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ARTICLE INFO ABSTRACT

Keywords: We consider an inverse problem involving the reconstruction of the solution to a nonlinear
Inverse problems partial differential equation (PDE) with unknown boundary conditions. Instead of direct
Nonlinear PDE boundary data, we are provided with a large dataset of boundary observations for typical

Machine learning

. ) : solutions (collective data) and a bulk measurement of a specific realization. To leverage this
Unique continuation problem

collective data, we first compress the boundary data using proper orthogonal decomposition
(POD) in a linear expansion. Next, we identify a possible nonlinear low-dimensional structure
in the expansion coefficients using an autoencoder, which provides a parametrization of the
dataset in a lower-dimensional latent space. We then train an operator network to map the
expansion coefficients representing the boundary data to the finite element (FE) solution of the
PDE. Finally, we connect the autoencoder’s decoder to the operator network which enables us to
solve the inverse problem by optimizing a data-fitting term over the latent space. We analyze
the underlying stabilized finite element method (FEM) in the linear setting and establish an
optimal error estimate in the H'-norm. The nonlinear problem is then studied numerically,
demonstrating the effectiveness of our approach.

1. Introduction

Technological advances have led to measurement resolution and precision improvements, shifting the paradigm from data
scarcity to abundance. While these data can potentially improve the reliability of computational predictions, it still needs to be
determined how to consistently merge the data with physical models in the form of partial differential equations (PDE). In particular,
if the PDE problem is ill-posed, as is typical for data assimilation problems, a delicate balancing problem of data accuracy and
regularization strength has to be solved. If the data is inaccurate, the PDE problem requires strong regularization; however, if the
data is accurate, such a strong regularization will destroy the accuracy of the approximation of the PDE. Another question is how
to use different types of data. Some large data sets, consisting of historical data of events similar to the one under study, can be
available. In contrast, a small set of measurements characterizes the particular realization we want to model computationally. In
this case, the former data set measures the “experience” of the physical phenomenon, while the latter gives information on the
current event to be predicted.
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This is the situation that we wish to address in the present work. The objective is to construct a computational method that
combines machine learning techniques for the data handling parts and hybrid network/finite element methods (FEMs) for the
approximation in physical space. First, the large data set is mapped to a lower-dimensional manifold using an autoencoder or
some other technique for finding low-dimensional structures, such as singular value decomposition or manifold learning. Then, we
train a network to reproduce the solution map from the lower-dimensional set to the finite element space. Finally, this reduced
order model solves a nonlinear inverse problem under the a priori assumption that the solution resides in a neighborhood of the
lower-dimensional manifold.

To ensure an underpinning of the developed methods, we consider the case of a unique continuation problem for a nonlinear
elliptic operator. That is, given some interior measurement (or measurements on the part of the boundary), a solution is reconstructed
despite lacking boundary data on the part of the boundary. Such problems are notoriously ill-posed, and using only the event data set,
it is known that the accuracy of any approximation in the whole domain cannot be guaranteed due to the poor global stability [1].
Indeed, in general, stability is no better than logarithmic. This means that for perturbations of order ¢, the error must be expected
to be of order |log(e)|™* with @ € (0, 1). In interior subdomains stability is of Holder type, meaning that the same perturbation gives
rise to an O(e*) error. Computational methods can have, at best, rates that reflect this stability of the continuous problem [2]. To
improve on these estimates additional assumptions on the solution are needed. A convenient a priori assumption is that the missing
data of the approximate solution is in a 5-neighborhood of a finite N-dimensional space, G, where 6 is the smallest distance from
the solution to G in some suitable topology. In this case, it is known that the stability is Lipschitz; that is, the problem has similar
stability properties to a well-posed problem, and finite element methods can be designed with optimal convergence up to the data
approximation error §. For linear model problems discretized using piecewise affine finite element methods with mesh parameter
h, one can prove the error bound [3],

llu = upll g1y < Cn(h+6)

Here, C is a constant that depends on the dimension N of the data set G, the geometry of the available event data, and the
smoothness of the exact solution. In particular, C, typically grows exponentially in N.

Since the size of N must be kept down, there is a clear disadvantage in using the full large dataset. Indeed, for N sufficiently
large, the experience data will have no effect. Instead, we wish to identify a lower-dimensional structure in the high-dimensional
dataset, a lower-dimensional manifold such that the data resides in a §-neighborhood of the manifold. For this task, one may use
proper orthogonal decomposition in the linear case or neural network autoencoders in the general case.

In the linear case, the data fitting problem reduces to a linear system; however, an ill-conditioned optimization problem has
to be solved in the nonlinear case, leading to repeated solutions of linearized finite element systems. To improve the efficiency of
this step, we propose to train a network to encode the data to an FE map, giving fast evaluation of finite element approximations
without solving the finite element system in the optimization.

The approach is analyzed in the linear case with error estimates for a stabilized FEM using the reduced order model.

Contributions.

» We prove that the inverse problem with boundary data in a finite-dimensional set ¢ is stable and design a method that
reconstructs the solution using the reduced order basis with the same dimension as G. We prove optimal error bounds in
the H'-norm for this method, where the constant of the error bound grows exponentially with the dimension of G.

+ In the situation where a large set of perturbed random data, G, from the set G is available, we develop a practical method
for the solution of the severely ill-posed inverse problem of unique continuation, leveraging the large dataset to improve
the stability properties. In order to handle nonlinearity in the PDE operator and data efficiently we adopt machine learning
algorithms. The machine learning techniques are used for the following two subproblems:

1. Identification of a potential latent space of G from Gg to find the smallest possible space for the inverse identification.
2. Construction of a discrete approximation of the solution map

¢, 16—~ H' Q) M
that gives an approximation of the finite element solution to
Pwy=0 inQ, ulp€GC )

where P is the nonlinear PDE operator in question. The construction is done in a way that is a special case of the
approach presented in [4] which in turn is a special case of an even more general approach presented in [5].

+ The performance of the combined finite element/machine learning approach is assessed against some academic data assimi-
lation problems.

Previous works. The inverse problem we consider herein is of unique continuation type. There are many types of methods for this
type of problem. In the framework we consider the earliest works considered quasi-reversibility [6]. The stabilized method we
consider for unique continuation was first proposed in [7-9]. More recent works use residual minimization in dual norm [10-12].
The optimal error estimates for unique continuation with a trace in a finite-dimensional space was first considered for Dirichlet
trace in [3] and for Neumann trace in [13]. The idea of combining unique continuation in finite-dimensional space with collective
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data was first proposed in [14,15] using linear algebra methods for the compression and direct solution of the linear unique
continuation problem. Low rank solvers for the solution of inverse problems have also been designed in [16] using proper orthogonal
decomposition.

In recent years, significant advancements have been made in utilizing machine learning for solving PDEs [17-19]. One important
aspect is how to suitably and efficiently represent the learned solution [20-23]. An application that comes very natural in the context
of neural networks is the derivation of reduced order models [24,25].

These developments are very useful in the context of inverse problems, where they have been utilized in both data- and model-
driven inverse problems. In [26] a combination of networks and traditional methods is considered to recover the diffusion coefficient
in Poisson’s and Burgers’ equations. In general, the same is done in [27] with the traditional method being FEM and the equations
being elliptic and parabolic. Yet more examples of applying deep learning to this type of problem are given by [28,29]. Anyone
interested in the application of deep learning for PDE-solving has undoubtedly encountered Physics-Informed Neural Networks
(PINNs) [30] which are also used for inverse problems. Works not involving deep learning but still relevant are [31,32] where
projection-based reduced order models for inverse problems are presented. Taking the step to also include machine learning, some
of the authors from the previous works give an overview of this mix in [33]. Another overview of using machine learning for inverse
problems is given by [34]. In [35], an approach to reduce the error introduced by using operator learning for inverse problems is
studied. As a contrast, [36] instead uses machine learning to reduce the error introduced by approximate forward models. Focusing
instead on the other side of the computational spectrum, i.e., speed, [37] presents a physics-based deep learning methodology with
applications to optimal control. The work [38] presents a modular machine learning framework for solving inverse problems in a
latent space. Although using different techniques and approaches, this general description also holds for what we present here.

Comparison between this work and others. To the best of our knowledge, there are no previous works in the literature with a similar
theoretical foundation addressing this type of data assimilation problem. Notably, the importance of the finite dimensionality of
boundary data for stability, and thus the necessity to reduce the dimension of measured population data as much as possible, has
only been considered in [15] using classical methods. Here, we apply autoencoders and operator learning to this problem for the first
time. To provide context on how other approaches might perform compared to ours, we note that the stabilized method proposed
here yields optimally converging approximations, contingent on the properties of the finite element (FE) space and the stability of the
inverse problem. This is not the case for Tikhonov regularized approaches, where discretization is typically applied without further
consideration of numerical stability. Bayesian inference methods usually share a similar shortcoming, depending on the choice of
prior. We note that in our computational examples, stabilization was not necessary, indicating that the space discretization was
sufficiently well-resolved. The use of PINNs in this context leads to a formulation where the strong form of the PDE is minimized.
This presents complications, as boundary conditions are generally difficult to impose in network approximations, particularly on the
finite-dimensional subspace. Additionally, there appears to be no way to eliminate spurious local minima in the PDE approximation
when using PINNs. In our case, since we minimize a convex functional over the finite element space for all parameter values,
the space discretization part does not suffer from this defect. Nonetheless, the optimization could converge to local minima when
networks approximate the operator, a common shortcoming with network approximation methods.

Concerning the approach to learning the physical model, the method we use is presented in detail in [4], where the focus lies
on the method itself as opposed to here, where the focus is on applying it to inverse problems. In [4], a comparison with other
machine learning approaches is made so we refer to this work for details and only give a brief characterization here:

+ The core concept is to learn a finite element solution operator. The output is thus an approximation of a finite element solution.
An advantage of this is that the method can be combined with standard FEM for support and enhancement in both theory and
practice.

A multilayer perceptron (MLP) is used to approximate the solution operator.

The finite element part enters by using a mesh and basing the loss function on an energy functional that when minimized gives
the FE-solution. An alternative is to use the weak residual, which although is more general seems to be more computationally
costly.

The input to the network is a parametrization of problem data, e.g., right-hand side functions and boundary values. The
network thus learns a parameterized family of PDE-problems as opposed to only a single problem.

The method is by default data-free, meaning no input-output data pairs. Instead input is sampled from probability distributions.
However, the method allows for the incorporation of data sets as demonstrated here.

None of these individual features is new in physics-based deep learning, but to the best of our knowledge, this specific combination
of them has not been studied outside of this work and [4].

Looking through the literature for other works employing deep learning for unique continuation problems, we find two different
types. The first type presented in [39] is a data-driven approach for parameterizing both boundary conditions and solutions for flow
problems in a cylinder. The velocity distribution is observed in a downstream cross section and the objective is to find a matching
inlet profile. Although numerical PDE simulations are used to generate data, this learning approach is physics-free in the contextual
sense. The second more common type uses PINNs and seeks the full solution given pointwise observations in a subdomain of the
solution domain. In [40] four standard linear problems (Poisson’s equation, the heat and wave equations, and Stokes flow) are
considered. For a nonlinear problem, see [41] where the 2D Navier-Stokes equations are studied. The work [42] again considers a
linear problem, the Helmholtz equation. A drawback of these PINNs-based works is that the neural networks only learn a single PDE
solution during training. Comparing these works with ours, we see some differences with our approach: First, it is physics-based
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in contrast to [39]. Second, it allows for learning an entire class of related PDE solutions as opposed to a single one as in the
PINNs-based works. With these points in mind, we think that our deep learning approach to unique continuation problems provides
a novelty that can further the field.

Outline. In Section 2, we introduce the model problem and the finite element discretization; in Section 3, we present and prove
stability and error estimates for a linear model problem; in Section 4, we develop a machine learning-based approach for solving
the inverse problem; in Section 5, we present several numerical examples illustrating the performance of the method for various
complexity of the given set of boundary data; and in Section 6 we summarize our findings and discuss future research directions.

Notation.

» We use < to mean that there is a positive constant in the inequality (typically on the right-hand side).

+ For a bounded domain or a set of mesh features D, we denote by || - ||, and (-,-), the standard L?(D)-norm and inner product,
respectively. Some common instances in the text are D = w, Q2,0Q, F,.

+ We denote by |||z~ the standard absolute value for vectors in RY. We note that it should not be confused with the L?-notation
in the previous point. The reason for using the notation || - ||z~ is because we use it on the expansion coefficients of functions,
thus making expressions involving norms on both functions and their coefficients more general and consistent.

« For a positive-definite bilinear form B we denote the corresponding norm by || - |, i.e., ||U||% := B(v,v). An example from the
text is B = my,.

2. Inverse problem and finite element method
2.1. Inverse problem

Let 2 be a domain in RY, @ C Q a subdomain, and consider the minimization problem

1 ) . .
nglf/ 5”“0 - ulle(w) subject to P(v)=0 in Q2 3)

where P(-) is a nonlinear second order differential operator and u is an observation of the solution in the subdomain w. Note that
we do not have access to boundary conditions for the partial differential equation; we only know that P(u) = 0 in @, and thus, the
problem is, in general, ill-posed.

Assume that we have access to a dataset

Gc H'*(00) ©)
of observed Dirichlet data at the boundary. The dataset ¢ may have different properties, but here we will assume that it is of the form
N
¢={sc 200 15=Y a0, €1} ®
i=1
where I; are bounded intervals and ¢; € H 12(302). Below we will also consider access to a finite set G s C G of samples from G,
Os={g liels} (6)

where I is some index set.
Including v|,, € G as a constraint leads to

1 ) . N
ng/ Elluo - vlle(w) subject to P(v)=0 inQ, vl|;p€C @

A schematic illustration of a problem of form (7) is given in Fig. 1.
2.2. Finite element method

Let v}, be a finite element space on a quasi-uniform partition 7,, of 2 into shape regular elements with mesh parameter # € (0, h]
and assume that there is an interpolation operator 7, : H'(£2) » V), and a constant such that for all T € T,

llo = 20l gmery S B N0l e enveryy ®

for 0 <m < k <p+ 1. Here N(T) is the union of all elements that share a node with T.
The finite element discretization of (7) takes the form

2

2 Subjectto (P).w)y-1g ni =0 YwE V. vlao €m,G ©)

|
inf =|luy—v
nf 5l = ol

where Vo =V, 0 H(2).
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Pv) =0
PDE satisfied

vjgn € G — v]w = ug
“Experience” on Observation of
the boundary the solution

Fig. 1. Schematic view of the minimization problem setup where we seek the v € V' that minimizes the error in the observation of the solution, while under a
PDE constraint with boundary conditions according to experience.

3. Analysis for a linear model problem

In this section, we present theoretical results for a linear model problem. We show that the finite dimensionality leads to a well-
posed continuous problem, which may, however, have insufficient stability that may cause problems in the corresponding discrete
problem. We, therefore, introduce a stabilized formulation that retains the stability properties from the continuous problem, and
then we prove error estimates.

3.1. The continuous problem

Consider the linear model problem
Pu=0 in 2, u=g onoiQR (10)

where P = —4 and

g€Q={§angn|a,,€R} (11)

n=1

where the functions {g,} f,V= , are linearly independent on 0. Then with
Pp,=0 in Q, @, =g, onoiQ 12)

we may express u as the linear combination
N
u= Y i,0, 13)
n=1

where # € R is the coefficient vector. The inverse problem (3) is then equivalent to computing the L?(w)-projection of u, on

Uy =span{g,}~ ,

’ uy EVy 1 (uy.w), = (ug.w),  Ywe Uy (14)

This is a finite-dimensional problem, and therefore, existence follows from uniqueness. To prove uniqueness, consider two solutions
u; and u,, we then have

(U —uy,w), =0  YweUy (15)
and taking w = u; — u, gives
lluy —upll, =0 (16)

By unique continuation for harmonic functions, we conclude that u; —u, is zero on the boundary and therefore u; = u, since the set
{g,} 'i": , Is linearly independent on 9. It follows that {¢,} fl"= | is linearly independent on o and by finite dimensionality, there is a
constant (it is /1;11’1/ 2), such that

I0lley S llvll,  veEUy a7

Note, however, that the constant may be huge, reflecting the often near ill-posed nature of an inverse problem.
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3.2. The discrete problem

In practice, only an approximation of the basis {(p,,}f:’= , is available, since we observe data on the boundary and must solve for

an approximate basis. Assuming that we compute an approximate basis {¢, j} f,V= , using Nitsche’s method with continuous piecewise
linears V), defined on a triangulation 7, of €,

Pnp €V ap( @y s 0) = lp g (V) YUEV, (18)

where the forms are defined by
a,(v,w) = (Vo,Vw)g — (V,0,w)y0 — (0, V,Ww)y0 + (v, W)so 19
I (V) = —(8, V,0)90 + PR (g, )50 (20)
with g the given Dirichlet data on d£2, we have the error estimates
19, = @unlla + hlIV@, = 0u)lla S P I@ull 20y S PP lIgall 13200 (21)
provided the regularity estimate ||l@, || y2q) S llg,ll H3200) holds, which is the case for convex or smooth domains.

Next, we define the operators

I:RN30w ) 0,0, €Un (22)

M=

Z

I, ;RN 35 z 0,000 € Unop (23)
n=1

to represent linear combinations given coefficient vectors, where Uy , = span{g, ;} f,V= \- By composing I and I, with the coefficient

extraction operator ~, we note that v = I for v € Uy and v = I,0 for Uy ,. We also note that I,,0 is the Galerkin approximation
defined by (18) of v = I, since @,,., is the Galerkin approximation of ¢, for n=1,..., N, and we have the error estimate

(T = I8l g + AV = 1)l g + R = 10l 90 S R21IDllgn (24)

The estimate (24) follows directly using the Cauchy-Schwarz inequality and the error estimates (21) for the approximate basis

N N
19" = 10 = (X 02) (T 19" @0 = 0n)l ) N
n=1 n=1
N N
< hz(z—m)(z Uﬁ) (z llg, ||§13/2(a.o)) -
n=1 n=1
with m =0, 1.

Now if we proceed as in (14) with the modes ¢, replaced by the approximate modes ¢, ,, we cannot directly use the same
argument as in the continuous case to show that there is a unique solution since the discrete method does not possess the unique
continuation property, and it does not appear easy to quantify how small the mesh size must be to guarantee that the bound (17)
holds on Uy -

To quantify the discrete stability, note that the constant in (17) is characterized by the Rayleigh quotient
7211

P (27)

min = N ——
DeRN 2
S OETEN

and for the corresponding discrete estimate

18112y S Noll?, (28)

we instead have the constant

11,0117,

Apmin = min N (29)
Using the triangle inequality and the error estimate (21) we have

12,11, = 11D, = (1, = DBl 2 181l = ch*[|Bllpn (30)
and thus we may conclude that

Amina = (Gle = ¢h)? 2 ¢Amin @31

for h < h( with h, small enough. Thus for 4 small enough the discrete bound (28) holds but we note that the precise characterization
of how small 4 has to be appears difficult.
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To handle this difficulty, let us instead consider the stabilized form

mp (v, W) = (v, W)y, + Sy oV, W) + 5, (v, W) (32)

Here
Spoo(v, w) = W0 = I0,w = T®) 0 + h(V( — I,D), Vo(w — I))y0 (33)

where V; = (I3 — n ® n)V is the tangential derivative on 02 with n denoting the unit normal to 02 and I,4 is the d-dimensional
identity matrix. The form s, is the standard normal gradient jump penalty term

spww) =Y h(Vol, [Viwh g (34)

FEF,

where F), is the interior faces in the mesh 7;. The role of the form s, ,, is to give control of the distance of the approximation to
the finite dimensional set ¢ in the H'/2(3€2)-norm. In principle the form

$90(0,w) = (0= ID, w = I®) 17290, (35)
could be used directly, but to obtain a stabilization term that is easier to handle in practice we note that by the Galigliardo-Nirenberg
inequality, [|v]l 1720y S ”UHIL/ZZ(@Q)“U”ZIZ(@Q)’ there holds s, (v, v) S s490(v, v), which is sufficient for stability.

3.3. Error estimates

Our first result is that the additional stabilization terms in m,, ensure that we have stability for the discrete problem similar to
(17) that holds for the exact problem.

Lemma 3.1. Let m,, be defined by (32). Then, there is a constant, depending on N but not h, such that

I0ley S ollm, € Una (36)

Proof. For v € Uy ;, we get by using the stability (17) on Uy, adding and subtracting 1,0, and employing the triangle inequality,
1Bllgn S D2 < W,OI + 1T = 100117, = Nlolly, + 11T = 1,)017, (37)

w ~

where we finally used the identity I,0 = v, which holds since v € U’y ;,. Next, we bound the second term using the stabilizing terms
in my,. To that end, we observe that we have the orthogonality

ap (I - L)0w)=0 YweV, (38)
since the discrete basis is, a Galerkin projection (18) of the exact basis with respect to the Nitsche form a,. Using the dual problem

Pp=y inQ, ¢=0 onoQ (39)
we obtain by partial integration followed by Galerkin orthogonality

(I = 1)0,w)g = (U = I)0, PP g = ap((I = I,)0,$) = a,(I = 1,)0, ¢ — 7,¢) (40)

where z;, : H!(2) — V, is the interpolation operator. Performing another partial integration, we get

ap((I = 1,)8.¢ — 7, ) (41)
=(V,(I = 1)8).¢ — m @), — (I = 1D, V(b — 7,))0 (42)
S PNV, = 181, + A2 = 1)l )bl 20 (43)

where we used the standard trace inequality [|wl|3,. $ A~ |[wl3 + hl|Vw|% for w € H'(T) on an element T € 7,,. Finally, using the

elliptic regularity ||¢ll y2() S llwllo, combining the results, and taking y = (I — [ W0, we get
(T = 1Bl S KNV, = 1)y, + A1 = 1,)0ll50 (44)
< Adlielly, + llell, ) (45)
which combined with (37) directly gives the desired estimate. []

We define the stabilized projection,

Uunp € Uy i my(uy 5, 0) = (g, ),  YOE Uy, (46)

We then have the following error estimate for the stabilized projection with approximate basis functions.
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Proposition 3.1. Let uy € Uy be defined by (14) and uy j, € Uy ;, be defined by (46). Then, there is a constant such that,

oy — ”N.h”mh S hllugll, 47)

Proof of Proposition 3.1. Using the triangle inequality

lun = unpllm, < Nuy = Ipiiy i, + M aily =y pll, (48)
Here the first term can be directly estimated using (24),

oy — IhﬁN”mh = - Ih)ﬁN”mh S hlliyllgy S Allugll,, (49
since for v € Uy we have v = I and using the stability estimate (17) followed by (14) we get

laylley < lluylly S Nuglly, (50)
For the second term, we first note that the stabilization terms s, and s, ,, vanish on U’y so that

my(upn,v) = (uy,v), Yo €Uy (51)

Then by subtracting and adding uy in the first argument to m,, we have for any v € Uy ;,

my(Iyily = tp p, ) (52)
= my(Iyliy — up, 0) + my(uy, 0) = my @y 4, 0) (53)
=my(Iyily —uy,0) + Uy, V) — (g, Vo (54
=mu(Iliy —up,0) + (uy,v = ID), — (g, v — ID), (55)

where we used (46) and (51) on the second and third terms in (53), respectively, and the definition (14) of u, to subtract I0 € Uy
in (54). Employing continuity of the involved forms, we get

my (Il =ty p, V) (56)

< Wity = upy ll, 101, + Ny llpllo = 101, + lugllg llv = L9l (57)

S Bl w10l + iy lloh* 1Bllgx + llugll,h* 1Dy (58)

Shliyllpy +hlluyll, + Alluglly) 10, (59
Slluglley

where we used the stability (36) and the bounds ity lgy < lluyll, and [luyll, S llugll, Thus by taking v = Iuy —uy ,, we conclude
that

Hpun = un pllm, S Alluglle (60)
which combined with (48) and (49) concludes the proof. []

We finally prove the following global result,

Proposition 3.2. Let uy € Uy be defined by (14) and uy , € Uy ;, be defined by (46). Then, there is a constant depending on higher
order Sobolev spaces of g such that,

[lun — ”N,h”]—l‘(_rz) < hlluglle (61)

Proof. With e = uy —uy ;, we have

llell 10y S lle = Tell 1 gy + el 1 q) (62)
By norm equivalence on discrete spaces we have

el g1 (o) S llellry (63)
Since I¢ € Uy there holds using (17),

1721511y S 1@l < Nelly, + Ny p = Ty 4l (64)
By Proposition 3.1 there holds

llelly, S Alluolle (65)
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Fig. 2. Illustrations for the analytical example with exponential growth of the stability constant. In (a), we show the unit disc domain containing a subdomain
o, in the form of a centered disc of radius r,. Looking at the first five non-zero modes ¢,,,, = r"sin(n6) from the expansion Eq. (69) we see that these modes
rapidly becomes very small within w, making the problem of retrieving the coefficient values in the expansion based on the solution within @ increasingly
ill-posed for larger n. In (b), we illustrate how the constants in the stability estimate Eq. (70) scales exponentially with » for different values of the radius r,,.
By utilizing observations, we may conclude an upper bound on n, which in turn puts an upper bound on the size of the stability constant.

For the second term we have using (24),

lluy p = Ty pllw < NUp = Dty pllg S hz””N,h”]RN < hz”“]v,h”mh (66)
Similarly we have

lle = Iell 1) = llun = Ly pll 1) S PllEn plley S Alluy plim, (67)
We conclude the proof by using the bound

Ny pllmy, S Nuoll, O (68)

Remark 3.1. Observe that the stabilization is never explicitly used in order to obtain error estimates. Indeed its only role is to
ensure the bound ||ty gy < llu N llm, without condition on the mesh.

Example (Exponential growth of the stability constant). Let 2 be the unit disc. Then the solutions to —4u = 0 are of the form

o0
Wr,0) =Y ay, " cos(nd) +ay,, r" sin(nd) (69)
=0  S—— ——

=@ =P2n+1

where (r, 0) are the standard polar coordinates. Let w be the disc centered at the origin with radius r,. We note that when »n becomes
large, the modes become small in the disc w, and therefore, the inverse problem becomes increasingly ill-posed, see Fig. 2(a). For
instance, the constant in an estimate of the type

”(P2n+m”!2 < Cn”¢2n+m”w’ m= 07 1 (70)
scales like
C,=rh (71)

and thus becomes arbitrarily large when » becomes large. But, if we, from observations, can conclude that only modes with n < n,
for some n, are present, then the stability is controlled, see Fig. 2(b). Note also that the stability is directly related to where the
disc w is placed. If it is located close to the boundary, the stability improves.

4. Methods based on machine learning

Overview. We develop a method for efficiently solving the inverse problem (7) with access to sampled data Gy using machine
learning techniques. The main approach is:
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» Construct a parametrization of the data set by first approximately expanding the samples in a finite series of functions,
for instance, using Proper Orthogonal Decomposition, and secondly using an autoencoder to find a possible nonlinear
low-dimensional structure in the expansion coefficients.

» Use operator learning to construct an approximation of the finite element solution operator that maps the expansion coefficients
to the finite element solution.

» Composing the decoder, which maps the latent space to expansion coefficients, with the solution network, we obtain a
differentiable mapping that can be used to solve the inverse problem in a lower-dimensional space.

4.1. Processing the boundary data

We combine linear and nonlinear dimensionality reduction techniques by first using PCA on the data to get a POD-basis and
then using autoencoders on the POD-coefficients for further reduction. Such combinations are not uncommon, see, e.g., [43], and
there are several reasons why we do this: In general, an initial linear reduction may function as a relatively cheap preprocessing
step to aid a subsequent nonlinear reduction that typically is more expensive. More specifically, we consider methodology for
progressing from a fully linear problem (linear PDE, linear data) to a fully nonlinear one (nonlinear PDE, nonlinear data), hence
both linear and nonlinear techniques that can be combined are required. The reason for using POD is that it very cheaply and
naturally gives a basis that can be used for both the linear and nonlinear PDE-solving techniques considered here. The reason for
using autoencoders is simply because they have the same general network architecture already used for the operator networks which
also makes combinations with them seem natural.

Proper orthogonal decomposition. To assimilate the data set G in a method for solving the extension problem, we seek to construct
a differentiable parametrization of ¢. To that end, we first use Proper Orthogonal Decomposition (POD) to represent the data in a
POD basis {¢,}

n=1’

N
g= Y 2,9, 72)
n=1
where g, = (g, ®,)gv. We introduce the mapping
dpopn 1 GDg TEGy CRY (73)

where Gy = ¢pop y(G). We also need the reconstruction operator

N
bropy - RYDar Y a,0,€6 74)

n=1

Letting I denote the identity operator on RV, we have
®rop.N o¢; oy = In (75)
and we note that the operator ¢pop y is invertible and differentiable.

Autoencoder. Next, we seek to find a possible nonlinear low-dimensional structure in the POD coefficients using an autoencoder

PdePen

[ P,
Gy =2 725 Gy (76)

where ¢, denotes the encoder map and ¢4, the decoder map. Letting E denote the expectation operator and P an arbitrary
probability distribution, the autoencoder is trained to minimize the loss

Egp (I8 - Gaeoben) DI @7
See Fig. 3(a) for a schematic illustration. Here Z ~ R"Z is the latent space with dimension n, < N. If there is a low-dimensional
structure, we may often take n, significantly lower than N.
4.2. Operator learning

The operator learning approach taken here is the same as in [4] which is a special case of a more general method presented

in [5]. We discretize the PDE problem using finite elements and train a network

bunn: Gy = Vyc H(Q) (78)
which approximates the finite element solution to

Pu)=0 in £, () on R 79

.
u=Ppop y

10
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see Fig. 3(b). The output of the network is the finite element degrees of freedom (DoFs). For the training of the network we use the
energy functional E corresponding to the differential operator P as the foundation for the loss function. Again, letting E denote the
expectation operator and P an arbitrary probability distribution, the loss function that we minimize during training is

Egep [E@un 1 (@) (80)

If there is no corresponding energy functional, one can instead minimize the residual of the finite element problem. It should be
noted though, that assembling the residual instead of the energy has a greater computational cost and that the residual is not as
easily and naturally decomposed into its local contributions as the energy. For technical details about network architecture and
training used in this work, we refer to Section 5.2.

4.3. Inverse problem

Finally, composing the maps, we get a solution operator

¢ dun,
zX% 6y 'y, (81)

that maps the latent space into approximate finite element solutions to the partial differential equation

P((bunnobe)(2) = 0 (82)

see Fig. 3(c).
This mapping is differentiable and can be directly used to rewrite the optimization problem as an unconstrained problem in the
form

Lo 1
inf Sllug = Bunanobae) D, (83)

where we note that the constraint is fulfilled by construction.
5. Examples

We consider three examples of the inverse minimization problem ordered in increased nonlinearity. The first is a fully linear case
with a linear differential operator and linear boundary data. In the second example, we consider a nonlinear operator with linear
data. The final example is a fully nonlinear case with both operator and data being nonlinear. The examples demonstrate how each
introduced nonlinearity may be treated with machine learning methods.

The geometry is the same in all the examples. We take the solution domain £ := (-0.5,0.5)> ¢ R? and the reference domain
® C £ to be the u-shaped domain defined by

o :={(x) €R? | x<025A(x < -025Vy<—025Vy>025)} (84)

see Fig. 4.

When solving the inverse problems in practice, we use data u, € V,. We also minimize the mean squared error (MSE) over
the DoFs belonging to w instead of the squared L?(w) norm of the error, which is valid since they are equivalent on V}, from the
Rayleigh quotient. The only “stabilization” we use for the inverse problem is that the boundary data is finite-dimensional and that
this dimension together with the mesh size  both are small enough. We point out that no additional stabilization, such as including
penalty terms, is used. The criterion for when a minimization process is considered to have converged is based on the change of
significant digits of the MSE. For the fully linear problem we consider it converged when at least three significant digits remain
constant, and for all the nonlinear problems when at least two significant digits remain constant. This is in turn based on when
both the optimization variables and the visual representation of the output do not seem to change anymore and has been obtained
by testing.

The implementation used for the examples is based on the code presented in [5] which is publicly available at https://github.
com/nmwsharp/neural-physics-subspaces. All inverse problem minimizations have been performed with the Adam optimizer with
a step size = 0.1 on an Apple M1 CPU. The GPU computations were performed on the Alvis cluster provided by NAISS (See
Acknowledgments).

5.1. Linear operator with linear data

We start with the fully linear case which we will build upon in the later examples. To construct a linear synthetic data set G, we
may pick a set of functions {¢;};c; C H 1/2(9Q2) where J is some index set, and consider

g={gi=2‘fj(ﬂj} (85)

JjeJ

11
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Fig. 3. Overview of networks utilized in methods based on machine learning. The autoencoder network in (a) is used for identifying a low-dimensional structure
in the dataset . The operator network in (b) is trained to approximate the solution to the PDE, given input boundary data. The composition of the decoder
part of the autoencoder and the operator network in (c) is used for solving the inverse problem in the low-dimensional latent space.

Fig. 4. Domain used in all numerical examples with the subdomain w indicated.

where ¢ € [s;,1;] C R. Note that we require the boundary data to be bounded. Alternatively, we can also consider taking the convex

hull of the basis functions {@; },c;, which corresponds to requiring that
Ye=1. &20 (86)
J

12
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Fig. 5. FEM interior basis functions with their corresponding POD boundary basis functions on a structured uniform 82x82 triangular mesh of the unit square.

Given nodal samples of such functions, we may apply principal component analysis (PCA) to estimate a set of basis functions and
use them to parametrize the data set. More precisely, assume we observe the boundary data in the nodal points at the boundary.
Let X be the matrix where each observation forms a row. Then, computing the eigenvectors to the symmetric matrix X7 X provides
estimates of the basis.

Here, we consider two-dimensional examples. We let £ be the unit square centered at the origin and generate four structured
uniform triangular meshes of varying sizes: 10x10, 28x28, 82x82, and 244x244. The synthetic data set of boundary nodal values
is in turn generated from the perturbed truncated Fourier series

(N-1)/2

g =@+ 6+ Y, @aet + 8201) SIN@NEX/D) + (B + 63,) cOSQnx /1) (87)

n=1

where / is the circumference of £ and x is the counter-clockwise distance along the boundary starting from the point where the
boundary crosses the first coordinate axis. We sample unperturbed coefficients g; ~ /(—1,1) and perturbations &; ~ N'(0,0.0225).
For each of the four meshes, we consider two values of the number of coefficients used to describe the boundary conditions; N =9
and N = 21. We generate 1000 functions of the type (87) for each of the eight cases. Then, for every case, we compute a POD basis
{®pop,j}jes for the boundary using PCA on the data set. Unsurprisingly, the number of significant singular values turns out to be
the number N used in each case.

We use the truncated POD boundary basis corresponding to significant singular values to compute and interior basis. We do this
by solving Laplace’s equation with FEM. We take the discrete space V), to simply be the space of piecewise linear finite elements on
the triangle mesh considered. The FEM interior basis {anEI\,L,,}nN= | is computed by: For each n=1,..., N, find gy, € V), such that
@rEMaloa = ¢pop,, and

(Vorem, V0o =0 Yo ey, (88)

In Fig. 5, the significant POD boundary basis functions, together with their corresponding FEM interior basis functions, are presented
for the case with N =9 and the 82x82 mesh.
We may now use the fact that Laplace’s equation is linear to superpose the FEM interior basis functions in a linear combination.

N
Uplin N = Z CnPFEM 1 (89)

n=1
This enables us to solve a linear inverse minimization problem over the coefficients (c,, ...,cy) € RV in the linear combination. We

present a demonstration of this process for the case with N =9 and the 82x82 mesh in Fig. 6. There it can clearly be observed that
the finite element solution given by the linear combination approaches the noisy data and the reference solution as the optimization
progresses.

5.2. Nonlinear operator with linear data
We again consider the linear data sets from the previous section, but here together with a nonlinear differential operator. Because
of the nonlinearity, we cannot use the FEM interior basis and the superposition principle as in the fully linear case. Instead, we use

a neural network to approximate the solution operator, i.e., the inverse of the nonlinear differential operator. The solution is still

13
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Fig. 6. Optimization process over a 9-dimensional coefficient space for a linear inverse problem with noisy data. Here, the FEM interior basis functions in Fig.
5 are used. The unperturbed data is shown in the first frame. The second frame is the same as the first but with added noise sampled from U°(-0.05,0.05).
The last frame shows ® and the reference solution used for the data which was obtained by taking ¢, = 10,¢y = 3.023, and all other ¢,’s = 0 in (89). The
penultimate frame shows the optimization’s MSE-converged reconstruction of the reference solution. The MSE converged after 861 iterations with the Adam
optimizer with a step size = 0.1. This took 10.3 s on an Apple M1 CPU. The MSE’s between the reference solution and the converged reconstruction are: on @
(used in optimization), MSE,, = 8.28e—4; on the convex hull of ®, MSE,, = 9.12e—4; and on its complement, MSE,,. = 2.66e-3.

in the form of a finite element function, so the output of the network gives an approximation of the finite element solution. The
input to the network is the POD coefficients (p,, ..., py) corresponding to the same significant POD boundary basis functions as in
the fully linear case. We use the following nonlinear energy functional as the foundation for the loss function during training of the
network.

E(u):/ l(1+uz)|Vv|2dx (90)
02

This functional corresponds to the nonlinear differential operator whose inverse (the solution operator) we want to approximate
with the neural network. We use a simple multilayer perceptron network architecture with 4 hidden layers of the same width X and
an output layer of width O representing the finite element DoFs. For standard P1 elements considered here it is simply the finite
element function’s nodal values. We use the exponential linear unit (ELU) as the activation function in the 4 hidden layers and no
activation function in the last layer. A schematic illustration of this network is provided in Fig. 3(b).

In each iteration during the training, we pick a fixed number (referred to as the batch size) of randomly selected coefficient
vectors and use them to compute an average loss. The coefficient values are picked from N'(0,0.09). The optimization is performed
with the Adam optimizer where we perform 10° iterations with a decreasing learning rate. The learning rate starts at 1e-4, and after
every 250k iterations, it is decreased by a factor of 0.5.

To measure the well-trainedness of the network, we, as an initial guiding measure, use the zero energy E(¢, y »(0)), i.e., the value
of the computed energy using the output from the network when an all zero vector is given as input. This, of course, corresponds
to homogeneous Dirichlet boundary conditions and gives that the solution u = 0 and thus that E(0) = 0. We also perform more

14
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Table 1

Network architectures and batch sizes used for the various mesh sizes.
DoFs refers to the number of DoFs in the finite element space V), which
is the dimension of the MLP’s output vector. Width refers to the width
of the four hidden layers in the MLP.

Mesh DoFs (0) Width (X) Batch size
10x10 81 64 32
28x28 729 256 64
82x82 6561 512 64
244x244 59049 1024 96

Table 2
Training info from using an A100 GPU.

(a) Input data size N =9

Mesh Els Training GPU Inference E(p, n.1(0) HOl -error L*-error

time Util time 1k-avg (rel) 1k-avg (rel)
10x10 All 358 s 45% 0.8 ms 3.9e-5 9.4e-3 (1.87%) 4.3e—4 (0.47%)
28x28 All 337 s 73% 0.8 ms 1.2e-6 2.1e-3 (0.7%) 9.7e-5 (0.18%)
82x82 All 615 s 100% 0.8 ms 3.2e-7 1.1e-3 (0.6%) 3.0e-5 (0.1%)
244x244 3k 2673 s 100% 0.7 ms 5.2e-5 1.4e-2 (14.1%) 9.6e—5 (0.5%)

(b) Input data size N =21

Mesh Els  Training GPU Inference E($,n,(0)  Hj-error L2-error

time Util time 1k-avg (rel) 1k-avg (rel)
10x10 All 339 s 47% 0.8 ms 8.9e-5 1.6e-2 (1.23%) 1.2e-3 (1.07%)
28x28 All 354 s 69% 0.8 ms 5.1e-6 5.5e—-3 (0.73%) 2.9e—4 (0.44%)
82x82 All 617 s 100% 0.8 ms 3.7e-6 3.6e—3 (0.82%) 8.4e—5 (0.22%)
244x244 4k 2733 s 100% 0.8 ms 1.0e-4 2.5e-2 (9.8%) 1.6e—4 (0.72%)

rigorous studies of well-trainedness by computing the actual finite element solution with FEniCS [44] and comparing it to the
network approximation. This is done by computing their average norm difference over 1000 problems, where for each problem we
randomly select a coefficient vector with values from MN'(0,0.09). The difference is computed in both the Hé -norm (H !-seminorm)
and the L?-norm. We also compute both the absolute and the relative norm differences, where the relative norm difference is the
absolute difference divided by the norm of the finite element solution.

For the numerical examples we have again considered the two different coefficient vector lengths (9 and 21) and the four meshes
from the linear case in the previous section. The network architectures and batch sizes used during training are given in Table 1.

The hyperparameters of the network (number of layers, width, activation function) and training settings (optimizer, number
of iterations, decreasing learning rate, batch size, etc.) have been obtained by trial and error, where we have looked at the zero
energy. An intuition for the size of the network (number of layers and widths) is that it needs to be large enough to provide a good
approximation of the solution operator, but sufficiently small so that training is feasible and economical. An intuition for using ELU
is that it is smoother than many other activations, e.g., the commonly used ReLU, which is to some degree in accordance with PDE-
theory, where the solution is expected to depend smoothly on the problem data, e.g., boundary values.

In Table 2, we present training info for the four mesh sizes for coefficient vector length N = 9 and N = 21. The training has
been performed on a single A100 GPU. For the largest mesh case (244x244), we have not been able to train with all elements
present in the energy functional loss function (It has resulted in a NaN loss function value). To make it work, we have employed
the trick of randomly selecting a fixed number of elements for every input vector during training, and only considering the energy
functional contribution from those elements. The number of elements used is denoted “Els” in Table 2. It can be observed from
the zero energies and norm errors in Table 2 that the operator networks generally become more accurate with finer meshes if all
elements are used in the energy computation. In both cases with the 244x244 mesh, the trend in higher accuracy is broken. This is
reasonable since only a few elements, instead of all, are used in the energy computation for the loss function.

With these neural networks we may solve the inverse minimization problem over the coefficient space. In Fig. 7, a demonstration
of this process is presented for the case of 21 input coefficients and the 244x244 mesh, i.e., the neural network whose training info
is presented in the last row of Table 2. In Fig. 7 it can clearly be observed that the approximate finite element solution given by
the operator network approaches the noisy data and the reference solution as the optimization progresses.
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Fig. 7. Optimization process over a 21-dimensional coefficient space for a nonlinear inverse problem with noisy data. Here, the operator network in the last row
of Table 2 (21 input coefficients, 59049 output DoFs) is used. The unperturbed data is shown in the first frame. The second frame is the same as the first but
with added noise sampled from U/(-0.05,0.05). The last frame shows w and the reference solution used for the data which was obtained by taking p,, = 10
and all other p,’s = 0. The penultimate frame shows the optimization’s MSE-converged reconstruction of the reference solution. The MSE converged after 2843
iterations with the Adam optimizer with a step size = 0.1. This took 140.2 s on an Apple M1 CPU. The MSE’s between the reference solution and the converged
reconstruction are: on w (used in optimization), MSE, = 8.36e—4; on the convex hull of w, MSE = 8.38e—4; and on its complement, MSE = 1.91e-3.

‘co(w) ‘co(w)®

5.3. Nonlinear operator with nonlinear data

We consider the same nonlinear differential operator with the same neural networks as in the previous section but here we
add complexity by introducing an underlying nonlinear dependence on the input coefficients to the network. To construct such a
nonlinear dependence we may pick a smooth function a : X — RI/I, where X is a parameter domain in R”x, and for some index
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Fig. 8. Coefficients versus parameters for the linear case (left) and the quadratic case (right). All parameters have the same value which varies between —2
and 2. For each case, there is an upper and lower bound for the coefficients obtained by taking all matrix entries to either have the minimum value —1 or the
maximum value 1. Both bounds are also shown as unperturbed (blue) and perturbed (red). (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

set I, consider boundary data of the form

Go={8= X(@(x)+5)0pon, |1 €1} (o1)
Jjel
where §; is some small probabilistic noise and {x; € X | i € I} is a set of samples from the parameter space X equipped with a
probability measure. In this case, we expect an autoencoder with a latent space Z of at least the same dimension as X to perform
well.

Polynomial data. We consider a simple polynomial example where the coefficients a € R/ depend on the parameter variables
x € R™ as

a=a(x)=Ax+ Bx’+5 (92)

Here the matrices A, B € R/*"x and their entries are randomly sampled from a uniform distribution. The perturbations § € RI!
are sampled from a normal distribution.

For the numerical results we take |J| =9, ny =3 and sample matrix entries from ¥/(—1, 1) which are then held fixed. To generate
coefficient vectors, we sample parameter variables x; ~ U'(-2,2) and perturbations & ; ~ N(0,1). We consider two cases: the linear
case with B = 0 and the quadratic case with B # 0. To get a sense of what the data look like, we plot the coefficients as functions of
the parameters for both cases in Fig. 8. We analyze data generated for the linear case with PCA and data generated for the quadratic
case with both PCA and autoencoders. For the autoencoders we have used MLPs with 6 layers (5 hidden, 1 output) with the third
layer being the latent layer. The latent layer width has been varied and the remaining hidden layer widths have all been fixed at
64. The activation function ELU has been applied to all layers except the last. The training has been performed with the Adam
optimizer exactly as for the operator networks, i.e., 10° iterations with a decreasing learning rate. The batch size has been 64. The
hyperparameters of the autoencoders and training settings have, just as in the case of the operator networks, been obtained by trial
and error. To measure well-trainedness, we have looked at the average mean squared reconstruction error over 1000 unperturbed
samples generated in the same way as during training. The training time for a single autoencoder (fixed latent layer width) on an
Apple M1 CPU has typically been in the range 240-270 s.

The results from both the PCA and autoencoder analysis are presented in Fig. 9. The PCA results give a 3-dimensional latent
space in the linear case and a 6-dimensional in the quadratic. This is evident from the number of significant singular values for
the different cases. The autoencoder results suggest the existence of both a 3- and a 6-dimensional latent space in the quadratic
case. This can be deduced from the two plateaus for the two perturbed cases: one at latent layer widths 3-5 and one at 6-8. The
autoencoders thus manage to find the underlying 3-dimensional structure in the quadratic case whereas PCA does not.

Gaussian data. We consider a more advanced nonlinear example where the coefficients a € R!/! depend on the parameter variables
x € R™ as

a; = a;(x) = exp(=y(x; — X)*) + (93)

Here we have L number of equidistant Gaussian bell curves indexed by / where each coefficient is assigned exactly one bell curve
with midpoint x,, and exactly one parameter x, according to / = j mod L and k = j mod ny, respectively. The perturbations
6 € RV are sampled from a normal distribution.

For the numerical results we take y = 2 and sample perturbations § ; ~ N(0,0.0225) (standard deviation = 0.15). We consider
four cases:
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Fig. 9. Left: PCA results for both the linear and quadratic case. The plots show the singular values of the coefficients in decreasing order for three different
perturbations: unperturbed and two perturbed (standard deviation = 0.5 and 1). Right: Autoencoder results for the quadratic case for the same three perturbations
as PCA but used during training. The plots show the average mean squared reconstruction error over unperturbed test data for different latent layer widths both
on a linear and logarithmic scale.

Table 3

Summary of optimization results for all nonlinear inverse problems using an operator network. All problems have the same
reference solution and use the operator network in the last row of Table 2 (21 input coefficients, 59049 output DoFs). The
optimization processes for the problems are presented in Figs. 7, 11 — 13, respectively. In the table, “Op” means the operator
network, “dec” means decoder, “sd = x” means what perturbation was added to the training data for the decoder, and “§,”
means that noisy data was used for the inverse problem.

Configuration Iterations Avg iter time MSE, MSE o, MSE o)
Op, &, 2843 4.93e-2 s 8.36e—4 8.38e—4 1.91e-3
Op + dec “sd = 0” 1481 4.65e-2 s 2.22e-3 1.52e-3 4.83e-3
Op + dec “sd = 07, 5, 1018 4.67e-2 s 3.07e-3 2.37e-3 5.25e-3
Op + dec “sd = 0.15”, 6, 212 5.19e-2's 1.99e-2 1.44e-2 5.51e-2

« (ny, L) = (2,5) with x, = (0,4,8,12,16) and x; ~ U/(=2,18)

« (ny, L) = (3,6) with x; = (0,2,4,6,8,10) and x, ~ 1/(=2,12)

« (ny,L)=(3,7) with x, = (0,2,4,6,8,10,12) and x, ~ 1/(-2, 14)

« (ny, L) = (4,8) with x, = (0,2,4,6,8, 10,12, 14) and x, ~ 1/(-2, 16)

We analyze data generated for these cases with both PCA and autoencoders. For the autoencoders we have used MLPs with 5 layers
(4 hidden, 1 output) with the middle layer being the latent layer. The latent layer width has been varied and the remaining hidden
layer widths have all been fixed at 64. The activation function ELU has been applied to all layers except the last. The training has
been performed with the Adam optimizer exactly as for the operator networks, i.e., 10° iterations with a decreasing learning rate.
The batch size has been 64. Again, the hyperparameters of the autoencoders and training settings have been obtained by trial and
error, where we have looked at the average mean squared reconstruction error over 1000 unperturbed samples generated in the
same way as during training. The training time for a single autoencoder (fixed latent layer width) on an Apple M1 CPU has typically
been in the range 210-250 s.

The bell curves for the coefficients, PCA results and autoencoder results are presented in Fig. 10. The PCA results show something
interesting. If the number of bell curves L is divisible by the latent dimension ny, PCA gives that the underlying structure has
dimension L. If L is not divisible by ny, PCA instead gives that this dimension is ny L. For example, for (ny, L) = (2,5) in Fig. 10(a),
PCA gives latent dimension = 10, and for (ny, L) = (3,6) in Fig. 10(b), PCA gives latent dimension = 6. This phenomenon is easily
understood by the number of unique combinations of latent parameters x, and bell curves, characterized by x;, in the construction
of the coefficients given by (93). The autoencoder results all suggest the existence of latent spaces of a lower dimension than given
by PCA. This is most clearly seen from the existence of plateaus for the two perturbed cases (standard deviation = 0.075 and 0.15)
on the logarithmic scale in all four cases. However, the suggested latent dimension does match the actual one as well as in the
previous example with polynomial data, hinting at the higher complexity of the Gaussian data. This is especially true in the cases
where ny does not divide L.

Combining operator network with decoder. 1In the third Gaussian data example with results presented in Fig. 10(c), we have (ny, L) =
(3,7). Here the PCA suggests that the underlying dimension is 21 (number of significant singular values), whereas the corresponding
autoencoder study suggests that a reduction down to 9 dimensions could provide the same improvement as a reduction down to
17 in the case of the autoencoders trained on perturbed data (9 and 17 give roughly the same error). In light of the above, we
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Fig. 10. Gaussian data examples. Left: Bell curves used for the coefficients, unperturbed (blue) and perturbed (red). Middle: PCA results for unperturbed data
(blue) and perturbed (red, standard deviation = 0.15). The plots show the singular values of the coefficients in decreasing order. Right: Autoencoder results
for three different perturbations used during training: unperturbed and two perturbed (standard deviation = 0.075 and 0.15). The plots show the average mean
squared reconstruction error over unperturbed test data for different latent layer widths both on a linear and logarithmic scale. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

may take an autoencoder with latent layer width = 9 from this case and connect its decoder to the input of the operator network
for the 244x244 mesh with 21 input coefficients. We may thus solve an inverse minimization problem over a 9-dimensional latent
space instead of a 21-dimensional coefficient space. We present demonstrations of this process in Figs. 11-13. A summary of the
optimization results for these three demonstrations and also the one in Fig. 7 is given in Table 3.

The main difference between the three demonstrations is the decoder used. First in Figs. 11-12, we use the decoder from the
“sd = 0” autoencoder, meaning it was trained on unperturbed data. The first of these two demonstrations is for clean data, u, in
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Fig. 11. Optimization process over a 9-dimensional latent space for a nonlinear inverse problem with clean data. Again, the operator network in the last row
of Table 2 (21 input coefficients, 59049 output DoFs) is used, but here together with the “sd = 0” decoder from the right frame in Fig. 10(c). The decoder
maps from a 9-dimensional latent space to a 21-dimensional coefficient space. The last frame shows w and the reference solution used for the data which was
obtained by taking p,, = 10 and all other p,’s = 0. The penultimate frame shows the optimization’s MSE-converged reconstruction of the reference solution.
The MSE converged after 1481 iterations with the Adam optimizer with a step size = 0.1. This took 68.9 s on an Apple M1 CPU. The MSE’s between the
reference solution and the converged reconstruction are: on ® (used in optimization), MSE, = 2.22e-3; on the convex hull of w, MSE, = 1.52e-3; and on
its complement, MSE, . = 4.83e-3.

‘co()

w, and the second for noisy. We see that the two optimization processes are essentially the same but find it instructive to present
both as the clean data case functions as a reference. Second, in Fig. 13, we use the decoder from the “sd = 0.15” autoencoder,
meaning it was trained on perturbed data with perturbations from M'(0,0.0225). From the logarithmic scale in the right frame
in Fig. 10(c) we see that the reconstruction errors of the two autoencoders differ substantially, by several orders of magnitude.
Comparing the corresponding optimization processes, we also see that using the “sd = 0” decoder (Fig. 12) produces a much more
accurate reconstruction compared to the “sd = 0.15” decoder (Fig. 13) that fails to do so.
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Fig. 12. Optimization process over a 9-dimensional latent space for a nonlinear inverse problem with noisy data. Again, the operator network in the last row
of Table 2 (21 input coefficients, 59049 output DoFs) is used together with the “sd = 0” decoder from the right frame in Fig. 10(c). The decoder maps from
a 9-dimensional latent space to a 21-dimensional coefficient space. The unperturbed data is shown in the first frame. The second frame is the same as the first
but with added noise sampled from ¥°(-0.05,0.05). The last frame shows w and the reference solution used for the data which was obtained by taking p,, = 10
and all other p,’s = 0. The penultimate frame shows the optimization’s MSE-converged reconstruction of the reference solution. The MSE converged after 1018

iterations with the Adam optimizer with a step size = 0.1. This took 47.5 s on an Apple M1 CPU. The MSE’s between the reference solution and the converged
reconstruction are: on  (used in optimization), MSE,, = 3.07e-3; on the convex hull of w, MSE,, = 2.37e-3; and on its complement, MSE,,. = 5.25e-3.

The reconstructions in all three decoder cases, and especially the last, are less accurate compared to the case with only the
operator network presented in Fig. 7, as can be seen from both the figures and the MSE’s in Table 3. This is reasonable since the
reference solution in all four cases is the same network output corresponding to a specific coefficient input and in the case with
only the operator network we optimize in this coefficient space whereas in the decoder cases in some latent space. It is simply not
guaranteed that the decoders may attain this specific coefficient input when mapping from the latent space. One reason being that
a single change in any of the 9 latent variables can affect all the 21 coefficients. Comparing the MSE’s on the different subdomains
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Fig. 13. Optimization process over a 9-dimensional latent space for a nonlinear inverse problem with noisy data. Again, the operator network in the last row of
Table 2 (21 input coefficients, 59049 output DoFs) is used, but here together with the “sd = 0.15” decoder from the right frame in Fig. 10(c). The decoder maps
from a 9-dimensional latent space to a 21-dimensional coefficient space. The unperturbed data is shown in the first frame. The second frame is the same as
the first but with added noise sampled from U'(—0.05,0.05). The last frame shows w and the reference solution used for the data which was obtained by taking
P14 = 10 and all other p,’s = 0. The penultimate frame shows the optimization’s MSE-converged reconstruction of the reference solution. The MSE converged
after 212 iterations with the Adam optimizer with a step size = 0.1. This took 11.0 s on an Apple M1 CPU. The MSE’s between the reference solution and the
converged reconstruction are: on  (used in optimization), MSE,, = 1.99e-2; on the convex hull of w, MSE,, = 1.44e-2; and on its complement, MSE . =
5.51e-2.

Fxr

in Table 3, we see that in all four cases it is smaller on the convex hull of @ than on the complement as expected. This is also true
for the fully linear case (corresponding results are presented in the caption of Fig. 6). The average iteration times presented in Table
3 are essentially the same for the four cases. Something that is positive for using decoders, but maybe not so surprising considering
how much smaller the decoder MLP’s are in comparison to the operator MLP. In summary, autoencoders may be used to reduce the
dimension of the optimization space (latent instead of coefficient space), but to really gain from such a reduction and to maintain

22



E. Burman et al. Computer Methods in Applied Mechanics and Engineering 444 (2025) 118111

accuracy, care needs to be taken in how the reduction mapping is constructed. We point out that the MLP approach considered here
is rather simple and that we believe there is substantial room for improvement by considering more sophisticated methods.

As final remarks we point out that taking some output of the method under consideration as the reference solution, as is done
here, is typically not a proper choice since it is too idealized. However, here we make this choice to put more focus on the effects
of latent space optimization. We also point out that all the optimization processes involving neural networks presented here have
been for the rougher networks: the operator network in the last row of Table 2 and the autoencoders in Fig. 10(c) have alternatives
with better measures of well-trainedness. The idea behind this being that if the concept works to some degree in the harder cases,
it should work even better in the easier ones.

6. Conclusions

The regularization of severely ill-posed inverse problems using large data sets and stabilized finite element methods was
considered and shown to be feasible both for linear and nonlinear problems. In the linear case, a fairly complete theory for the
approach exists, and herein, we complemented previous work with the design and analysis of a reduced-order model. In the linear
case, a combination of POD for the data reduction and reduced model method for the PDE-solution was shown to be a rigorous
and robust approach that effectively can improve stability from logarithmic to linear in the case where the data is drawn from
some finite-dimensional space of moderate dimension. To extend the ideas to nonlinear problems we introduced a machine learning
framework, both for the data compression and the reduced model. After successful training, this resulted in a very efficient method
for the solution of the nonlinear inverse problem. The main observations were the following:

1. The combination of analysis of the inverse problem, numerical analysis of finite element reconstruction methods, and data
compression techniques allows for the design of robust and accurate methods in the linear case.

2. Measured data can be used to improve stability, provided a latent data set of moderate size can be extracted from the data
cloud.

3. Machine learning can be used to leverage the observations in the linear case to nonlinear inverse problems and data
assimilation and results in fast and stable reconstruction methods.

The main open questions are related to how the accuracy of the machine learning approach can be assessed and controlled
through network design and training. For recent work in this direction, we refer to [45].
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