 2
1 Zs (1) —sn (1)
DKL( (k)Hﬂ'(k) 5 ( T ! )
717

Jj=1

and

- (k+1)

s k k k
Diep(x® ) — 15 (& (s () — U () — gy ()3
KL 2 - -
L+ (Trowm )i (1)

Jj=1
Lj; ( Lj; > )
—1—log .
(k+1) (k+1)
Ly + (FROM )i (1) Ly + (FROM )i (1)

To ensure that the KL divergence Dk (w||m.) is smaller than Dy (7||7,), we require that:

_|_

1. the REM correction is effective, that is

k k
Efls;” (1) — s ()] < B[l () = Pl VE=1,.... N, (35)
- (k+1) .
2. (Trowm )j; is sufficiently small compared to I';;, j =1,...,s
Note that by construction sglk)(,u) — s (n) = 0 and T'ron(p) = O for each g € Seq;. 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 7%, 7T7(1k)

and 7r£k) 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). As a consequence, the ensemble updated through (34) provides a good

approximation of the one obtained using (15) if the REM is effective. Moreover, under the two
assumptions about the REM, the corrected ensemble Pc(k) (and respectively L{ék)) is considerably
closer to P(k) (U,(Lk)) then P(k) (L{(k)). If we assume at each step k = 1,..., N, to use as initial
datum the full-order ensemble P(k) u, (k)) it is possible to prove that

(k) k
E[DKL (ﬂ-postHﬂ-;()o?st,c)] < E[DKL( post”ﬂ-post n)]

(k) (k)

post? 7T

post.n and 7

where 7 denote respectively the full-order, the reduced-order and the cor-

(k)

post c
rected posterlor distribution obtained by substituting the respective likelihood function 7*), )
and n (9); 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 ||, — ft,, ||
and ||ft;, — ft.|| between the sample means and the errors between the relative covariance matrices
1(Cpp )2 = (Cpa, )2 and [|(C, 1, )% = (Cpu, ) /?|| over the ensemble obtained with the
full-order EnKF (Py,), the RB-EnKF (P,) and the corrected RB-EnKF (P.) varying the number
of basis functions and the calibration set dimension.

6 Numerical results

We present some numerical results obtained with the proposed RB-EnKF procedure for the estima-
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. Our aim is to study the impact of the reduction error on the state/parameter estimation
and of the proposed REM on improving the accuracy of the results.

*Computations have been run on a laptop with a 2,2 GHz Intel Core i7 processor and 8 GB of RAM.
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6.1 Test case 1

We consider the FitzHugh-Nagumo equations [13], which model the activation/deactivation dy-
namics of an excitable system, e.g., a neuron or a cardiac cell. In particular, we consider the test
case proposed in [4]: given the parameter vector pu = [y, po, pu3]”, ¥Vt € (0,T), find the couple
[u(t; p), w(t; p)], x € = (0,1), such that:

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

we(t; ) = pru(z, t) — yu(z, t) + pa zeQ, te(0,T)
g (t; pt) = —50000t3 ~151 z=0, te(0,T) (36)
ug(t; p) = z=1,1te(0,7)
(07“‘)_07 w(0,p) =0 z € L

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 2 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 a dynamical system under the form (3). Then, we consider as output

(k+1)
Sk _ Lo an(t; p)|e=odt

h = k41
Jloo  an(t p)lo=adt

The goal of the inverse problem is to estimate p* from a noisy output measurement s = s, (u*) +
Enoises With €pgise ~ N (0,021 ) 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
n e N(uprior, Y prior), With:

eR? Vk=0,...,N,—1.

Boprior = [0.7,0.07,0.76]", Y prior = diag([4-107%,9-1075,4 - 107%]7).
The discretized solution [uy, wy]? of the forward problem for the choice

= [0.6331,0.0985,0.7197]7

is represented in Fig. 2. This is hereon considered as the true parameter vector value, which
generate the data s. We first solve the state/parameter estimation with the full-order EnKF

uy, (t; 1) wi(t; ")
0.2
0.1
0
0.5
X 0 2 4 6 8

Figure 2: FE approximation of the forward problem for p = p*.

starting from data measurements with different noise levels, in particular by considering o = 509
and o = 09, 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 (oo with respect to 50¢) on the noise.

15



21

2

075 \I — u‘* 09 :‘\‘ ‘ -
1 _e_ o \}
0.7¢! - Z}IL 99% 0-8¢?‘“. |
0.7 \aa. ’,' tscee
0.65 R
06 r ‘\ ~ ! |
| | | 004 | | | LR S | | |
0 200 400 600 800 0 200 400 600 800 0 200 400 600 800
¢ ¢ V4
M1 M2 M3
0.75 — ‘ 0.9 | |
—— 1 ~e B
0.7 mmm 2?99% [ 0.8¢7 v
0.65 0.7 5’3.595"""“""9
0.6 ro .
| | | 004 | | | | | |
0 200 400 600 800 0 200 400 600 800 0 200 400 600 800

14

14

l

Figure 3: Comparison between p* and {ﬂ;lk)}lkvz*l for o = 509 ( first row) o = o¢ ( second row),
using N, = 500 particles. The lower the noise level, the faster the convergence to p* during the
state/parameter estimation procedure (see e.g. the figures on the third column, related to the

component p?).
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Figure 4: Relative error on estimated parameter components |p* — ﬂgbk)| /|w*| with respect to the
updating time-discretization (left), noise standard deviation (center) and ensemble size (right).
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Next, we compare the solution of the state/parameter estimation problem obtained by varying
the window length AT, the noise standard deviation and the ensemble size N, (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 €,0ise 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 whole computational costs. In Fig. 5 we also study the state
estimation with respect to the number of ROM basis functions: the reduction error clearly affects
the estimation of this quantity.

State estimation k=5 State estimation k=15
1 T T T !
— FE
™ — RB n=7
RB n=11
O 5 [ | — RB n=15
0 |
| | | |

Figure 5: State estimation versus RB dimension n, at two different iterations (k = 5, left; k = 15,
right) of the RB-EnKF.

Then, we consider the solution of the estimation problem by exploiting the RB-EnKF not
including the REM correction. By looking at Fig. 6, we note that the estimate fi,, is not as
accurate as the FOM estimate fi;,, except for the case n = 15 and o = 50, because of the
propagation of the reduction error on the solution (see Fig. 6) and, consequently, on the measured
outputs s,,. These numerical results empirically confirm the theoretical findings of Proposition
Theorem 2 and Corollary Theorem 3 in Section 4.3.

Error on u forn =7 Error on uw for n =11 Error on u for n =15

Figure 6: Error |uy,(¢; p*) — u,, (¢; u*)| between the FOM and the ROM for different choices of the
RB dimension n = 7,11,15 (from left to right).

Using a REM is therefore essential for improving the accuracy of the estimates of the RB-EnKF:
as a matter of fact, the proposed REM based on curve kriging improves the parameter estimation
in our RB-EnKF up to 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 = g, the ROM affects the
accuracy of the estimation 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 because the reduction error for n = 15 is considerably small.
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Figure 7: Relative error on estimated parameter components |u* — A%k)| /|pw*| versus the RB di-
mension n for the RB-EnKF ( left) and its REM corrected version with |Sgqin| = 80 ( right). By
relying on the proposed REM, we obtain a relevant improvement of the estimates. Here the noise
variance is ¢ = 50y.

| | o ] =7 [ n=11 [ n=15 |
500 | 0.0442 (1 49 - ) [ 0.0365 (2.01-10"7) | 0.0054 (3.11-107°)
RB-Enkf 2.500 | 0.1594 (6.11 - ) | 0.0488 (2.37-10~%) | 0.0070 (3.47 - 10 ")
oo | 0.1779 (4.09 - -5) 0.0708 (2.59-107°) | 0.0613(2.04-107°)
500 | 0.0148 (3.37 - —4) 0.0265 (1.01-107%) | 0.0073 (2.25-10" %)
RB-Enkf(+REM) | 2.500 | 0.0175 (1.24 - ) | 0.0226 (9.63-10~7) | 0.0117 (2.84-10~%)
oo | 0.0058 (1.95 - ) | 0.0108 (5.85-10~7) | 0.0059 (2.82- 10~ %)

Table 1: Errors [lfu, — fun || ((Cli7,)"? = (Clln, )21 ) and [, — ficll (I1(Cpi, )"/ —
(Cg\clf,lc)l/ 2| ) versus the RB space dimension n and the noise variance o. Our REM consid-
erably improves the accuracy of the estimates: the error on the estimated parameter vector
|, — fx,,|| decreases by an order of magnitude for n = 7 whereas the error on the covariance

matrices ||(CLJZ ,)Lh)l/2 (CELZX72LH)1/2|| is still negligible with respect to the error ||f;, — ft,,]|.

We recall that the REM is constructed only once after the ROM has been built. Given the
reduction error x,(w) for each p € Scq, we check the assumptions of the functional kriging
interpolation (see Appendix A). As shown in Fig. 8 for the case Niyqin = 80 and n = 11, the
correlation between errors shows a dependence on the parameter location: parameters with small
lag present a smaller variability with respect to parameters with a larger lag. Then, we estimated
the empirical semi-variogram {%(d1),...,4(ds)} using (43) at 8 discrete lags {d1,...,ds} for each
component of the output and on each window (7(®), 7(#*1)) Through these estimated values the
spherical semi-variogram model (44) is fitted and then used to compute the corresponding matrix
of the linear system (42). An example of empirical semi-variograms and relative semi-variograms
model is presented in Fig. 8.

The use of REM allows to improve the accuracy of f1, in any case, when the RB dimension
n. In Fig. 7 we show the results obtained constructing a REM with Nypqin = 80 and N.q; = 240
samples. The quality of the REM yields significant improvements not only on the estimated means
ft., but also on the covariance matrix of the parameter ensemble C( N TE we compare the errors
I, — @, |l and ||fe), — fr.]| between the estimates obtained with the full order KF (fi,), the RB-
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Figure 8: Sample means and covariances of the errors on both output components evaluated
over samples N(d1) (left), N(d2) (right), 1 < d2. Estimated semi-variogram {5(d1),...,%(ds)}
(red squares) and fitted spherical model v for the two output components on the time interval
(a,0) = (0,T)

EnKF (f1,,) and the corrected RB-EnKF (f1.), we find that ||f, — ft.] is smaller than ||, — i, ]|
in all the considered cases, differing in some cases by more than two orders of magnitude. Also the
error ||(Cg¥f£,h)1/ z_ (ng?ﬁc)l/ 2|| between the square roots of covariance matrices is considerably
smaller than the error on the mean || ;l;bN*) — "), as we can observe in Table 1. This means
that 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.
The ensemble PCNT) resulting from the application of the corrected RB-EnKF is therefore closer
to P,EN’), the ensemble given by the full-order EnKF, than Pr(LN’), the ensemble given by the
RB-EnKF, as we have proven in Section 5.1.

l l Ncal:O 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="7 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: Relative error ||p* — f1,]|/||ft]| versus the dimension Nipgin = |Strain| Of the training set
and Neq = |Sca| of the calibration set. The error decreases as soon as the Si.qin and Seq; have
a large dimension. The case with N.q; < Niqin 18 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., = 24 (resp. N.u = 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
N¢ai = 80) can be performed in few seconds. On the other hand, considering a calibration sample
of large dimension N, = 240 yields more accurate results, however entailing a remarkable increase
of the calibration costs. The solution of the state/parameter estimation 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 state/parameter estimation problem

19



has to be solved, for instance on varying the noisy data s: in this case the basis computation and
the calibration need not to be run again, the only additional costs being those involved by the
filtering procedure.

RB FE

n="7 n=11 n=15 | Nn=1024
dof reduction 99.3% 98.9% 98.5% 0%
Forward solution 0.6 s 0.7s 0.8s 40 s
[Strain| = 24
ROM construction 16 min 16 min 16 min
REM cal. Neop = 24 15.1 s 174 s 18.73 s
REM cal. Ng.qi = 80 37 min 37.1 min 37.3 min
REM cal. N.q = 240 139.2 min  139.3 min | 139.4 min
[Strain| = 80
ROM construction 53 min 53 min 53 min
REM cal. N.q = 24 15.1 s 174 s 18.73 s
REM cal. N¢,; = 80 49.8 s 53.8 s 59.7 s
REM cal. N.q = 240 103.3 min  103.4 min | 103.5 min
State/parameter estimation problem
EnKF time 6 min 6.3 min 6.9 min 387 min
EnKF REM N = 24 7.7 min 8.2 min 8.6 min
EnKF REM N.q; = 80 8.9 min 9 min 9.4 min
EnKF REM Ngq; =240 | 109 min ~ 11.1 min 11.4 min

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

6.2 Test case 2

As second test case, we consider the Fisher-Kolmogorov-Petrovski-Piskunov reaction-diffusion
equation, which models the dynamics of patterns in reactive media e.g. arising in combustion,
spreading of epidemics and transport of chemicals in cells (see, e.g. [36]). Here we consider a two
dimensional domain Q C R? and formulate the forward problem as: find u = u(t; ) s.t.

% —divir(x; p0)Vu) + N(u) =0 xe€Q,te(0,T)
v(x; w)Vu(t;u) -n=0 x €00, te(0,T) (37)
u(0; p) = e~ ((21=1.5)*+50z3)) x €1,

where N(u) = 75u(1 — u) and the spatial domain € is given

Q= {(p,ﬂ) € (1,1.5) x (0,7/2) : p=y/a? +a3, = arctan(:rg/xl)}.

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 — )” + (22 = yej)” ‘
i(t) = —_— — t; p)dS) =1,...
SJ( ) /Q 00571_ eXp ( 2(0025)2 U( 7/“’) ) J ) ;87

where (z.j,yc;) = (pcosb,psinf) are given by all the possible combinations p = {1,1.5} and
0 = {n/6,7/4,7/3,7/2}. They represent approximated pointwise measurements of the quan-
tities of interest u(t;u). To show the reliability of our procedure in the solution of large-scale
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state/parameter estimation problems, we consider a parametric field description of the diffusion
coefficient v 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
relevant eigenmodes corresponding to the largest eigenvalues of the covariance matrix C

||X(i) — X(j)”

Cij = aexp ( e

>+C(5ij Vi,j=1,...,Np,

where a,b,¢ > 0 and {x(} are the nodes of the computational mesh. The parametric field (38)

is the Karhunen-Loeve 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 9: First d = 20 most relevant field modes of the Karhunen-Loéve expansion of v(x, ).

The goal of the state/parameter estimation problem is to estimate p* from noisy data with
€noise ~ N(0,02I). The prior distribution of p is Gaussian, g € N (fpyiors Sprior), With g0, =0
and Xprior = I. The reference field v(x; u*) and the solution of the inverse problem v(x; ft},)
obtained with the full-order EnKF with N, = 500 are represented in Fig. 10.

Reference field FE field

12 1.2
- -

’ 0.8 ~ 0.8

Moy - -

Figure 10: Reference (left) and estimated (right) field using the full-order EnKF.
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In this case, the estimation problem is even more challenging than in the test case 1: the
state/parameter estimation 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 the complex nonlinear dynamics. The REM allows a satisfying
trade off between performance and accuracy. We compare the results obtained by solving the
state/parameter estimation 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 S.q; = Strain Of dimension Nypgin = 420. As shown in Fig. 11, the uncorrected RB-EnKF
fails in the estimation 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; fr,)| is
reduced by at least an order of magnitude with respect to |v(x; f1,,) —v(x; f1;,)|, without extra-costs
due to the calibration procedure.

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

['\ . 5 N b\ h

. ) ) ‘ )

—~ -~
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Figure 11: FErrors between reference and estimated fields for different RB dimensions n =

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

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 those obtained using the
full-order EnKF. The negligible extra costs of the corrected RB-EnKF, togheter with the improved
accuracy in the estimation, clearly motivate the introduction of a REM in the solution of complex
state/parameter estimation problems.

RB FE
n=115 n=150 n =185 | N, =2768

dof reduction 95.8% 94.5% 93.3% 0%
Forward solution ‘ 2.7s 39s 5s ‘ 279 s
[Strain| = 420
ROM contruction | 3lh 31h 31h |
State/parameter estimation problem
EnKF time

25 m 34 m 46 m ‘38h50m

EnKF REM N.. = 420 54 m 62 m 76 m

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

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 and data
assimilation problems is rather general and can be integrated within any choice of surrogate or
reduced-order models.
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7 Conclusions

The RB-EnKF approach proposed in this paper allows to speed up the solution of state/parameter
estimation 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 — sy, (¢; )
with the less expensive one g — s, (t; 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 use of a full-order EnKF.
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A Construction of a functional kriging interpolant

Assume that the error {x:(p), p € P} is 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 (0,7). We assume
that x;(p) is a second-order stationary and isotropic random process, that is:

1. the mean and the variance are constant with respect to p € P, i.e.
Elxe(p)] =my(t),  Varlx(w)]=o%(t), € (a,b);
2. the covariance depends only on the lag ¢ = ||, — pgll, ie.
Cov(Xt, (o) Xt (g)) = Cty 0y (o ) = €ty 1,(5), Ko, tg €P,  ti,t2 € (a,b);
moreover, if t1 =t = ¢, we denote by ¢;(6) = ¢4, +,(0).

Given a sample of known functions of the random process {x:( uq)} g—i', the best linear unbiased
predictor (BLUP) of {x:(pg)}, for each new py € P, is given by the linear combination

Neat

Z Ag(m)xie(pey) Y eP
whose weights are obtained by imposing that the mean square error of {:() is minimized,

i) Aol = iy [ Var (o) ol (39)

1oy AN
under the constraint that x:(p,) is unbiased,
E[X: (o) — xt(1o)] = 0. (40)

Finding the BLUP yields a constrained quadratic programming problem (for each p): indeed,

Nea Necat
Var(Xe(to) = xe(ko)) = D Ag(t0)Ap(tro)ce (g, 1) + o (tros o) — 2> Aqtho)er (s o), (41)
E[%(10) — i (k)] fq VELRe(11,)] — B[R (110)] = mm)i

thanks to assumption 1. Denotmg by

b b
E(Ala--~7ANm”n)=/ Var(Xt(uo)—xt(uo))dtJrn/ E[X¢(10)dt — xt(#20)]
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the Lagrangian functional associated to problem (39)—(40), from the first-order necessary optimal-
ity conditions, we get the following linear system to be solved, for each p:

b b b
[ ey, w)dt o [Ce(pypy,)dt 1 A1 I e(pg, po)dt
. : - : : =, :
[ e(pn, o m)dt oo [ e(pn, iy, )dE 1] | ANea [ ce(pn,,, > o)dt
1 1 0 n 1

Thanks to assumption 2, c;(py, p,,) = Cov(xi(t,), Xt (1)) = ce(l|g, — 1, |l) so that, by denoting
Y(8) = ¢(0) — ¢¢(0), the previous linear system can be equivalently rewritten as:

b b b
Jo 1(0)dt o Jo ey = o, IDdE 1T A Jo velllee; = polDdt

, : - : : =, : )
[, —mdt o [P v, — o, Ddt 1] | ANea L v, — moll)dt
1 1 o]l » 1

(42)
To compute the components appearing in the matrix and the vector of system (42), we estimate
the so-called (theoretical) semi-variogram

b
10 = [ o)
with an empirical semi-variogram

1

Y0) = NG

b
DR RCHPRERPRIR (43

i,jJEN(8) ¢

where N(0) = {(p;, 1) : [|[; — p;|| = 6}. In practice, the empirical semi-variogram is estimated
at M discrete points {d1,...,dp}. Through the estimated values {5(d1),...,%(dn)}, a paramet-
ric semi-variogram model (e.g. spherical, exponential or gaussian) is fitted using a least-squares
approach [5]. In this paper we consider the spherical parametric semi-variogram

d(152-05(2)%) s<

o= {19805 () o< (44)
d d>c

where ¢, d are identified by fitting (44) on the dataset {(0m,4(6,,))}M_;. Finally, we define the

prediction trace-variance 6>2<(u0) of the functional ordinary kriging as

b
ﬁww=/vwwmm—mmmw

Using (41), we get

b Neai Neai
G2 (1) = / ( > Ag(po) A (o) (g, 1) + e (po, o) — 2 Aq(uo)ct(m,m))> dt.  (45)
@ \g,p=1 q=1
Since {)\p(uo)}gg}’ and 7 are the solution of the linear system (42), it holds
b [ Necal b
/ (Z Ap(“o)ct(ﬂpyﬂq)> dt = / Ct(Nq7N0)dt_77 Vq = 1a"'7Ncal7
a p:1 a
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so that, by substituting this latter relation in (41), we finally get

b/ Necal Neai Neai
2 (1) =/ (Z Aq (o) (ct(frgs o) + ct(thgs 110)) = 2D Ag(pro)er(pty, uo)>dt = > Aglro)n
q=1 q=1 q=1 ~-

b s Neal Necar
= / < D Aa(ko) (ce(pros o) — ciltrg, uo))>dt == A(ko)v(lltg — moll) = 1.

q=1

=7t ([l g —roll)
(46)

B Test case 1: further analysis

Referring to the test case 1 of Section 6.1, we first compare the outcome of the full-order EnKF
algorithm in the case where different prior distributions and true parameter vectors are chosen.
With respect to the results reported in Figure 3, obtained with

Boprior = [0.7,0.07,0.76] ", Y prior = diag([4-107%,9-1075,4 - 1073]7),
and p* = [0.6331,0.0985,0.7197]7, we consider the following test cases:
1. additional problem 1:

Poprior = [0.66,0.07,0.9]", p* = [0.6202,0.1259,0.4131]7,

2. additional problem 2:

Poprior = [0.53,0.113,0.33]",  p* = [0.6777,0.0647,0.5610]" .

We solve these two additional state/parameter estimation problems by using the full-order EnKF
(see Fig. 12) in order to analyze the convergence of the algorithm when different data are considered.
When the mean of the prior distribution on g is less close to the true value p*, the EnKF algorithm
still converges to p*, however requiring more iterations to produce estimates that are close to p*;
compare, e.g., the trend of the estimate (fi;,)s in the figure below with the corresponding case of
Figure 3.
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Figure 12: pu* versus {ﬂ;lk)}ivz’l for different initial ensembles using N, = 100 particles.
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Then, we turn to the comparison between the RB-EnKF algorithm and its corrected version,
in order to assess the effect of the proposed REM in reducing the bias in the parameter estimation
as a function of the noise variance o.

In the case o = 50¢ (first row of Fig. 13), the results of the RB-EnKF for n = 15 are comparable
with the ones of the full-order EnKF, meaning that the reduction error is negligible with respect
to the noise. This is not true when the RB dimension is set to n = 7,11. In these two cases, there
is a bias in the first two components of the parameter vector estimate. On the other hand, for
a lower noise variance, such as in the case o = og (second row of Fig. 13), we observe that the
reduction error affects the parameter estimate for all RB dimensions n = 7,11, 15.

For both values of the noise variance, the REM is therefore essential to improve the accuracy of
the RB-EnKF estimates: as a matter of fact, the proposed REM based on curve kriging improves
(by minimizing the propagation of the reduction error) the parameter estimation in our RB-EnKF
up to two orders of magnitude in some cases; compare, e.g. Fig. 13 with Fig. 14.

i1 = pil/pi] |2 = w5| /|15 |fin,3 — 3]/ 13]

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

12 l l
|fin,1 = pil/| 1] |fin2 — 3] /|13 |fin,3 — 3] /|p23]
T T T
10719 N -~
&. oot —6— RB n=7
3 RB n=11

=@ RB n=15

| | | | | | |
0 200 400 600 800 0 200 400 600 800 0 200 400 600 800
14 4 4

Figure 13: Relative error on estimated parameter components |p* — [szk)| /|p*| versus the RB
dimension n for the RB-EnKF when different noise variances o = 50¢ (first row) and o = oy
(second row) are considered.

C 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 [25, Chapter 4]. For simplicity we show the derivation procedure for the output

st () = Hu™Y (),

the more general case of (6) 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

1 m H(k+1)
exp | =5 [u} - [u(kﬂ)q( (k+1)
h pg ) ch
1 . o (47)
_ ok (kD) 2O q
X exp 2Hs Sp, (N)HF B) [u} uﬁk“)(ué’“))} "

prior
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Figure 14: Relative error on estimated parameter components |p* — ,&%k)| /|p*| versus the RB
dimension n for the corrected RB-EnKF when different noise variances o = 50¢ (first row) and
o = o¢ (second row) are considered.

where C"

prior 18 the covariance matrix of the parameter-state vector, given by

cu cpr?
o) Gl

Uh b UhUh

h —
Cprior -

We recall that, in order to solve the inverse problem, we need to identify the unknown posterior
mean [ugkﬂ), uékJrl)(uz(IkH))]T and the unknown covariance C" of the posterior pdf. By requiring
that the means and the covariances of the quantities appearing in (47) are equal, we derive two

equations to be satisfied by the unknown mean and covariance:

T
Ch -1 __ Ch —1 0 F—l 0 48
( ) - ( prior) + H H ’ ( )
(k+1) (k)
hy—1 © _ph -1 © 0| —1.(k+1)
") lu2k+1f(ugk+1))] = (Cprior) [u£k+1f(ugk)) + {H] I''s . (49)

From (48), by applying the Woodbury matrix identity (see e.g. [25, Chapter 4]), we get

T
Ch _ I*Ch~ 0 (I\+C(k+1))71 0 Ch‘ .
prior | |1 ShSh H prior’

substituting this last expression in (49) we obtain:
N N ! 01 p—1g(k+1)
- ( prior) + H S

h 0 (k+1)y—1 | O g &
=\Z- Cprior |:H:| (F + Cshsh ) |:H:|

Hq
By observing that

(k)

q
k+1 k
w! Y ()

(k+1)
q
k+1 k+1
w Y ()

H

O] 1 (k1)
k k +‘Ch [ ] F S .
! (i)

T T
h|0|no1]0 hyph  —1 h 0 k+1)y—1 | O
C [H] r |:H:| =I-C (Cprior) = Cprior |:H:| (F + Cgh:rh)) [H]
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and that

T
S(k+1) _ {0}

H o ()

)

(k)
k
5 ] =0 = (),

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 (6), can be obtained in a very
similar way by considering as prior mean
(k) kD)., (F) 0., SAMONE
[ ) i) w95
and as output operator [0 AtwgH -+ Atwg_1H --- Atle}T
approach of the proof reported above.

, and following the same
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