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Abstract
In three-dimensional (3D) equilibrium, reconstruction defining parameters of
an ideal magneto-hydrodynamic equilibrium are inferred from a set of plasma
diagnostic measurements. For the reconstructed parameters, various forms of
uncertainty estimates exist within common 3D reconstruction frameworks.
These estimates often assume a Gaussian posterior distribution. The validity of
this assumption is not obvious in such highly nonlinear inverse problems, and
therefore the accuracy of the estimates cannot be guaranteed. In this work, we
formulate the problem of 3D equilibrium reconstruction in a Bayesian sense and
explore the posterior distribution of reconstruction parameters via Markov chain
Monte Carlo (MCMC) sampling. The target reconstruction parameters, that is,
shape and scaling factors of the pressure and toroidal current-density profiles
as well as the total toroidal flux, are taken from a reduced subspace of Wendel-
stein 7-X equilibrium configurations. Since the corresponding forward model
evaluations are computationally demanding, we replace the forward model via
a polynomial chaos expansion surrogate. We compare the posterior distribu-
tion obtained via MCMC sampling to Laplace’s approximation, which assumes
a Gaussian posterior. We find that the two approaches provide similar results in
regimes where the uncertainty on the plasma diagnostic signals is low. However,
discrepancies between the posteriors are observed in cases of higher diagnos-
tic signal uncertainty. Therefore, we provide further validation of the commonly
used Laplace’s approximation as a method of uncertainty quantification in 3D
equilibrium reconstruction and showcase some of its limitations.
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1 INTRODUCTION

The analysis of uncertainties and their propagation in physical models is a key task and concept that assists in
establishing trust in predictions as well as the general validation and verification process. The well-established
Bayesian framework often poses a natural way to tackle the problem of uncertainty quantification by casting the
issue into a probabilistic setting that allows the incorporation of prior knowledge. The most essential formula
in this context is given by Bayes’ theorem which, written in terms of probability density functions (PDF), reads,

p(𝜆|D) =
p(D|𝜆)p(𝜆)

p(D)
. (1)

In the context of solving an inverse problem, we denote with 𝝀 some model parameters that are of interest to us and
with D the corresponding observations that form the input for the inference. For example, D can be a set of experimental
measurements for which a physical forward model that depends on 𝝀 is known. Hence, following Equation (1) the pos-
terior PDF p(𝝀|D) of 𝝀 given the observations D is determined by the likelihood p(D|𝝀), the prior p(𝝀) and the evidence
p(D). While Equation (1) provides an elegant formalism for defining problems, one, more often than not, has to rely on
numerical methods when solving for the full posterior or integral quantities like its moments.

A commonly used method for approximating posterior distributions is through Markov chain Monte Carlo (MCMC)
sampling. Within this approach, random samples are drawn from the posterior distribution. This usually requires thou-
sands of sequential evaluations of the forward model. While MCMC can aid in providing elaborate knowledge about the
posterior, it can also become numerically extremely demanding if model evaluations are costly. One way of circumventing
such repeated prohibitive costs is by building a cheap-to-evaluate surrogate model for the forward model.

Various approaches that deal with or follow along the lines of building surrogate models have already been applied
within the field of nuclear fusion plasma physics. For example, Merlo et al.[1] used neural networks to build a surrogate for
the ideal magneto-hydrodynamic (MHD) equilibrium solver VMEC[2] for the Wendelstein 7-X stellarator. Coster et al.[3]

utilised a polynomial chaos expansion (PCE) model for uncertainty quantification in a turbulence-transport workflow.
Callaghan et al.[4] applied the function parametrisation technique[5] to the problem of equilibrium reconstruction in the
W7-AS stellarator. Similarly, function parametrisation was applied by Sengupta et al.[6] to recover equilibrium parameters
for Wendelstein 7-X configurations.

In this work, we employ a PCE surrogate model for a forward model that maps MHD equilibrium defining quanti-
ties (𝝀) to synthetic magnetic diagnostic signals of the Wendelstein 7-X stellarator. The surrogate is used together with
Laplace’s approximation or MCMC sampling to approximate the posterior of the parameters 𝝀, given a set of simu-
lated measurements. The posterior approximations obtained through MCMC sampling are then compared to Laplace’s
approximation, which assumes a Gaussian posterior.

The assumption of a Gaussian posterior is present in existing uncertainty estimates within common three-dimensional
(3D) equilibrium reconstruction frameworks (Section 1.1). However, a posterior distribution is not guaranteed to be Gaus-
sian for such highly non-linear inverse problems. Therefore, this work provides further novel insight into the validity and
limitations of these uncertainty estimates for the relevant stellarator case of Wendelstein 7-X.

In Section 1.1 we recapitulate the common approaches to the equilibrium reconstruction process and describe the
major steps taken in the evaluation of the forward model. In Section 1.2 the basic concept behind the PCE approach is
presented. Section 2 describes the setup for the numerical calculations and discusses the results obtained through this
model. Finally, in Section 3 a conclusion is given together with an outlook on possible future work.

1.1 Equilibrium reconstruction

Equilibrium reconstruction describes the process of inferring an ideal MHD equilibrium or its defining properties from
a set of experimental measurements. The defining properties include, for example, the pressure-profile toroidal current
density-profile and the rotational transform-profile given with respect to a flux surface label. The resulting reconstructed
equilibria may give insight into unmeasurable or hard-to-measure quantities[7] and often form the basis for subsequent
analyses.[8,9] Hence, suitable error estimates for the reconstructed parameters are of interest. Two core elements of the
forward model for the reconstruction process are the actual equilibrium solver and the mapping of an equilibrium solution
to corresponding experimental diagnostics. A common approach, given some experimental diagnostic measurements, is
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to minimise the least squared distance between some fit function incorporating the synthetic diagnostics and fit targets
incorporating the actual measurements,

𝜒
2(𝝀) =

ND∑

i=1

[
yi − fi(𝝀)

𝜎i

]2

. (2)

Here, 𝝀 denotes the vector of model parameters that are to be reconstructed, ND the total number of targets, yi the ith fit
target with the corresponding weight 1

𝜎i
and fi(𝜆) the evaluation of the fit function at point 𝝀. One usually defines 𝜎i as

the standard deviation of the measurement noise. Minimising such an expression is equivalent to finding the maximum
posterior (MAP) estimate in the Bayesian sense when both prior and likelihood follow a normal distribution and the
covariance matrices appearing in the likelihood and the prior are assumed to be diagonal. This assumption implies that
the measurements and the parameters of the prior are uncorrelated.[10] This fundamental principle has been employed in
various equilibrium reconstruction codes like the well-established EFIT code,[11] IDE,[12] which is based on CLISTE,[13]

or NICE[14] for the axisymmetric scenario as well as within V3FIT,[15] the STELLOPT[7,16] and MINERVA framework[17,18]

in the 3D case. While the details concerning the exact formulation of targets and fit function may vary throughout the
codes, the fundamental idea of matching synthetic to real diagnostics stays the same. Fitting the targets requires an iter-
ative adaptation of the input parameters to the forward model and its consecutive evaluation. Depending on the prior
assumptions made on the model the number of free parameters can become rather high, for example, 63 free parameters
were used by Lazerson et al.[7] The choice of these free parameters is crucial since it can introduce a significant bias in the
reconstructed result. Naturally, this applies as well to the equilibrium solver, as it not only depends on the free parameters
but also on internal assumptions. One prominent example is the assumption of nested closed flux surfaces in equilibrium
codes such as VMEC which can therefore not treat equilibria with magnetic islands and chaotic regions.[15]

While uncertainties associated with these modelling choices too are of great interest, we will focus solely on the prop-
agation of uncertainties originating from the measurement signals in this work. The existing reconstruction frameworks
usually provide some form of error estimates for the reconstructed parameters. Within the IDA[19] approach at ASDEX
Upgrade a variety of uncertainty estimate methods, including MCMC and Gaussian process regression, have been utilised
by Fischer et al.[20] Dikovsky et al.[21] performed Bayesian posterior sampling via Hamiltonian Monte Carlo for recon-
struction tasks at the C-2 W experiment.[22] Lazerson et al.[7] used the asymptotic standard prediction error, the standard
error and the asymptotic standard prediction error and Cianciosa et al.[10] propagated uncertainties using the best linear
unbiased estimate in the 3D case. These latter estimates are based on derivatives that are obtained during the reconstruc-
tion process and assume a posterior that follows a Gaussian distribution centred at the parameter position resulting from
the optimisation.

1.2 Polynomial chaos expansion

In PCE surrogate modelling, a computational model is approximated by a set of polynomials that are orthonormal with
respect to the PDF of random input variables.[23,24] Consider a set of N input variables𝜆 =

{

𝜆1, · · · , 𝜆N

}

for a deterministic

mapping ỹ =(𝜆) that are affected by uncertainty. Due to this uncertainty 𝜆 is described by a random vector Λ with
values in a setΩ and a prescribed probability density function pΛ. Hence, the model response will be a random variable as
well, denoted by Y =(Λ). If the random variables L are independent, one can expand the response Y on an orthogonal
polynomial basis,[24–27]

Y ≡ (Λ) =
∞∑

i=0
ci𝜓i(Λ), (3)

where the ci denote the unknown expansion coefficients and 𝜓i the multivariate polynomials. In practice, one has to
truncate the series at some given polynomial degree d so that,

Y ≈ ̂(Λ) =
D−1∑

i=0
ci𝜓i(Λ), (4)
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with the number of coefficients given by,

D = (N + d)!
N!d!

. (5)

The basis polynomials are ideally chosen in an optimal sense depending on the type of random variables, usually
picked from the Askey scheme[28] for common distribution functions. For less common distributions, one might construct
the optimal basis via the Gram-Schmidt procedure.[24] Optimality is given if,

∫Ω
𝜓i(Λ)𝜓j(Λ)pΛ(Λ)dΛ = Zj𝛿ij, (6)

where 𝛿ij is the Kronecker delta and Zj is a normalizing constant.[24] Vector-valued responses Y are approximated
component-wise. If the number of required expansions becomes infeasible, one might utilise dimensionality reduction
procedures such as principal component analysis (PCA) as suggested by Blatman and Sudret.[29] The calculation of the
unknown coefficients can be performed in several different ways, broadly categorised into intrusive and non-intrusive
approaches.[26] In this work, we will focus solely on the non-intrusive regression approach. Given a set of M realisations
of the input random vectorΛe =

{

𝜆
(1)
, · · · , 𝜆(M)

}

, with M typically chosen in the range between 2 ⋅ D and 3 ⋅ D,[23] and the
corresponding model evaluations Y e =

{
ỹ(1), · · · , ỹ(M)

}
, one can write the solution for the estimation of the coefficients

via the least-squares regression,

ĉ =
(
𝚿T𝚿

)−1𝚿TY e
. (7)

Here, 𝚿 represents the M × D matrix of basis function evaluations Ψij = 𝜓j

(

𝜆
(i)
)

.[23,25] For high dimensional Λ, the
required number of model evaluations quickly becomes infeasible if all the basis functions are retained. There exists a
broad family of approaches to circumvent this curse of dimensionality by selecting a sparse subset of the basis functions
to build the expansion. A great overview of these sparse PCE methods is given by Lüthen et al.[23]

As with any regression method, one has to validate the performance of the employed model. In this work, we choose
the leave-one-out error metric as the performance measure. The leave-one-out error can be efficiently evaluated for a PCE
via,[25]

𝜀loo =
1
M

M∑

i=1

⎛
⎜
⎜
⎜
⎝



(

𝜆
(i)
)

− ̂
(

𝜆
(i)
)

1 − hi

⎞
⎟
⎟
⎟
⎠

. (8)

Here, hi denotes the i-th diagonal element of the matrix 𝚿
(
𝚿T𝚿

)−1𝚿T . This corresponds to an M-fold cross-validation
and allows efficient use of the training data to access an error estimate. Weighting 𝜀loo by the empirical variance of the
response samples defines the relative leave-one-out error,

𝜀
R
loo =

𝜀loo

 (Y e)
(9)

with  (Y e) = 1
M−1

∑M
i=1

(



(

𝜆
(i)
)

− y)
)2

and y = 1
M

∑M
i=1

(

𝜆
(i)
)

. As mentioned by Blatman and Sudret,[25] the study of
Molinaro et al.[30] indicates that the leave-one-out technique performs well in terms of bias and mean-squared error.

2 NUMERICAL EXPERIMENT

2.1 PCE surrogate

We build a PCE surrogate model for a set of ND magnetic diagnostics of the Wendelstein 7-X stellarator, to enable a
framework where comparisons between different approaches for uncertainty estimations of reconstructed equilibrium
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parameters are easily accessible. The basic idea behind this approach is to circumvent the prohibitive computational costs
arising from the evaluation of the forward model. For this analysis, the forward model comprises a free boundary evalua-
tion of VMEC to obtain the ideal MHD equilibrium and the code DIAGNO[31] to calculate the signal of the diagnostics due
to this equilibrium. For the magnetic diagnostics, a set of diamagnetic flux loops, saddle coils and segmented Rogowski
coils1 is used. To calculate different equilibria, the radial pressure profile P(𝜌), the radial toroidal current-density profile
I′(𝜌) = dI

d𝜌
and the total toroidal flux 𝜙were varied in the input to VMEC. Here, 𝜌 ∈ [0, 1] denotes a magnetic flux surface

label. For the two radial profiles we chose a functional representation, the two-power profile, which in our case depends
on two parameters:

P(𝜌) = P0 ⋅
(
1 − 𝜌P1

)5
, (10)

I′(𝜌) = Î0 ⋅
(
1 − 𝜌I1

)5
. (11)

While in general more sophisticated profile representations can be desirable, we choose the two-power profile as it
provides a suitable trade-off between dimensionality, for example, two free parameters per profile, and flexibility in the
profile shape. This is especially important, due to classical PCE’s curse of dimensionality affliction. The specific parametri-
sation of the profiles was constructed around a reference VMEC calculation with the same hyper-parameters as the ones
used in this work. This motivated the fifth power in Equations (10) and (11), which effectively limits the magnitude of the
profiles in the vicinity of the last closed flux surface. Therefore, it contributes to the stability and accuracy of the forward
model evaluations in this region. Hence, our forward model depends on five parameters: the pressure and toroidal cur-
rent scaling factors P0 and I0, with Î0 ∝ I0 so that I0 = I(𝜌 = 1), the corresponding profile shape parameters P1 and I1 and
the total toroidal flux 𝜙. These form the set of free equilibrium-defining parameters 𝝀 = {P0,P1, I0, I1, 𝜙}. All other input
parameters for VMEC and subsequently DIAGNO, such as, for example, the coil current ratios, are kept fixed throughout
this analysis. For the generation of the diagnostic signal data set used in the PCE regression, we placed independent uni-
form priors (denoted by 𝒰) on the parameters of interest and sampled from the joint five-dimensional distribution via
Latin hypercube sampling. The individual priors are given by,

P0 ∼  (0,200) kPa,
P1 ∼  (1, 5),
I0 ∼  (−10, 10) kA,
I1 ∼  (1, 10),
𝜙 ∼  (−2.5,−1.6) Wb. (12)

In total 1000 samples were drawn and propagated through the VMEC/DIAGNO forward model. As some parameter com-
binations can still result in equilibria that are not of interest, that is, exceed relevant physical boundaries, we filtered the
results with regard to the minor radius position and the total plasma volume. Both, the physical limits on the scaling
factors and the toroidal flux as well as the volume and minor radius restriction follow along the lines of the procedures
employed by Merlo et al.[1] and Sengupta et al.[6] Within the generated data set, given the reduced complexity of the
setup, only the plasma volume of some calculations exceeded relevant upper boundaries. Therefore, those equilibria with
plasma volumes above 38 m2 are discarded, resulting in a total of 878 evaluations utilised in the PCE regression. The PCE
for the different diagnostic signals itself was performed utilising the Chaospy[33] Python package. Prior to performing
the regression, the input parameters, and respectively their corresponding prior distributions, were scaled to lie within
the interval [0, 1]. The final degree of the polynomial expansion was chosen by evaluating 𝜀loo for all degree values that
still would satisfy M ≥ 2D and picking the one with the smallest average error over the different diagnostics. This did
yield final PCEs with polynomials up to the fifth order for each diagnostic signal. In Figure 1 the corresponding relative
𝜀loo are shown. With the given data set and the chosen PCE degree, we obtain a maximum 𝜀loo that would correspond to
approximately 0.3% of the empirical variance of the response samples.

1The (segmented) Rogowski coils at W7-X are assembled from series-connected individual coil rods (see Endler et al.[32] for details). In this work, the
responses are computed individually for these rods to explicitly exclude the crossover connections between the rods from the computation.
Comparison with experiment would require to sum up the contributions from all rods of a Rogowski coil segment in order to compare to experimental
measurements.
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F I G U R E 1 Relative leave-one-out error (𝜀R
loo) of the polynomial chaos expansions (PCE) for the different diagnostic signals. The error

estimates are measured relative to the variance present in the training data set. The error estimates are grouped in terms of the corresponding
diagnostic signal that is approximated via PCE (saddle coils—red crosses, diamagnetic loops—blue diamonds, segmented Rogowski
coils—black dots).

F I G U R E 2 First-order Sobol indices obtained from the polynomial chaos expansions for the different magnetic diagnostics. Each row
of the matrices belongs to one diagnostic signal, with the contribution to the corresponding variance split between the five reconstruction
parameters. Thus, the values in each row add up to a total of one. The higher the value, the more the parameter of that column contributes to
the signal variance of the diagnostic of the value’s row.

2.2 Sensitivity analysis

One advantageous feature of PCE is the straightforward calculation of Sobol indices from the expansion coeffi-
cients. Through the first-order Sobol indices, one can gain insight into the sensitivity of the response quantity
with respect to single input parameters. Higher-order indices account for the mixed influence of combinations of
parameters.[26]

Figure 2 depicts the first-order Sobol indices for the magnetic diagnostics with respect to the input parameters of the
PCE. It can be seen that the combination of diagnostic signals in general is sensitive to changes in the pressure profile
parameters. As expected, sensitivity to 𝜙 is present in the diamagnetic loops and I0 mainly influences the segmented
Rogowski coil signals. Solely the shape parameter I1 appears to have little impact on the signal response and therefore,
one can expect high uncertainties in I1 when using these diagnostics for reconstruction.

Figure 3 provides a visualisation of the second-order Sobol indices calculated from the PCEs. It shows that from the
mixed influences, the one of the pressure profile parameters is the most dominant. This hints at a relevant correlation
between these two. Also, a minor mixed influence between𝜙 and P0 as well as 𝜙 and P1 can be observed for all considered
types of magnetic diagnostics.
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F I G U R E 3 Second-order Sobol indices obtained from the polynomial chaos expansions for the different magnetic diagnostics. For
each diagnostic, a 5 × 5 matrix containing the second-order indices is calculated. The x-y-plane in the visualisation depicts the entries to these
matrices, whereas the z-axis represents the index value that is the mixed influence of the parameters determined by the x-y position. Each
graph depicts all matrices belonging to the signal type defined in the title. The dashed black lines are intended to act as visual guidance for
projecting elevated points back onto the x-y-plane.

2.3 Equilibrium reconstruction methods

With the created PCE surrogate, the aim is to reconstruct the parameters 𝝀 for a given noisy set of magnetic diagnos-
tic signals DM =

{

D1
M, · · · ,D

ND
M

}

. To ensure that the underlying ground truth values for 𝝀 lie within the model under
consideration, one predefined set of parameters 𝝀t is chosen and propagated into the space of diagnostic signals using
the VMEC/DIAGNO forward model. The obtained signals D are perturbed via independent Gaussian noise, chosen as a
fraction of the standard deviation of the training data for the PCEs (𝜎i = 𝜂 ⋅ 𝜎i

train and 𝜂 ∈ [0.01, 0.2]) so that,

Di
M = Di + 𝜀i

, (13)

and

𝜀
i ∼𝒩

(
0, 𝜎i)

. (14)

Thus, a numerically simulated measurement is obtained which forms the basis for inferring the ground truth value again.
Hence, the original 𝝀t that created the simulated measurement signal is known; however, one does not know how the
added uncertainty, due to the noise, will translate back into the space of reconstruction parameters 𝝀 during the recon-
struction process. In other words, the quantity of interest for this analysis is the joint posterior distribution of P0, P1, I0,
I1 and 𝜙. In particular, we compare two approaches for approximating this posterior, in both of which we replace the
forward model with the PCE-surrogate:

In the first approach, we approximate the posterior trough MCMC sampling using Bayes’ theorem Equation (1), a
Gaussian likelihood for the simulated measurements DM and the prior Equation (12).

In the second approach, we estimate the posterior via Laplace’s approximation (ppost
L ). To do so, we find the MAP

estimate, again using the chosen prior and the Gaussian likelihood function, via optimisation and calculate the Hes-
sian matrix at that position with respect to changes in the reconstruction parameters. Due to the choice of the prior and
likelihood, the MAP estimate reduces to the 𝜒2 optimisation Equation (2) within the region of considered parameters.
The necessary derivatives are in our case available through the PCE models. This method is in close analogy to exist-
ing error estimates for the 3D reconstruction mentioned in Section 1.1. Both approaches have been realised utilising
the Python PyMC3[34] library. For the MCMC sampling, we apply the sequential Monte Carlo method readily available
within PyMC3.
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F I G U R E 4 Marginalised posterior densities for all five reconstruction parameters. For the reconstruction, one set of measurements
was given with a noise level 𝜎 = 0.15 ⋅ 𝜎train. The blue solid lines show the density estimations obtained from the Markov chain Monte Carlo
samples while the dashed red curves indicate the densities obtained via Laplace’s approximation. The vertical black lines show the ground
truth value positions, the horizontal ones the high-density-interval (HDI) belonging to ppost

MCMC.

2.4 Equilibrium reconstruction results

We performed the described reconstruction procedures (Section 2.3) for different levels of measurement noise. Figure 4
depicts a summary of the estimated posterior distribution obtained through MCMC (blue) in comparison to Laplace’s
approximation (red). The assumed noise level for this reconstruction was set to be 𝜎 = 0.15 ⋅ 𝜎train for each diagnostic
signal independently and only one set of noisy measured signals was considered. The measurement accuracy for the
equilibrium diagnostics at Wendelstein 7-X is typically specified in terms of a minimum and maximum flux change
(Δ𝜙min,Δ𝜙max) and is of the order of Δ𝜙min

Δ𝜙max
∼ 10−3.[32] This level of accuracy is comparable to noise levels below 𝜎 =

0.04 ⋅ 𝜎train for most equilibrium diagnostics considered. However, contributions from systematic uncertainties in mea-
surements, for example, due to the sensitivity of the measurement electronics to temperature drifts,[35] and modelling,
for example, due to the limited resolution of the forward model, usually raise the level of uncertainty. Andreeva et al.[36]

assumed a 5% uncertainty of the measured magnetic diagnostic signals for the equilibrium reconstruction of Wendelstein
7-X. The noise level of 𝜎 = 0.15 ⋅ 𝜎train was chosen here to showcase, how differences in ppost

MCMC and ppost
L manifest. The

individual curves in Figure 4 are the projections of the five-dimensional posterior onto the one-dimensional subspace of
the reconstruction parameters. One can observe that in this case the ground truth values, indicated by the vertical black
lines, are all covered by the high-density regions of both ppost

MCMC and ppost
L . Discrepancies between the posteriors are visible,

especially for I1, the parameter to whom the diagnostics are least sensitive. As expected, this parameter proves to be the
most uncertain, as the high-density regions of the posterior still cover major parts of the considered (shifted) parameter
range [0, 1].

In Figure 5 projections of the posteriors of the same 𝜎 = 0.15 ⋅ 𝜎train case onto the 2D spaces of the profile parameters
are shown (left) together with translations of profile parameters into radial profiles (right). From the 2D visualisation, we
gain further insight into the reason for the differences between ppost

MCMC and ppost
L . The projection of ppost

MCMC onto P0 and P1
shows a curvature which most likely can be attributed to the model’s non-linearity. This behaviour cannot be represented
with the Gaussian distribution obtained from Laplace’s approximation. In a similar fashion, the tail of ppost

MCMC in I1 is not
captured by ppost

L .
The discrepancy between the two posteriors also translates into the space of profiles. This can be observed in Figure 6,

where samples which are drawn from ppost
L and ppost

MCMC are visualised. Note that the samples from ppost
L with values of I1

outside of the considered range are discarded.



KÖBERL et al. 9 of 12

F I G U R E 5 Projection of the posterior (ppost) to the pressure and current profile parameters (left) and the corresponding radial profiles
(right). Samples obtained via Markov chain Monte Carlo (MCMC) sampling are shown as orange dots together with corresponding
log-probability density function (log-PDF) contours from a Gaussian kernel-density-estimation (solid lines). The grey dashed contours
indicate the same log-PDF contours evaluated through Laplace’s approximation of the posterior. Listed from the outermost to the innermost
contour, the nested contour levels are; 0.0, 1.7, 3.4, 5.2 and 6.9. The high-density intervals (HDI) are obtained via the MCMC approach. For
the reconstruction, one set of measurements was given with a noise level 𝜎 = 0.15 ⋅ 𝜎train.

To quantify the similarity between ppost
L and ppost

MCMC we estimate the Kullback–Leibler divergence between these two
posteriors through the samples drawn via MCMC. This estimation is done for different levels of diagnostic signal noise
ranging between 𝜎 = 0.01 ⋅ 𝜎train and 𝜎 = 0.2 ⋅ 𝜎train. The corresponding visualisation is shown in Figure 7. For the full
reconstruction setup under consideration, the high similarity between ppost

L and ppost
MCMC is present below a signal noise

threshold of about 𝜎 = 0.12 ⋅ 𝜎train. However, for very low noise levels it is plausible that the influence of the error intro-
duced via the PCE becomes relevant as ground truth values may no longer be covered within high-density regions of the
posterior if this uncertainty is not accounted for. For noise levels above approximately 𝜎 = 0.14 ⋅ 𝜎train, the posteriors start
to significantly differ from each other. This might be associated with the increasingly prominent non-linear correlation
between P0 and P1 as well as the fact, that less information about I1 can be retrieved. That is, I1’s prior’s influence prevails.

Removing diagnostic signals, and therefore information, from the reconstruction procedure translates into a reduced
region of similarity between ppost

L and ppost
MCMC. This is shown via the orange diamond-shaped points in Figure 7. Here, the

number of diagnostic signals from the segmented Rogowski coils was reduced to 256 signals from the original 1167. This
causes an increased level of uncertainty due to the missing information that translates into effects such as an emphasised
curvature in the projected posterior between P0 and P1 as well as longer tails on the projected distribution of I1. Hence,
non-Gaussian behaviour of the posterior for 𝝀 is already observable at approximately 𝜎 = 0.10 ⋅ 𝜎train.

The similarity between ppost
L and ppost

MCMC for the full set of diagnostics below 𝜎 = 0.14 ⋅ 𝜎train provides further validation
for the use of the existing error estimates (Section 1.1) in these signal-noise regions. Nevertheless, we argue that care
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F I G U R E 6 Pressure and current profile samples obtained from Laplace’s approximation (orange) and Markov chain Monte Carlo
(MCMC) sampling (blue) for a noise level 𝜎 = 0.15 ⋅ 𝜎train.

F I G U R E 7 Kullback–Leibler divergence between Laplace’s approximation for the posterior distribution and the posterior estimated
via Markov chain Monte Carlo sampling for different levels of signal noise 𝜎 with respect to the standard deviation of the training data set
𝜎train. The blue crosses correspond to the posterior distributions obtained using the full set of magnetic diagnostics, whereas the orange
diamonds correspond to those obtained using the reduced set.

must be taken when utilising these error estimates in regimes above this threshold, as they might fail to capture relevant
features of the posterior.

3 CONCLUSION

We successfully constructed a PCE surrogate model for the mapping of five equilibrium-defining parameters to a set of
magnetic diagnostic signals for the Wendelstein 7-X stellarator. For this reduced-complexity parameter space, we replaced
the costly forward model in the framework of 3D equilibrium reconstruction with the PCE surrogate model. Therefore,
we were able to estimate the posterior of the equilibrium-defining parameters, in a Bayesian setting, from a set of noisy
synthetic diagnostic signals, which were created from the known ground truth. To this end, MCMC sampling was utilised.
The posterior distributions obtained from this inference procedure were then compared to Laplace’s approximation of
the same posterior, which is similar to commonly used error estimates in 3D equilibrium reconstruction. The similarity
between these two posterior estimates for different levels of noise on the diagnostic signals was then measured in terms of
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the Kullback–Leibler divergence. This provided novel insight into the region of validity of approaches such as Laplace’s
approximation for the estimation of uncertainties within the considered model. We found that for this model the posterior
distribution of the reconstruction parameters can be rather well approximated for a significant range of the considered
diagnostic signal noise levels using Laplace’s approximation. At high noise levels, the posterior cannot be described with
a Gaussian distribution and, therefore, Laplace’s approximation fails to capture some of the uncertainty present in the
reconstructed parameters. The specific ranges of validity are dependent on the underlying model. This includes the profile
parametrisation as well as the types and the number of equilibrium diagnostics. However, the presented approach enabled
us to perform the comparison between Laplace’s approximation and MCMC sampling in a controlled and computation-
ally trackable environment. Hence, this analysis contributes to further validate existing error estimation approaches and
showcases some of the limitations of such methods. To utilize the presented methodology for equilibrium reconstruction
using experimental diagnostic signals would require an extension to higher complexity scenarios. Such scenarios could
include different radial profile representations and additional free parameters. This as well as the analysis of the influence
of different model uncertainties on the reconstruction process might raise topics for future work.
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