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ABSTRACT

Numerical simulations based on partial differential equations (PDEs) are a cen-
tral tool for a wide variety of scientific and engineering applications. Due to their
challenging nature, many numerical methods rely on a reduced representation of
degrees of freedom and adopt an efficient solver that solves the PDEs in the re-
duced space. In general, however, it is extremely challenging to faithfully pre-
serve the correct solutions over long timespans with reduced representations. This
problem is particularly pronounced for solutions with large amounts of small scale
features. To address this, data-driven methods can learn to restore the details as
required for accurate solutions of the underlying PDE problem. This paper studies
the training of deep neural network models that autonomously interact with a PDE
solver to achieve the desired solutions. In contrast to previous work, we do not
constrain the PDE solver but instead give the neural network complete freedom
to shape the PDE solutions as degrees of freedom of a latent space. Surprisingly,
this autonomy allows the neural network to discover new physical dynamics that
allow for better performance in the given learning objectives. We showcase that
this approach allows the trained encoder to transform accurate solutions into ab-
stract yet physical reduced representations, which are significantly different from
conventional down-sampling results. Moreover, we demonstrate that our decoder
outperforms models trained with different methodologies in terms of restoration
accuracy.

1 INTRODUCTION

Partial differential equations (PDEs) are a central tool to model a wide range of science and engi-
neering problems, from blood flow simulations (Johnston et al., [2004)), over aerodynamics (Cum-
mins et al., 2018, to climate and weather (Randall et al., [2007). For those PDE problems, many
numerical methods have been developed to achieve desired solutions as efficiently as possible. How-
ever, a central challenge of utilizing these numerical methods lies in the fact that the PDE problems
of real-world scenarios are extremely costly to resolve. The desired solutions often require very
fine degrees of freedom both temporally and spatially. Thus, solving the given PDE problem in a
reduced space is often considered as an alternative, but at the price of approximation errors and a
lack of fine details.

To address these difficulties, data-driven methods were proposed to learn to restore details and mit-
igate the errors introduced by the reduced representation (Morton et al., [2018; Wiewel et al.| 2020;
Kochkov et al., [2021). Despite the ongoing research, there remains the central, open question of
how to best shape the states in the reduced space such that the targeted solutions can be restored as
accurately as possible. Here the reduced space typically has much less degrees of freedom, denoted
d,, compared to the targeted, accurate solution space’s, d¢ (i.e., d, < dy).

In this paper, we present a novel training method that autonomously shapes the latent space of a
neural network model into an effective reduced representation for physical states of spatio-temporal
PDE problems. For a given PDE, our solving procedure is made of (a) an encoder model that reduces
the degrees of freedom of a physical state, (b) a physics solver running on the reduced state, and (c)
a decoder, turning the reduced state output by the physics solver back into the target high resolution
space. Here, the autonomy given to the neural network to shape the latent space turns out to play a
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key role, as the reduced, physical states can deviate from states that closely correspond to the fine
solutions.

We adopt a differentiable physics ap-
proach for training the models. Within
the interaction of the encoder, differen-
tiable solver, and decoder for the given
target solutions, we let the encoder model
learn the latent space representation with-
out imposing any constraints. There-
fore, this setup provides the training pro-
cedure with the complete autonomy of
shaping the reduced representation. Our
experiments demonstrate that this auton-
omy leads to a significantly better perfor-
mance for solving spatio-temporal PDE

problems. Moreover, interestingly, we ob- Figure 1: The learned latent space (top, left) strongly
serve that the learned reduced represen- differs from reference (bottom, right) and from the re-

tation differs considerably from a typical duced simulation (top, right). The restoration of details
down-sampled representation. The train- from it leads to a relative improvement of 50% w.r.t to

ing process discovers new, physical evolu-  the baseline.

tion that encode the necessary information for the learning objectives. The proposed training setup
also tailors the learned reduced representation to allow for a more accurate decoding procedure.
We demonstrate with two complex, non-linear PDE problems that the resulting models clearly out-
perform conventional and more tightly constrained models in terms of restoration accuracy. Fig. [I]
shows the temporal evolution of an example reduced space representation that was learned by our au-
tonomous training approach, as well as the restored solution from the reduced state, for a buoyancy-
driven flow ruled by the 2D Navier-Stokes equations.

Previous Work: The study of machine learning (ML) techniques for PDEs has a long history in
science and engineering (Crutchfield & McNamara, [1987} [Kevrekidis et al., 2003} [Brunton et al
[2016). A popular direction in using ML for PDEs is to aim for replacement of entire PDE solvers by
the neural network models that can efficiently approximate the solutions as accurately as possible
(Cusch et al 2018} [Kim et al.l 2019; [Wang et al [2020a; [Bhattacharya et al., 2021). Instead of
this pure ML-driven approach to solve for target PDEs, an alternative approach exists, which aims
for hybrid methods that combine ML with traditional numerical methods. For example, a learned
model can replace the most expensive part of an iterative PDE solver (Tompson et al 2017) or
supplement inexpensive yet under-resolved simulations (Um et al.| 2018}, |Sirignano et al.
These approaches have demonstrated the promising capabilities of ML to solve PDE problems for
many different applications.

L

Recently, differentiable components for ML have received a significant amount of attention, partic-
ularly when training neural network models in recurrent setups for spatio-temporal problems (Amos
& Kolter,2017;[de Avila Belbute-Peres et al., 2018} [Toussaint et al.l[2018};[Chen et al.| 2018};[Schenck:

& Fox|, 2018} [Liang et al, 2019; [Wang et al.| 2020b; [Um et al., 2020; [Kochkov et al.} 2021}, Zhuang|
et al.,[2021). Consequently, a variety of differentiable programming frameworks have been devel-

oped for different domains (Schoenholz & Cubuk| 2019; [Hu et al., 2020} nnes et all, 2019} [Holl
2020). These differentiable frameworks allow neural networks to closely interact with PDE
solvers, which provides the model with important feedback about the temporal evolution of the target
problem from the recurrent evaluations. In order to provide gradients for shaping the latent spaces,
we also make use of a differentiable framework in our training procedure.

Effectively utilizing latent spaces lies at the heart of many ML-based approaches for solving PDEs.
A central role of the latent space is to embed important (often non-linear) information for the given
training task into reduced degrees of freedom. With an autoencoder network architecture, for exam-
ple, the latent space can be used for discovering interpretable, low-dimensional dynamical models
and their associated coordinates from high-dimensional data (Champion et al, 2019). Moreover,
thanks to their effectiveness in terms of embedding information and reducing the degrees of free-
dom, latent space solvers have been proposed for different problems such as advection-dominated

systems (Maulik et al.,[2021)) and fluid flows (Wiewel et al.,[2020; [Fukami et al.}[202T). While those

studies typically focus on training equation-free evolution models, we focus on autonomously shap-
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ing the latent space that is integrated over time by a PDE solver. On the other hand, neural network
models have been studied for the integration of a dynamical system with an ordinary differential
equation (ODE) solver in the latent space (Chen et al., 2018). This targets general neural network
approximations with a simple physical model in the form of an ODE, whereas we focus on learning
tasks for complex nonlinear PDE systems and their latent spaces.

The ability to learn underlying PDEs has allowed neural networks to improve reduced, approximate
solutions. Residual correction models are trained to address numerical errors of PDE solvers (Um:
et al.,2020). Details at sub-grid scales are improved via learning discretizations of PDEs (Bar-Sinai
et al |2019) and learning solvers (Kochkov et al., 2021) from high-resolution solutions. Moreover,
the super-resolution approach with downsampled skip-connection multi-scale models has been used
for recovering under-resolved turbulent flows from low-resolution data (Fukami et al.} 2019). These
methods, however, typically employ a constrained solution manifold for the reduced representation;
i.e., the reduced solutions are produced using coarse-grained simulations with standard numerical
methods, while our method shows the advantages of freely determining the latent space content.

2 LEARNING WITH AUTONOMOUS LATENT SPACE EXPLORATION

Our goal is to explore how the training process for neural networks can leverage the environment
of a PDE in order to achieve a given learning objective. Let f € R% and r € R% denote two
discretized solutions of this PDE, where f and r denote a fine representation and its reduced version
respectively, with d,, < dy. Considering a reduction function &, called encoder, we can evaluate the
transformation of the accurate fine solution into a reduced representation as £(f) = . We can also
consider a restoration function D, called decoder, that transforms the reduced representation into an

accurate solution as D(r) = f.

We focus on the numerical integration of a target PDE problem and indicate the temporal evolution
of each state as a subscript. A reference solution trajectory integrated from a given initial state f;
at time ¢ for N steps can be defined as a finite set of states {f;,f;11,--- ,fi1 x}. Without loss of
generality, each reference state is integrated over time with a fixed time step size using a numerical
solver, i.e., f11 = Py(f;). Similarly, we integrate a reduced state r; over time using a corresponding
numerical solver at the reduced space, which we will call reduced solver henceforth, i.e., riy; =
P(#;). Although we give the model the freedom to reshape its latent states, in this work, we consider
the same PDE for the two different representations.

For a given reference solution trajectory, we can denote its approximate solution trajectory analo-

gously as a finite set of states {f't, f't+1, e ,ft+ N}, which are restored from the reduced trajectory
{r{,riy1, -+, vy N} using a decoder model D. The goal of the model, then, naturally becomes to

minimize the error between the approximate solutions and their corresponding reference solutions,
which we evaluate with an {2-norm, i.e., Zfil Hf}ﬂ- — f;14||2. Within this setup, we detail our au-
tonomous learning methodology and its variants that use either differently constrained interactions
between the reduced solver and neural network models, or no interaction. The interaction of differ-
entiable physics within training shares the same spirit as in (Um et al.| [2020; |Kochkov et al., [2021}));
thus, our interacting models are along the line of their training methodology. However, our experi-
ments study the autonomy in shaping the latent space, whereas (Um et al.,|2020) and (Kochkov et al.,
2021) focus on correcting the physical states of the reduced solver and the latent space, respectively,
which represent their learning target.

Autonomous interaction (ATO): For a target PDE problem, we integrate the approximate solu-
tion trajectory using the interaction of an encoder, a reduced solver, and a decoder, i.e., f'H_k =
D(P(E ({4 1_1))), with the initial state f; being initialized by the corresponding reference state f;.
Within this setup for solving the target problem, we let both the encoder and decoder models be
trainable, namely, £(f|0x) and D(r|fp), where O and 0 are the learned weights for the encoder
and decoder, respectively.

Here, the encoder does not receive any explicit constraints and has the complete freedom to au-
tonomously explore the reduced space to arrive at a suitable representation for interacting with the
reduced solver and the decoder. Therefore, the training process retains complete autonomy in shap-
ing the latent space representation, which encodes important signals from the fine representation of
the accurate solution.
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Figure 2: Architecture of our interacting models for n solver steps. The initial state f; goes through
the encoder model that gives a reduced state ©;. This reduced state is given to the reduced solver
‘P that outputs the next reduced state r;; that is then decoded into the approximate solution ftﬂ.
This is repeated n times.

Constrained interaction: Contrary to the fully autonomous case, we consider two constrained vari-
ants of the training setup. Here, the constraints are inspired by problem-dependent prior knowledge
and conventional algorithms for down-sampling solutions. These two variants correspond to algo-
rithms from previous work, which typically rely on coarse physical simulations as approximations
of the target phenomena (Bar-Sinai et al., 2019} Um et al.| [2020; Kochkov et al., 2021])).

In line with the ATO setup, the approximate solution is integrated with the interaction of a trainable
encoder, a solver, and a trainable decoder. However, as a first variant, we consider a constraint
of the latent space representation with an additional loss term that penalizes deviations from the
physical state in the reduced representation. Such terms are problem dependent and can, e.g., provide
gradients for divergence-freeness constraints. We denote such variants as constrained latent space
(CLS) setups.

As a second variant, we can constrain the latent space encoding itself. We call this variant the
constrained encoder (CEN) setup. This constraint is inspired by conventional filtering practices
for coarse representations in numerical methods. Here the reduced representation is determined
analytically via a down-sampling operator. We use linear interpolation in our experiments, i.e.,
£ = Elerp (f ). In this case, the encoder does not contain any parameters, and hence is not trainable.

No interaction: Lastly, we also consider the non-interacting case (NON). In this setup, no encoder
exists, and each state of the approximate solution trajectory is integrated purely using the reduced
solver in combination with a decoder, i.e., f,4; = D(r,x|0p) where 44, = P(ry4s_1). Here, for
the initial reduced state r;, we apply a simple down-sampling operator to the initial reference state
ft, i.e., ry = glerp (ft)

Below we will evaluate different encoder and decoder models trained with these different learning
setups. For the interacting setups (i.e., ATO, CLS, and CEN), the models are trained using a differ-
entiable physics framework such that the evaluation of trained models influences the approximated
solution trajectory, where the number of recurrent interacting steps varies. The architecture of such
interaction is detailed in Fig[2]

3 EXPERIMENTS

We investigate two different PDE scenarios to evaluate our approach: Burgers equation for non-
linear advection-diffusion and Navier-Stokes equations for buoyancy-driven flows.

3.1 NON-LINEAR ADVECTION-DIFFUSION

We first consider a two-dimensional non-linear advection-diffusion problem, where constant ran-
domized forces are periodically injected into the system such that it leads to a complex evolution of
physical state. This problem is modeled as the Burgers’ equation as follows:

ov/ot = —(v-V)v—uvViv +g (1)
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where v is the velocity, v is the kinematic viscosity coefficient, and g denotes the external forces.
Similarly to previous work (Bar-Sinai et al., [2019; |[Um et al., 2020), the external forces, i.e., g =
(92 gy]T, are evaluated using 20 overlapping sine functions with a random direction, amplitude, and
phase shift as follows:
20 20
g:(t) = Z a; cos(ay) sin(wit —kxr+¢;) and g, (t) = Z a; sin(ay) sin(w;t — kx + ¢;). (2)

=1 i=1

The reference solution trajectories are generated for N = 200 steps from ten different initial condi-
tions with a fixed time step size. Each simulation uses a domain discretized with 642 cells and a
staggered layout with periodic boundary conditions. A randomized force sequence is generated for
50 steps. This sequence is applied as g for all simulations periodically over the whole 200 steps.
This periodic forcing prevents overly chaotic temporal evolutions, and ensures that the simulations
stay within a controllable regime.

We consider a four times coarser discretization for the reduced representation, and the velocity field
as our restoration target. Since the external forces are an important influence in this scenario, we
condition the encoder on g, which is provided as an additional input to this model. This allows the
networks to take the forcing into account when inferring latent space representations. However, the
reduced solver takes the analytically down-sampled force field as input. The loss for n interacting
steps is evaluated with the velocity as:

n
Lap = Z Vi — Viill2 (3)
i=1
where ¥ denotes the velocity field restored using the trained model.

3.2 BUOYANCY-DRIVEN FLOWS

In the second scenario we consider a complex constrained PDE problem, namely the Navier-Stokes
equations, in the two-dimensional space as follows:

ov/ot = —(v-V)v—Vp/p+vV3v+g subjectto V-v=0 “4)
ad/ot = —(v-V)d (5)

where p is the density, p is the pressure, and d is a marker field whose values lie in [0, 1] and
which is advected with the flow. We use the Boussinesq approximation, which means that buoyancy
forces are determined by the marker field as g = [0 nd]”, where 1 denotes the buoyancy factor.
This coupled system results in a chaotic and complex evolution of the solution trajectories and thus
constitutes a challenging learning problem.

For the reference solutions, we use a numerical fluid solver that adopts the operator splitting scheme,
Chorin projection for implicit pressure solve (Chorin} |{1967), and the less dissipative advection al-
gorithm (Selle et al., 2008)), enabling the chaotic evolution of marker volumes. Moreover, we do
not solve for the viscosity effect relying on the numerical viscosity inherent in discretization. The
domain is discretized with 64 cells in each dimension, where the velocity field follows the staggered
layout and is set with the closed boundary condition at the domain wall. Randomizing the position
and radius of an initial round marker volume, we generate 30 reference solution trajectories, each of
which consists of N = 400 steps integrated with a fixed time step size.

We consider a four times coarser discretization for the reduced representation and adopt the more
dissipative advection algorithm (Staml |{1999) for the reduced solver that is interacting with the
trained models. Since the solver mainly aims to resolve the evolution of velocity, we focus on
restoring the velocity field; thus, the decoder outputs only the velocity field. The marker field, on
the other hand, is passively advected using the restored velocity field. The encoder transforms both
the marker and velocity fields, and then their reduced representations are used for the reduced solver.

For n interacting steps, we can define the loss for this example as follows:
n
Lpr = Z Ve — Vigille + [[deyi — degill2 (6)
i=1

where d is the advected marker field using V.
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Figure 3: Evaluations of non-linear advection-diffusion (top) and buoyancy-driven flows (bottom).
(a) Visual overviews of different solution trajectories. (b) Velocity errors of restored solution trajec-
tories with respect to the reference solution, averaged over all test simulations of N time steps, for
differently trained models. The error bars indicate the variance over the test runs. (c) Evolution of
the errors over time, averaged over test simulations.

3.3 NETWORK ARCHITECTURE AND TRAINING PROCEDURE

The encoder £(:|0g) and decoder D(-|dp) are modeled as convolutional neural networks. The
encoder model contains two max-pooling layers that reduce the input dimension into a four times
lower dimension for the output. Correspondingly, the decoder uses two up-sampling layers that
restore the reduced dimension to the original input dimension. For the convolutional layers of the
models, we adopt circular padding for the periodic boundary condition problem and zero padding
for the closed boundary condition problem. We employ a U-net structure such that the information
of the intermediate features from the encoder can be propagated through the decoder
2015). Our networks contain 11 layers including five Leaky ReLU activations for the encoder,
and 13 layers including five Leaky ReLU activations and two concatenations for the decoder. Details
of the architecture are given in the appendix.

When training the interacting setups (i.e., ATO, CLS and CEN) for a given number of n inte-
grated steps, at each training iteration, the encoder, differentiable physics solver, and decoder are
recurrently evaluated n times in the forward pass. Correspondingly, the weights of the neural net-
work models are updated by back-propagating through the n steps to accumulate the gradient of the
weights. In the following, we will denote the number of recurrently integrated steps as a subscript,
e.g., ATO,,. For these setups, different numbers of integrated steps are investigated. At each training
iteration, for a given batch size, we randomly sample the initial states from the reference solution
trajectories and integrate the approximate solution trajectories for the n steps. All our training runs
use an Adam optimizer (Kingma & Bal,2014) and an adaptive learning rate starting in {104, 1073}.

4 RESULTS AND DISCUSSION

We evaluate trained models based on relative improvements over a reduced baseline simulation. The
baseline solutions are the trajectories integrated purely by the reduced solver, without interactions
with an encoder nor decoder model. Errors are computed with respect to the reference solutions, and
hence an improvement of 100% would mean that the restored solutions are identical to the reference.
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Figure 4: Visual comparisons of reduced states. The bottom two rows for the ATO models represent
physical dynamics that noticeably deviate from the original time evolution.
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Figure 5: [? difference of the reduced states with respect to the states of the best performing ATO
model. Larger distances consistently coincide with reduced model performance.

We present our evaluation with an [? error metric; additional metrics such as SSIM
2004) and LSiM (Kohl et al., [2020) are also provided in the appendix.

Non-Linear Advection-Diffusion: This example considers a scenario where an external factor, i.e.,
randomized forcing, influences the evolution of solution trajectories. The reference solution of this
problem typically evolves from an initial state with high-frequency details towards a smoother state
over time due to its diffusive nature. Consequently, the evolution of the reduced solution generally
shows larger error at the beginning and becomes more similar to the reference in later steps. For the
constrained latent space (CLS) setup, we adapt the training loss by adding the difference between
the encoded state and down-sampled reference state as follows:

Lap = Z IVegi = Vigillz + 1EFigi—1) — Eterp (Vigi—1)|l2- (N

i=1

This encourages the encoded states to stay close to the reference states produced by a conventional
method for reduction. We evaluate the models with five trajectories from test simulations consisting
of 200 steps. In this test setup, we observe that the error of the reduced solution quickly drops to
half of its initial error after approximately 50 steps.

This example demonstrates that the complete autonomy significantly improves the training quality.
As shown at the top row of Fig. 3] the ATOg4 model clearly outperforms the others. This particularly
stands out in the early steps, where most of high-frequency details would be lost due to the smaller
degrees of freedom of the reduced representation. Comparing the ATO models with different num-
bers of integrated steps, we can observe greater improvement when more steps are integrated. The
ATOg4 model successfully restores the high-frequency details and shows 48% of improvement on
average for the five trajectories of the test solutions. Contrarily, despite the same number of inte-
grated steps, the model trained with a constrained encoding, CENg4, significantly deteriorates the
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Figure 6: Comparison among the ATO models for a buoyancy-driven flow example. Increasing
numbers of steps of the recurrent training yields better and better reconstructions of the reference on
the left.
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solutions. On the other hand, the NON model fails to yield any improvements, presenting a simi-
lar error as the baseline. Moreover, we compare with a super-resolution architecture from previous
work (Fukami et al.} 2019) as a state-of-the-art variant of the NON model. Despite the refined archi-
tecture, this no-interaction setup consistently gives a poor performance. Details of the comparison
are given in the appendix. For the CLSg4 case, the constraint noticeably diminishes the improvement
of our ATO model, with 41% of improvement on average.

The images of Fig. @} (a) show visual examples of four reduced representations for a selected test
trajectory for the non-linear advection-diffusion case. When the encoder is trained with complete
autonomy, we observe that, surprisingly, the reduced representations encoded by the ATO models
differ considerably from the conventionally down-sampled reference states (Fig. @}(a) first row) and
the states integrated purely by the reduced solver, i.e., baseline (Fig. B} (a) second row). Moreover,
the graphs from Fig. [3] show the quantified differences between the reduced states produced by the
different trained models and the ones from the best performing model, i.e., ATOg4. We observe
over the course of repeated runs that the different ATO models produce reduced states that are
consistently closer to the best performing model’s when they are trained with more integrated steps.
This indicates that the complete freedom to shape the physical states in the given reduced degrees of
freedom allows the encoder to arrive at an “optimal” representation. For a given target PDE problem
and training setup, the different ATO versions reliably converge towards this representation, which
seems to best encode the information of the reference solutions.

Buoyancy-Driven Flow: This example targets a challenging learning task where complex swirling
motions are produced over time due to the coupled system of the velocity and marker fields. In this
scenario, the reduced PDE solver is based on a more dissipative advection algorithm. Thus, unlike
the advection-diffusion scenario, which discretized the same PDE formulation on the reduced and
fine spaces, the buoyancy-driven flow scenario contains additional challenges in the learning task.
For the constrained latent space (CLS) model, we include loss terms for the velocity divergence as

follows:

Lor =Y |[Vess = Vil + l[deri = degills + IV - E@rpi1)l2. ®)

i=1

In this way, the encoded velocity field is guided to satisfy the divergence-free condition, which is
important for the given flow problem. The trained models are evaluated with seven test trajectories
consisting of 400 steps.

In this buoyancy-driven flow case, the trained models likewise benefit from larger numbers of time
steps at training time as shown in Fig.[6] The model trained with the autonomous interaction setup
significantly outperforms the other variants: the average I? error over the seven test trajectories for
the ATO32 model is 33.44, which is equivalent to a 50% improvement. The CEN3, model does
not achieve a comparable performance giving a higher error of 49.73. With the CLS32 model, we
report that the additional latent space loss once again reduces the improvement of our ATO model;
see ATO32 and CLS39 of Fig. E[ The model trained with the non-interacting setup (NON) and a
regular architecture leads to large errors of 70.28, while the NON super-resolution architecture leads
to similarly large errors of 70.59. These error measurements can be confirmed visually, as shown
in the bottom row of Fig.[3] The ATO32 model is able to produce finely resolved details that stay
close to the reference solution.
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In this scenario, the reduced PDE is driven by the marker field in addition to the velocity field. A
set of reduced representations for both fields is shown in Fig. (b). Again, we observe that both
reduced fields significantly differ from the down-sampled reference fields (Fig. }(b) first row) and
the reduced solution fields (Fig. @} (b) second row). Additionally, the graphs in Fig. [5] present a
comparison among the reduced velocity fields of different setups. As in the non-linear advection-
diffusion case, the reduced states produced with the ATO models get closer to the states of the best
performing model as they approach a better performance for the learning objective.

For the buoyancy-driven flow, the latent spaces learned by the ATO models allow for an intuitive
interpretation by human observers. The learned dynamics are best observed in the supplemental
video, but the still images in Fig. @} (b) already give an impression: it becomes apparent that the
neural network rearranges space and translates the upwards motion caused by buoyancy in physical
space into a diagonal motion in latent space. In addition, the localized markers in physical space
occupy larger regions in the latent space. Most likely, this encodes more information about the
configurations in the target space with its higher resolution.

Runtime Performance: While gains in terms of the runtime of the learned solver in reduced space
represent the central goal of our approach, our current version focuses on a proof of concept im-
plementation. Despite this, the buoyancy flow solver yields improvements in runtime, where the
reduced simulation takes 0.02s on average per simulation step, and the neural networks cause an
additional 0.02s of evaluation time. Instead, the reference solver requires 0.06s per step. For the
advection-diffusion scenario, there is no improvement in runtime performance, with 0.01s for the
reduced simulation, 0.02s for the neural networks, and 0.02s on average for the reference. This
is directly linked to the explicit nature of the numerical solver step, which has an inherently low
runtime.

However, these numbers all employ efficient CPU-based PDE solvers and include GPU-transfer
overhead for the neural network evaluations. Hence, due to the super-linear scaling of typical PDE
solvers, we see the potential for large performance gains from our approach.

5 CONCLUSIONS

The work presented in this paper has demonstrated that neural networks can learn new physical
evolutions in the spaces of coupled PDE solvers, resulting in a shaping of latent spaces that yields
benefits for learning objectives. Specifically, giving complete freedom to the encoder and decoder
models to influence the content of a PDE-based latent space has shown to be highly effective for
restoring complex reference solutions. The models trained with this autonomy have shown their
superiority on the tasks we experimented with: reducing a physical state, integrating this reduced
state forward in time, and eventually transforming the integrated state into an accurate and fine so-
lution. We have demonstrated that the reduced state learned with this methodology forms a physical
solution that is significantly different from conventional reduced states.

Our results indicate that the proposed training methodology and correspondingly trained models
have the potential to lead to novel ways of solving complex PDE problems. To the best of our
knowledge, we have presented the first study about shaping the latent spaces of neural networks
for interactions with PDE solvers. We believe that our study sheds light on how the unconstrained,
learning-based reshaping of physical states can be used to improve PDE solvers.

6 FUTURE WORK

Our work poses a variety of interesting avenues for future work. Despite the great reduction in
terms of the solver’s degrees of freedom as shown in the buoyancy-driven flow example, the general
question of which reduced PDE solver to employ in the latent space in order to achieve the best
performance for a given problem remains open. Moreover, we plan to investigate the evolution of
the reduced space representations of our models in more detail. For example, analyzing how the
dynamics of the reduced states relate to known PDE formulations will be highly valuable as future
work.
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REPRODUCIBILITY STATEMENT

The source code of our experiments and simulations for generating all data sets will be published
upon acceptance.
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A NETWORK ARCHITECTURE AND TRAINING PROCEDURE

We provide details of the U-net architecture used for our ATO models, and more specifically the
architecture used for our buoyancy-driven flow scenario in Fig.[7] In this scenario, the input layer
contains three channels: one for the scalar marker field and two for the velocity vector field. The
encoder reduces their degrees of freedom and outputs three channels, which the physics solver in-
tegrates forward in time. Then, the updated state goes into the decoder, being concatenated with
the previous state in line with the skip connection of the U-net structure. Note that, since we target
the velocity field, the decoder takes the velocity fields as its input and outputs two channels for the
restored velocity field. Fig.[§|shows the selected examples of our training datasets.

In the non-linear advection-diffusion scenario, on the other hand, the encoder takes four channels
of the velocity vector field and external force field while generating two channels of the reduced
velocity field. Since the forcing in this scenario is an external parameter of the physics, the solver
takes analytically downsampled force fields as external forcing in the reduced space. The decoder,
then, again generates the velocity field with two channels.

As in 2020), we find that training our ATO models is quickly stabilized when adopting
a “warm” start, which initializes the model from another model that is trained with less number of
integrated steps. Our models are trained with this warm start, e.g., when training ATO32, the weights
of the model are initialized using the ATO14 model’s.
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Figure 7: A detailed architecture of the encoder and decoder models interacting with the differen-
tiable physics solver for the buoyancy-driven flow scenario.

Figure 8: Training dataset examples of the buoyancy-driven flow scenario. The selected marker
fields of four reference trajectories are shown at each row.
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B ABLATION STUDY

We conduct an ablation study to show the importance of the U-Net architecture adopted in our ATO
model. Fig.Elshows the {2 error analysis of our ATO models as well as a version of the ATOg4 model
without skip connections for the advection-diffusion case. As shown in the graphs, skip connections
yield significant improvements with our ATO models. Here, the mean error for the ATO model with
64 integrated steps is 16.2 without skip-connections, while it is 5.8 with skip connections (compared
to 11.1 for the baseline). Hence, the ATO model performs significantly better when it can make use
of the skip connections while the latent space remains autonomous. We note that the reduced solver
interacts only with the latent-space state.
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Figure 9: Ablation study of the influence of skip connections in the ATO model.

C ADDITIONAL RESULTS

In this section, we provide additional information about our comparison with the work of
2019). We implemented the “DSC/MS” model for super-resolution that is described in their
work. In comparison to our regular NON model, it contains two advanced components: skip-
connections and multi-scale layers with convolutional filters of different sizes. For the advection-
diffusion example, we experimented with two different models: a large model of 120k weights,
which is close to their original model, and a smaller one with 17K weights, which contains a similar
number of weights as ours. Both were then trained with the data sets and tasks outlined in our work.
When evaluated with our test sets, these new models do not show any significant improvement com-
pared to the regular NON model; the [? errors of the large and small models are 10.6 and 10.1,
respectively, while the NON model shows the /2 error of 10.3 and the ATO model shows 5.80. Ad-
ditionally, we tested the large model of 120k weights with the buoyancy-flow example; its [? error is
70.59, whereas the NON and ATO models show the error of 70.28 and 33.44, respectively. Thus, our
ATO model outperforms the others in every case. We believe that, when using the super-resolution
NON model (Fukami et al[2019), the complete lack of temporal integration in the training process
leads to the observed, poor performance despite its advanced architecture.

We also provide additional results of our experiments. We note that the scalar marker fields are
visualized using the “terrain” color scheme and the velocity fields are visualized as in
[2007). The color bars for these two visualizations can be seen next to each figure. For the veloc-
ity fields, the color bar only shows the angle visualization, while the magnitude of the vectors is
represented using the intensity. Fig. [I0] shows two additional visual comparisons of four reduced
representations. We, again, observe that the reduced representations encoded by our ATO models
differ considerably from the conventionally downsampled reference states and the baseline. More-
over, as shown in Fig. [TT] our best performing models in both scenarios successfully restore the
simulation results close to the references.
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Figure 10: Two additional examples of reduced space visualizations.
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Fig.[I2]shows additional test examples of the buoyancy-driven flow scenario, where the initial states
are selected at the middle of our test dateset’s trajectories. As shown, our model successfully restores
the results close to the reference. Fig.[13|shows the [? error analysis of these additional examples,
and our ATO35 model presents the lowest error in the graphs.
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Figure 12: Selected simulation steps of two additional test examples started from different initial
states.

Mean /2 error buoyancy-driven flow Mean /2 error buoyancy-driven flow

80 4

iHH!’i 5‘!}

30

=)

S

Mean /2 error
IS
S

20 204

10 104

0 T T T T T T
baseline NON  CEN3y; ATOg ATO;s CLS3;  ATOs3; baseline NON  CEN3y; ATOg ATO;s CLS3;  ATOs3;

Figure 13: Mean [? errors for the buoyancy-driven flow case, starting from step 100 (left) and step
200 (right).

As an additional study, we extrapolate our results beyond the time-range that is observed during
training, for the buoyancy-driven flow case. We use the 200th time step of our usual test simulations
as an initial state to apply our models to. We compare the results of this experiment for 400 con-
secutive steps for ATOj32, the baseline and the NON model. The baseline gives an average error of
63.1, the NON model an error of 60.2 and our ATO model of 53.7. Therefore, the fully autonomous
model still performs better than the baseline and NON models outside of the observed time range.

D ADDITIONAL METRICS

In addition to the I2 error shown in Fig. 3 Fig. [14] shows the comparisons of different models in
two other metrics: structural similarity index (SSIM) (Wang et al., [2004) and learned simulation
metric (LSiM) 2020). SSIM is a perceptual metric considering structural information
while LSiM is a learning-based metric that intends for comparing numerical simulations. In these
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different metrics, our experiments consistently show that training with the autonomy leads to the
best performing model while the constrained training deteriorates its performance. We also note
that a lack of interaction in terms of integrated simulation steps yields a failure at learning the task
as shown for ATO, and ATO, in Fig.[T3]

Mean SSIM advection-diffusion
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Figure 14: Evaluations of non-linear advection-diffusion (top) and buoyancy-driven flow (bottom)
in two additional metrics: SSIM and LSiM.
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Figure 15: Mean [? errors for the non-linear advection-diffusion scenario with different numbers of
integrated steps.
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