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In this paper, we present a novel methodology for automatic adaptive weighting of
Bayesian Physics-Informed Neural Networks (BPINNs), and we demonstrate that this
makes it possible to robustly address multi-objective and multiscale problems. BPINNs
are a popular framework for data assimilation, combining the constraints of Uncertainty
Quantification (UQ) and Partial Differential Equation (PDE). The relative weights of the
BPINN target distribution terms are directly related to the inherent uncertainty in the
respective learning tasks. Yet, they are usually manually set a-priori, that can lead to
pathological behavior, stability concerns, and to conflicts between tasks which are obstacles
that have deterred the use of BPINNs for inverse problems with multiscale dynamics.
The present weighting strategy automatically tunes the weights by considering the
multitask nature of target posterior distribution. We show that this remedies the failure
modes of BPINNs and provides efficient exploration of the optimal Pareto front. This leads
to better convergence and stability of BPINN training while reducing sampling bias. The
determined weights moreover carry information about task uncertainties, reflecting noise
levels in the data and adequacy of the PDE model.
We demonstrate this in numerical experiments in Sobolev training, and compare them
to analytically ¢-optimal baseline, and in a multiscale Lotka-Volterra inverse problem. We
eventually apply this framework to an inpainting task and an inverse problem, involving
latent field recovery for incompressible flow in complex geometries.

© 2023 The Author(s). Published by Elsevier Inc. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Direct numerical simulation relies on appropriate mathematical models, derived from physical principles, to conceptu-
alize real-world behavior and provide an understanding of complex phenomena. Experimental data are mainly used for

* Corresponding author.

E-mail address: philippe.poncet@univ-pau.fr (P. Poncet).

https://doi.org/10.1016/j.jcp.2023.112342

0021-9991/© 2023 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).


https://doi.org/10.1016/j.jcp.2023.112342
http://www.ScienceDirect.com/
http://www.elsevier.com/locate/jcp
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jcp.2023.112342&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:philippe.poncet@univ-pau.fr
https://doi.org/10.1016/j.jcp.2023.112342
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

S. Perez, S. Maddu, LE Shalzarini and P. Poncet Journal of Computational Physics 491 (2023) 112342

parameter identification and a-posteriori model validation. However, a wide range of real-world applications are character-
ized by the absence of predictive physical models, notably in the life sciences. Data-driven inference of physical models
has therefore emerged as a complementary approach in those applications [32]. The same is true for applications that
rely on data assimilation and inverse modeling, for example in the geosciences. This has established data-driven models as
complementary means to theory-driven models in scientific applications.

Depending on the amount of data available, several data-driven modeling strategies can be chosen. An overview of the
state of the art in data-driven modeling, as well as of the remaining challenges, has recently been published [13] with
applications focusing on porous media research. It covers methods ranging from model inference using sparse regression [8,
14,52,31], where the symbolic structure of a Partial Differential Equation (PDE) model is inferred from the data, to equation-
free forecasting models based on extrapolation of observed dynamics [40,61,33]. Therefore, model inference methods are
available for both physics-based and equation-free scenarios.

A popular framework combining both scenarios are Physics Informed Neural Networks (PINNs) [46]. They integrate po-
tentially sparse and noisy data with physical principles, such as conservation laws, expressed as mathematical equations.
These equations regularize the neural network while the network weights 6 € R¢ and unknown equation coefficients ¥ € RP
are inferred from data. This has enabled the use of PINNs as surrogate models, for example in fluid mechanics [39,56,43].
Overall, PINNs provide an effective alternative to purely data-driven methods, since a lack of high-fidelity data can be com-
pensated by physical regularization [27,37].

Despite their effectiveness and versatility, PINNs can be difficult to use correctly, as they are prone to a range of training
instabilities. This is because their training amounts to a weighted multi-objective optimization problem for the joint set of
parameters © = {0, X},

K
©® = argmin A M), 1
gmi kz(; kLk(®) (1)

where each term £ (®) of the loss function corresponds to a distinct inference task. For typical PINNs, these tasks include:
data fitting, PDE residual minimization, boundary and initial condition matching, and additional physical constraints such as
divergence-freeness of the learned field. Such a combination of measurement and physical constraints, usually encountered
in the PINN formulation, readily results in multi-objective problems with tens of different tasks. Proper training of this
multitask learning problem hinges on correctly setting the loss term weights A, [34]. An unsuitable choice of weights
can lead to biased optimization [45], vanishing task-specific gradients [53,10], or catastrophic forgetting [34]. Automatically
optimizing the loss weights is crucial and not straightforward, especially if the multi-objective problem is highly nonlinear
and suffers from multiscale issues.

The problem of how to tune the loss weights of a PINN is widely known and several potential solutions have been devel-
oped to balance the objectives [9,63,64,34]. This offers criteria to impartially optimize the different tasks and provide a good
exploration of the optimal Pareto front [49]. While it improves reliability by reducing optimization bias, several open ques-
tions remain regarding the confidence in the predictions, noise estimates, and model adequacy [17,37,70]. These questions
motivate a need for uncertainty quantification (UQ) to ensure trustworthy inference, extending PINNs to Bayesian infer-
ence in the form of Bayesian Physics-Informed Neural Networks (BPINNs) [69,26]. How to adapt successful PINN weighting
strategies to BPINNs and integrate them with UQ, however, is still an open problem.

BPINNs benefit from the combined advantages of PINN structures in building parameterized surrogate models and
Bayesian inference standards in estimating target distribution. They enable integration of UQ by providing posterior dis-
tribution estimates of the predictions — also known as Bayesian Model Averages [65] — based on Markov Chain Monte
Carlo (MCMC) sampling. One of the most popular MCMC schemes for BPINNs is Hamiltonian Monte Carlo (HMC), which
provides a particularly efficient sampler for high-dimensional inference problems with smooth (physical) dynamics [4].
Although HMC has been shown to be more efficient for BPINNS, its formulation implies potential energy that is closely
related to the cost function of the PINN. The multi-objective loss of a PINN directly translates to multi-potential energy
and thus to a weighted multitask posterior distribution for BPINN sampling. Sampling from such a target posterior distri-
bution resulting from dozens of distinct tasks, which may be conflicting or involve different scales, is not straightforward.
Unsuitable weights can even prevent the sampler from identifying the mode neighborhood in the parameter space that
maximizes the overall posterior density. Therefore, it suffers from the same difficulties as a PINN to avoid bias in the
sampling and provide an efficient exploration of the Pareto front, characterizing the region of the highest posterior proba-
bility.

This often causes HMC to not correctly explore the Pareto front neighborhood during BPINN training. Efficient exploration
of a high-dimensional Pareto front remains challenging for multitask and multiscale learning problems incorporating UQ and
has not yet been addressed in the Bayesian case. The challenge arises because each term of the multi-potential energy is
weighted within the Bayesian framework by parameters that relate to scaling, noise magnitude, and ultimately the inherent
uncertainties in the different learning tasks [10]. While these weights are recognized as critical parameters in the sampling
procedure, they are mostly hand-tuned [38,26,37], introducing hidden priors when the true uncertainties are not known.
Not relying on such a-priori manual calibration of the posterior distribution becomes critical when considering multitask
inference problems with potential nonlinear and multiscale effects. In such cases, appropriately setting these parameters is
neither easy nor computationally efficient and can lead to either a biased estimation of the uncertainties or a considerable
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waste of energy in ineffective tuning. Properly optimizing these weights is therefore essential to ensure that HMC samples
from the posterior distribution around the Pareto front. This is not only required for robust BPINN training but also for
enhanced reliability of the UQ estimates, not subject to biased priors.

In order to robustly handle multitask UQ inference in BPINNs, the open questions addressed in this article are: How can
we automatically adjust the weights in BPINNs to efficiently explore the Pareto front and avoid bias in the UQ inference?
How can we manage sensitivity to the noise distributions (homo- or hetero-scedastic) and their amplitude, without imposing
hidden priors, to ensure reliable uncertainties estimates?

We intend to provide a reliable framework to address multitask Bayesian inference problems, with potential multiscale
effects, stiffness, or competing tasks, such that we do not rely on a-priori hand-tuning or biased calibration of the pos-
terior distribution. We aim to automatically and adaptively build the weighted posterior distribution that concentrates on
the region of highest posterior probability, localized in the Pareto front neighborhood. To the best of our knowledge, this
manuscript’s main novelty is to address the problem of appropriate weighting in multitask inference problems from the
posterior distribution perspective, which becomes crucial when dealing with physics-based inference. Related state-of-the-
art adaptive methods regard the problem from the adaptation of some hyperparameters (e.g. the leapfrog parameters in
the No-U-Turn sampler [18]) or the adaptation of the momentum based on local geometrical information (e.g. Riemann
Hamiltonian Monte Carlo [16]). Other strategies aim to speed up the Bayesian inversion and reduce the computational cost
of evaluating the forward model itself, with some adaptations based on multi-fidelity surrogate models either computed
through polynomial chaos expansion [67] or neural network proxies [68]. These adaptations are usually performed through
online and local refinement of the surrogate models using only a few simulations from the high-fidelity model. However, all
these adaptive methods do not consider the case where we face multi-objective problems with potentially conflicting tasks
or multiscale issues.

We start by characterizing potential BPINN failure modes, which are particularly prevalent for multiscale or multitask
inverse problems. We then propose a modified HMC sampler, called Adaptively Weighted Hamiltonian Monte Carlo (AW-
HMC), which avoids the problem by balancing gradient variances during sampling. We show that this leads to a weighted
posterior distribution that is well suited to exploring the Pareto front neighborhood, since it concentrates on the region of
highest posterior probability by leveraging gradient information of the different tasks during the adaptation procedure. Our
benchmarks show that this strategy reduces sampling bias and enhances the BPINN robustness. In particular, our method
improves the stability along the leapfrog steps during training, since it ensures optimal integration and frees the sampling
from excessive time step decrease. Moreover, it is able to automatically adjust the potential energy weights and with them,
the uncertainties according to the sensitivity to noise of each term and their different scaling. This considerably improves
the reliability of the UQ by reducing the need for hyperparameter tuning, including the prior distributions, and reducing
the need for prior knowledge of noise levels or appropriate task scaling. We show that this improves BPINNs with respect
to both the convergence rate and the computational cost. Moreover, we introduce a new metric for the quality of the
prediction, quantifying the convergence rate during the marginalization step. We finally demonstrate that our proposed
approach enables the use of BPINNs in multiscale and multitask Bayesian inference over complex real-world problems with
sparse and noisy data.

The remainder of this manuscript is organized as follows: In Sect. 2, we review the general principles of BPINNs and
the HMC sampler and characterize their failure mode in Sobolev training. Sect. 3 describes the proposed adaptive weighting
strategy for UQ using BPINNs. We validate this strategy in a benchmark with a known analytical solution in Sect. 3.2 and
Appendix B. We then demonstrate the effectiveness of the proposed AW-HMC algorithm on a Lotka-Volterra inverse problem
in Sect. 3.3, focusing on a multiscale inference of dynamical parameters. We then illustrate the use of AW-HMC in a real-
world problem from fluid dynamics in Sect. 4. This particularly demonstrates successful inpainting of incompressible stenotic
blood flow from sparse and noisy data, highlighting UQ estimates consistent with the noise level and noise sensitivity.
Finally, Sect. 4.2 considers an inverse flow problem in a complex geometry, where we infer both the flow regime (the
inverse Reynolds number) and the latent pressure field from partial velocity measurements. We conclude and discuss our
observations in Sect. 5.

2. From Uncertainty Quantification to Bayesian Physics-Informed Neural Networks: concepts and limitations

Real-world applications of data-driven or black-box surrogate models remain a challenging task. Predictions often need to
combine prior physical knowledge, whose reliability can be questioned, with sparse and noisy data exhibiting measurement
uncertainties. These real-world problems also suffer from non-linearity [26], scaling [11], and stiffness [22] issues that
can considerably impact the efficiency of the usual methodologies. This needs the development of data-driven modeling
strategies that robustly address these issues.

At the same time, the need to build upon Bayesian inference raises the question in the research community of ensuring
trustable intervals in the estimations. This is important for quantifying uncertainties on both the underlying physical model
and the measurement data, although it may be challenging in the context of stiff, multiscale, or multi-fidelity problems.
Therefore, embedding UQ in the previous data-driven methodologies is essential to effectively manage real-world applica-
tions.
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2.1. HMC-BPINN concepts and principles

The growing popularity of Bayesian Physics-Informed Neural Networks [69,26,25,38,29] offers the opportunity to incor-
porate uncertainty quantification into PINNs standards, and benefit from their predictive power. It features an interesting
Bayesian framework that claims to handle real-world sparse and noisy data and, as well, it bestows reliability on the models
together with the predictions.

The basic idea behind a BPINN is to consider each unknown, namely the neural network and inverse parameters, ©, as
random variables with specific distributions instead of single parameters as for a PINN. The different sampling strategies all
aim to explore the posterior distribution of ®

P(O|D, M) x P(D|®)P(M|O)P(O) (2)

through a marginalization process, given some measurement data 9 and a presumed model M, rather than looking for
the best approximation satisfying the optimization problem (1). The posterior distribution expression (2) is obtained from
Bayes theorem and basically involves a data-fitting likelihood term P(D|®), a PDE-likelihood term P(M)|®) and a joint prior
distribution P(®). These specific terms are detailed, case-by-case, in the applications, along with the different sections. The
Bayesian marginalization then transfers the distribution of the parameters ® into a posterior distribution of the predictions,
also known as a Bayesian Model Average (BMA):

Po DM = [ POIE) PEID MO 3)
—_— e N — e
predictive BMA distribution prediction for ®  posterior

where x and y respectively refer to the input (e.g. spatial and temporal points) and output (e.g. field prediction) of the
neural network. In this equation, the different predictions arising from all the ® parameters sampling (2) are weighted
by their posterior probability and averaged to provide an intrinsic UQ of the BPINN output. Overall, BPINNs introduce a
Bayesian marginalization of the parameters ® which forms a predictive distribution (3) of the quantities of interest (Qol),
namely the learned fields and inverse parameters.

Different approaches were developed for Bayesian inference in deep neural networks including Variational Inference [66,
28] and Markov Chain Monte Carlo methods. A particular MCMC sampler based on Hamiltonian dynamics — the Hamiltonian
Monte Carlo (HMC) — has drawn increasing attention due to its ability to handle high-dimensional problems by taking
into account the geometric properties of the posterior distribution. Betancourt explained the efficiency of HMC through a
conceptual comprehension of the method [4] and theoretically demonstrated the ergodicity and convergence of the chain
[6,30]. From a numerical perspective, Yang et al. [69] highlighted the out-performance of BPINNs-HMC formulation on
forward and inverse problems compared to its Variational Inference declination. This has established HMC as a highly
effective MCMC scheme for the BPINNs, both theoretically and numerically.

In the following, we briefly review the basic principles of the classical BPINNs-HMC and point out their limitations,
especially in the case of multi-objective and multiscale problems.

The idea of HMC is to assume a fictive particle of successive positions and momenta (©, r) which follows the Hamiltonian
dynamics on the frictionless negative log posterior (NLP) geometry. It requires the auxiliary variable r to immerse the
sampling of (2) into the exploration of a joint probability distribution 77 (®, r) in the phase space

7(®,r) ~e HON, (4)

The latter relies on a particular decomposition of the Hamiltonian H(®,r) = U(®) + K(r) where the potential and kinetic
energies, U(®) and K(r) respectively, are chosen such that

7T(O,r) x P(O|D, MYN(r|0, M) (5)

and the momentum follows a centered multivariate Gaussian distribution, with a covariance — or mass — matrix M often
scaled identity. The Hamiltonian of the system is thus given by

H@®,rn=U(®)+ %rTM’lr (6)

where the potential energy directly relates to the target posterior distribution. This energy term is usually expressed as the
negative log posterior U(®) = —InP(®|D, M), which results in a multi-potential as detailed in Sect. 2.2. This ensures that
the marginal distribution of ® provides immediate samples of the target posterior distribution

PO|D, M) ~e VU ® (7)

since an efficient exploration of the joint distribution 7 (®,r) directly projects to an efficient exploration of the target
distribution, as described by Betancourt [4]. The HMC sampling process alternates between deterministic steps, where we
solve for the path of a frictionless particle given the Hamiltonian dynamical system
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(8)

do=M"1rdt
dr=—-VvU(®)dt,

and stochastic steps, where the momentum is sampled according to the previously introduced Gaussian distribution. As
Hamilton’s equation (8) theoretically preserves the total energy of the system, each deterministic step is then constrained
to a specific energy level while the stochastic steps enable us to diffuse across the energy level set for efficient exploration
in the phase space. This theoretical conservation of the energy level set during the deterministic steps requires numerical
schemes that ensure energy conservation.

A symplectic integrator is thus commonly used to numerically solve for the Hamiltonian dynamics (8): the Stérmer-
Verlet also known as the leapfrog method. However, these integrators are not completely free of discretization errors that
may disrupt, in practice, the Hamiltonian conservation through the deterministic iterations. Hence, a correction step is
finally added in the process to reduce the bias induced by these discretization errors in the numerical integration: this
results in a Metropolis-Hasting criterion based on the Hamiltonian transition. This acceptance criterion tends to preserve
energy by rejecting samples that lead to divergent probability transition. The exploration of the deterministic trajectories
though remains sensitive to two specific hyperparameters managing the integration time: the step size §t and the number of
iterations L used in the leapfrog method. Tuning these parameters can be challenging, especially if the posterior distribution
presents pathological or high curvature regions [4], yielding instability, under-performance, and poor validity of the MCMC
estimators. Despite the use of numerical schemes that preserve the Hamiltonian properties, a conventional HMIC-BPINN can
be confronted with pathological discrepancies.

To counteract these divergence effects, efforts have been put into developing strategies to either adaptively set the
trajectory length L [19] while preserving detailed balance condition or use standard adaptive-MCMC approaches to adjust
the step size §t on the fly [5]. In this regard, one of the most popular adaptive strategies is the No-U-Turn sampler (NUTS)
from Hoffmann and Gelman [18]. Nonetheless, these divergent trajectories indicate significant bias in the MCMC estimation
even if such adaptive methods may offer an alternative to overcome them. This raises the question of the validity of this
adaptation when facing multi-potential energy terms that lead to significantly different geometrical behaviors or different
scaling in the posterior distribution. In fact, the adaptive strategy mostly tunes the leapfrog parameters so that the most
sensitive term respects the energy conservation, which may result in poorly-chosen hyper-parameters for the other potential
energy terms, and then the whole posterior distribution. This reflects the limitations of such adaptive strategies that rely on
adjusting the leapfrog hyperparameters.

When these divergent pathologies become prevalent, another approach suggested by Betancourt [4] is to regularize the
target distribution, which can become strenuous in real-world applications and lead to additional tuning. Nevertheless, it
offers a great opportunity to investigate the impact of each learning task on the overall behavior of the target distribution
and paves the way for novel adaptive weighting strategies.

In the next sections, we focus particularly on the challenges arising from real-world multitasks and multiscale paradigms.
We show that present BPINN methods result in major failures in these cases and we identify the main pathologies using
powerful diagnostics based on these divergent probability transitions.

2.2. The multi-objective problem paradigm

As for the issue of the multi-objective optimization problem in a PINN, sampling of the target posterior distribution (2)
arising from a direct or inverse problem requires the use of a multi-potential energy term U(®). Furthermore, in real-world
applications, we have to deal with sparse and noisy measurements whose fidelity can also cover different scales: this is the
case of multi-fidelity problems with multi-source data [27,37].

For sake of generality, we introduce a spatio-temporal domain Q = Q x 7 with Q C R", n=1,2, 3 and we assume a PDE
system in the following form:

F(u(t,x), ¥) =0, (t,x) e

Hu(t,x), X) =0, (t,x) e Q

But,x), ¥ =0, (Ex)eQ:=3QxT
Tut,x), ¥ =0 (txeQ:=QxTH

(9)

where u is the principal unknown, # the main differential equation (e.g. the Navier-Stokes equation), /{ an additional
constraint (e.g. incompressibility condition), 8 and 7 the boundary and initial conditions respectively, and ~ the PDE model
parameters, either known or inferred. Some partial measurements of the solution field u may also be available in a subset
QY C Q. Such a continuous description of the spatio-temporal domain is then discretized to enable the selection of the
training dataset, which is used in BPINNs sampling.

We first define the dataset O of training data which is decomposed into D = D% U D? U D' UD* and includes scattered
and noisy measurements sampled in their respective sets €, Q% Qf, and QY. Regarding data corruption, we consider
independent Gaussian noise for the sparse observations on u, such that D" is defined as

DY ={(ti, x;,up), st (t,x) €Q" and  uji=u(ti, x;) + & (ti, X)), i =1..N"} (10)
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where the noise &, ~ N(0, 031) and the standard deviation o, might be estimated from the sensor fidelity, if accessible.
The neural network component of the BPINN then provides a surrogate model of u denoted ug for each sample of the
parameters ® = {#, X}, whose prior distribution is referred to as P(®). The latter takes into account both the priors on the
neural network parameters 6, which are assumed to be centered and independent Gaussian distributions, and the priors on
the model parameters X, so that P(®) = P(9)P(X) under the independence condition. In the case of a forward problem,
where the PDE model parameters are prescribed, the prior distribution reduces to P(6). When some measurements of the
unknown are available, meaning D" is not an empty set, which is the case in inverse or inpainting problems, then the
surrogate model ug should satisfy a data-fitting likelihood term in the Bayesian framework. This consists in quantifying,
over the set D", the fit between the neural network prediction and the training data defined by:

Nt _ Cx) — up)?
P(Du|@)0<l_[6Xp< (u®(thxl) ul) ) (,1_1)

2
i=1 20

Similarly, the boundary conditions of the model output are imposed on the set D°
D' =t %, B@)), st Gx)e R and Buw) =B, ) + &G %), i=1..N] (12)
by satisfying the following boundary-likelihood term

N?
P(D°|©) o [ Jexp
i=1

( (Buo (b, x)) = Bup) ) (13)

2
20b

The noise sensitivity on the boundary condition term is also characterized by independent Gaussian distributions in the
sense that &, ~ N (O, obzl) where the standard deviation o}, needs to be estimated. Such a distinction between &, and & is
prescribed since there is no guarantee that the data corruption is uniform: in fact, the measurement distribution variances
can differ locally when facing heteroscedastic noise. This is the case in geosciences, where data-driven modeling based on
X-Ray microtomography images require special attention on this boundary noise estimation &,. This is mainly due to the
artifact limitations (e.g. partial volume effect, edge-enhancement) that tend to enhance the blurring effects at the material
interface and therefore impact the quantification of the medium effective properties, such as the permeability and micro-
porosity [41,2]. The same holds for the initial condition with potentially a different sensitivity &;. In a BPINN, the previous
data-fitting terms are complemented with physical principles that regularize the neural network predictions, given the PDE
system (9).

Concerning the PDE-likelihood term, the D¢ dataset is defined as the training points on which we force the PDE and
the additional physical constraint to be satisfied by the surrogate modeling:

2=t x) e R Fluoltix) =&rtx) and Hue(t,x)) =&t x), i =1..N% (14)

with &7 and &, standing for the model uncertainty in both equations, which are usually unknown and can easily lead to
physical model misspecification. According to these notations, a forward problem consists in DY = & and X is known to
perform a direct prediction of the field ug on Q based only on the PDE physical assumptions. On the contrary, an inverse
problem aims to infer ¥ using together the PDE model with the partial and noisy information D" of the predictive field u.
Finally, an inpainting problem relies on these partial measurements to complement and recover some missing information
on the predictive field, in addition to the PDE-based priors.

Finally, the target posterior distribution of ® (2) is decomposed according to the Bayes rule, into a sequence of multitask
likelihood terms — involving data-fitting and PDE likelihood — and the priors:

P(®|D, M) x P(D'|®)P(D°|10)P(D'|®)P (D2, F|O)P(DY?, H|O)P(H)P(T) (15)
which results, for the HMC sampler, in the multi-potential energy

lue — ul2, ||B<u@>—8(u>||§)a+||I<u@)—f<u>||§), IF@ellZe IHwe)lHe 612

U©) =

207 20} 207 20¢ 207 207
5 2
n Il M22||Rp (16)
205
according to equation (7). The notation || - || refers to either the RMS (root mean square) norm — inherited from the func-

tional L.2-norm on the open set Q — for the log-likelihood terms or to the usual Euclidean norm for the log-prior terms. In
addition, the multi-potential (16) is written here, in a general framework, based on the prior assumptions P(6) ~ N (0, 092 Ig)
and P(X) ~N(usx, a%lp). We note that the log-prior term can be regarded as a L2-regularization in the equivalent con-
strained optimization problem. Nonetheless, suitable selection of these prior distributions — hence appropriate tuning of
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the parameters o0y, Uy, and oy — is usually not straightforward and is time-consuming. Overall, equation (16) highlights
that, even in a simple problem setup, a BPINN may face a potential energy term that closely resembles a weighted multi-
objective loss appearing in a PINN. This multi-potential energy results, according to equation (7), in a multitask weighted
posterior distribution for which an appropriate adaptive weighting strategy is critical.

Therefore, the main challenge is to sample near the Pareto-optimal solution such that the BPINNs provide efficient and
reliable prediction and UQ. Otherwise, the risk is that the samples obtained gravitate around a local minimum, correspond-
ing to one of the multi-potential terms at the cost of the others. The present work focuses on how to estimate a well-fitted
weighted posterior distribution that concentrates on the region of the highest posterior probability. The latter, localized in
the Pareto front neighborhood, should ensure balanced conditions for all the different terms in equation (16) and therefore
provide robust Bayesian inference for multitask problems with multiscale or multi-objective issues. Effectively dealing with
multitask Bayesian inference problems is a distinct concern from capturing multi-modal distributions. In this paper, we
intend to address the first issue, while the second one is out of consideration. This comes from the observation that the
HMC formulation, which serves as a basis of the present article, is prone to struggle with multi-mode scenarios while having
excellent performances in sampling single-mode distributions. The main reason is that HMC relies on local gradient informa-
tion that may ignore other isolated modes [35]. Efficiently sampling from multi-modal distributions requires other samplers.
These alternatives include, for instance, Variational Hybrid Monte Carlo [58], wormhole Hamiltonian Monte Carlo [23], and
augmented Markov Chain Monte Carlo with normalizing flow methods for adapting the proposal distribution (transition
kernels) during sampling [15], but this is beyond the scope of this work. A way to handle likely multi-modal distributions
with the HMC sampler is to consider different initializations of the neural network parameters or inverse parameters in or-
der to incorporate sampling variability. This article focuses on providing a robust sampling strategy for multitask weighted
posterior distributions in single-mode scenarios, with potentially multiscale inference in the inverse parameters.

Secondly, while the standard deviations o, in (16) are critical parameters to select and are related to the uncertainties
on the inherent tasks, most of the authors either assign them a given value or train them as additional hyperparame-
ters [38,57,26]. This can lead to highly biased predictions, especially when setting the PDE-residual standard deviations o
and oy, which introduce strong priors on the model adequacy. Recently Psaros et al. [44] discussed, inter alia, alternatives
generalizing the adjustment of some of these parameters — mainly the data-fitting standard deviations — in the context of
unknown and heteroscedastic noise distributions. They either rely on offline learning at the cost of a pre-trained Generative
Adversarial Network (GAN) or online learning of the weights based on additional parameter training. In particular, the num-
ber of these additional parameters may increase drastically when considering location-dependent variances, as suggested in
[44], for realistic applications and consequently suffer from computational costs. The open question remains on how to deal
with such unknown (homo- or hetero-scedastic) noise distributions without adding computational complexity by learning
additional hyperparameters. Finally, although the question of physical model misspecification was pointed out in the total
uncertainty quantification, the latter has not been addressed in [44] when misleading model uncertainty is assumed on the
physical constraints # and . As a result, the issue of not introducing strong priors on the model adequacy by hand-tuning
the hyperparameters oy and oy, usually unknown or prescribed, is still a challenging task. Therefore, we consider the ques-
tion of how to adaptively set the weights in multitask Bayesian inference problems such that we do not rely on a-priori
manual calibration of the noise magnitude, task scaling, or model adequacy.

In view of this, we wanted to test the robustness of the usual BPINNs-HMC approach, as introduced in Sect. 2.1, on a test
case demonstrating the issues arising from the multi-objective and multiscale nature of the sampling using Sobolev training
of neural networks.

2.3. Sobolev training for BPINNSs failure mode

Sobolev training is a special case of multi-objective BPINN sampling that likely leads to stiff learning due to the disparate
scales involved [34]. Nevertheless, it is commonly used in the machine learning community to improve the prediction
efficiency and generalization of neural networks, by adding information about the target function derivatives to the loss or
its equivalent potential energy [12,55,62,72].

This special training provides a baseline for testing the robustness of the present BPINNs-HMC method against the failure
mode of vanishing task-specific gradients [34]. It also offers the opportunity to benchmark against the analytically e-optimal
weights that are known for Sobolev multi-objective optimization [34].

The BPINNs-HMC sampling is tested here on a Sobolev regression task, which means the dataset is restricted to D = D"
involving measurements of a function and its derivatives D’,ﬁ, k > 1 up to order K, such that the target posterior distribution
is

K
P(O|D) o [ [ P(D", Dyu|©)P(©) (17)
k=0

and the potential energy hence has the general form

K )\l )LI( ) K+1
U@©) = | =5 IDkue — Dkul? | + =S[00 = > e Li(©) (18)
202 202
k=0 k K+1 k=0
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Fig. 1. HMC uniform-weighting failure mode for Sobolev training up to second-order derivatives: (a) Variances of the effective gradient VgL distributions
(k=0,1,2), plotted with respect to the (Ns x L) HMC iterations, showing strong imbalances between the tasks. (b) Non-conservative Hamiltonian that
illustrates the resulting instabilities issues. (c) Extremely poor approximation of the function and non-existent uncertainty estimates due to the massive
rejection. (For interpretation of the colors in the figures, the reader is referred to the web version of this article.)

where Ly = ALy refers to the weighted k" objective term, with A; some positive weighting parameters to define (see
Sect. 3.1). In this section, we use only a uniform weighting strategy, with A, = 1, Vk, which corresponds to the classical
BPINNs-HMC formulation. For sake of readability, equation (18) gathers the log-prior terms of the neural network and
inverse parameters, assuming they all have the same prior distribution.

We first introduce a 1D Sobolev training up to second-order derivatives, with a test function u(x) = sin® (wx) defined on
Q=[-0.7,0.7] for @ = 6. We use 100 training points, set the leapfrog parameters L = 100 and §t = 1e—3 for the number
of iterations and time step respectively, and perform Ng =200 sampling iterations. We also restrict the test to a function
approximation problem so that subsequently ® refers only to the neural network parameters. In the following and unless
otherwise indicated, all the o} are equal to one since in practice we do not have access to the values of these parameters
for the derivatives or residual PDE terms, but rather to the observation noise on the data field u only, if available.

Similarly to PINNs, this test case with uniform weights A, leads to imbalanced gradient variances between the differ-
ent objective terms. In particular, the higher-order derivatives present dominant gradient variances that contribute to the
vanishing of the other tasks and lead to biased exploration of the posterior distribution. In Fig. 1 (left) we see that the
term Var{VegL,} corresponding to the higher-order derivative quickly develops two orders of magnitude greater than the
other effective gradient variances. In addition to inefficient exploration of the Pareto front, we also face instability issues,
generated by the highest order derivative terms, that result in a lack of conservation of the Hamiltonian along the leapfrog
trajectories (see Fig. 1 middle). The HMC sampler with uniform weighting strategy fails on this test case, resulting in poor
prediction of the surrogate model uy (see Fig. 1 right). Indeed, none of the proposed samples are accepted according to
the Metropolis-Hasting criterion. Hence, there are neither uncertainty estimates nor adjustments of the predictive BMA
distribution. Both are solely based on the surrogate model corresponding to the prior distributions of the neural network
parameters (Fig. 1 right). As specified in Sect. 2.1, such divergence pathologies on the classical HMC with uniform weighting
are powerful diagnostics of bias in the resulting estimators and raise suspicions about the validity of the latter.

An alternative to counteract these effects consists in reducing the time step 8t to balance the order of magnitude of the
derivative terms and improve the Metropolis-Hasting acceptance rate of the BPINNs-HMC. However, a small time step within
the leapfrog iterations is more likely to generate pathological random walk behaviors or biased sampling [18,4]. To this aim,
we attempt an adaptive strategy by using the No-U-Turn sampler (NUTS) with step-size adaptation, as detailed in Algorithm
5 from Hoffmann and Gelman [18] and implemented in the Python Open Source package hamiltorch [11]. We consider the
same exact set of leapfrog parameters as previously — in order to comply with the same assumptions — and we impose
N = 20 adaptive steps that lead to a final adapted time step of 6t = 1.29e—4. In this case, we again reached a configuration
where we were not efficiently exploring the Pareto front, as evidenced by the variances of the effective gradients in Fig. 2.
This resulted in a better approximation of the second derivative compared to the signal itself and demonstrated biased
sampling in the sense that the signal u is determined up to a linear function due to the prevalence of the higher derivative
term. This linear deviation is also shown in Fig. 2 — bottom right. This confirms that the NUTS time-step adaptation focuses
rather on the prevailing conservation of the higher-order derivative which induced the stiffness.

In short, even a simple 1D Sobolev training with trivial uniform weights induces major failure of the classical BPINNs-
HMC approaches because of the sensitivity of the posterior distribution to the higher-order derivatives that generate
instabilities. Consequently, such divergence in the Hamiltonian conservation renders the sampling approach inoperative.
Moreover, the alternatives ensuring the Hamiltonian conservation are ineffective because they face either inefficient ex-
ploration of the energy levels or a strong imbalance in the multitask and multiscale sampling. This suggests that the
Hamiltonian Markov chain cannot adequately explore the Pareto front of the target distribution resulting from this potential
energy, and that strong imbalanced conditions cannot be overcome with the usual methodologies.

The purpose is therefore to develop a strategy to provide balanced conditions between the different tasks, independently
of their scales, by looking for an appropriate weighting formulation. This approach is essential regardless of the usual HMC
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Fig. 2. Failure mode of NUTS step-size adaptation in Sobolev training up to second order derivatives: (a) Variances of the effective gradient VgL distribu-
tions, showing task imbalances. (b) Hamiltonian evolution along the sampling, resulting in a weak exploration of the energy levels. The vertical dotted line
delimits the number of adaptive steps in the NUTS sampler. (c) BMA signal reconstruction with its uncertainty. (d) Pointwise error between the surrogate
BMA reconstruction ug and the function u, highlighting the linear deviation of ug and biased inference of the distinct tasks.

concerns about the adaptive settings of the leapfrog parameters, and presents the advantage of reducing the instabilities
without needlessly decreasing the time step.

3. An adaptive weighting strategy for unbiased Uncertainty Quantification in BPINNs

Conventional BPINN formulations exhibit limitations regarding multi-objective inferences, such as stability and stiffness
issues, pathological conflicts between tasks, and biased exploration of the Pareto-optimal front. These problems cannot be
tackled merely by adaptively setting the leapfrog parameters, as in the NUTS sampler, nor by hand-tuning the standard
deviations o, which introduces additional computational costs or energy waste. We therefore investigate another adaptive
approach that focuses instead on the direct regularization of the target distribution: it aims to balance task weighting by
automatically adapting the critical o parameters.

3.1. An Inverse Dirichlet Adaptive Weighting algorithm: AW-HMC

The development of a new alternative considering the limits of the HMC-BPINN approach (previously discussed in Sect. 2)
becomes crucial, especially in the case of complex multi-objective problems arising from real-world data. This strategy
must address the main pathologies identified by: 1) ensuring the exploration of the Pareto front of the target posterior
distribution, 2) managing the scaling sensitivity of the different terms, and 3) controlling the Hamiltonian instabilities.

Independently of these pathological considerations, there remains the issue of setting the critical o parameters, partic-
ularly when the level of noise on the data and the confidence in the PDE model are not prior knowledge. While manual
tuning of these parameters is still commonplace, we could rely on the A weight adaptations to implicitly determine the
noise and inherent task uncertainties rather than introduce strong priors on the model adequacy that may lead to mislead-
ing predictions.

In order to fulfill all these requirements, we consider an Inverse-Dirichlet based approach that has demonstrated its
effectiveness in the PINNs framework when dealing with balanced training and multiscale modeling [34]. It relies on ad-
justing the weights based on the variances of the loss term gradients, which can be interpreted as a training uncertainty
with respect to the main descent direction in a high-dimensional multi-objective optimization problem. This strategy also
offers considerable improvement in convergence over conventional training and avoids the vanishing of specific tasks.

The idea of developing an Inverse Dirichlet adaptively weighted algorithm for BPINNs is to incorporate such training
uncertainties on the different tasks within the Bayesian framework so that it can simultaneously take into account the noise,
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the model adequacy and the sensitivity of the tasks, all while ensuring Pareto front exploration. Therefore, we are trying
to determine the positive weighting parameters Ay, k =0, ..., K in such a way that the weighted gradient VgL = A Ve Ly
distributions of the potential energy terms have balanced variances. We propose to ensure gradient distributions with the
same variance

y2 :=Var(x Ve L) ~ min (Var(Vo L), k=0, ... K (19)
t=0..

by setting the weights on an Inverse-Dirichlet based approach:

1/2

S F o) R 20)
k Var{Ve Ly} Var{Ve Ly}
such that
V2 1/2
MN (g, Var{Ve L }) = <m) N (g, Var{Ve Li}) = N (g, Vz)- (21)
O~k

Note that we do not discuss here the case of Ag4q corresponding to the prior P(®), since the log-prior term acts rather
as a L%-regularization in the equivalent constrained optimization problem, such that the weight balancing approach focuses
essentially on the log-likelihood terms of the potential energy. In fact, the sampling should enable us to efficiently explore
the Pareto front corresponding to balanced conditions between the data-fitting and the different PDE-based likelihood terms.
On the contrary, we do not want to rely on a non-informative prior to achieve task balancing, so we impose the following
upper bound

Var{ik+1VoLk+1} < ¥, (22)

which can be achieved with setting Axy1 < ok+1, related to the assumption on the prior P(®) ~ N(0, GI%+1I). This comes
from the observation that

2

K41 A
Ak+1VoLy+1(07) = 220 st Var{ixs+1VeLk+1(07)) = —Hvar{@'1} < ——Var{@') (23)
Ok 1 Ok i1 Ok41

with ®!* the set of parameters sampled at iteration 7. The latter upper bound also provides a dispersion indicator between
the posterior variance of ® and its prior distribution, that can be used to set the value of o, given y2.

We investigate on-the-way methods to deal with the BPINNs-HMC failure mode, so that the weight adaptation strat-
egy (20) depends on the sampling iterations t. This results in a modified Hamiltonian Monte Carlo, denoted Adaptively
Weighted Hamiltonian Monte Carlo (AW-HMC) and detailed in Algorithm 1. The weighting strategy is carried on until a
number of adaptive iterations N, potentially different from the usual burn-in steps Npym. It assumes that N < Npyp, and
enables us to reach a weighted posterior distribution well-suited to the exploration of the Pareto front. Indeed, we aim
to adaptively estimate a well-fitted posterior distribution that concentrates on the high probability-density region. This is
achieved during the adaptive steps by leveraging gradient information of the different tasks and their respective sensitiv-
ities through variance-based weighting. Once the adaptive procedure converges, the weights stabilize, and we effectively
sample from a well-fitted target distribution that mainly explores the region of highest posterior probability, characterized
by the Pareto front neighborhood. Finite adaptation preserves ergodicity and asymptotic convergence of the chain while
keeping N < Npyn ensures the posterior distribution is drawn from the same weighted potential energy. In practice, the
a-priori burn-in phase is closely linked to the number of adaptive steps by taking Ny, = N. We also introduce the notation
H,,(®,r) for the weighted Hamiltonian

K+1
1
Hpp (0.1 =) (D) L(©) + sr'Mr (24)
k=0 2

which defines the new transition probability for the Metropolis-Hasting acceptance criterion.

The question remains how to set the number of adaptive steps N. This is closely related to characterizing the convergence
of the weighted posterior distribution toward the neighborhood where the posterior density is maximized, that is the Pareto
front. To decide when to stop weights adaptation, we define a systematic stopping criterion based on the evolution of the
Hamiltonian energy in equation (24). Our method for stopping weights adaptation is to reach either a maximum number
of iterations Npax or a threshold Sp, for the local variation of the Hamiltonian function. Indeed, if there is no significant
variation, there is no more evolution of weights and task values, and therefore adaptation can be stopped. In our study,
this variation is denoted S; and is simply the slope of the Hamiltonian function, which is computed as the averaged linear
regression of its early history, due to the strongly stochastic nature of the Hamiltonian evolution. Details on this stopping

10
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Algorithm 1: Adaptively Weighted Hamiltonian Monte Carlo (AW-HMC).

Input: Initial ®%, Ny number of samples, L number of leapfrog steps, §t leapfrog step size,
Nmax maximum number of adaptive iterations, Ny, burn-in steps and M the mass matrix.

1 Sampling procedure:
2 for T =1...Ns do

3 | Sample r'=-' ~ N(0,M);

4 | Set (®p,rg) < (OF1, rlr-1);

5 Weights adaptation:

6 if (T < Nmax) and (S; > Spin) then

; 1/2
min (Var(Ve £;(©0)) )
7 Compute ()= | ——mF————— Vk=0..K and Ag,1(t)=1;
Var{Vo £i(©0)) *

8 else

9 | M(m)=x(r—1) Vk=0.K and Ag41(z) =1
10 end
11 Leapfrog:
12 fori=0..L—1do

s K
13 - gmrw@&(@i):
14 Bip1 < O +8tM~1ry;
e
15 it <l — Z M(T)Ve Lk (Bit1);
k=0

16 end

17 Metropolis-Hastings:

18 Sample p ~U(0, 1);

19 Compute o = min(1, exp(Hy, (®g, 10) — H;, (O, 11)) using (24);
20 if p < o then

21 | e =0y

22 else

23 | O =0;

24 end

25 Collect the samples after burn-in : {®" }fbe
=Nburn

26 end

criterion are provided in Appendix C. The number of adaptive steps N is the minimum value between Np,x and the number
of samplings 7 required to reach the threshold Sp,. In addition to this criterion, the user must check that there are effective
lower bounds on the weights (e.g. Fig. 6 in Sobolev training) to verify that there is no singular behavior. Indeed, in a singular
case, the objective and the Hamiltonian could decrease only by reducing of the weights to O.

The present balancing of the target distribution, based on the minimum variance of the gradients (20) can be interpreted
as adjusting the weights with respect to the most likely or the least sensitive term of the multi-potential energy. It therefore
offers the advantage of improving the convergence of the BPINNs toward the Pareto-optimal solution and also enhances the
reliability of the uncertainty quantification of the output, whose samples are drawn from the Pareto front. Indeed, this
weighting strategy induces an automatic increase in the uncertainty of the least likely task by adaptively adjusting the A
parameters. Such observations arise from the development of upper bounds for each of the gradient variances, as detailed
in Appendix A, which involves prediction errors and PDE residuals, as well as sensitivity terms characterizing the variability
of the mean gradient descent directions for each task. In light of this, we were able to provide an upper bound on the joint
variance y2 which is developed in equation (A.8) in a basic and general perspective.

Last but not least, the Inverse-Dirichlet based adaptive weighting relieves us from an unreasonable decrease in the time
step, which no longer has to meet all the stiff scaling requirements to ensure Hamiltonian conservation. This approach then
renders the sampling free of excessive tuning adaptation of the leapfrog hyperparameters 8t and L. In addition, this prevents
pathological random-walk or divergence behaviors in the sampling since it enables the use of optimal integration time, both
in terms of convergence rate and adequacy of the time step to the distinct learning tasks.

The current AW-HMC algorithm is first validated on a Sobolev training benchmark with different complexities, which
provides a basis for comparison with g-optimality results. This also allows us to establish a new indicator for convergence
diagnostics of the BPINNs. The robustness and efficiency of the present method are then experimented on more complex
multitask and multiscale problems, along the different sections.

3.2. Sobolev training benchmark and convergence diagnostics

We investigate the performances of the proposed auto-weighted BPINN methodology on several applications, starting in
this section with a Sobolev training benchmark. We first apply this new Adaptively Weighted strategy to the 1D Sobolev

11
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Fig. 3. Adaptively Weighted Hamiltonian Monte Carlo (AW-HMC) on Sobolev training up to second-order derivatives compared to ¢-optimal weighting.
(a) Effective gradient distributions variances Var{VgLy} with balanced conditions between the tasks. (b) Hamiltonian evolution throughout the sampling
satisfying energy conservation. (c) Resulting field predictions with a comparison between ¢-optimal results and AW-HMC strategy.

training introduced in Sect. 2.3 with the same exact set of hyperparameters. The number of adaptive steps is set to N = 20,
as for the NUTS declination, to ensure an impartial comparison of the distinct methodologies.

In addition, we compare the predictions with a reference case where the weights A, are set accordingly to e-optimal
analytical solution [60], which can only be provided for linear problems. Such analytical e-optimal weights are only available
for the optimization problem of minimizing the multi-potential energy in equation (18). In the particular case of Sobolev
training, these weights can be determined based on the following equation (see [34], for instance):

[17)

j#k
A,‘::K]; s.t. I,<:/|D’;(u)|2dx. (25)
> 117 2
k=1 jk

These theoretical weights (plotted in Fig. 6 on the right) alleviate stiffness issues that lead to vanishing gradient phenomena
[34]. By doing so, these weights ensure that the objectives — or tasks — are minimized in an unbiased way, hence reaching
Pareto optimal solution. Although we consider a marginalization process in the Bayesian context, these analytical weights
provide an interesting baseline for comparison on stiff Sobolev problems. Appropriate weighting of the posterior distribu-
tion based on the ¢-optimal rule (25) ensures effective sampling that we compare with our AW-HMC strategy. In this sense,
g-optimal weighting allows us to verify that our adaptive weighing strategy reaches the Pareto front neighborhood during
the adaptive steps and hence efficiently samples the region of the highest posterior probability. We tested our methodology
against this e-optimal solution assuming observation noise &, ~ N (0, 031) such that oy = oy, Vk with oy = 0.1. It provides
good agreement between both approaches with a similar convergence of the Hamiltonian toward the same energy level, in
Fig. 3 (middle): in fact, the [.2-relative error on the Hamiltonian values between the g-optimal and AW-HMC methods scales
around 1e—4 after the adaptive steps. The AW-HMC method also provides I2-relative errors, compared to this optimal solu-
tion, ranging around 1e—3 for both the signal and its derivatives. Finally, we also point out in Fig. 3 (left) balanced gradient
variances in the same way as observed with e-optimal analytical weights. The AW-HMC methodology, therefore, provides
similar results to e-optimal solutions in terms of balance between the gradient variances, exploration of the Hamiltonian
energy levels, and overall BMA predictions.

Our new approach shows exceptionally balanced conditions between the different tasks: the effective gradient distri-
bution variances Var{VgLy} present the same orders of magnitude throughout the training, even with a finite number of
adaptive steps. This means that the posterior distribution reached after the auto-adjustment of the weights is well-suited
to converging toward the Pareto front exploration, thus making the sampling more efficient and comparable to sampling
a weighted posterior based on the e-optimal rule (25). Preventing strong imbalance behavior on the gradient variances,
and therefore task-specific bias has considerably improved the marginalization of such multi-objective potential energy, in
comparison with the conventional approaches that presented major failures in Sect. 2.3.

To further demonstrate the robustness of the method, we consider the third-order derivative extension of this test case,
where even a NUTS adaptive strategy on the time step (reaching 5t = 1.36e—7) generates, here, pathological random-walk
behavior making the sampling completely defective (Fig. 4 top row and Fig. 5). Such a significant decrease in the time step
is clearly explained by the enhanced stiffness induced by the third-order derivative term in this multitask learning. Indeed,
the Hamiltonian trajectories are more likely to diverge during the deterministic steps due to this stiffness and require a
small §t to compensate for the divergence. To avoid the resulting pathological random walks, the overall integration time
must be increased but this inevitably leads to excessive computational costs — under such a constraint on the leapfrog time
step. This highlights the main limitation of NUTS when facing stiff multitask sampling that involves separate scales.

In contrast, our approach overcomes these major failures (see Fig. 5) without additional constraints on 8t and provides
balanced gradient variances between the different tasks as illustrated in Fig. 4 (bottom row). We also compare the results of
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Fig. 4. Comparison between AW-HMC and NUTS samplers on Sobolev training up to third-order derivative: Effective gradient distribution variances
Var{VeL} and Hamiltonian evolution. The NUTS formulation (top row) highlights strong imbalances between the learned tasks, on the left, and random-
walk behaviors in exploring the energy level sets, on the right. AW-HMC strategy (bottom row) compared with e-optimality.

the AW-HMC methodology with analytical weights from e-optimality and show great agreement between the approaches.
In addition, in order to deal with the stochastic-induced process of the BPINNs induced by sampling variability, we perform
various repetitions of the sampling with different initialization of the neural network parameters and momentum. This
leads to averaged weight evolution along the adaptive steps presented in Fig. 6 that show similar order of magnitude as the
analytical ¢-optimal weights. The slight difference between the computed and analytical weights in Fig. 6 can be explained
by the difference of nature of both problems, respectively a marginalization process and an optimization one. Indeed, the
weights determined by analytical €-optimal analysis lead to the tightest upper bound in the corresponding optimization
problem — that minimizes the multi-objective potential energy (18) — but do not incorporate any uncertainty quantification,
unlike the computed weights based on Inverse-Dirichlet weighting in the AW-HMC sampler. Nonetheless, the comparison
is interesting and illustrates that the overall scaling of the distinct tasks is well captured during the adaptive steps of AW-
HMC (see Fig. 6). The comparison of our adaptive weighting strategy with a posterior distribution weighted by the ¢-optimal
rule (25) shows similar convergence properties, driving the sampler close to a well-conditioned posterior distribution (see
Fig. 4 bottom-right). Therefore, the weighted posterior distribution determined by AW-HMC enables exploring of the optimal
Pareto front neighborhood, avoids stiffness issues, and thus provides an efficient sampling of the highest posterior probability
region.

Apart from these qualitative comparisons between the different methodologies and the analytical solution, we subse-
quently introduce a new metric that quantifies the quality of the predictions. This complements the usual metrics with a
convergence quantification of the sampling along the marginalization process. The samples collected after the burn-in steps
in the AW-HMC process — i.e. all the instances of {@ti}?ﬁNbum — are first used to determine a Bayesian Model Average

estimation as defined in equation (3). Each sample provides a prediction P(y|x, ®%), for the neural network characterized
by ®%, and is theoretically drawn from the posterior distribution P(®|D, M) such that the BMA is usually approximated
by [65]:

N.
-l N
PX, DM~ ——— Y P(ylx,0%) with O~ P(@©|D,M). (26)
Ns - Nburn i=Npurn
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Fig. 5. Comparison of the BMA predictions (on the function and its derivatives) between the AW-HMC and NUTS formulations for 1D Sobolev training up
to third-order derivative. The imbalance between tasks and random walk behavior of NUTS (see Fig. 4) results in ineffective BMA predictions. The AW-HMC
methodology overcomes these effects and significantly improves the sampling of the target distribution.
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Fig. 6. ) trajectories with AW-HMC and ¢-optimal weighting strategies for Sobolev training up to third-order derivative: (a) Evolution of the A, weights
along the adaptive steps (7 < N), averaged over several repetitions of the AW-HMC sampling. This is induced by different initializations of the neural
network parameters and momentum to take into account sample variability. (b) Comparison with analytical ¢-optimal weights. The order of magnitude of
the relative weights Ao/A;, i =1...3, in both methods, are represented by the double-headed arrows.

In Sobolev training, we consider as the neural network outputs, the prediction of the function itself and all its derivatives
y= {D’,ﬁu@, k=0...K } such that we can compute, according to equation (26), relative BMA errors with respect to each

output defined by:
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Fig. 7. Convergence diagnostics with the comparison between the HMC, NUTS, and AW-HMC samplers for Sobolev training up to third-order derivative:
(a) Cumulative relative BMA errors, computed according to equation (28), plotted throughout the sampling iterations 7 > N with the AW-HMC strategy. (b)
Cumulative relative BMA errors for the classical HMC and NUTS formulations. These quantities remain nearly constant in pathological cases, due either to
massive rejection or pathological random walk, highlighting the lack of convergence in the usual BPINNs-HMC formulations.

|P (Dhuo %, D, M) — Dl

BMA-EX = ,
| D¥ull?

, Vk=0...K (27)

where the notation || - | used here refers to the functional L2-norm. Based on the previous definition and in order to
incorporate convergence on the BMA along the marginalization process, we introduce a new diagnostic called cumulative
(relative) BMA error, defined as follows:

2
1

T
— P (Dﬁﬁu@ |x, @“) — Dk
BMA-CEK (1) = =N

, Vk=0...K (28)
| Dul?

depending on the sampling iterations after the adaptive steps, for 7 > N in Algorithm 1. These formulae can be directly
extended to all the neural network outputs, in a more general framework and quantify the sampling efficiency in terms
of convergence rate. The cumulative BMA errors are represented in Fig. 7 for the third-order extension of Sobolev training
highlighting the convergence of the AW-HMC sampler for each of the functional tasks (on the left). Instead, these quanti-
ties remain nearly constant for the pathological HMC and NUTS formulations, due to massive rejections and random-walk
behavior, respectively (see Fig. 7 on the right).

We finally extended this Sobolev training test case to several benchmarks on 2D, where we studied the impact of
the functional complexity and the number of training points on the Bayesian Model Average errors. The details of these
benchmark problems and the training setup are provided in Appendix B and have shown enhanced robustness and efficiency
of the AW-HMC algorithm for the BPINNS.

3.3. A multiscale Lotka-Volterra inverse problem

We demonstrate the use of AW-HMC on a multiscale dynamical inverse problem to quantify the impact of the scaling.
As Linka et al. [26] pointed out, sensitivity to scaling may hinder the performance of classical BPINNs, especially when
considering nonlinear dynamical systems. The multiscale nature and stiffness resulting from real-world problems, where
vanishing task-specific gradients are commonplace, is therefore an interesting benchmark to quantify the robustness of the
present method.

In this context, we consider a Lotka-Volterra dynamical system with parameters of highly varying orders of magnitude
defined by the following ordinary differential equation (ODE) system:

du

— = - , teQ

ar ou — fuv €

dv =duv v, teQ (29)
dt — vy,

u(0) =ug, v(0) =vo

which characterizes the temporal evolution of predator-prey species. The notations u(t) and v(t) respectively refer to the
prey and predator population size at a given time t, whereas the parameters «, 8, §, ¥ > 0 control the population dynamics,
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as growing and shrinkage rates. Thereafter, we set the initial populations to ug = 100 and vy = 20 with the following
parameters o =1, 8 =0.1, § =0.01 and y = 0.5 intentionally selected with different orders of magnitude. This sets up an
inverse problem benchmark based on real-world dynamics with separate scales involved.

The observation data are first numerically generated by solving the ODE system (29) on a uniform temporal grid Q =
[0,50] with a thin resolution of 400 points. The data are randomly sampled so as to consider only half in the training
phase of the different samplers. The dataset O then involves these partial measurements of u and v at 200 different times,
potentially with some added noise, and the same collocation points are kept to satisfy the ODE constraints. In this section,
we focus on an inverse problem by inferring the unknown model parameters X = {a,ﬁ,&, y} from these measurement
data while recovering the whole species evolution on the original finer resolution. Although the overall Bayesian inference
problem is multiscale by construction, each inverse parameter is assumed to follow single-mode posterior distributions.

Regarding the noticeable scaling difference between the two populations, we consider a predator-prey split of the tasks
such that each field u and v satisfies a data-fitting likelihood term and an ODE-residual likelihood term. We also assume
log-normal prior distributions on X to ensure positivity of the inverse parameters, as Yang et al. [69] have shown that
such priors improve the inference, and we set independent normal distributions on the neural network parameters 6. In

8

practice though, we use a change of variable by introducing = = e> := {e&, ef.e ,e77} for each of the inverse parameters

to infer ¥ assuming normal prior distributions as well. For this test case, we impose weakly informed priors, especially on
$, since we expect our methodology to handle the multiscale inference due to the unbiased auto-weighting of the tasks.
We therefore assume that both the neural network and inverse parameters all gather the same prior distribution, given by
© ~ N(0,031,4q) where © = {0, X}.

Under these assumptions, we can define the multi-potential energy of the corresponding Hamiltonian system:

2
Ao 5 M 2 Ay || dug
U©O)=—= |lug —ull5 + —= Ve — V|5 + — | — — aple + BeleVe
(®) 2(702 lue 1) 207 lve (k) 207 | e ol + BoleVe »
) (30)
b 1Yo s ueve +veve| +—— |02
2032 a oleVe T YoVe ” 205) Rp+d

where the inferred inverse parameters are defined by g =e>® and we also set all the o, equal to one, as we do not wish
to impose strong priors on the tasks and model uncertainty. As mentioned previously in Sect. 2.2, the norms are respectively
the RMS and the Euclidean norm for the last term. The prior on the parameters is assumed to follow a Gaussian distribution
with a larger standard deviation o0g = 10, in the sense that a slightly diffuse distribution induces weakly informed priors
on the ® parameters. This also ensures that constraint (22) for a non-informative prior is satisfied.

For such inverse modeling, the sampling is decomposed using sequential training. This means that 1) the neural network
parameters are sampled with an AW-HMC strategy to mainly target the data-fitting likelihood terms (setting A, = A3 = 0).
2) We then introduce the ODE-residual tasks in (30) to provide estimations of the missing inverse parameters, using the
AW-HMC algorithm with initial neural network parameters 6% resulting from 1). The BMA predictions and uncertainty
quantification finally rely on this entire sampling procedure. In the two-step sequential training, the number of adaptive
and sampling iterations are first given by N =19 and Ng =100, and then N =48 and N = 200 (see Appendix C for details)
while the leapfrog parameters are given by L =100, §t = 5e—4 and 2e—4 respectively, for the time steps in 1) and 2). The
neural network itself is composed of 4 layers with 32 neurons per layer and we use the sin activation function considering
the periodic nature of the solution for the Lotka-Volterra system.

On such an inverse problem the classical BPINNs-HMC algorithm faces massive rejection because the Hamiltonian tra-
jectories are not conserved, which results in inoperative sampling (Fig. D.19). Even the adaptive strategies on the time step
struggle to deal with the multiscale dynamics and require an extreme decrease in the §t value to obtain some stability,
as detailed in Appendix D. The natural implication of such constraints on the leapfrog time step is lack of convergence
toward the Pareto front and poor inference of the inverse parameters, subject to weakly informed priors (see Fig. D.20 and
D.21 from Appendix D). In fact, Linka et al. [26] addressed the same issue on learning COVID-19 dynamics and imposed (in
Sect. 4.3 of [26]) log-normal prior distributions on the inverse parameters that already rely on appropriate scaling. The need
for such appropriate scaling strongly impacts the inference in the sense that it requires prior knowledge which biases the
sampling.

On the contrary, we assume independent priors with respect to the scaling and show that our approach is able to
properly recover all the ¥ parameters as well as predict the species evolution with minimal tuning and decrease on §t.
The recovery of separate scales no longer requires prior knowledge of the inverse parameter scaling to converge to their
respective single modes. The results shown in Fig. 8 represent both the marginal posterior distributions of each inferred
inverse parameter X and their trajectories when exploring the phase space distribution 7 (®, r). For the latter, we plotted
the entire sampling trajectories that converge toward their respective mode during the adaptive steps, to finally sample
around them as illustrated by the final trajectories for 7 > N. This confirms the ability of AW-HMC to quickly identify the
separate modes of this inverse problem and manage such multiscale dynamics.

We ensure that the number of overall samples is sufficient to provide meaningful estimates of the posterior distribution
(in Fig. 8) through a convergence diagnostic based on the autocorrelation of the samples. Therefore, we compute the lag-k

16



S. Perez, S. Maddu, LF. Shalzarini and P. Poncet

Journal of Computational Physics 491 (2023) 112342

Histograms of the posterior distributions

1400 - [ = 0.949+0.0204 1400 A 1 Bo=0.096 +0.0016 1400 4 [ 69 =0.011% 0.0007 1400 - [ ye=0.544 % 0.0406
1200 ‘w 1200 - “ 1200 4 | 1200
: LT ( : :
1000 1 1000 - ‘ L 1000 4 : 1000 :
800 - \ | LF\ 800 - al il LL 800 - { : ‘ _ 800 - W [
1 H H [ 1 -
SR E 4 > [ ’ e |
600 / : 1 600 ‘ 6004 | LI J | 600 ‘ 1L
4004 [ L 400 Jﬂf i 400 JF i ] 400 |
200 1 H 200 1 ‘ . 200 1 o1 | ‘ r 2004 [ 3 o
. 1 ‘ : L
: ] I L : LY . i L
0.925 0.950 0.975 1.000 0.092 0.094 0.096 0.098 0.100 0010 0011  0.012 050 055 0.60 0.65
Phase space trajectories
8 44
NN "l
61 i el i 2] /7
[ ’ {
4+ = | ¢ |
: : I £ -10- £ ol ;
€ 21 € § € <
@ @ —10 1 H @ @
£ £ | £ -15 E |
S 0 S H S S
S 5 2 s
=15 A1 -20 4
-2 s 4]
\-y Whole trajectory Whole trajectory Whole trajectory - Whole trajectory
-4 Trajectory T>N —20 Trajectory T>N —25 1 Trajectory T>N Trajectory T>N
.« a « B 30 « &5 =6 1 LI
=6 : : : : : : : 01 : : : : r : r !
10 1:2 14 025 050 075 100 0.00 025 050 075 100 050 075 100 125
Parameter ag Parameter Bg Parameter 6g Parameter yg

Fig. 8. Posterior distributions of the inverse parameters on the Lotka-Volterra multiscale inference. Top pictures show histograms of the marginal posterior

distributions for the inverse parameters g, Bo, do and Y. Bottom pictures show phase diagrams of the parameter trajectories throughout the sampling
that characterized convergence toward their respective modes during the adaptive steps (in blue) and efficient exploration of the mode neighborhood after
the adaptive steps (in red). The ground truth parameters are respectively &« =1, $ =0.1, § =0.01 and y = 0.5 and establish an inverse problem with

separate scales.
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Fig. 9. Convergence diagnostics on the Lotka-Volterra multiscale inference problem: (a) Lag-k autocorrelation functions (ACF) of the inverse parameters

@, Bo. 8o and ye, plotted versus lag. (b) Inverse parameters chain traces along the sampling iterations of the AW-HMC sampler, showing convergence to-
ward their respective single modes during the adaptive steps. The groundtruth values of each parameter are respectively represented by the gray horizontal

dotted lines.

autocorrelation function (ACF), identified as a standard metric for chain convergence characterization [20,50,24] and defined
as the correlation between samples k steps apart. We apply it to the AW-HMC chains for the four inverse parameters
in the Lotka-Volterra inference problem. Fig. 9(a) shows the results of lag-k autocorrelation for their respective AW-HMC
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Fig. 10. Lotka-Volterra multiscale inference: (a) BMA predictions of the two-species populations along the physical time with their uncertainties, zoomed
on (b). (c) Relative BMA-CE errors as defined in equation (28) for the neural network outputs y = (ue, ve) plotted throughout the sampling iterations. The
dotted vertical line marks the introduction of the ODE-likelihood terms in the sequential training.

chain traces from Fig. 9(b). This diagnostic rapidly drops as k increases, indicating fast mixing of the chains and a fast
decorrelation of the samples from the non-informative initializations. Hence, it suggests efficient convergence of the AW-
HMC chains toward the inverse parameter modes and reliable estimation of the posterior distributions.

In order to quantify the effectiveness in identifying the parameters, we also measure the relative error in the inference

of the parameters Z¢ = {ao, o, 0. Yo}

Zo — X
Ey, = — 31
To S (31)
Ns
where the prediction is given by g = NN Zez@’ ', and we show that these relative errors all scale around 5e—2 for
ST ioN

the four inverse parameters. The predictive evolution of the species populations is displayed in Fig. 10, as a BMA on the
neural network outputs y = (ug, ve), and compared to the exact solutions in a qualitative and quantitative way. In this
sense, we computed relative BMA cumulative errors for both the species, highlighting the convergence of the sampling, top
right of Fig. 10. We see that the insertion of the ODE-residual likelihood terms in the two-step sequential training improves
the convergence of the predictions when compared to pure data-based sampling.

This test case also reveals higher uncertainties on the evolution of the prey population characterized by effective standard
deviations about four times greater (see Table 1). The enhanced uncertainty on these specific tasks is highlighted by smaller
values of Ao and A, at the end of the adaptive steps, compared to A; and A3 in the potential energy (30). Therefore,
the AW-HMC strategy benefits from its ability to adaptively weight the A parameters to intrinsically characterize the task
uncertainties based on their gradient variances.

4. Application to Computational Fluid Dynamics: stenotic blood flow

We illustrate the use of the methodology set out in Sect. 3.1 in a real-world problem from fluid mechanics, more precisely
the study of inpainting and inverse problems on incompressible stenotic flows in asymmetric geometries. The objective is
to demonstrate the generalization and performance of the present AW-HMC algorithm on more complex 2D geometries and
nonlinear PDE dynamics under noise and sparsity of the data.

The measurement data are generated by randomly sampling the fully resolved Computational Fluid Dynamics (CFD) so-
lutions on scattered locations. The direct numerical simulation of vascular flows in asymmetric stenotic vascular geometries
is performed using a meshless solver based on the Discretization-Corrected Particle Strength Exchange (DC PSE) method as
detailed in [7].
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Table 1

Weight parameters A obtained after the adaptive steps in the Lotka-Volterra
multiscale inverse problem, for each of the sequential steps (top rows). Effec-
tive standard deviations &} resulting from the weight adaptations and computed
as 0y =/ 1/ for each of the sequential steps (bottom rows). This highlights en-
hanced uncertainties on the tasks related to the prey species. The splitting of the
sequential steps is detailed in Sect. 3.3.

Seq. step Ak

Ao A A2 A3
Data-fitting (step 1) 3.83e-2 1 — —
Data-fitting + ODE tasks (step 2)  4.87e—2 1 9.16e—3 1.16e—1
Seq. step 0

50 51 52 53

Data-fitting (step 1) 5.109 1 - -
Data-fitting + ODE tasks (step 2) 4.531 1 10.45 2.936

4.1. Inpainting problem with sparse and noisy data

Inpainting problems have drawn increasing interest in MRI or CT medical imaging as an opportunity to reduce artifacts
and recover missing information by using deep learning approaches [36,3,59]. Although the usual inpainting framework
incorporates only measurement data in the image processing, Zheng et al. investigated a physics-informed version of the
problem by incorporating the underlying physics as indirect measurements [73]. The present section falls within the same
context — the idea is to infer the whole flow reconstruction based on sparse and noisy measurements while imposing PDE
constraints on some complementary collocation points.

The governing equations of the stenotic flow dynamic are written here in a velocity u = (u, v) and vorticity « formula-
tion in two dimensions, satisfying an incompressible steady-state Navier-Stokes equation given by

(u-V)w=Re 'Aw, inQ (32)

or equivalently

ow w 1 .
U—+v—=—Aw, inQ (33)
X dy Re

where Re refers to the dimensionless Reynolds number, « is the vorticity field w = 2—: — g—z and the incompressibility
condition ensures V -u = 0. We consider the 2D stenotic spatial domain € C [0, 10] x [0, 1] and assume two different kinds
of boundary conditions: 1) the stenosis upper and lower walls, denoted 91, where we impose no-slip conditions such
that uye, =0 and w = (V x u)yq, and 2) the inlet and outlet boundaries, denoted 32, with a prescribed parabolic profile
and Neumann condition, respectively, on the velocity in the main flow direction. These boundary conditions are detailed in
Sect. 4.4 of the DC PSE article [7]. We also first consider that the Reynolds number is known and set to Re =200 according
to the CFD simulations, such that the set of parameters to infer ® is restricted here to the neural network weights and bias.

The measurement dataset, O, is composed of noisy vorticity data on D" and 9%, defined as in (12) respectively for
sets 927 and 9%, as well as on 1282 interior collocation points D that cover less than 2% of all the data required for
the full vorticity field reconstruction on 2. We finally defined the D dataset as 6408 interior points representing 6% of
the entire reconstructed data field, where we require that the PDE (33) be satisfied in a physically-constrained inpainting
formulation. The multi-potential energy is then defined by:

A0 Al 2 A2 2
U®) =-— llwes — wllFw + — |lwe — wpa, |y + =5 [@e — @ig, | pr
20, 207 205 (34)
L3, dwe | dwe 1, 2 1 ep
202 " ox "3y Re © pe 203 Rp

with u, and v, noisy evaluations of the velocity field on the D% set. We then used sequential training by adding the PDE-
residual likelihood term in the second sampling phase, such that the AW-HMC parameters are given first by N =50 and
Ns =200, and then N =50 and N = 250 for a leapfrog path length L = 150 and time step §t = 5e—4. As for the previous
benchmarks, we set all the o, equal to one and assume a centered normal distribution with the standard deviation og = 10
for the neural network parameters prior. The neural network is composed of 4 layers with 32 neurons per layer and is
based on the hyperbolic tangent activation function. The velocity and vorticity CFD solutions (u, ) are both corrupted by
additive Gaussian noise such that e, = e+ 0 &, where & ~ N (0, /2) is a vector of element-wise independent and identically-
distributed Gaussian random numbers with mean zero and variance 2 = Var{e}, and o refers to the level of added noise.
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Fig. 11. Bayesian Model Average Cumulative Error diagnostics (BMA-CE), as defined in (35), for the vorticity physics-informed inpainting problem: (a)
BMA-CE on the vorticity field prediction throughout the sampling iterations and for different noise levels. (b) BMA-CE on the PDE residual ¥ satisfying
(33) for different noise levels. The dotted vertical lines mark the introduction of the PDE constraint in the two-step sequential training.

In this physics-informed inpainting problem, we investigate the impact of the level of noise o on the BMA predictions
of the vorticity field, as well as on the physical constraint by extending the notion of BMA convergence to the PDE residual.
Hence, we compute the BMA-CE diagnostics for the field w and the PDE constraint based on

2
1 < _
BMA-CE”(7) = H TN i_EN P (a)@ | x, @t’) -

) (35)

_l T
CEF (1) = | — : ti
BMA-CE” (1) r—ng(ﬂwOW’@)

with ¥ (we) the evaluation of the PDE from equation (33). The comparative curves for different noise levels are represented
in Fig. 11 and show sampling convergence toward final BMA errors that scale about 1.05e—3, 2.9e—3 and 4.08e—3, respec-
tively, for noise levels 0 =0, 0.1 and 0.2. In addition, we see that the PDE residual constraints converge independently to
the noise level, reaching final BMA errors around 2e—3 in all cases.

To supplement the performance quantification of the inpainting formulation in recovering the entire vorticity field along
with its uncertainty, we also use the Prediction Interval Coverage Probability (PICP) metric as defined by Yao et al. [71].
This consists of a quality indicator of the posterior approximation, which evaluates the percentage of the ground truth
observations contained within 95% of the prediction interval, as given by:

Nobs
PICP = Nore Z Lok )i <o < (@h); ”
i=1

obs

where a)’® and a)’é are respectively the 2.5% and 97.5% percentiles of the predictive distribution on the vorticity. In this case,
the notation N refers to the total number of observations in the predictive dataset, in other words, the grid resolution of
the computational domain Q. In our application, this PICP metric shows that more than 99% of the vorticity ground truth
observations are covered by the posterior distribution of the neural network output we, independently of the level of noise.

We also expect our self-weighted adaptation of A, to be able to capture noise sensitivity with respect to the value
of o, and intrinsic task sensitivities to noise level without imposing any a-priori on the noise level estimation. This is
the key point of our methodology since we intentionally decouple o} in (34) from the noise magnitude, and rely on the
self-weighted strategy to quantify their related uncertainties. On the contrary, when dealing with noisy measurement data
in applications researchers frequently assume the fidelity of each sensor to be known and set the standard deviations oy
accordingly. They can also be defined as additional learnable parameters to be inferred. The latter is usually subject to
additional computational costs in online learning or requires alternative neural network formalism used as pre-training in
offline learning [44]. In contrast, the strength of the AW-HMC methodology relies on its similar computational cost compared
to classical BPINNs-HMC. Moreover, AW-HMC improves convergence by drawing attention to exploring the Pareto front with
optimal integration time. Therefore, it can shorten overall sampling requirements making this a competitive strategy in
terms of computational cost.

The results presented in Fig. 12 demonstrate the noise resistance of the AW-HMC approach and highlight sensitivity
consideration with respect to the noise and tasks (see Table 2). We first noticed differences in the auto-adjustment of the
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Fig. 12. Uncertainty quantification on the physics-informed inpainting problem: BMA prediction of the vorticity field wg in asymmetric stenosis without
noise, compared to the ground truth solution @ (top row). The black dots on the exact field correspond to the training measurements of the dataset
D. Comparison of the uncertainty standard deviations (Std) and mean squared errors (MSE) on the predicted vorticity field we for different noise levels
(0 =0,0.1,0.2), shown in the bottom rows.

Table 2

Final A, weight parameters for each o noise
level in the physics-informed inpainting prob-
lem (top rows). Effective &} standard devi-
ations resulting from the weight adaptations
and computed as 6} = /1/X; for each noise
level (bottom rows). This highlights the over-
all adaptation of the effective standard devia-
tions to the noise magnitude and the task sen-
sitivities to the noise level. In particular, the
wall-boundary conditions associated with ¢
present the highest noise sensitivity.

Noise level Ak

Xo Pot X2 A3
o=0 1 0.46 0.88 0.51
o=0.1 1 0.19 0.35 0.29
o0=0.2 1 0.12 0.39 0.27
Noise level O

5() 51 52 53
o=0 1 1.47 1.07 1.40
o=0.1 1 229 1.69 1.86
o0=0.2 1 2.89 1.60 1.92
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lambda values relative to noise levels, leading to global enhanced uncertainties with increasing noise. We also observed
various uncertainty adjustments depending on the sensitivity of the different tasks to the noise. In fact, the comparison
of the local standard deviations on the vorticity field in Fig. 12 shows that the wall boundary conditions are the most
sensitive to noise, automatically increasing the uncertainties in these areas. The inlet and outlet boundaries are rather less
sensitive. This is highlighted by a lower adaptation of their uncertainties to the noise level. In short, this application has
shown the ability of our new adaptive methodology to automatically adjust the weights, and with them the uncertainties,
to the intrinsic task sensitivities to the noise and to adapt the uncertainty to noise magnitude itself.

4.2. Inverse problem with parameter estimation and latent field recovery

As a second CFD application, we consider a multi-objective flow inverse problem in an asymmetric and steep steno-
sis geometry. This aims to provide both a parameter estimation of the flow regime and recover a hidden field using
our adaptively weighted strategy. Such considerations, motivated by real-world applications, use incomplete or corrupted
measurement data in an attempt to derive additional information, which remains challenging or impractical to obtain
straightforwardly.

With an emphasis on physical and biomedical problems, Raissi et al. investigated the extraction of hidden fluid me-
chanics quantities of interest from flow visualizations, using physics-informed deep learning [47,48]. The authors relied only
on measurements of a passive scalar concentration that satisfied the incompressible Navier-Stokes equations, to infer the
velocity and pressure fields in both external and internal flows.

In this direction, we focus on the velocity u = (u, v) and pressure p formulation of the stenotic flow dynamics such that
the continuity and momentum governing steady-state equations are written:

u-Vyu=—-Vp+Re 'Au, inQ

37)
V-u=0, in Q

under the incompressibility condition on the stenotic domain  C [0, 10] x [0, 1]. We impose adherent boundary conditions
on the wall interfaces such that uyq, =0, and the following inlet/outlet boundary conditions respectively:

u=4y —4y*, v=0 V(x,y)e {0} x[0,1]
au (38)
—=0,v=0 V(x,y)e{10} x[0,1].
ax
The direct numerical simulation is performed using the DC-PSE formulation [7] with a Reynolds number set to Re = 200,
as in the previous section. It is used to generate the observation data on 2 with a thin resolution. The 9 dataset is then
composed of partial measurements of u randomly sampled to consider 9559 training points, representing less than 3%
of the entire target resolution. The same collocation points are included to impose the PDE constraints, denoted ¥ (u) :=
(F (u), F(v)), as well as the diverge-free condition H (u).

Finally, we set up the inverse problem by inferring the flow regime, considering the Reynolds number as an unknown
model parameter ¥ = {Re}. At the same time, we address the multitask problem to recover the latent pressure from the par-
tial measurements of the velocity field and the fluid flow dynamics assumptions. The pressure field prediction, in particular,
is adjusted throughout the sampling in such a way that its gradient satisfies the governing equations (37). As commonly
established by the nature of the Navier-Stokes equation, the pressure is though not uniquely defined and, given the lack of
precise boundary conditions on this field, is thus determined up to a constant. The predictions of each of the quantities of
interest, namely the velocity and pressure, are then recovered on the original finer resolution in Fig. 13. As in Sect. 3.3, we
select a log-normal prior distribution for the physical parameter and independent normal distributions for the neural net-
work parameters, and we also use a sequential training approach, incorporating the PDE constraints in the second sampling
phase.

The validation of the inference is first performed by computing the BMA-CE diagnostics for the velocity field compo-
nents, the PDE constraints, and the incompressibility condition written in the same way as in equation (35). The results
are provided in Fig. 14 and highlight the convergence of each term toward final BMA errors scaling respectively about
BMA-CE“(N,) = 6.4e—3, BMA-CE" (N) = 1e—3, BMA-CET W (N;) = (4.2e—2, 4.7e—2) and BMA-CE"'® (N,) = 2.9e—2. The
Bayesian Model Average predictions of the velocity field are then compared in Fig. 13 with the ground truth observations
providing local mean squared error (MSE) that are embedded in their uncertainties and show enhanced standard deviations
at the regions with higher errors. The PICP metric also enables to estimate that more than 95% of the velocity field ground
truth is recovered by the posterior distribution of ug.

For the inverse parameter, we computed a BMA cumulative error based on the relative L1-norm defined as follows

1 T
— Z Regy — Re
v

IRe

BMA-CER¢(7) =

. VT=1..Ng (39)
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Fig. 13. Uncertainty quantification on the CFD inverse problem: BMA predictions of the velocity field ug = (ug, ve) in asymmetric stenosis along with
their uncertainty standard deviations (Std) and mean squared errors (MSE), at the top. BMA and uncertainty on the inferred latent pressure field with the
pressure evolution plotted along the central line y = 0.5, leading to an average pressure drop of 1.78 — bottom.
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Fig. 14. Bayesian Model Average Cumulative Errors (BMA-CE) diagnostics for the CFD inverse problem: (a) BMA-CE throughout the sampling iterations
for the velocity field components u = (u, v) and the divergence-free condition # (u). (b) BMA-CE on the PDE residuals ¥ (u) and 7 (v). The dotted curve
represents the a-posteriori checking of pressure gradient norm BMA-CE error as defined in equation (40). The dotted vertical lines, in both figures, delimit
the two stages of the sequential training.

where Regy; refers to the prediction of the Reynolds number for the sample characterized by the parameters ®'. We show
in Fig. 15 that this relative error converges, reaching at the end of the sampling a residual of 5.4e—2. We also represent
here the histogram of the marginal posterior distribution of Reg and its trajectory in the phase space illustrating the
convergence toward its mode during the adaptive steps 7 < N. In fact, our approach leads to an estimate of the Reynolds
number, inferred from the measurements data 9, which is consistent with the exact value and results in the predictive
interval Reg €[182.82,208.06].

The latent pressure field BMA, inferred up to constant, is illustrated in Fig. 13 with its uncertainty and is able to capture
a sharp pressure drop — estimated in average to 1.78 — arising from the steep stenosis geometry. In fact, it has been
emphasized by Sun et al. in symmetric geometries, that such pressure drops turn to become nonlinear as the stenotic
geometry becomes narrower [56], which is in line with what we obtain in our asymmetric case. As the pressure ground
truth is unknown in this application, we complement the validation of the inverse problem with a-posteriori checking on
the pressure gradient. In this sense, we provide a PICP estimate on the pressure recovery which stands around 91% for its
gradient norm, but also introduce the following posterior diagnostic on the pressure BMA-CE error:
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Fig. 15. Reynolds number posterior distribution and convergence diagnostic in CFD inverse problem: (a) Histogram of the marginal posterior distribution
for the inverse Reynolds parameter. (b) Phase diagram of its trajectory throughout the sampling, with the adaptive steps trajectories (in blue) and effective
sampling (in red). (c) BMA-CE error using the absolute relative norm as defined in (39). The relative BMA-CE error on Reg is plotted over all the 7 iterations
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2
(40)

1 < .
BMA-CE? (1) = H — 2P (Vpolx,©%)—1Vp|
i=N

where |- | denotes the vector norm, and Vp is the evaluation of the exact gradient pressure from equation (37). The results
are plotted, in dotted line, throughout the sampling iterations in Fig. 14, and reach a residual error of 7.6e—2. This illus-
trates good agreement between the ground truth and the predictive pressure gradient arising from our adaptively-weighted
strategy.

Overall, the present AW-HMC methodology relies on multitask sampling to identify the flow regime through partial
measurements of the velocity field and thus handles a complex flow inverse problem with latent field recovery that satisfies
nonlinear physical PDE constraints.

5. Concluding remarks

BPINNs have recently emerged as a promising deep-learning framework for data assimilation and a valuable tool for
uncertainty quantification (UQ) [69]. This offers the opportunity to merge the predictive power of Physics-Informed Neural
Networks (PINN) with UQ in a Bayesian inference framework using Markov Chain Monte Carlo (MCMC) sampling. This makes
it possible to quantify the confidence in predictions under sparse and noisy data with physical model constraints, which
is especially appealing for applications in complex systems. For this, Hamiltonian Monte Carlo has been established as a
powerful MCMC sampler due to its ability to efficiently explore high-dimensional target distributions [4]. With it, BPINNs
have extended the use of PINNs to a Bayesian UQ setting.

As we have shown here, BPINNs, however, share similar failure modes as PINNs: the multi-objective cost function trans-
lates to a multi-potential sampling problem in a BPINN. This presents the same difficulties in balancing the inference tasks
and efficiently exploring the Pareto front as found in standard PINNs [49]. We illustrated this in a Sobolev training bench-
mark, which is prone to stiffness, disparate scales, and vanishing task-specific gradients. We emphasized that BPINNs are
sensitive to the choice of the A weights in the potential energy, which can possibly lead to biased predictions or inoperative
sampling. Hence, the standard weighting strategy appears to be inefficient in multiscale problems and multitask inference,
while it turns out to be unsustainable to manually tune the weights in a reproducible and reliable way. Recently proposed
alternatives [44] are subject to additional hyper-parameter tuning or pre-training of the weights with a GAN, at the expense
of increased computational complexity. Also, previous approaches mainly focused on measurement noise estimation and did
not include physical model mis-specification concerns which are also critical, especially when UQ modeling is the goal.

Robust automatic weighting strategies are therefore essential to apply BPINNs to multiscale and multitask (inverse)
problems and improve the reliability of the UQ estimates. Here, we have therefore proposed the AW-HMC BPINN formula-
tion, which provides a plug-in automatic adaptive weighting strategy for standard BPINNs. AW-HMC effectively deals with
multi-potential sampling, energy conservation instabilities, disparate scales, and noise in the data, as we have shown in the
presented benchmarks.

We have shown that the presented strategy ensures a weighted posterior distribution well-fitted to explore the Pareto
front, providing balanced sampling by ensuring appropriate adjustment of the A weights based on Inverse Dirichlet weight-
ing [34]. The weights can therefore directly be interpreted as training uncertainties, as measured by the variances of the
task-specific training gradients. This leads to weights that are adjusted with respect to the model to yield the least sensitive
multi-potential energy for BPINN HMC sampling. This results in improved convergence, robustness, and UQ reliability, as the
sampling focuses on the Pareto front. This enables BPINNs to effectively and efficiently address multitask UQ.
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The proposed method is also computationally more efficient than previous approaches, since it does not require ad-
ditional hyper-parameters or network layers. This also ensures optimal integration time and convergence in the leapfrog
training. This prevents time steps from tending to zero or becoming very small, avoiding a problem commonly encountered
in No-U-Turn Sampling (NUTS) when attempting to avoid the pathologically divergent trajectories characteristic of HMC
instabilities. The present methodology improves the situation, since the time step no longer needs to meet all of the stiff
scaling requirements to ensure energy conservation. As a result, it shortens overall integration time and sample number
requirements, combining computational efficiency with robustness against sampling instabilities.

Our results also show that AW-HMC reduces bias in the sampling, since it is able to automatically adjust the A param-
eters, and with them the uncertainty estimates, according to the sensitivity of each term to the noise or inherent scaling.
In classical approaches, this is prohibited by the bias and implicit prior introduced by manual weight tuning. In fact, we
demonstrated the efficiency of the present method in capturing inverse parameters of different orders of magnitude in
a multiscale problem, assuming completely independent priors with respect to the scaling. Previously, this would have
been addressed by imposing prior distributions on these parameters that already rely on appropriate scaling. Otherwise,
the classic BPINN formulation is prone to failure. The proposed adaptive weighting strategy avoids these issues altogether,
performing much better in multiscale inverse problems.

We have demonstrated this in real-world applications from computational fluid mechanics (CFD) of incompressible flow
in asymmetric 2D geometries. We showed the use of AW-HMC BPINNs for CFD inpainting and studies the impact of noise
on the multi-potential energy. This highlighted the robustness of the present approach to noisy measurements, but also its
ability to automatically adjust the A values to accurately estimate the noise levels themselves. In this sense, we were able
to show enhanced uncertainty with increasing noise, without any prior on the noise level itself, and to capture distinct
intrinsic task sensitivities to the noise. Overall, this offers an effective alternative to automatically address multi-fidelity
problems with measurements resulting from unknown heteroscedastic noise distributions.

Taken together, the present results render BPINNs a promising approach to scientific data assimilation. They now have the
potential to effectively address multiscale and multitask inference problems, to couple UQ with physical priors, and to handle
problems with sparse and noisy data. In all of these, the presented approach ensures efficient Pareto front exploration, the
ability to correctly scale multiscale and stiff dynamics, and to derive unbiased uncertainty information from the data. Our
approach involves only minimal assumptions on the noise distribution, the different problem scales, and the weights, and
it is computationally efficient. This extends the application of BPINNs to more complex real-world problems that were
previously not straightforwardly to address.

Applications we expect to particularly benefit from these improvements include porous media research, systems biol-
ogy, and the geosciences, where BPINNs now offer promising prospects for data-driven modeling. They could support and
advance efforts for the extraction and prediction of morphological geometries [42,54], upscaling and coarse-graining of
material properties [1] and physical properties [51] directly from sample images. However, capturing these features from
imperfect images remains challenging and is usually subject to uncertainties, e.g., due to unavoidable imaging artifacts. This
either requires the development of homogenization-based approaches [21] to bridge scales and quantify these uncertainties
[41] or the use of data assimilation to compensate for the partial lack of knowledge in the images. The present BPINNs
formulation with AW-HMC offers a potential solution.

CRediT authorship contribution statement

The conceptualization has been collectively established. The computational code and GPU/HPC implementation has been
made by SP. The article was written by SP and revised by SM, PP and IS. The positioning and results were discussed
collectively. The mathematical analysis (probability and statistical analysis) was performed by SP. Funding was provided by
PP and IS.

Acknowledgements

This work was partially supported by ANR Grant ANR-CE45-0022, E2S-UPPA, Carnot Institute ISIFoR P450902ISI, and
Bundesministerium fiir Bildung und Forschung (BMBF) project ScaDS.Al.

Declaration of competing interest

The authors declare that they have no known competing financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

Data availability

Data will be made available on request.

25



S. Perez, S. Maddu, LE Shalzarini and P. Poncet Journal of Computational Physics 491 (2023) 112342

Appendix A. Upper bound on the Inverse-Dirichlet weighting variance

The Inverse-Dirichlet Adaptively Weighted HMC algorithm, developed in Sect. 3.1, guarantees that the gradients of the
multi-potential energy terms have balanced distributions throughout the sampling, as shown by their joint variance below:

y2 :=Var(; Ve £y} ~ mini—q__x(Var{Ve L)), Vk=0,... K. (A1)

.....

In this section, we use a general case to demonstrate that y2 is upper bound and controlled by a reliability criterion which
depends on the prediction errors or PDE residuals, the dispersion of their mean variability with respect to ® and the setting
of the o, values.

This first states the necessity to adequately set the o parameters to avoid biased and imbalanced conditions on task
gradient distributions, since these parameters critically and arbitrarily affect the gradient distributions control. This also
highlights that manual tuning of the o values may be an extremely sensitive task, difficult to achieve in practice. There-
fore, in all the applications presented in this article, we chose to set these parameters uniformly and instead rely on the
A automatic adjustment to ensure, inter alia, the efficient exploration of the Pareto front. It ensures that these standard
deviation parameters imply a strong constraint on each gradient distribution — with respect to ® — and so, impact each
task uncertainty.

For the sake of simplicity, we used two-task sampling with a data-fitting term from a field u and a PDE constraint,
denoted 7, so the data set is decomposed into D = D" U D%, following the notations introduced in Sect. 2.2. The multi-
potential energy thus reduces to:

K+1
A0 A 1
Uu®)= 252 lue — ullZu + 252 ||7"(U(~))||§)Q + 252 le)?:= E MLk (©) (A2)
0 1 © k=0

where we choose to keep the o notation for the demonstration and restrain ® to the neural network parameters, even if
the following holds in an inverse problem paradigm. As a reminder, the measurement data used for the training D" can
differ from the collocation points where we impose the PDE constraint D% and their respective numbers are denoted N
and N%. With the notations from Sect. 2.2, the gradients of the two-tasks potential energy write respectively:

0Ly, 1 = o N\oue
@(6) = W ; <U®(X1) - Uz) 3—®j(xl)
s (A3)
0Ly 1 N\ 0T we)
36, @ = ;2na g?f(u@(x,)) 50,

for ® € RP and we can thus decompose the variances Var@[V@Lk], k =0, 1 with respect to these gradients. To do so, we
first compute their mean with respect to ® and get respectively

NP N
_ 153l 1 N1 e L Eeulge —
Eo[VeLo] = NP j:ZO %0, (©®) = 2N ; <U®(Xz) ul)EQ[V@u@](Xl) = P Epu[(ue —wEe[Voue]] (A4)
and
1
Eo[VeL1]= ?[E@sz [F (ue)Eo[VeF (ue)]] (A5)

1

with the special configuration Ve¥ (ug) = F (Veue) if ¥ is linear. Finally, we can extend it to the variance computations,
as follows:
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Fig. B.16. 2D Sobolev training benchmark: comparison of the relative BMA errors, as defined in (27), plotted with respect to the number of training points
for each term of the multi-potential energy. We consider various shape complexities induced by the different values of I. The number of training points is
increased until about 30% of the whole data set is reached, for 20000 training points.
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< —llue - u||§o,DUCov®[ Zvouo(x, ZV()UO(Xk)]
0 k=

1
= lue — ullZ, puVare[Ep:[Voue]]
0
that provides an upper bound for the gradient variance of the data-fitting term. We then obtain, in the same way, the PDE

constraint bound as:
1 2
Vare[Ve L] < ?II?’:(UG))HOO’DQVH@[[E@Q [VoF (ue)]]- (A7)
1

The notation || - ||, p+ here refers to the discrete ¢>° norm on the spatial domain composed of the D* training points, and
Epe introduces the spatial mean on the corresponding data set. Hence, the gradient variances of the tasks are controlled
by the crossed complex components VarglEpe which can be interpreted as sensitivity terms evaluating the dispersion with
respect to ® of the gradient descent directions, averaged in space. Finally, since the o, values are uniformly set to one to
avoid biased sampling, it means that the A values are computed in such a way the joint variance of the gradient distributions

is bounded by:
V2 < min[||u@ —ul2, puVare[Ep:[Vouo]]. IF o)l jeVare[Eps [V@T(u@)]]} (A8)

which highlights the fact that the weights are adjusted with respect to the most likely task and thus improve the reliability
in the uncertainty quantification. The present computations can straightforwardly be extended to more complex multi-
potential energy terms for direct and inverse real-world problems, which concludes our analysis.

Appendix B. 2D Sobolev training benchmark
We extend the Sobolev benchmark used in Sect. 3.2 to 2D-training with the gradient and laplacian operators, with a

target functional in the form:

Nrep

u(x, y)_ZA' COS<27TL ]l'x—i—qbX) sm(ZnL ]l'y+¢y) (B.1)
i=1

27



S. Perez, S. Maddu, LE Shalzarini and P. Poncet Journal of Computational Physics 491 (2023) 112342

Std on ug Relative MSE on ug

0
0 2 4 6
e
-1 0 1 0.05 010 015 0.20 0.25 000 005 010 0.15
BMA on Vug Std on Vug Relative MSE on Vug
fS s 7
’ ” =
| - v -
4 - -
A »~ -
| - -
24 " -
~ ~
~ > ~
0 .- 2 4
0 2 4 6
[ — ]
-5 0 5 00 01 02 03 04
BMA on Aug Relative MSE on Aug
6 - » - »
- - » - »,
.' o -
44 » v, .
} R Y |
| . » . s N
- % .
29 - N -
. .l " a .
0 o e
0 2 4 6
[ —
-50 0 50

Fig. B.17. 2D Sobolev training benchmark: BMA predictions, predicted standard deviation, and relative BMA errors, presented locally for each term of the
multi-objective potential energy. We worked on a limited case | =8 with about 15% of training points. The global relative BMA errors, averaged over the
entire domain, scale around 1.69e — 3, 3.42e — 3, and 5.6e — 3 respectively.

which enables us to deal with a wide range of shape complexities and sharp interfaces, in addition to the stiffness intro-
duced by the higher-order derivatives. We set the domain size to L = 2, the number of repetitions Nye, = 5, while the
parameters Ay and Ay are independently and uniformly sampled from the interval [—2, 2], as are ¢y and ¢y from [0, 277]. In
order to treat several shape complexities, we consider a range of parameter [ such that the local length scales Iy and [, are
randomly sampled from the set {1,2,...,1}. The 2D spatial domain [0, 277] is covered by a uniform grid with a resolution
of 256 x 256, along with randomly-selected training points. We then study both the impact of the functional complexity, by
setting different values of [, and the number of training points on the Bayesian Model Average resulting from our AW-HMC
methodology.

The results on the entire benchmark setup, presented in Fig. B.16, show a convergence trend with an increasing number
of training points, and this independently of the I values, even though the relative BMA errors reach higher bounds with
additional shape complexity. These relative BMA errors are computed according to equation (27) and are average versions
of different repetitions of Sobolev sampling, simultaneously running in parallel. In fact, in order to deal with the stochastic-
induced process that may arise from the sampling variabilities themselves, we performed several realizations starting with
distinct initializations of the neural network ®% and momentum r® parameters, which lead to different sampling real-
izations. We can potentially take into account these sampling variabilities to compute the standard deviation over these
repetitions, as illustrated by the colored band in Fig. B.16.

We also represent in Fig. B.17 for each term of the multi-potential functional, respectively, their BMA predictions, their
uncertainties based on the predictive standard deviations throughout the sampling, and the relative BMA errors in the
case | =8 and with 10000 training points, randomly sampled over the whole domain. The results here show enhanced
uncertainties near the boundary walls where the higher errors are located and highlight the ability of our methodology to
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Fig. C.18. Hamiltonian averaged slope used as stopping criterion for weight adaptation. The vertical dashed lines depict the start and the end of the weight
adaptation process. Each graph describes a different case: (a) Sobolev training with derivatives up to second order, (b) Sobolev training with derivatives
up to third order, and (c) Lotka-Volterra inverse problem. The last example (c) has two sequential steps, first data-fitting alone in blue (with a preliminary
weight adaptation involving only the fitting of the two-component data sets with A, = A3 = 0 in equation (30)) and second data-fitting together with
satisfying the ODE in red (with an updated weight adaptation since we consider the full potential energy in equation (30)).

capture complex shape fields of different orders of magnitude at the same time. We can also emphasize that such a 2D
Sobolev training benchmark was previously unachievable with the classical BPINNs-HMC formulation.

Appendix C. Stopping criterion for weight adaptation

We detail the criterion used for stopping the weight adaptation procedure and activating the sampling from the weighted
target distribution, with balanced tasks, which mainly explores the region of the highest posterior probability. This stopping
criterion is based on a maximum number of iterations together with a convergence threshold.

Indeed, the stopping criterion for the weights adaptation, which we make coincide with the burn-in procedure, is reach-
ing a maximum number of iterations Nimax or ensuring the local variation S; of the Hamiltonian function to be below a
given threshold Sy, (if there is no significant variation, there is no more evolution of weights and task values, so adaptation
can be stopped).

The significant variation in the Hamiltonian evolution, given its strongly stochastic nature, is based on the locally av-
eraged best slopes of the Hamiltonian function, whose statistical series is denoted H; related to the number of iterations
Xi =1i. The best slopes S; are first computed by linear regression on the short history corresponding to the last pgjope values
of the Hamiltonian function (light colors on Fig. C.18). Then, these slopes are themselves denoised by local averaging on the
last pmean Values (solid colors on Fig. C.18) resulting in the following final expression of S;:

! ; S;i where S;= Cov <{H"}"T=f*pslupe+1’ {X"}i;f*l’slope“)
1 T — .

AT
DPmean i=7— preant1 Var ({X'}i=rfp510pe+l)

In practice, we choose psjope = Pmean = 4. Moreover, it must be checked a-posteriori that there are lower bounds on the
weights in order to verify that there is no singular behavior: if so, the objective and the Hamiltonian could decrease solely
by decreasing of the weights toward 0. This check is especially important since we allow auto-adaptation of weights, which
trivially doesn’t occur when weights are given constant values.

For the Lotka-Volterra case in Sect. 3.3, the maximum number of adaptations is set to Nymax = 50. Two sequential steps
are considered in this study:

e A data-fitting step, whose weight adaptation threshold is set to Sy, = 1e—3. The Hamiltonian function contains only
the gap between the prediction and the observation (two components of the Lotka-Volterra dynamical system values/ob-

servations), plus the momentum. This corresponds to the potential energy given in equation (30) with A, = A3 =0, that
is to say:

U©) = 2% fluo —ul?, + 7o~ vib + L0,
204 20 204
e A second step involving both data-fitting and the constraint to satisfy the ODE, whose threshold is set lower at Sy, =
1le—3 due to good preconditioning from the first step. A new adaptation is still required, though, since the Hamiltonian
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function contains two more terms, the two residual values of the ODE expression (plus the momentum). The resulting
potential energy is then given in equation (30).

The stooping criteria described above lead to an exit after N = 19 adaptation iterations for step 1, and after N = 48 adaptive
iterations for step 2, corresponding to the third dashed line in Fig. C.18(c).

For the Sobolev training in Sect. 3.2 and Appendix B, the threshold is also set to 1e—3 (there is only data-fitting for
this benchmark problem) and the maximum number of adaptive iterations is set to Npax = 20. To ensure a fair comparison
between the different samplers, the number of iterations used for weight adaptation in Sect. 3.2 is manually set to N =
20. Nevertheless, as shown in Fig. C.18, the Sobolev training with derivatives up to the second order would exit after 28
iterations, and its formulation with derivatives up to the third order would exit after 15 iterations. It is noticeable that the
28 iterations of the adaptation process is a bit overestimated, due to the lag induced by the pgiope + Pmean = 8 backward
averaging, so stopping after 20 iteration is totally acceptable. Fig. 6 confirms that the task weights indeed have lower bounds
for Sobolev training up to third-derivative, so all tasks are meaningfully balanced. The weights stabilization observed for
iterations 7 > 15 (in Fig. 6) also confirms that the present stopping criterion is relevant.

Appendix D. Failure of the usual methodologies on the Lotka-Volterra inverse problem

We consider the Lotka-Volterra inverse problem, as introduced in Sect. 3.3, to investigate the impact of multiscale dy-
namics on the usual methodologies, namely HMC with uniform weighting and NUTS. The sampling and leapfrog parameters
are set accordingly to the AW-HMC test case, where N refers here to the burn-in and number of adaptive steps for the HMC
and NUTS formulations, respectively. Therefore, we compare the different samplers assuming that 1) their time complexity
is the same and 2) we are imposing no informative priors on the inverse parameter scaling. In fact, the first condition states
that different leapfrog parameters might improve the inference of these conventional methodologies. However, it implies
a noticeable decrease in the leapfrog time step dt, thus slower exploration of the energy levels. Hence, these methods re-
quire either an increase in the integration time — by increasing L — or using a large number of samples, to obtain suitable
predictions. As a reminder, independently of this lack of efficiency in the posterior distribution sampling, poor choices on
the weights of multi-potential energy can bias the sampler and deviate it from the Pareto front exploration. The second
assumption is motivated by the willingness to address UQ on multiscale dynamics without any prior knowledge of the sep-
arate scales. This arises from an assertion by Linka et al. [26] indicating that sensitivity to scaling disrupts the performance
of the BPINNs-HMC. Finally, we also consider sequential training to provide an appropriate basis for comparison between
the different methods.

The results show a lack of convergence of the classical HMC with uniform weighting (in Fig. D.19 — top right) and also,
a strong imbalance between the tasks. The relative BMA-CE errors effectively characterize an extremely poor convergence
of the predator population with respect to the prey population, which translates directly into an inefficient BMA prediction
for the two-species populations (in Fig. D.19 — bottom and top left). This failure mode is due essentially to the massive
rejection of the samples (acceptance rate less than 1%) due to non-conservation of the Hamiltonian trajectories along the
leapfrog steps. Hence, this confirms the lack of robustness of the BPINNs-HMC paradigm when facing instability issues due
to multiscale dynamics.

The NUTS alternative also struggles to converge on this multiscale inverse problem and results in inadequate predictions,
especially for the predator population. Here the reason is not the massive sample rejection but rather a prohibitive decrease
in the time step, reaching §t = 8.26e—5 and 2.81e—5, respectively, at the end of the adaptive steps — nearly corresponding
to a ten-fold drop in the time step, compared to AW-HMC. The relative BMA-CE errors (in Fig. D.20 — top right) reveal that
this time step adaptation is suitable for the convergence of the prey population since it appears to be the most sensitive
task. This sensitivity should be understood in the sense that small variations with respect to ® on the potential energy
induce the strongest constraint on the Hamiltonian energy conservation. However, the time-step adaptation is not satisfac-
tory for the predator population and even leads to inefficient forgetting of the neural network throughout the sequential
training. This translates into misleading predictions on the evolution of the population (see Fig. D.20 — bottom and top left)
and unsuccessful inference of the inverse parameters (Fig. D.21). The phase diagram of the inverse parameter trajectories
demonstrates the difficulties of the NUTS sampler in adequately identifying the modes resulting from separate scales. Over-
all, the NUTS sampler suffers from a lack of convergence toward the Pareto front and a misleading inference of the inverse
parameters, subject to weakly-informed priors, due to its inability to capture multiscale behaviors.

Appendix E. Characterization of the multi-potential energy in the CFD inverse problem

The CFD inverse problem, defined in Sect. 4.2, involves the recovery of the latent pressure field pg in addition to the
flow regime parameter — given by the Reynolds number Reg — based upon partial measurements of the velocity field.
The training dataset D used for the AW-HMC sampling is first decomposed into 9559 measurements of randomly-sampled
u, which respectively defined the D" and D? sets of interior and boundary points. The same collocation points define
D%, where we impose the PDE constraints and the diverge-free condition. The steep stenosis geometry considered in this
problem generates sharp gradients at the wall interface. The latter need to be adequately captured to obtain consistency
in the inference of the latent pressure and inverse parameter. Hence, we complemented the training with some partial
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Fig. D.19. Failure mode of classical HMC, with uniform weighting, on the Lotka-Volterra multiscale inverse problem defined in Sect. 3.3. (a) BMA predictions

for the two-species populations along the physical time with their uncertainties, with a zoomed version in (b). (c) Relative BMA-CE errors throughout the
sampling iterations illustrate the lack of convergence of the method.
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Fig. D.20. Failure mode of HMC with NUTS adaptation on the Lotka-Volterra multiscale inverse problem defined in Sect. 3.3. (a) BMA predictions for the
two-species populations along the physical time with their uncertainties, with a zoomed version in (b). (c) Relative BMA-CE errors throughout the sampling
iterations showing an imbalance between the tasks and preferential adaptation of the prey population.

measurements of the first-order derivatives of the velocity. This enables us to ensure that the convective terms, in the

PDE constraints (37), are consistent with the velocity data and therefore infer the corresponding pressure field. The multi-
potential energy is thus written as:
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where the notation || - || refers to either the RMS norm on D* or the usual Euclidean norm on RP+1,
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