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ARTICLE INFO ABSTRACT

MSC: This paper is a contribution in the context of variational data assimilation combined with
68T07 statistical learning. The framework of data assimilation traditionally uses data collected at
68T20

sensor locations in order to bring corrections to a numerical model designed using knowledge
of the physical system of interest. However, some applications do not have available data at all
Keywords: times, but only during an initial training phase. Hence, we suggest to combine data assimilation
Neural “et‘_"’orks with statistical learning methods; namely, deep learning. More precisely, for time steps at which
Deep lea'rm'ng . data is unavailable, a surrogate deep learning model runs predictions of the ‘true’ data which is
Data assimilation .. . . - . .
PEDW then assimilated by the new model. In this paper, we also derive a priori error estimates on this

statistical variational data assimilation (SVDA) approximation. Finally, we assess the method
by numerical test cases.

65K10

1. Introduction

State estimation is a task in which the quantity of interest is the ‘true’ state 4™ of a physical system over a space or space-time
domain of interest. In general, numerical prediction using mathematical models based on the physical knowledge of a system may
be deficient due to limitations imposed by available knowledge. Data assimilation (DA) has the goal to overcome these limitations
and produce more accurate predictions by incorporating experimental observations in numerical models. For this reason, data
assimilation methods have been widely explored in the literature. The goal of these methods is to use a priori information to
deduce the best mathematical model, while using available experimental data to produce the most accurate approximation of a
physical system. Many data assimilation methods involve the minimization of a cost function. As opposed to statistical techniques
such as Bayesian data assimilation [1] or Kalman filtering [2], variational data assimilation more explicitly uses the mathematical
(variational) structure of the problem to formulate the data assimilation method. For instance, the widely studied methods 3D-
VAR and 4D-VAR both usually rely on the weak formulation of the PDE to define the constrained minimization problem. Like
many variational data assimilation methods, one of the drawbacks of 3D-VAR and 4D-VAR is their computational intrusivity, which
means that at any stage, computational procedures need to access the model in order to perform their calculations. Intrusivity
is very inconvenient in many contexts, for instance when using industrial high-fidelity black-box solvers. Hence, non-intrusive or
partially-intrusive options can be valuable. The parametrized background data weak (PBDW) method introduced in [3] is closely
related to and inspired by the 3D-VAR, but is non-intrusive in the above discussed sense. It has been studied in many further works,
with the presence of noise [4,5], and in time-dependent contexts [6,7]. Another drawback of variational data assimilation is that
it assumes that data is available at all times, which is not the case in many industrial contexts. For instance, in numerical weather
prediction, data is collected using weather balloons to be sent at predefined times. Another common industrial framework is that
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in which data collection campaigns are conducted during limited periods of time, whereas numerical investigation of the physical
phenomena of interest may be carried out during longer periods.

The key conceptual idea in this contribution is to use machine learning (ML) in combination with data assimilation in the
above described context of partially available real data. In the literature, other works bring data assimilation and statistical learning
methods together. Equivalences between data assimilation and machine learning are discussed in the review paper [8], which
provides a review of existing methods in the context of earth systems. In [9], a DA-ML method is suggested to constrain the output
for mass conservation. The chosen data assimilation method uses Ensemble Kalman filtering, and statistical learning is performed via
a convolutional neural network. Moreover, [10] suggests an offline DA-ML method, with iterative application of Ensemble Kalman
filtering and convolutional neural networks. The goal is to estimate the state at the current step given the state at the previous
one. The core idea is to derive a convolutional neural network trained using data assimilation during the offline stage. Since data
assimilation is only used offline, the resulting online processing is of statistical nature. Regarding the use of variational methods for
data assimilation, [11] explores two ideas. It compares the performance of DA-ML for resolvent correction and tendency correction
using a modified 4D-VAR formulation. The offline training uses the DA-ML method introduced in [10]. An online training of the
neural network is also explored in [11].

In this paper, we try to overcome the data-availability concern by combining data assimilation with statistical prediction. As
main contribution, we introduce a novel concept called statistical variational data assimilation (SVDA). It is split into two stages: an
offline stage during which we train a deep learning method, and an online stage during which we run our data assimilation model,
with real observations replaced by their statistically predicted counterparts. This main idea together with the necessary notation is
explained in Section 2. As a conceptual idea, SVDA offers a lot of flexibility in the choice of the data assimilation and especially
the deep learning method, which should be chosen adapted to the considered use case. To illustrate how a concrete SVDA could
look like in detail, we present an exemplary data assimilation and a deep learning method in Section 3. Specifically, we use the
PBDW approach to circumvent the intrusivity of the classical data assimilation methods. For the deep learning, we choose a so-called
LSTM-RNN which has proven good time prediction capabilities in the literature. In Section 4, we present an error analysis of the
method. Finally, in Section 5, the SVDA is illustrated by some numerical results.

2. Statistical variational data assimilation

In this context, we define a so-called ‘best-knowledge’ model (bk) as the best possible model established by human expertise.
The bk model is a mathematical model rendering the behavior of the system given all available knowledge about a physical system.
More concretely, we will use a PDE or a set of PDEs that best models the physical problem.

In the applications we have in mind, variational data assimilation methods typically incorporate observations into so-called
forecasts obtained by existing bk models. Data/Observations are collected, e.g. using sensors, and integrated into the bk model at
selected so-called update times, finally building a data-driven model. Having formulated the bk model and set the sensor locations,
variational data assimilation typically consists of the following two steps which are done for every new calculation (e.g., new time
instance or parameter):

+ Collect observations at sensor locations
» Solve the data assimilation problem using the collected observations as input

However, ready-to-use data is not always available. In fact, a common engineering scenario is that in which measure-
ments/observations are available for a given time interval or for given parametrizations explored during a training phase. This
training phase is more commonly referred to as a ‘test campaign’ in industrial and engineering scenarios. Thus, it is of great interest
to develop appropriate and optimal use of the collected observations to understand the behavior of the system.

In this section, we introduce a new method to overcome the issue of unavailable observations. More precisely, we do not deal
with cases where some observations have been collected inaccurately or are missing [12]. We rather deal with situations in which
data has been collected for given time windows but is not available at later times. Towards this end, we suggest to use prediction-
based methods in order to approximate the observations. The predicted observations will then be plugged into a data assimilation
framework as a surrogate to real-time data. In this paper, we use the Parametrized Background Data-Weak approach (PBDW) as a
variational data assimilation method.

As mentioned, we need to perform a statistical learning step in the SVDA. The goal of this step is to predict the alternative
data needed for the data assimilation problem using chosen input variables. Many methods can be used depending on which inputs
will be used to train the model. As an example, the behavior of linear phenomena can be predicted using linear regression [13],
and nonlinear phenomena can be addressed using polynomial regression, or neural networks [14]. In this paper, the phenomena
of interest are time-dependent and nonlinear. Hence, in the presented framework, the SVDA relies on a type of Neural Networks
(NN) called Long Short-Term Memory Recurrent Neural Networks (LSTM-RNN). Yet, the method can be run using any other deep
learning or machine learning method [15]. The choice should be made in light of the intricacies of the problem of interest.

2.1. Main ideas
SVDA can be used in different contexts. This paper mainly focuses on ‘future predictions’, i.e., on generating machine learning

observations from a bk model and given observations collected at previous times. The hope is to thereby improve the ‘future’
simulations where real observations are not available. Another configuration for the use of the SVDA will be considered in the
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numerical test cases; namely SVDA in parametric contexts. In that case, the underlying model is a parametrized PDE and observations
are available for one or a few distinct parameters. The machine learning model is trained only on these data, but its ‘predictions’
for the model with a different parameter can be used as surrogate data in the data assimilation process for the model with this new
parameter. Independent of the application case, the SVDA can algorithmically be divided into an offline and an online phase. Let
us now describe the main conceptual steps of both stages in the context of ‘future predictions’.

Consider a finite time interval I = [0,T], with T > 0. To discretize in time, we consider an integer K > 1, we define
0=1 < .. <K =T as (K + 1) distinct time nodes over I, and we set K™ = {1,...,K}, K = {0} UK™ and I = {¢¥}
The aim is to derive a state estimate for a time-dependent solution.

We assume the existence of an initial offline phase [0, Ar] of width A7 > 0, and an integer k.;; > O such that 4r = tkott =1 In other
words, k. is the first index at which the observations are unavailable. During the offline stage of SVDA, we use the data available in
the time window [0, 47] to predict the evolution of the observables via a deep learning model (LSTM-RNN). We emphasize that we
learn the observations and not the state estimates directly with the neural network for two main reasons. First, state estimates of the
true solution (and not the bk model) are typically never directly accessible, even in the offline time window, in real applications.
Only the data collected at sensor locations can thus be used to train the neural network. Second, this approach of producing synthetic
observations aligns better with the traditional data assimilation ansatz where observations are the input of the data assimilation
problem. Therefore, this allows us to easily incorporate the SVDA concept into traditional, potentially commercial, data assimilation
software. The offline stage also consists of two additional steps: building a background space Z of dimension N, and building an
observable space U, of dimension M. These spaces respectively model the solution (state) space for the bk model (e.g. the PDE
of interest) and the space used to capture the observations. Additional details on the construction of such spaces will be given in
Section 3 below.

Using the statistical (deep learning) LSTM-RNN model, data for future times (starting at time index k) is predicted for all
sensor locations in the online stage of SVDA. Despite the absence of real data, it now becomes possible to perform a more informed
simulation for the next time steps without relying solely on the bk model. In fact, the LSTM-RNN provides a surrogate prediction of
the system response to circumvent the first step of collecting observations in the above traditional data assimilation procedure. The
step of actually solving the data assimilation problem can then be run using a prediction of the true unavailable data observations.
Hence, the final solution is obtained through a combination of a bk model and statistical learning.

kEK‘r .

3. Practical SVDA formulation

In this section, we illustrate how the SVDA concept can be put into practice, in particular by combining an LSTM-RNN with the
PBDW data assimilation method. We first introduce the setting and some notation in Section 3.1. Then in Section 3.2, we review
the main ideas of the PBDW approach for (traditional) variational data assimilation. The practical SVDA formulations are outlined
for the offline stage in Section 3.3 and for the online stage in Section 3.4.

3.1. Setting and notation

We consider a spatial domain (open, bounded, connected subset) 2 c R?, d > 1, with a Lipschitz boundary. We introduce a
Hilbert space U" composed of functions defined over €. The space U’ is endowed with an inner product (-, -) and we denote by || - ||
the induced norm; U consists of functions {w : 2 - R | ||w|| < oo}. To fix the ideas, we assume that H(; (2) c U c H(R), and we
denote the dual space of U" by U”. The Riesz operator Ry : U’ — U satisfies, for each £ € U”, and for all v € U, the equality
(Ry(f), v) = £(v). For any closed subspace Q C U, the orthogonal complement of Q is defined as Q* := {w € U | (w,v) =0, Vv € Q}.
Finally, we introduce a parameter set 7 C R?, p > 1, whose elements are generically denoted by u € P.

We recall that we use a ‘best-knowledge’ (bk) mathematical model in the form of a parametrized PDE posed over the domain
£ (or more generally, over a domain Q% such that £ c ©2°%). Then, we introduce the manifold associated with the solutions of the
bk model MP c V. In ideal situations, the true solution »'™ is well approximated by the bk manifold, i.e., the model error

bk
mod

true

e @™ ;= inf |lu"™ - z||, 1)
zeMPk
is very small.
We introduce nested background subspaces Z; C ... C Zy C ... C U that are generated to approximate the bk manifold M®* to
a certain accuracy. These subspaces can be built using various model-order reduction techniques, for instance, the Reduced Basis
Method [16-18]. Note that the indices of the subspaces conventionally indicate their dimensions. To measure how well the true
solution is approximated by the background space Z y, we define the quantity e‘]’\}‘(u"“e) i=inf ez, 4" ~z]|. The background space

is built so that eDx (™) 2 efn‘; ,@™™). Moreover, we introduce the reduction error ek = sup ir%f |lu — z||, which encodes
—+00

red, N
’ ueMPkZEEN
the loss of accuracy caused by solving the bk model in the N-dimensional background space Z . For later purposes, we introduce

Iz, (') as the closest point to 4™ in Z . Note that IT;  is the U-orthogonal projection onto Zy. The background space Zy
can be interpreted as a prior space that approximates the bk manifold which we hope approximates well the true state u'™*¢. As
previously alluded to, u'" rarely lies in MP* in realistic engineering study cases. In the remainder of this Section, we give a brief
review of the PBDW method and present the SVDA setting in the PBDW context.
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3.2. PBDW formulation in the time-dependent context

Since the SVDA builds upon the PBDW, we recap the main ideas of the PBDW formulation for time-dependent problems,
following [6,7].

Even when one can collect observations, full-knowledge of 4" is unrealistic. In many engineering cases, only a limited number of
experimental observations of the true state u'™"® is affordable — interpreted as the application of prescribed observation functionals
f;bs € U’ for all m € {1, ..., M}. One can consider any observation functional that renders the behavior of some physical sensor.

In the time-dependent setting, we let these observation functionals act on time-averaged snapshots of the true solution. We also
make the regularity assumption u'™¢ € L!(I; U") on the true state. We introduce the time-integration intervals

¢ = [tk — si* 1% + 61%], Vk e K", 2

where 6 > 0 is a parameter related to the time-precision of sensors. Then, for any function v € L!(I;U’), we define the
time-averaged snapshots

ok(x) = L/ vt x)dte V', VkeK". 3)
|ZK| Jgx
Now we consider
LRSI 1= 2SR, Yme (1,..., M), Vk e K" )

For instance, if the sensors act through local uniform time integration, we have

1 1 1 -
fk,obS(ulrue) — / ukﬁlrue(x) dx = . / / unue(t’ x) dxdt, (5)
" Rl Jr, Rl 1Ll Sz, J1,

-

where R,, denotes the spatial domain of influence for the mth measurement.

The most convenient configuration to collect observations in industrial contexts is to measure the quantities at user-defined
space-time locations. In actual practice, sensors do not take pointwise measures but localized ones. A sensor collects the data that
is enclosed in a small area centered at the sensor location. Hence, Eq. (5) means that the sensor returns a measurement that is
equal to the space-time averaged quantity we are collecting. Moreover, the observation functionals f’,f;"bs are Riesz representations
of any type of physical data available for the user, and not necessarily pointwise or pointwise-like (integrations over small patches)
observations.

Generally, we introduce the time-independent observable space U, C U such that

Uy =Span{qy,...,qp } ©

where g,, := R;(#%%) is the Riesz representation of 7% € U, for all m € {1,..., M}, i.e,,
Lo ko) = (ke gy Yme (1,..., M}, VYkeK". )

Note that, for fixed sensor locations, the computational effort to compute the Riesz representations of the observation functionals
is time-independent and is incurred only once so that, for all m € {1,..., M} and k € K", the experimental observations of the true
state satisfy:

Lo’l:,.obS(ulrue) - (uk,true’qm) - ﬁ /k f:)nbb(u"ue(t, ~))dt. (8)
Kkl J1
Hence, for all ¢ € U, such that,
M
a= ) s ©)
m=1

the inner product (%', ¢) is deduced from the experimental observations as follows:

M
k,true — 1 / true f.- dt
(uktree g) 0 | m§=1am (u'™e(t, ), q,,)

(10)
- obs ., true
=T mz:“l @ /Zk £ ulru (2, ))dt.
Henceforth, we make the crucial assumption that
ZynUy ={0}, an
which is also equivalent to
By = inf _w.0) €(0,1], (12)

P
weZy vevy, llwll vl
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where fy ,, is the so-called stability constant (the reader can refer to [19] for a proof). Assumption (11) can be viewed as a
requirement to have enough sensors (note that Z, n Ut = {0}). Under this assumption, the limited-observations PBDW statement

reads: for each k € K", find (u';',*M, z]]‘\}*M,n;‘\}*M) € U X Zy X Uy, such that

W as o iy ) = arginf iy o117, (13a)
“N,Me
ZINMEZN
N .MEUM
subject to (uy a1 0) = (I p-0) + (Zn 415 D)5 Yoe U, (13b)
(un ar> @) = @, ), Vo € Uy (130)

k,x

The limited-observations saddle-point problem associated with (13) reads: for each k € K", find (z N nf\;*M

) € Z X U,y such that
k,x k% X
(g @+ @Y @) = @), Vg e Uy, (14a)
ks
(1§ 7 P) =0, Vpe Zy, (14b)
Hence, the limited-observations state estimate is

ke ks k% t;
U v =25 N e Vk € KY. (15)

In algebraic form, the limited-observations PBDW statement reads: for each k € K", find (z‘l‘\;* ) € RN xRM such that

K,
M’nN,M

ko k,obs
A B) 7INM> <f1(4 )
T k% = , (16)
(B 0 <zN,M 0

with the matrices

— MxM _ MXxN
A=(@an) €YY B=(Gra) e RN, a7
where Zy = span{{|,...,{y}, and the vector of observations
fl;/,[obs — (Lpﬁle(uk,lrue))ls'nSM c RM. (18)

Note that the matrices A and B are time-independent; only the right-hand side in (16) depends on k.

Remark 1 (3D-VAR). We highlight that the PBDW is a special case of 3D-VAR [20] variational data assimilation. We introduce the
bilinear forms a : U XU - Rand b : U XU — R, and the linear form f : U — R. In a noise-free context, the 3D-VAR method
consists in solving

" | A
(20" = arginf Znll® + F 1 Ty, ut™ = My, (2 + I, (192)
ze
neVy
subject to a(z,v) = f(v) + b(n,v), YveE U, (19b)

which is equivalent to solving

(%*, n*) = arginf |I5]1%, (20a)
ue U
ze Z
ne v
subject to a(z,v) = f(v)+ b(n,v), YveEU, (20b)
(z+1.¢) = @™, ), Vv e Uy (20c)

If b = 0, the constraint (20b) can be replaced by a requirement that z belongs to the manifold of solutions Z = {u € U’ | a(u, v) = f(v)}.
In this case, the 3D-VAR problem reads:

", 2, n*) = arginf [|n]1%, (21a)
ue U
ze Z
ne v
subject to  (u,v) = (z,v) + (3, v), YvelU, (21b)
(u, @) = W, $), Yo € Uy, (21¢)

which is the same idea as the PBDW formulation.
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Fig. 1. Sketch of the LSTM-RNN setting in the numerical experiments. For better visibility, only the propagation of the recurrent state is depicted.

3.3. SVDA offline phase

As described in Section 2, the SVDA consists of an offline and an online phase. During the offline stage (cf. Algorithm 1 below),
one precomputes the functions ({,);<,<n as basis of Zy and the Riesz representations (g,,);<u<p> cf. (7). Recall that the basis
(¢)1<n<n is computed in our case using the Reduced Basis Method [16-18] based on solution snapshots of the bk model. With ¢,
and g,, at hand, one precomputes and stores the matrices A € RM*M and B € RM*N defined in (17) once and for all.

One also runs the deep learning module on the training data in order to produce an LSTM-RNN prediction function. Concretely,
we now describe the set-up of our LSTM-RNN model for the SVDA. Recall that the specific choice of the machine learning model
can be exchanged in the SVDA formulation and should be adapted to the problem context. We therefore focus our description on
the concepts used in the numerical experiments below.

For completeness, we briefly describe how a single LSTM cell works. As LSTMs are recurrent networks, there is a recurrent state
denoted by h. Additionally, an LSTM unit also includes a cell state ¢. At unit j, ¢; and h; are computed from the previous steps ¢;_,
and h;_, as well as from the input value x;, which reflects the input variable at time instance ¢;. h;_; and x; are concatenated to
%;, from which the values between 0 and 1 of the forget, update and output gates f;,u;,0; are computed via

f; =c(W;X; +b;), u;=0(W,X;+b,), o;,=c(Wzx;+b,).

Here, W,, W,, W, and b,,b,,b, are the trainable weights and biases, respectively, and ¢ denotes the activation function. The gate
mechanism is the cornerstone of every LSTM unit and determines how the recurrent and cell state are updated. First a new candidate
cell state ¢; is computed as

& = tanh(W,&; +b,),
where W, and b, are yet another trainable weight and bias, respectively. Then, the updated quantities are calculated via
¢;=f0c¢_+u;0¢, h; =o; O tanhe;,

where © denotes the component-wise product. While ¢ is an internal variable, the recurrent state h also serves as output, especially
at the final LSTM unit. We refer the reader to [21] as well as the original articles [22,23] for more details on LSTMs.

For our LSTM-RNN model, we use /b LSTM units with the so-called lookback variable /b < k. — 1. In other words, this variable
determines how many previous time steps are used for the prediction of the observables at the current time. Consequently, the input
variable has the shape R/”*M, Besides the LSTM units, our neural network consists of dense layer(s), see Fig. 1 for a sketch. Details
on the used architecture and the training are provided in Section 5. The described neural network construction is used to emulate
the map from (2%, ... £¥*/*=1) to £**'® for each training time step ¥, where we recall that #* denotes the vector of observations,
cf. (18). For fixed k°f, /b also influences the number of available input/output training data pairs. To better illustrate this, let us
consider two extreme cases. On the one hand, for /b = 1, we have k; — 1 training data pairs. On the other hand, for /b = k¢ — 1,
we have only a single training data pair.

Algorithm 1 Offline stage of the SVDA

INpUT : {q,,...,q) }: Riesz representations of the observations; bk model and set of training parameters; lookback variable /b
and hyperparameters for LSTM-RNN

: Compute Zy = span{{j,...,,{y} using the Reduced Basis Method based on bk model and training parameters.

: Set Uy, 1= Span{qy,....qp}-

: Compute the matrices A and B according to (17) using Zy and Uy,.

: Compute the LSTM-RNN prediction function fﬁ'} using /b LSTM units and additional dense layers, cf. Fig. 1, training based on
Adams optimizer, cf. Section 5.

AW N =

Ourpur : Zy, Uy, A and B, 01
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3.4. SVDA online phase

During the online stage (cf. Algorithm 2), we would like to solve the PBDW problem (16) at each time step 7, in [4¢, T]. However,
recall that in the SVDA context, the observations are not available at the time steps of interest. Hence, one cannot evaluate the
observations f,];,“’bs(u"“e) in (4), which will be replaced by their LSTM-RNN prediction. Therefore, we apply the trained LSTM-RNN
prediction function to the input data in order to generate a vector of predicted observations t”;IDL to replace t’ﬁ’fbs in (16). Precisely,
we get the predictions #%PL for any time step 7, very cheaply by providing observations at /b previous time steps. We, hence, have
to sequentially run the neural network several times to get all surrogate observations in [4¢,T]. Since the evaluation of a trained
neural network is rather cheap, this sequential run comes at extremely low cost. The computation of #*PL for times ¢* in [A1,T]
can also be viewed as a machine learning based time stepping.

Let us now present the SVDA formulation of the PBDW problem. We directly start from the algebraic formulation (16) and

replace t"}‘\;’bs by f’,‘\f L. The SVDA-PBDW statement reads: for each k € K, find (z']‘\fﬁ“,nll‘f‘}’\jﬂ) € RN xRM such that

k,svd :
(AT B) (”st-3{> - (‘”IRJDL> (22)
,svda s
BT o)\ 5 0

with the matrices A, B as in the original PBDW formulation above (cf. (17)). Having solved this linear (N + M)-dimensional problem,

for each k € {kg, ..., K}, the SVDA state estimate u']‘\}s‘]’sa is deduced as follows:
k,svda

k,svda
u N.M

o + UMnk,svda (23)

=Zyz NM

where Zy and Uy, are the algebraic counterparts of Z and U, respectively. Here, we emphasize that predicting t”;’JDL with the
LSTM-RNN instead of the ‘state’ z, ,s, 7y 5 allows us to use the traditional data assimilation framework of PBDW, as we already
explained in Section 2.1. This ensures ‘consistency’ in the solver between time steps in the sense that model (16) for time steps
with real data available and model (22) for time steps without available data are of similar nature. Additionally, we can in this
way easily guarantee that indeed V% Zﬁ-v Finally, note that predicting ¢ instead of [z, #] implies less computational costs as

N.M
the observation vector has only M components instead of N + M.

Algorithm 2 Online stage of the SVDA

INPUT : kg, output of the offline stage: Z 5, U’,, matrices A, B, trained LSTM-RNN prediction function t’?}.

: for k € {ky,...,K} do
Compute t";’dDL by applying the LSTM-RNN prediction function t’?} at time ¢ to input data from previous /b time steps.
Solve the SVDA online system (22) at time #*.
Update the SVDA state estimate u']‘\f‘,’j" according to (23).

end for

a s wne

. . ksvd
Oureur : SVDA future trajectory ()"} <k<k-

Note that we can reformulate (22) into variational form similar to the PBDW, which is useful for the error analysis, but not used
in the practical implementation. For this, we use (7) to define LSTM-RNN predictions of the state out of t";v’IDL. Precisely, we define
the field of LSTM-RNN state predictions Pt € U}, via

M

JPL — Z WPl 24

m=1
and
kDL _ ( pobs, kDL _ (kDL

Ty = (f:; S ))1gm5M = ((“ ’qm))15mgM (25)
The variational form of (22) of the SVDA problem now reads: for each k € K", find (z’]‘\}sj\j“, n’]‘\;sﬁ") € Zn X Uy such that

s D+ Gy @) = WP g, Vg e Uy, (26a)

(NP =0, Vpe Zy, (26b)
Hence, the SVDA state estimate is

ksvda _ _k,svda k,svda tr
Ugag =Zna Tl YkEKT (27)

k,svda

Note that «***% is, hence, the function associated with the vector u e

N.M
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4. Error estimation

In this section, we establish an a priori error analysis of the SVDA approximation. We first recall an important result proved
in [3,24].
Proposition 1. At each time step k € K", the PBDW error estimation satisfies

”uk,true

ke, . k,true
—uy < inf |z, ™" —ql|, (28)
N.M PN.m qeVyNZ%, N

where [y, is the stability constant defined as

(z.q)

in
z€2nqevy, Izl

€ (0,1].

Bnm =

Proof. See [3], Proposition 2, and for the improved constant of ﬂ; see [24].
N.M

Let us now estimate the SVDA approximation error.

Proposition 2. In the present context, the following upper bounds on the SVDA approximation hold true

2
iy = i 1l < (1 + —) [Ty, w47 — L. (29)
’ ! ﬂN,M
k,svda 1 . k,true
e — Wl < o= inf [Tz utT — ]
N.M BN M aeUynZ, N

(30)

2
+ <l + . > 1Ty, whtrue _ kDL

Proof.

1. By subtracting (26a) from (14a), we obtain

k, k,svdz k, k,svd
Uiy =MD+ Gy = 2@ = @ —dfPlg) Vg e Uy,

k,svda
N.M

k% k,svda

Let us choose the test function ¢ = n’]‘\;*M -n S

the Cauchy-Schwarz inequality, we get

€ U, as a test function. Using the fact that » S Z]l\, along with

k% k,svda 2 k.t k,DL k% k,svda
iy ag = T2 = (T, e — DLy e — s

k.t k,DL ke k,svda
< Ty, @5 = u*PI gty = 1 -
M N,M

N.M
Hence,
[z k,svd ki k,DL
"y = gl < 1Ty, @A — e PLy. (1)
Moreover, (5% — ZK%3) ¢ 7 leads to
P VUN.M N.M N
(zk,* _ ksvda )
kx k,svda N.M N,M >
B mllZy = Zn s I S sup
~TNM TN.M 4y llqll
Kok k,svd
(uk,lrue _ uk,DL _ (nNTM _ anX,[a), q)
= sup
4y IIqll
kit kDL ko k.svda
< Ty, @5 = dEPL) || g — e

< 2” nU'M uk,lrue _ uk,DL“’
where the last inequality follows from (31) and the fact that u*P* € U;,. Hence,
” ks Zk,svda” < 2 ”HU‘M uk,true _ uk,DL”. (32)

Znm T EAnm LS I
N.M

Combining (31) and (32), we obtain
2
ey = i I < <1 o ) [Ty, w47 — L. (33)

The spirit of this proof is similar to that of noisy observations [4].
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v
dirna:
drna:

Fig. 2. Computational domain and mesh with A" = 6561. The little black squares are observation subsets {R,,}!2! . Left: Mono-material plate. Right: Bi-material
plate.

2. Using the triangle inequality, we have

ktrue _  ksvda ktrue _ ks ks ksvda
o O ) 34

It follows from (34), (28), and (33) that

1 B k.true
”uk,true _ uk,svda” < inf ||H uk _ q“ (35)
N.M BN.m 4€UynZY N
+ <1 2 ) [Ty, w4 — <DL (36)
Bn.m

The result in (30) shows that the quality of the SVDA approximation has two contributions. The first contribution depends on the
quality of the PBDW spaces. The better the quality of the background space Z , and the observable space U, the smaller the error
[ufetrue — u',‘\’,s‘]"ja”. The second contribution is related to the quality of the statistical prediction. The more accurate u*PL, the smaller
the error ||u”‘~true - u']‘\}f‘)’gall. In concrete applications, both error contributions may be estimated further or assessed with an indicator
to yield an overall bound for the SVDA quality. While there is a rich literature on error estimation for variational data assimilation,
see e.g. [3] in the PBDW context, the performance of machine learning methods is typically assessed by heuristics and experimental
studies for use cases. For instance, the class of LSTM-RNN networks is widely used in the literature and has shown excellent
performance for time series prediction tasks, see [21-23] and references therein. While the good general approximation properties
of neural networks are well established, see e.g. [25] for parabolic problems and [26] for parametrized PDEs, error estimates for
concrete trained neural networks are much more rare. Two interesting approaches that might allow to estimate Ty, ykitrue _ kDL
for appropriate machine learning methods within SVDA in the future are the following: [27] proposes an error analysis framework
for physics informed neural networks. [28] combines machine learning with certified reduced basis approaches for parametric PDEs.

5. Numerical results

In this section, we implement the above developments. The goal is to illustrate the computational performance of the SVDA
method as a proof of concept. We resort to the following numerical strategy:

1. Synthesize two different models out of the same PDE. Towards that end, an efficient strategy is to change a (physical)
parameter. The first model will be considered as the ‘true’ model and the second will be the ‘best-knowledge’ model.

2. Using the ‘true’ model, create training data for the initial time interval [0, 4¢].

3. Train the statistical model using LSTM-RNN.

4. Run the online SVDA.

We consider a two-dimensional setting based on the plate illustrated in the left panel of Fig. 2 with 2 = (=2,2)?> c R?. We use
a finite element (FE) [29] subspace UV c U = H!(Q), where H!(Q) is the linear space of square integrable and differentiable
functions defined on Q. The subspace U consists of continuous, piecewise affine functions in order to generate FE solutions. The FE
subspace U is based on a mesh that contains ' = 6561 nodes. The experimental data is generated synthetically and the observation
subsets {R,,}1<n<p are uniformly selected over the plate as illustrated in the right panel of Fig. 2. Regarding the implementation,
the FE computations use the software FreeFem++ [30], the SVDA algorithm has been developed in Python. The deep learning
subroutines of the SVDA use the Python library Tensorflow.keras [31].
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5.1. Physical model problem
We apply the above methodology to the following parabolic PDE: For any value of the parameter u € P, find u(u) : I X 2 - R
such that

ou(u)
ot

— V- (D(u)Vu(u)) =0, in I xQ,
u(u)(t =0,) =uy, in £, 37)

Boundary conditions, on I X 0€,
where u, = 293.15 K (20 °C). We will supplement (37) with Stefan-Boltzmann boundary conditions on 04, i.e.,
- D(y)g—u = 65(u4 - uf), on I X080, (38)
n

with an enclosure temperature u, = 303.15 K (30 °C), the Stefan-Boltzmann constant ¢ = 5.67 x 10~8 W m~2 K4, and an emissivity
& = 3.1073. The Stefan-Boltzmann boundary condition is nonlinear. Hence, the resulting problem (37)—(38) is nonlinear. For both
subsequent test cases, the background spaces Z 5, will be generated by solving the nonlinear PDE (37)—(38) with a uniform diffusivity
function D(u) such that for all x € 2, D(u)(x) = D, (#)(x) := ulg(x) (mono-material plate, cf. left panel of Fig. 2).

5.2. Synthetic data generation

We generate the data by first synthesizing a true solution and then applying to it the linear functionals by means of their Riesz
representations in the observable space U,. In order to synthesize the true solution, we consider a ‘true model’ based on the bi-
material plate (cf. right panel of Fig. 2) where we choose a fixed internal diffusivity D;,, = 1 and define, for each u € P, the diffusivity
function D(k) as D(u)(x) = Dy ()(x) = uDip lg  (x)+ Dy 1g, (x), for all x € Q, where 2, = (=1, )* and Q. = (2,2 \ (-1, 1),
so that @ = Q. Uﬁcxt and Q;,, N L2 @. The synthetic true solutions are then defined as the solutions of (37)—(38) for all u € P.

int ext =

5.3. Test case (a) : Future forecast

For time discretization, we consider the time interval I = [0,2.5] s, a constant time step 7% = 1.25x 1072 s for all k € K", and the
set of discrete time nodes K = {1,...,200}. The parameter of the true model is fixed to u = 15, both for training as well as testing.
We first build the bk space. Using a Proper Orthogonal decomposition (POD), we obtain N = 4 basis functions. In this section,
the bk model corresponds to the solution of (37)—(38) for the mono-material plate without incorporating any data. We train our
LSTM-RNN (cf. Section 2) with 2 additional dense hidden layers and 1 dense output layer using the data on the first 50 time steps.
Using a mean squared error loss function and the Adam optimizer with a learning rate 10~2, we perform the SVDA prediction for the
remaining future time steps. We refer the reader to [14] for more details on how to fit a neural network (number of hidden layers,
optimizer choice, etc.). We recall that the non-deterministic nature of the LSTM-RNN propagates to the SVDA. Hence, the output
results are tendencies of the solution behavior and not exactly reproducible solutions. For the values of the lookback parameter
Ib € {1,7} (cf. Section 2), Fig. 3 displays the relative L? errors to the true solution.

We clearly see that the machine learning surrogates improve the accuracy of the future prediction in comparison to using only
the bk model (in green). Comparable results — errors of about one percent — are also achieved if we increase the training time
window to the first 100 time steps (data not shown). Note that the orange line, which depicts the (unrealistic) situation that true
observations are available for data assimilation also at future time steps, is not a lower bound for the SVDA error. The reason is that
the data assimilation problem is constrained, i.e., it is a problem of minimization under constraint. This means that the solution to
the problem is non-unique and only a local optimum can be recovered. The local optimum recovered by PBDW and SVDA may be
different and may or may not be the global optimum over the discrete space. In particular, the local optimum recovered by SVDA
may be better than the local optimum recovered by PBDW. As expected, errors grow over time as we depart from the time window
with true observations available at close previous steps, but the error growth is rather moderate overall. Fig. 4 shows the error
of a pure LSTM-RNN prediction for ¢ at all ‘future’ time steps. We observe that the error shows the same qualitative trend as the
SVDA error in Fig. 3, but the values for pure LSTM-RNN prediction are about a factor 3 to 4 larger at the final time. We, therefore,
concentrate on the SVDA error in the following. Since all results are quite similar for the different lookback values, we will focus
on /b =1 in the following.

5.4. Test case (b) : Parametric forecast

For a parametric forecast, we train the LSTM-RNN using the true model with 4 = 15 over the whole time interval [0, 2.5]s. The time
steps, the spatial discretization and the network architecture are the same as in Test case (a). In particular, the PBDW background
space Z, is based on the mono-material plate with y = 15, cf. Section 5.1. We use the trained LSTM-RNN to create surrogate data at
all time steps for the value i = 17 and integrate those surrogate observations into the SVDA. Fig. 5 shows the relative L? errors to the
true solution. As announced, we focus on the case /b = 1. As in the previous section, the bk model corresponds to the mono-material
plate with p = 15. Although the parameter change from u = 15 for the bk model to x4 = 17 for the true model is very moderate, the
green line for the bk error grows immediately and the average bk error is about 4.5 - 1072, Again, the SVDA is able to improve the
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lookback = 1, test_val = 15, nb_obs = 361, seed = 5 lookback = 7, test_val = 15, nb_obs = 361, seed = 5
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Fig. 3. Error estimation for /b =1 (left) and /b =7 (right).

Fig. 4. Error estimation for a pure LSTM-RNN prediction of ¢ for the two lookback values.
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Fig. 5. Error estimation in the parametric case.

accuracy and its average error is about 6 - 1073. We emphasize that the LSTM-RNN predictions within SVDA are parameter-agnostic,
i.e., LSTM-RNN predicts the solution at the next time step just from the input of the solution at the previous time step, but without
any parameter input. Only the PBDW segment of the SVDA handles parameter variation. Therefore, considered test case with a
rather limited training set for the LSTM-RNN is a challenge and underlines the promising properties of SVDA. Interestingly, the
SVDA error even drops quite drastically somewhere in the middle of time simulation. We believe that the nonlinearity of the model
as well as the statistical training allow for such an error behavior, which is rather uncommon for traditional numerical methods.
Finally, we mention that comparable results for the SVDA were even obtained when testing for other parameters — even if they
were rather different from the bk parameter y = 15.

6. Conclusion

We introduced a statistical variational data assimilation (SVDA) method providing a new concept that combines machine learning
methods with traditional data assimilation. While we explained the details of the framework based on long-short term memory
(LSTM) networks and the parametric background data weak (PBDW) approach for data assimilation, the key idea is very flexible
and versatile and can be easily adapted to other neural networks and data assimilation schemes. The core idea is to train a neural
network based on available observations and use the network’s predictions as surrogate data in situations where no observations
are available, but data assimilation is needed or wished. We rigorously proved that the overall SVDA error is bounded above by
the quality of discrete (approximation) spaces used in data assimilation and the quality of the machine learning model. To illustrate
the performance and applicability of the SVDA in practice, we considered a parametric heat equation with nonlinear boundary
conditions. Both for future and parametric forecasts, the SVDA showed promising results. The flexibility of the framework entails that
we cannot test the plethora of potential applications. Further investigations for more realistic scenarios (e.g. weather prediction) and
on the influence of the various method parameters (lookback, neural network choice, etc.) are interesting future research directions.
Further, the influence of noisy data should be considered, where one could apply a noise correction filter to the observations prior
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to their use as an input to the LSTM-RNN or one could use the PBDW variant in [32] and additionally control the noise propagation
in this time-dependent case by a weighting factor varying with the time step of the PBDW correction.
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