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Abstract

Nonlinear dynamical systems are omnipresent in nature, commonly seen in many disciplines
such as physics, biology, chemistry, climate science, and engineering. In this thesis, we
introduce several new ideas by integrating machine learning and numerical methods, effec-
tively tackling challenging forward and inverse problems of physical systems. According
to [1], research approaches in this field can be broadly categorized based on the synergy
between deep learning and domain knowledge into three groups: Supervised Methods,
Physics-informed Methods, and Interleaved Methods. Supervised Methods are the classic
learning approaches where a physical system produces the data, but no further interaction
exists between this physical system and deep learning. In Physics-informed Methods, the
physical dynamics are encoded in the loss function, typically in the form of differentiable
operations. Interleaved Methods tightly integrate the physical system with the learning
process, merging full simulations with deep neural network outputs. Whether addressing
Ordinary Differential Equations (ODEs) or Partial Differential Equations (PDEs) in this
thesis, the core of our approaches intricately unites Symbolic Neural Networks with ODE
& PDE solvers, categorizing our techniques as Interleaved Methods.

We start with a slightly simpler task of trying to identify unknown ODEs with parameters
from trajectory data in Paper I. Instead of directly learning ODEs using an Ordinary
Neural Network (O-Net) [2], we present a novel strategy by combining Symbolic Neural
Network (S-Net)—endowed with the capacity to grasp analytical expressions—with an
ODE Solver to predict the dynamical system. Our numerical experiments demonstrate
that our approach outperforms O-Net when applied to the Lotka-Volterra and Lorenz
equations. This discovery concerning the realm of ODEs also imparts valuable insights for
our future endeavors in tackling PDEs-related challenges.

Graph Neural Networks (GNNs) belonging to Supervised Methods have gained significant
attention in recent years due to their ability to process and analyze data structured as
graphs. By discretizing continuous spatial domains into grids or meshes, individual grid
points or mesh elements can be regarded as nodes within a graph. The connections between
nodes can represent the spatial relationships between these points or elements. GNNs have
been widely used to solve spatially-dependent PDEs with smooth solutions. In paper II,
we explore the application of GNNs to solve conservation laws with non-smooth solutions.
Experimental results show that the model can predict accurately when parameters are
within a specific range. However, when parameters deviate too much from that used for
the training model, the model’s predictive power is significantly reduced.

The achievements of the S-Net and ODE Solver in tackling ODEs, coupled with the
limitations of GNNs in extending to conservation law challenges, reinforce the need to first
learn the expressions of the unknown flux functions of the involved conservation law. From



this foundation, we can proceed to forecast subsequent states of the nonlinear dynamical
system with greater assurance. In Paper III, we introduce ConsLaw-Net, a combination of
S-Net and an entropy-satisfying discretization scheme. This work addresses the problems
of one-dimensional conservation law without parameters, and empirical outcomes robustly
affirm the effectiveness of our approach. However, the case with conservation laws that
involve a parameter, requires that the role of the parameter must also be learned. We
propose an appropriate extending to deal robustly with this situation. A two-step learning
method, i.e., combining Conslaw-Net and Linear Regression Neural Network (LRNN),
is proposed in Paper IV. We test it on two different systems and achieve good results.
Furthermore, in paper V, we train the enhanced ConsLaw-Net through a combination of
joint and alternating equation strategies, effectively addressing intricate two-dimensional
conservation law scenarios demanding high precision despite limited informative data.
Conclusively, in Paper VI, we unveil an upgraded ConsLaw-Net tailored for deducing the
functional expressions of both flux and diffusion functions within the setting of degenerate
convection-diffusion models, accommodating diverse observation modalities.

Taken together, the methodologies outlined in this thesis provide new and hopefully
useful tools in the search for hidden nonlinear conservation laws behind a given set of
observation data. If we should formulate the main findings of this thesis in a few sentences,
it might be as follows: To uncover a possible unknown nonlinear scalar conservation law
from synthetic observation data seems attainable by combining appropriate regularity
imposed on the unknown function(s), as expressed by the Symbolic Neural Networks, with
a "suitable" set of observation data. The meaning of "suitable" here is that small amounts
of data might not be sufficient to identify the unknown flux function(s). However, by
adding more observation data the proposed method is more and more likely to find the
ground truth flux function.
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Chapter 1

Introduction

1.1 Research Background and Challenges

We model physical phenomena in science and engineering using ODEs or PDEs. These
equations are derived conventionally from rigorous first principles under ideal conditions
like conservation laws or knowledge-based phenomenological derivations. Our primary
objective is to extract explicit expressions for these equations, including specific components
like flux or diffusion functions within dynamics, from observational data. Subsequently, we
employ the learned functions to predict dynamic states at a later time. One might question
why we don’t simply forecast the solutions of equations directly without mastering the
explicit forms. Our experiments elucidated in [3] reveal that unearthing the most fitting
differential equations to depict these dynamics through sensed or measured data offers
greater value to scientists seeking to comprehend the intricacies of mathematical models
or dynamical systems. This approach not only enhances our understanding of behavioral
patterns but also leads to more precise predictions.

Flux function f(u) Solution

function f{u) — — —initial
lower convex envelope ' — solution

—+— upper concave envelope
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uZ+(1-u)2
envelope (brown curve) and lower convex envelope (green curve) are also included. Right: The solution of

(1.1) at time 7" = 0.5 is shown (red solid curve) together with its initial data uo(x) (red dashed line).

Figure 1.1: Left: Example of nonlinear flux function f(u) = (blue curve). Upper concave

However, obtaining the analytical form of these equations proves to be a formidable
task due to the inherent challenges. The scarcity and noise often present in practical
observations compound this complexity. Consider the example of a general scalar nonlinear



1. INTRODUCTION

conservation law. Here, we focus on the one-dimensional scenario given by:
ur + f(u)y =0 (1.1)

where u = u(x,t) is the main variable and f(u) is the unknown flux function. It is well
known that (1.1) will generate shock wave solutions u(z,t) in finite time despite the fact
that initial data ug(z) is smooth [4, 5]. As jumps arise and disappear in the solution over
the time period, the data may lack information about the flux function f(u) that we want to
identify. An illustration of this situation is given in Fig. 1.1. At time ¢t = 0, the initial data
up(x) involves one jump at x = 0 and another jump at x = 1. The initial jump at = 0 is
instantly transformed into a solution that is a combination of a continuous wave solution
and a discontinuous wave (ur,ur) ~ (0.3,1.0), as dictated by the lower convex envelope
shown in the left panel (green curve). Similarly, the initial jump at = = 1 is transformed
into a solution that is a combination of a continuous wave solution and a discontinuous
wave (ur,ur) ~ (0.7,0), in accordance with the upper concave envelope illustrated in the
left panel (brown curve). In addition, the concise and complete mathematical expressions
describing numerous intricate real-world systems continue to be elusive or only partially
understood.

Over the past decade, significant advancements in machine learning, data science, and
computational power have ushered in an innovative approach to unveiling underlying
equations from data: the data-driven discovery of governing equations for nonlinear
dynamics. In their study [1], Thuerey and colleagues meticulously categorized these
techniques into three clear groups: Supervised Methods, Physics-informed Methods, and
Interleaved Methods. These classifications are dictated by how deep learning techniques
intertwine with domain expertise, often taking shape as model equations expressed through
ODEs or PDEs. Nevertheless, most of the work has been on equations whose solutions do
not contain discontinuities. In this thesis, after a first brief visit exploring how to identify
unknown functions involved in ODEs, we focus on the problems of conservation law, which
is complicated by the lack of data due to the presence of discontinuous solutions.

1.2 The Parameterized ODEs

Parameterized ODEs can be expressed by

du(t; p)

e Flu(t; p), t; p), (1.2)

with a parameterized initial condition wo(p), where u(¢; p) is a time-continuous representa-
tion of a hidden state, p = [p1, ..., unu} € R™ denotes problem-specific input parameters,
f is a parameterized velocity function that defines the dynamics of hidden states over time.
Inspired by the concept of parameterized ODEs, this ODE system has multiple latent
trajectories that depend on the input parameters.

1.3 The Conservation Law

Nonlinear conservation laws find extensive application across fluid mechanics, biology,
physics, and chemical engineering. These laws come in various forms based on factors such
as dimensional space, the presence of parameters, and the inclusion of diffusive flux.

2



1. INTRODUCTION

1.3.1 The One-Dimensional Scalar Conservation Law

The expression of the one-dimensional scalar conservation law is as follows

ug + f(u)z =0, z€(0,L)
UI‘IZO = Ux’x:L = 07 (13)
uli—0 = uo(x),

where u as the main variable, f(u) is the nonlinear flux function and ug(z) is the initial
state.

It is well known that conservation laws of the form (1.3) do not, in general, possess
classical solutions. Instead, one must consider weak solutions in the sense that the following
integral equality holds [4, 6, 7]

/Qw /OT [u¢t + f(u)%] dx dt + ‘/Qz uo(z)p(z,t =0)dz =0 (1.4)

for all ¢ € C* such that ¢(z,t) : @, x (0,7) — R and which is compactly supported, i.e., ¢
vanishes at x — Q, and ¢t — T'. It follows that if a discontinuity occurs in the solution, i.e.,
a left state uy, and a right state ug, then it must propagate with the speed s given by [4, 7]

_ ) — flup)

ur, —UR

. (1.5)

However, direct calculations show that there are several weak solutions for one and the
same initial data [6]. To overcome this issue of the non-uniqueness of weak solutions,
this has led to the class of entropy solutions, which amounts to introducing an additional
constraint that ensures that the unique physically relevant one is found among all the
possible weak solutions.

There are different ways to express the entropy condition for scalar nonlinear conservation
laws. One variant is by introducing an entropy pair (7, q) where 1 : R — R is any strictly
convex function and ¢ : R — R is constructed as [7, §]

) = [ " £y (s) ds (1.6)

for any v. This implies that ¢’ = f'n/. Then, u is an entropy solution of (1.3) if (i) u is a
weak solution in the sense of (1.4); (ii) w satisfies in a weak sense n(u); + q(u), < 0 for any
pair (n,q). This condition can also be formulated as the following characterization of a
discontinuity (ur,ugr) [7, 9]: For all numbers v between uy, and ug,

>85>

f(v) = flur) > _f(”)—f(uR)

1.7
vV —uj, V—UR ( )

where s is given by (1.5).
1.3.2 The One-Dimensional Scalar Conservation Law with Variable Pa-
rameters

The one-dimensional case is given by

ur + f(u, B), =0, z € (0,L)
uli—o = uo(x), (1.8)

um‘zzo = ua:’a::L = 07

3



1. INTRODUCTION

where v = u(x,t) is the main variable and 3 is a parameter, typically, related to different
forces that drive the process under consideration. Note that this extension to include
dependence on a parameter (§ is highly relevant for many situations where different physical
parameters naturally vary over certain intervals. Displacement of several fluids is one
classical example where quantities like fluid viscosity and density may strongly influence
the displacement behavior and their roles are expressed in a f-like parameter [10, 11]. In
our research scenario, we seek the analytical expression of f(u, ) that includes both the
variable v and the parameter 3, given a set of observations {u(z;,t;)} at various time
points t; and at different values of § over an interval of interest.

1.3.3 The Two-Dimensional Scalar Conservation Law

The two-dimensional scalar conservation law is expressed by

Ut"’f(u)m"'g(u)y:o’ (:an) GQ:(()?L) X (OaL)

u|t=0 = UO(xay)a (19)
ux|x:0 - Ur|x:L =0,
Uyly=0 = uyly=1, = 0.

where u is defined as the main variable of space and time, and f(u) and g(u) are flux
functions. The objective, in this case, is to find analytical expressions for both f(u) and
g(u), based on a set of observations u(x;,y;,t;) at various time points ;.

1.3.4 The One-Dimensional Scalar Conservation Law with Diffusion
Term

The scalar nonlinear convection-diffusion PDEs flow in the following form

up + f(u)y = aA(U) e, Au) = /Ou a(v)dv, a(v) >0

wlemo = o (), (1.10)

ux|z:0 = U:):|x=L =0,

where x € [0, L] arise in different applications such as sedimentation of particles in liquid
and various traffic flow types of problems. Here u = u(x,t) is the main variable which
depends on the position z and time t. The flux function f(u) represents the convective
transport whereas the diffusion function, denoted by A(u) = [’ a(v)dv, is a function of
that describes the diffusive transport. For a typical situation, we have a priori information
about the magnitude of the scaling factor o« > 0 but not precise information about the
functional form of neither A(u) nor f(u). Our goal is to determine analytical expressions
for both f(u) and A(u) using observational data of different types.



Chapter 2

Literature Review

2.1 Research Methods for Non-Machine Learning

There are several examples of non-machine approaches to nonlinear dynamics discovery
from sparse data, especially for learning the flux function of a nonlinear conservation
law. James and Sepilveda formulated the inverse problem of flux identification as that
of minimizing a suitable cost function [12]. Relying on the viscous approximation, it
was shown that the perturbed problem converged to the original hyperbolic problem [12]
by letting the viscous term vanish. Holden et al. used the front-tracking algorithm to
reconstruct the flux function from observed solutions to problems with suitable initial
data [13]. Several recent studies have addressed the reconstruction of the flux function for
sedimentation problems that involve the separation of a flocculated suspension into a clear
fluid and a concentrated sediment [14, 15]. In particular, Biirger and Diehl showed that the
inverse problem of identifying the batch flux density function has a unique solution, and
derived an explicit formula for the flux function [16]. This method was recently extended
to construct almost the entire flux function [17] by using a cone-shaped separator. For
another interesting example of the challenge of identification of the unknown flux function
f(u), we refer to [18]. The author explored a direct inversion method based on using linear
combinations of finite element hat functions to represent unknown nonlinear function f.

2.2 Research Methods for Machine Learning

Thuerey et al. in their work [1] categorized physics-based deep learning methods into three
groups based on the degree of interaction between DL techniques and domain knowledge,
for example, in the sense of the generic form of the underlying PDE model.

2.2.1 Supervised Methods

Supervised methods exhibit minimal interaction with domain knowledge and align with
the conventional machine learning paradigm. In these methods, data is generated by
a physical system without any subsequent interaction. The advancement of machine
learning, data science, and computing power has enhanced data-driven nonlinear dynamics
discovery. Both [19] and [20] used Genetic Programming (GP) based Symbolic Regressors
[21, 22] to deduce the differential equations representing underlying physical laws using
combinations of mathematical operators. Later, this type of method inspired a series of
endeavors [23-29]. Brunton et al. [30] approached dynamical system discovery through

5



2. LITERATURE REVIEW

sparse regression to prevent overfitting of GP. Specifically, they introduced a method called
Sparse Identification of Nonlinear Dynamics (SINDy) that uses a sequential threshold
ridge regression algorithm to iteratively find a sparse solution from a predefined basis
function library until convergence. SINDy quickly emerged as one of the leading methods
in this field of study, igniting significant interest [31-35]. Recently, more and more GNNs
methods are being used to solve PDE problems. Gao et al. presented a novel discrete
PINN framework based on Graph Convolutional Networks (GCNs) and the variational
structure of PDEs in [36]. This framework could solve forward and inverse PDEs in a
unified manner. Zhao et al. used GNNs in conjunction with autodecoder style priors to
tackle PDE-constrained inverse problems [37]. In [38], authors build PDE solvers based
on GNNs using the data generated by some classical numerical methods, such as finite
differences, finite volumes, and WENO schemes. They experimentally proved that this
method has fast, stable, and accurate performance across different domain topologies on
various fluid-related flow problems. However, these current works mainly use GNNs on some
typical equations with regular solutions. Several complex equations with discontinuous
solutions still need to be researched.

Supervised Methods usually involve optimizing some criterion like the squares error to
find the best parameters for the model that best fits the observed data. These methods are
well-established, and there are a variety of techniques available. However, these methods
require a substantial amount of labeled data. They might not capture the underlying
physics of the system, especially if the data is noisy or sparse.

2.2.2 Physics-informed Methods

In the physics-informed methods, the physical dynamics are encoded in the loss function,
typically in the form of differentiable operations. The learning process can repeatedly
evaluate the loss and usually receives gradients from a PDE-based formulation. Raissi et
al. [39] introduced physics-informed neural networks (PINN) using deep learning. They
embedded the PDE residual into the loss function of fully-connected neural networks as a
regularizer, facilitating training in small data scenarios. The weakly supervised approach
has been utilized to solve various PDEs using limited training data in scientific domains like
subsurface flows [40], vortex-induced vibrations [41], turbulent flows [42, 43], cardiovascular
systems [44-47], metamaterial design [48-50], geostatistical modeling [51], and more [52—
54]. To address sparse, noisy data and measure aleatoric uncertainty from noise, Sun
and Wang [47] introduced a Bayesian formulation of physics-constrained learning using
variational inference. Yang et al. [55] further explored Bayesian PINN, comparing both
variational inference and Hamiltonian Monte Carlo approaches. While the aforementioned
works need a moderate amount of training data, enforcing proper initial and boundary
conditions can eliminate the data requirement altogether. The effectiveness of the data-free
fully-connected neural networks based PDE solution algorithm has been demonstrated on
a number of canonical PDEs [56, 57] and stochastic PDEs [58-60]. However, the neural
network methods struggle in learning the nonlinear hyperbolic PDE that governs two-phase
transport in porous media [11]. They experimentally indicate that this shortcoming of
PINN for hyperbolic PDEs is not related to the specific architecture or to the choice of
the hyperparameters but is related to the lack of regularity in the solution. The works
based on the PINN approaches mentioned above rely on imposing the structure of the
underlying PDE model by including an error term in the loss function. Due to the lack of
regularity in the solution as illustrated in Section 1.1, it seems unclear how to implement
our problems in a PINN framework.
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Physics-informed Methods employ techniques like PINNs, where the network is trained
not only to fit the data but also to satisfy known physical laws. By leveraging known physics,
these methods can often produce more accurate and generalizable models, especially when
data might be sparse or noisy. However, they require a prior understanding of the physical
principles governing the system. Implementing them can also be more complex than
Supervised Methods.

2.2.3 Interleaved Methods

Interleaved techniques integrate the full physical model with an output from a deep neural
network. In our methods proposed in this thesis, the full physical model refers to the
numerical scheme, while the deep neural network output represents the learned unknown
functions. The physical simulation process is iterative step by step over time. During
each step, the output of the neural network is involved. In Supervised Methods, data
is first generated by the physical simulation and then used to train the neural network.
This data generation is separate from the network’s training, with no new data produced
during training. In Physics-informed Methods, the physical dynamics are encoded in the
loss function for the neural network training. Each update of the network parameters
incorporates the dynamics once. However, in Interleaved Methods, each update of the
neural network parameters encompasses multiple time-step iterations of the physical
simulation, showcasing the tightest integration between the physical system and learning.
These differentiable physics interleaving strategies are particularly crucial for temporal
evolutions, enabling predictions of future dynamic behaviors. Chen et al. proposed the
Symplectic Recurrent Neural Network (SRNN) that captures the dynamics of physical
systems from regularly observed data [2]. This method works for Hamiltonian functions as
it requires the variables of the ODE system to be separable. Long et al. [61, 62] proposed
a combination of numerical approximation of differential operators by convolutions and
a symbolic multi-layer neural network for model recovery. They used convolutions to
approximate differential operators with properly constrained filters and to approximate the
nonlinear response by deep neural networks. However, an essential difference between the
problem studied in [61, 62] and the conservation law (1.1) is that the flux function f(u),
cannot be expressed by f'(u)u, as f(u) is not, in general, a differentiable function in our
problems.

Interleaved Methods involve alternating between data-driven identification (like Super-
vised Methods) and model-driven identification (like Physics-informed Methods). These
methods are designed to be adaptable to varying types of data and system knowledge.
For instance, one could leverage labeled data where it’s available and fill in gaps with
model-driven insights where data might be sparse. In addition, Interleaved Methods can
incorporate the case where the system dynamics are less understood and governed by
unknown physics. The significant challenges with Interleaved Methods are the increased
complexity in implementation and more computational resources. Moreover, the balance
between different methodologies needs to be well-managed to avoid pitfalls from either
side.

ConsLaw-Net, introduced in this thesis, merges Symbolic Neural Networks with the
numerical scheme, incorporating these networks into each iteration. Thus, ConsLaw-Net
classifies as an Interleaved Method. Compared to non-machine learning, the primary
objective of machine learning methods, including ConsLaw-Net, is to generalize from
data, i.e., to learn patterns from data that can be applied to unseen data, for solving
inverse problems. The focus of non-machine techniques is on finding the best solution

7



2. LITERATURE REVIEW

or parameter set that minimizes an objective function, often without an inherent goal of
generalization. For instance, machine learning stops early to avoid overfitting and helps
the model generalize better to unseen data. In terms of solution uniqueness, the traditional
approach to solving convex optimization problems has a unique global minimum, ensuring
solution consistency. However, multiple local minima might exist in machine learning, and
the final model parameters can vary depending on initialization and training dynamics.
The difference between machine learning methods and traditional optimization methods
is also reflected in the training process, the dependence on data, and so on. The choice
between the two should be based on the problem’s nature, the available data, and the
specific objectives and constraints of the task.



Chapter 3

Methodology

We primarily studied methods like the Interleaved Methods represented by ConsLaw-Net
and the Supervised Methods typified by Graph Neural Networks (GNNs).

3.1 ConsLaw-Net

Our core method, ConsLaw-Net, primarily comprises two vital components: Symbolic
Neural Networks and the Entropy Consistent Discrete Numerical Scheme.

3.1.1 Symbolic Neural Networks

We aim to decipher the analytical expression of unknown functions rather than merely
fitting observations with black-box neural networks. To accomplish this, we employ an
enhanced symbolic neural network, S-Net, tailored to reveal these functions.

S-Net-M and S-Net-D

In the S-Net setting, we design two network structures based on the function form we
pursue: S-Net-M for multiplicative forms and S-Net-D for fractional forms, as depicted in
Fig. 3.1 (top) and (bottom), respectively. Take a three layers S-Net which can learn the
expression of a function f possessing a multiplication form as an example. As shown in
Fig. 3.1 (top), the identity directly maps u from the input layer to the first hidden layer.
The linear combination map uses parameters w1 and by to choose two elements from u
and are denoted by a1 and

(a1, 81)T = wy - (u) + by, wy € R¥! by € R¥¥L, (3.1)
These two elements of a; and (§; are multiplied in the PDE system
fi=apr. (3.2)
Apart from u gotten by the identity map, f1 also is input to the second hidden layer
(az, B2)" = wa - (u, 1)’ + ba, wa € R?*? by € R?*L. (3.3)
Similar to the first hidden layer, we get another combination fa(ca, 82)
f2 = azBs. (3.4)

9



3. METHODOLOGY

Then we obtain ag and f3 by means of wg and bg from u, f; and fo
(as, B3) = ws - (u, f1, f2)7 + bz, ws € R**3 bg € R, (3.5)
f3, which is the product of a3 and 3 is put into the third hidden layer
f3 = asfs. (3.6)
Finally, we arrive at the analytic expression of the function f
f=wa-(u, f1, fo, f3)T + by, wy € R4 by € R. (3.7)

The difference between S-Net-M and S-Net-D is that in the third hidden layer. we obtain
the numerator part f3 and the denominator part fy of the flux function f(u) based on wg,
bs and wy, by, respectively.

fs=ws - (u, f1, f2)7 + bz, w3 € RP3 by € R,
fr=wa-(u, f1, f2)7 +bg,wg €RP3 by €R,

The analytic expression of the flux function f is the combination of f3 and fj.

_ B

= 7 (3.10)

The Rational Reasons for Employing S-Net

Besides S-Net, other classical methods explicitly represent functions, such as the piecewise
affine functions method described in [18] and the finite polynomial expansion method. In
the piecewise affine functions method, divide the u-axis into n equidistant intervals: let

u™ be the largest value of the data and set ux = ku™%* /n for k = —1,...,n + 1. Assume
that .
Flu) =" frow(u) (3.11)
k=0

where f is n + 1 parameters to be determined, and the hat functions are defined by

U— UL —
e W1 <u S uy
— u —Uu
¢k(u)_ U:jll—uk’ up < U < Ukt (3.12)
0, Otherwise

where k£ =0, ...,n. The polynomial expression with respect to u is given by:

F(u) co + cru + cou® + cud + ...+ cpu™
u) =
do + diu + dou? + dsud + ... + dun2

(3.13)

We acquire the coefficients {c;};-, and {d;};2, of (3.13) by using the observation data set.
From the various methods available, we have decided to implement the S-Net approach for
the following reasons:

o Experimental performance: In our work [63], we do a comparison of S-Net, the
piecewise affine function representation, and the finite polynomial expansion method.
It is observed that the performance of S-Net is clearly better than these two other
methods for our test cases.

10



3. METHODOLOGY

Figure 3.1: Top. The framework of S-Net-M for multiplicative function. Bottom. The framework of
S-Net-D for division function.

e Robustness: S-Net demonstrates a high capacity to handle noisy and incomplete
data [64].

o Flexibility: S-Net is flexible and powerful. Expanding functions with more variables is
easier with S-Net, as it can automatically detect nonlinear relationships between input
variables. However, the finite polynomial expansion method requires the manual
listing of all possible combinations, which becomes an exhaustive task as the number
of variables increases, potentially leading to an exponential growth in the number of
combinations. Furthermore, incorporating nonlinearities such as sine and cosine into
S-Net is straightforward, enabling it to learn combinations of variables that act on

sine or cosine, such as sin(u?v).

3.1.2 Entropy Consistent Discrete Numerical Scheme (ECDNS)

ECDNS for (1.3)

We consider a discretization of the spatial domain [0, L] in terms of {z;}Y7" where

x; = (1/2+1)Ax for i =0,...,N, — 1 with Ax = L/N,. Furthermore, we consider time
lines {t"}N*, such that N;At = T. We base our discrete version of (1.3) on the Rusanov

11
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scheme [4] which takes the form

At
n+l _ . n n n _
uit = uf = AE e — L) A= Az’ (3.14)
e

with j = 2,..., N, — 1 and where the Rusanov flux takes the form

n fd)+ f(uly) My, , n
J+1/2 — ’ 9 - j;—/ (ujyq —uj), (3.15)

where M;, 1/, = max{|f'(u})],|f'(u},;)[}. The CFL condition [4] determines the magni-
tude of At for a given Az through the relation

CFL = %M <1, M ~ max | /(). (3.16)

ECDNS for (1.8)

We investigate a discretization of the spatial domain [0, L] in terms of {z;}% ' where

(1/2 +1i)Ax for i =0,. — 1 with Az = L/N,. Furthermore, we consider time
hnes ("} ) with Ny At = T. Our discrete version of (1.8) is based on the Rusanov scheme
[4] which takes the form

At
n+l _  n n n _
uit = ui = MER 2 — il ), A= Az’ (3.17)
'il—l-l ug—l—l’ U?V—i-l _ unN—i—l »

with j =2,..., N, — 1 and where the Rusanov flux takes the form

n f; B) + f(uly;B) Mn12 n n
Fj+1/2 = ’ 9 ok ]; / (Uj+1 - uj)a (3.18)

where M7, o = max{| fu(u}; B)|,|fu(u}1; B)|}.The CFL condition determines the magni-
tude of At for a given Ax through the constraint

CFL = %M <1, M =max|fuluw ) (3.19)
Xz u

ECDNS for (1.9)

We consider a discretization of the spatial domain [0, L] x [0, L] in terms of {z;}Y= and
{yj}j\/:yo—l where z; = (1/2+4)Az for i =0,..., N, — 1 with Az = L/N,, y; = (1/2+j)Ay
for j =0,...,N, — 1 with Ay = L/N,. We use the same grid number in the X and Y
directions, i.e. Nx = Ny, denoted as Ny, so Ax = Ay = Azy. Additionally, we consider
time lines {t”} ty with N;At = T. Our discrete version of (1.9) is based on the Rusanov
scheme [4], which takes the form

Un-ﬁ-l(ggi’ y]) = n(gp“ yj) (FlJél/Q,J Fixf’TlL/Zj)
y,n Y,
y(G i,j+1/2 Gl}j—l/Q)’ (3.20)
u"(z1,:) = u"(22,:), u"(znN,,,:) =u"(TN,,1,1),

’I’L

(
u" (s y1) = u"(5y2), w5 YN,,) = u G YN, 1),

12
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with Ay = Ay = Axy and where ¢,j = 2,..., Nz, — 1 and the Rusanov fluxes take the form
e FWN@iy) + Fu™ (@i, ;)
i+1/2,5 9
M .
1/2,
- %/J(Un(%—i-hyg) - Un(fl,‘“y])),
o n (3.21)
con 90 @ yy) + 90 (i, yyn)
hj+1/2 2
M™r.
J+1/2
- %ﬂ(un(u’%yﬁl) —u"(z,95))-

We adopt a local estimation by using M7, , . = max{|f'(u};)[,|f"(u}1 )|} and M D12 =
max{|g'(uf;)|, g (v} ;+1)|}. The CFL condition determines the magnitude of At for a given
Az, Ay through the constraint

At
CFL:= ————— (M*+ MY) <1,
min{Az, Ay} ( ) (3.22)

M* = mf}X|fU(u)’7 MY = m3X|QU(u)‘-

ECDNS for (1.10)

We discretize the spatial domain [0, L] into N, points {z;}Y77, where z; = (1/2+1)Ax for
i=0,...,N; — 1, and Az = L/N,. Additionally, we consider a set of time steps {t"}f:[*:'[)
with N;At = T. To discretize (1.10), we use the Rusanov scheme [4], which can be written
as follows:

Wit = = Ny g = Fiy o) + MD4 AT g — Dy AT ),

A\ = g“?ﬂ R L (3.23)
with j =2,..., N, —1 and F}, | », and DAY, , take the forms
Frip = ! +2f(U?+l) - M%I/Q (ufy1 — uf), (3.24)
and ) )
D+A;+1/2 - A(U?H)A; A(U?) = f;jﬂ a(z>d2; fouj a(z)dz. (3.25)

We adopt a local estimation by using M7, , = max{|f'(u?)|, [f'(u}1)[}. The CFL
condition determines the magnitude of At for a given Az,

At 2K
CFL := E(M + E) <1, M = max | (u)], K = max a(u). (3.26)
3.2 GNNs

Recently, GNNs with encoder processor decoder architectures have emerged as fast and
precise alternatives to principled solvers for standard equations with regular solutions. In
this thesis, we test the performance of GNNs on conservation law problems. Herein, We
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use (3.27) as an example to demonstrate how to use GNNs to predict the solutions of
PDEs based on the observation data and parameters,

w + Bug = g(u), (3.27)

where z € X, t € [0,T]. We discretize the region X into equally spaced points {xi}f»vjo
and the time T into {tk}fc\lo. The node ¢; corresponding to the position z; contains
the solution wu(x;,t;) at the time t;. The edge l;; between neighboring nodes z; and
x;j carries the information to update u(z;),u(x;) for subsequent times. GNNs output
a new vector d; = (d},d?,...dX) based on the last K solution values of node ¢;, i.e.,
(u(:ci, tk7K+1); u(xi, tk,KJrg), ’U,(:L’Z, tk))

Encoder, denoted as €, is multilayer perceptrons (MLPs), computing node embed-
ding. The node ¢; at the moment t; can be characterized by the last K solution values
(w(xiy t—g41)y ooy w(Ti, tp—1), u(x;, tr)), node position x;, current time tx, and parameters
Bppr. Herein, Bppr = (8) in (3.27). As shown in Fig. 3.2, the Encoder maps these
features into node embedding vector, i.e.,

Ji=e([u

—~

i, tk—K—l—l), ceny u(xi, tk—l)a ’LL($Z', tk), €Ty, tk, ,BPDE])- (328)

Node
Embeding

BrpE

Vector
ty

{mi, b K1)

il

u{‘rﬁ ik 1}

Figure 3.2: Encoder.

Processor performs the message passing

Processor performs the message passing by updating the information m;; on the edge
l;; and the embedding vector f; of node ¢; using ¢ and 1, respectively. Processor contains
M layers with intermediate graphs G™, m = 1,2, ..., M. The messaging process is shown
in Fig. 3.3.

Input
| f; |
| B | UpdateFi
Information
| Brpe |
| A |
[(wlms tr seen) — uleg e i) |
[ ulwoter) —ulzjten) |
[ .. ]

Figure 3.3: Processor.
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e edge ¢; — ¢; message:
j

mi; = ¢(fi, fij,u(i, th—ry1) — w(x), th—x+1)

(3.29)
s (i, ty) — u(zj, ty), ¢ — x5, BPDE)-

e node ¢; update:

fi=v(fi, Y. mij,Bror), (3.30)
JEN(4)
where N (i) holds the neighbors of node ¢; and ¢ and 1 are MLPs.

Decoder uses a shallow 1D convolutional network to output the K next timesteps
information increment d; = (d(zi,tg41), d(2s, thy2), ..., d(zi, tg+x)) at grid node ¢;, as
shown in Fig. 3.4.

Information

Increment

(s, th Eal
w(ws, ik 1)

b

EEHRe

Figure 3.4: Decoder.

After getting the vector d; from GNNs, we use it to update the next K solution values
of node ¢; as
(i, tyr) = u(@i, ty) + (Lot — te)d(@is L) (3.31)

where 1 <[ < K.
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Chapter 4

Research Contributions

The main contribution of this work is six articles where four of which have been published
whereas two of them are currently under review. In Paper I, we successfully addressed
the parameterized ODE problem using a combination of S-Net and Euler Methods. In
Paper II, we explored using GNNs—a subset of supervised methods—for conservation
law problems with discontinuous solutions but found the generalization performance of
GNNs is lacking. To enhance performance, in Paper 111, we introduce ConsLaw-Net as
a core method for the one-dimensional scalar conservation law problem. Building on
ConsLaw-Net, Papers IV, V, and VI employ LRNN, Joint & Alternating equation training
strategies, and multiple S-Nets to address the one-dimensional scalar conservation law with
parameters, the two-dimensional version, and the one-dimensional variant with a diffusion
term, respectively. Fig. 4.1 shows the relationship between the various works and the
methods used.

K « CQuestion: The One-Dimensional Scalar = Question: The One-Dimensional Scalar \

Conservation Law Conservation Law with Variable Parameters
» Output: Paper Ill » Ouiput: Paper IV

| LRNN |
ConslLaw-Net

| wuitpie snets | ~ Joni & Alemating

‘g Shiet ~ECONS __ Equation Training _

= Question: The One-Dimensional Scalar » Question: The Two-Dimensional Scalar
Conservation Law with Diffusion Term Conservation Law
\ « Output: Paper VI « Output: Paper V /
| Interleaved Method S ised Methods
p |
J5
N
- _— y « Question: The One-Dimensional -
« Question: Leaming Parameterized . r= .
S-Net = Euler ODEs from Data GNNs  —»| Scelar Conservation Lavi i Varizble
» Qutput: Paper | » Qutput: Paper Il

Figure 4.1: The relationship between the various works and the methods used.
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4.1 Learning Parameterized ODEs from Data

In contemporary research, neural networks are being used to derive ODEs from observations.
Assume that ODEs take the following generic form, which is usually used to describe
some physical dynamics with different functions f(s,p,r, «, 8, v), g(s,p,r,a, B,7) and

h(87p7/r’ a?577)7

ds — f(s,p,m, 0, B,7),
& = g(s,p,r, 0, 8,7), (4.1)
& — (s, p,r,a, B5,7).

Here, s, p, and r are independent variables and «, 8, and ~y are parameters. In the scenario of
parameterized ODEs, we want to predict the system based on the new values of parameters.
However, parameterized ODEs pose a more significant challenge than non-parameterized
ODE:s since the networks are required to understand the roles of the parameters, i.e., the
structure of the equations. We proposed a novel approach by combining S-Net with ODE
Solver to solve this issue. First, S-Net learns the structure of the parameterized ODEs
and then predicts the dynamics based on the new parameters with the new initial states.
Fig. 4.2 illustrates the time series generation process. Due to the ODE Solver, the system
state transitions from the previous time point to the subsequent one. In our approach,
S-Net serves as the ANN. To assess its performance, we compare our approach with a
widely used Ordinary Neural Network (O-Net) that directly learns and predicts ODEs. Our
numerical experiments demonstrate that our approach outperforms O-Net when applied to
the Lotka-Volterra and Lorenz equations.

INPUT INPUT
INPUT MODEL OUTPUT UUTPUT _________ '
(i pomae | mov | Demivel (igsms  ODEsSover é Stel | Panetr |
Iil-bl-bl -l-I-b I ->|-|-I
_meur T
FINALOUTPUT : OUTPUT MODEL >
T ijecmry """ State 2 "ODE- Svlwr """" ' Derivarive! | | ANN ‘

Figure 4.2: Schematic diagram of the framework. Initial states so, po, 70 and parameters «, 3, are fed
into the ANN model to predict the derivatives of s, p, and r with respect to time. These derivatives
combined with initial states so, po, 70 will be further fed into the ODE Solver to obtain the next state
s1,p1,71, and so on. Finally we will get the trajectories of S = {so, s1,...s7}, P = {po,p1,-..,pr} and
R= {7’0,7"1, PN ,TT}.
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4.2 Solving Nonlinear Conservation Laws of Partial Differ-
ential Equations Using Graph Neural Networks

Graph Neural Networks (GNNs) have recently been established as fast and accurate
alternatives for principled solvers when applied to standard equations with regular solutions.
There have been few investigations on GNNs implemented for complex PDEs with nonlinear
conservation laws. Herein, we explore GNNs to solve the following problem

u + f(u, ), =0 (4.2)

where f(u, ) is the nonlinear flux function of the scalar conservation law, u is the main
variable, and (3 is the physical parameter. The main challenge of nonlinear conservation
laws is that solutions typically create shocks. We leverage GNNs with encoder processor
decoder structure to learn a fast-forward model that predicts solutions of PDEs. An
overview of the approach that we use is shown in Fig. 4.3. Our experiments demonstrate

Encoder Processor Decoder

‘\.‘.._.f / ~ |

4/\%& /\ { 1% “3\

Figure 4.3: The pipeline of the approach. For each node ¢;, at time point tx, the last K solutions
(w(@sy te— K 41), -y w(@i, te—1), u(ws, tx)), position z;, current time ¢, and equation parameters Bppg are
fed into GNNs. After the operators of Encoder, Processor and Decoder, we get the information increment
of this node ¢; at the next K time points: (d(xs, tk+1), d(zi, tk+2), ..., d(zi, tet+x ). Finally, we get solutions
of the next K time points by w(zi, teti) = (@, tr) + (tets — te)d(@i, tetr), 1 <I < K.

that the GNN models can predict accurately when the parameter [ is within a specific
range. However, when the parameter deviates far from the value for training, the model’s
predictive performance drops sharply. Furthermore, the model is not very good at predicting
the discontinuity of the solutions. There will be numerous small fluctuations around the
discontinuity.

4.3 Learning the nonlinear flux function of a hidden scalar
conservation law from data

Nonlinear conservation laws are widely used in fluid mechanics, biology, physics, and
chemical engineering. However, deriving the nonlinear, unknown flux function f(u) of the
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following scalar conservation law is a significant and challenging problem,
ur + f(u)y =0, x€(0,L)
Uy |z=0 = Uz |z=1 = 0, (4.3)
ul=o = uo(),

with u as the main variable. This identification is based on using observation data u(z;,t;)
on a spatial grid z;, j =1,..., N, at specified times ¢;, ¢ = 1,..., Ngps. A main challenge
with (4.3) is that the solution typically creates shocks, i.e., one or several jumps of the
form (up,ur) with vy, # ug moving in space and possibly changing over time such that
information about f(u) in the interval associated with this jump is sparse or not at all
present in the observation data. Secondly, the lack of regularity in the solution of (4.3)
and the nonlinear form of f(u) hamper the use of previous proposed PINN methods
where the underlying form of the sought differential equation is accounted for in the loss
function. The overall architecture of the method is shown in Fig. 4.4. There are two
parts involved, the generation of observed data based on the true flux function f(u) and
learning of the unknown flux function fp(u) which is assigned the S-Net structure. We
proposed the method called ConsLaw-Net to circumvent this obstacle by approximating
the unknown conservation law (4.3) by an entropy satisfying discrete scheme where f(u) is
represented through a symbolic multi-layer neural network. Numerical experiments show
that the proposed method has the ability to uncover the hidden conservation law for a
wide variety of different nonlinear flux functions, ranging from pure concave/convex to
highly non-convex shapes. This is achieved by relying on a relatively sparse amount of
observation data obtained in combination with a selection of different initial data.

Solution U Observations Ug,,,

DataGenerator _ tE€(tilytstelts)
(TNXqu(u)) -> : K

Observations U,

fe(w) :
(T N, X, up, fe(u))

Loss Function
WUsub, Usup)

Updata ¢

Figure 4.4: Schematic diagram of the framework.

4.4 lIdentification of the flux function of nonlinear conserva-
tion laws with variable parameters

The purpose of this work is to propose a method to identify the nonlinear flux function
f(u, B) with variable parameters of an unknown scalar conservation law

ur + f(u,8)r =0, z € (0,L)
uli=o = up(z), (4.4)

um‘zzo = ua;’x:L = 07
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with u as the dependent variable and 3 as the parameter. Learning the flux function
with variable parameters, marked as f(u, (), is more challenging than identifying f(u; )
for various fixed ( since it requires an understanding of the relationship between the
variable v and parameter  as well. In this work, we couple the updated ConsLaw-Net to
LRNN to learn the functional form of the two variable function f(u, ). The framework
for our approach is shown in Fig. 4.5. We experimentally demonstrate that the upgraded
ConsLaw-Net integrated with LRNN is well-suited for learning tasks, achieving more
accurate identification than existing learning approaches when applied to problems that
involve general classes of flux functions f(u, ). In addition, We compare our method
with the GNNs method proposed in [65]. Experiments show that our method generates
relatively accurate predictions whereas this GNN does not seem to have a built-in capacity
to handle the problem (4.4) well.

@ fQw By Candidate @
'\/\/1{ 55[{/\9 e MOfelS Don’t satisfy the error
LRNN —> WValidation Test

ECDNS fu B lSansfy T

f(w B) = apqu + apu® + agatt® + Blage + apau® + agaud)...

( Ju‘B;k b : j -
@ . »

Figure 4.5: Pipeline for our approach. There are two steps: (D) using the improved ConsLaw-Net to learn
f(u; B) where 8 € {85, 51, ..., Bn,}. We use the symbol 3* to distinguish the values of 3 used in the first
step. The learned expression f(u; ;) in each subproblem i is referring to an equation with u as variable
but not 8. @ Given the results of the first step, we first construct a collection of candidate models of
the two variable function f(u, ), and then use LRNN to obtain the coefficients of the selected candidate
model. If this candidate model can satisfy the error criterion, we will apply it to compute the solutions of
(4.4). Otherwise, we reselect the candidate model and repeat the process in the second step.

4.5 An alternating flux learning method for multidimen-
sional nonlinear conservation laws

In this work, we focus on the problem of learning the unknown nonlinear flux functions
from observations of the solution u of the two-dimensional scalar conservation law

ut+f(u)m+g(u)yzo7 (:‘Cay) GQ:(()?L) X (OaL)

u|t=0 = UO('I’ y)a (45)
ux|x:0 - U:I:|x=L =0,
Uyly=0 = uy|y=1, = 0.

Given by (4.5), u is defined as the main variable of space and time, and the goal is to find
analytical expressions for both f(u) and g(u), based on a set of observations u(x;,y;, ;) at
various time points ¢;. In addition to the lack of observational data due to the existence of
some discontinuous points in the solution of the studied problem, the problem is further
complicated by the need for high accuracy and the sparsity of useful information as the
dimension increases. Therefore, we find that a straightforward extension of the method
from the 1D to the 2D problem results in poor learning of the unknown f(u) and g(u).
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Relying on ideas from joint and alternating equations training, we design learning strategies
that enable accurate identification of the flux functions, even when 2D observations are
sparse. As is shown in Fig. 4.6, it involves an alternating flux learning approach where a
first set of candidate flux functions obtained from joint training is improved through an
alternating direction-dependent learning strategy. Numerical investigations demonstrate
that the method can effectively identify the true underlying flux functions f and g in the
general case when they are non-convex and unequal.

‘4 ———————— Alternating Equations Training for f(w)------ »
e
‘4 ---------------- Toint Equations Training » §— Nef:f
Brrerd > Erer? ECDNS |
Model g6 () > g8y (u)
\—S _ Ndf |( ———————— Alternating Equations Training for g{u)
Altemating Equations Training for g(u) ------ »
ECDNS
S — Net, l_. Model
fi a; (%) >
ECDNS
S — Net,
-------- Alternating Equations Training for g(u)--—--- ¥
Model
[ | e
Gope (1) D4 ECDNS
'} . 5§ — Net, l_>
|4 ———————— Alternating Equations Training for f(u)------ »

Model
No
S — Net |—‘ < Brror < ap+
- ‘ ECDNS ‘ O
goy () |» Yo |

Final learned functions fy, and gy,

Figure 4.6: The framework based on Joint and Alternating Equations Training steps to learn our model.

4.6 Learning the flux and diffusion function for degenerate
convection-diffusion equations using different types of
observations

In this study, we investigate the identification of an unknown flux function and diffusion
function in a one-dimensional convection-diffusion equation,

u + f(u)y = @A) gz, Au) = /Ou a(v)dv, a(v) >0

oo = o(z) (4.6)

um|x:0 = ux’w:L =0

where z € [0, L] arises in different applications such as sedimentation of particles in liquid
and various traffic flow types of problems. Here u = u(z,t) is the main variable which
depends on the position z and time ¢. The flux function f(u) represents the convective
transport whereas the diffusion function, denoted by A(u) = [’ a(v)dv, is a function of
that describes the diffusive transport. For a typical situation, we have a priori information
about the magnitude of the scaling factor o« > 0 but not precise information about the
functional form of neither A(u) nor f(u). Our goal is to determine analytical expressions
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for both f(u) and A(u) using observational data of different types. We introduce an
updated ConsLaw-Net for learning the functional forms of both the flux function f(u)
and diffusion function A(u) in the degenerate convection-diffusion model (4.6). Going
beyond the reliance on the equation’s solution in terms of u(z;,t;) as observational data, we
investigate the same physical system from a distinct perspective. Specifically, we consider
a scenario where the system is made up of particles that follow the flow field as described
by u(x,t) governed by (4.6). That is, particle z;(t) is governed by

() = wlulz(),1),  z(t=0)=af

for a given function w(v). Using particle-based observational data, the proposed method
generates quite remarkable outcomes despite the fact that the number of observation data
points is much lower than the observations of u(z,t). In addition, we conduct a comparative
experiment using the piecewise affine functions method described in [18] replacing the
S-Net. The experimental results demonstrate the clear advantage of neural networks in
terms of effective and robust identification of the unknown functions f and A.
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Chapter 5

Conclusion and Future Work

In this thesis, we introduce some new ideas for addressing complex physics problems. We
present a unique framework merging the S-Net with an ODE Solver for identifying param-
eterized ODEs. The experiments validate the combined efficacy of the neural network and
numerical scheme in determining equations in unknown dynamic systems, leading to precise
state predictions. Additionally, we use the popular GNN approach, typically employed for
standard equations with regular solutions, to test the conservation law problem. Jump
points in these solutions create significant challenges due to incomplete information about
the unknown function. However, the GNN’s generalization performance fell short of our
expectations. The core part of this thesis is the introduction of ConsLaw-Net, integrating
the S-Net with an entropy-satisfying discrete scheme to address PDEs governed by the
scalar conservation law. We later devise a framework combining the updated ConsLaw-Net
with Linear Regression Neural Network to identify the conservation law’s functional form
with parameters. Understanding the flux function with variable parameters poses greater
challenges than without, as it demands insight into the relationship between the variable
and parameter. Additionally, we use joint and alternating equation strategies to train the
advanced ConsLaw-Net for two-dimensional conservation law issues, which demand high
accuracy amidst sparse valuable information. Finally, we present an enhanced ConsLaw-
Net to learn the flux function and diffusion function at the same time in the degenerate
convection-diffusion model, grounded on different types of observation data.

Physical discovery is a very ambitious and important field, and the approach of this
thesis is a preliminary study of some of the fundamental issues. As far as the proposed
method is concerned, there are still many areas that need to be further investigated:

a) There is a need for further testing on real-life data to what extent the proposed
framework can be used to identify underlying conservation laws. The research in
this thesis is based solely on synthetic data. Another interesting topic for further
research is how different types of observation data (depending on the experimental
system under consideration) might effect the learning. A first step in that direction
is taken in Paper VI where we explore the use of particle paths that are governed by
the solution of the hidden conservation law.

b) Find more flexible and less human-influenced components to replace S-Net. The
parsimony of the S-Net outcome is primarily built on empirical pruning of the net-
work weights, thus exhibiting sensitivity to user-defined network layers or even initial
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)

parameters. Monte Carlo tree search (MCTS) agent has been used to identify the
arithmetic expression of underlying physics in some studies [28, 29, 66]. It enables the
flexible representation of search space with customized computational grammars to
guide the search tree expansion. However, current work on MCTS mainly examines
the ODE problems. Can we attempt to apply the MCTS algorithm as an alternative
to S-Net for symbolic regression in ConsLaw-Net? Compared to S-Net, MCTS is able
to reduce the influence of human factors on the model results, but how to encode the
physical information into the selection policy to reduce the complexity of the tree
search is also a challenge.

Theoretical insights into the field of discovery for dynamic systems are essential for
future model designs. We verified experimentally that ConsLaw-Net succeeds in our
scenario while GNNs don’t. However, we haven’t identified the model features causing
this disparity. One direction of future work is to compare the difference between
ConsLaw-Net and GNNs from the training process and loss landscape. In addition,
the Frequency Principle proposed in [67] may be a useful tool for recognizing what
kind of information GNNs can capture.

Most current research focuses on solving equations in low-dimensional spaces (under
three dimensions). However, the solution manifold of parametric PDEs is frequently
high-dimensional. One of the challenges in studying problems in high-dimensional
space is the computational complexity. While deep learning can be used in this
manifold, to do so effectively, an adequately expressive basis is essential to capture its
features. A future research direction involves using more efficient learning strategies
to train existing models. In paper V, we explore the Joint and Alternating equations
training methods for problems in two-dimensional space.

26



Bibliography

1]

2]

Nils Thuerey, Philipp Holl, Maximilian Mueller, Patrick Schnell, Felix Trost, and Kiwon Um.
Physics-based deep learning. arXiv preprint arXiv:2109.05237, 2021.

Zhengdao Chen, Jianyu Zhang, Martin Arjovsky, and Léon Bottou. Symplectic Recurrent
Neural Networks. In Proc. 8th Int. Conf. Learn. Represent. (ICLR), Addis Ababa, Ethiopia,
pages 1-23, Apr. 2020.

Qing Li, Steinar Evje, and Jiahui Geng. Learning parameterized odes from data. IEEE Access,
2023.

R.J. LeVeque. Finite volume methods for hyperbolic problems. Cambridge Texts in Applied
Mathematics, 2007.

H. Holden and N.H. Risebro. Front tracking for hyperbolic conservation laws. Springer, Berlin,
2011.

J.W. Thomas. Numerical partial differential equations. conservation laws and elliptic equations.
Texts in Applied Mathematics 33, 1999.

J.S. Hesthaven. Numerical methods for conservation laws. from analysis to algorithms. SIAM.
Computational Science & FEngineering, 2017.

D. Kréener. Numerical schemes for conservation laws. Wiley-Teubner Series Advances in
Numerical Mathematics, 1997.

M. Mishra, U.S. Fjordholm, and R. Abgrall. Numerical methods for conservation laws and
related equations. Lecture Notes, University in Oslo.

Hans Joakim Skadsem and Steinar Kragset. A numerical study of density-unstable reverse
circulation displacement for primary cementing. Journal of Energy Resources Technology,

144(12):123008, 2022.

Olga Fuks and Hamdi A Tchelepi. Limitations of physics informed machine learning for
nonlinear two-phase transport in porous media. Journal of Machine Learning for Modeling
and Computing, 1(1), 2020.

F. James and M. Sepilveda. Convergence results for the flux identification in a scalar
conservation law. SIAM J. Control Optim., 37(3):869-891, 1999.

H. Holden, F.S. Priuli, and N.H. Risebro. On an inverse problem for scalar conservation laws.
Inverse Problems, 30:035015, 2014.

M. C. Bustos, F. Concha, R. Biirger, and E.M. Tory. Sedimentation and thickening - Phe-
nomenological Foundation and Mathematical Theory. Kluwer Academic Publishers, 1999.

S. Diehl. Estimation of the batch-settling flux function for an ideal suspension from only two
experiments. Chemical Engineering Science, 62:4589-4601, 2007.

27



[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[25]

[26]

[27]

[28]

[29]

R. Biirger and S. Diehl. Convexity-preserving flux identification for scalar conservation laws
modelling sedimentation. Inverse Problems, 29:045008, 2013.

R. Biirger, J. Careaga, and S. Diehl. Flux identification of scalar conservation laws from
sedimentation in a cone. IMA Journal of Applied Mathematics, 83:526-552, 2018.

Stefan Diehl. Numerical identification of constitutive functions in scalar nonlinear convection—
diffusion equations with application to batch sedimentation. Applied Numerical Mathematics,
95:154-172, 2015.

J. Bongard and H. Lipson. Automated reverse engineering of nonlinear dynamical systems.
Proceedings of the National Academy of Sciences, 104(24):9943-9948, 2007.

M. Schmidt and H. Lipson. Distilling free-form natural laws from experimental data. Science,
324(5923):81-85, 2009.

JRGP Koza. On the programming of computers by means of natural selection. Genetic
programming, 1992.

Lynne Billard and Edwin Diday. From the statistics of data to the statistics of knowledge:
symbolic data analysis. Journal of the American Statistical Association, 98(462):470-487, 2003.

Theodore Cornforth and Hod Lipson. Symbolic regression of multiple-time-scale dynamical
systems. In Proceedings of the 14th annual conference on Genetic and evolutionary computation,
pages 735742, 2012.

Sébastien Gaucel, Maarten Keijzer, Evelyne Lutton, and Alberto Tonda. Learning dynamical
systems using standard symbolic regression. In Genetic Programming: 17th European Confer-
ence, BuroGP 201/, Granada, Spain, April 23-25, 201/, Revised Selected Papers 17, pages
25-36. Springer, 2014.

Daniel L Ly and Hod Lipson. Learning symbolic representations of hybrid dynamical systems.
The Journal of Machine Learning Research, 13(1):3585-3618, 2012.

Markus Quade, Markus Abel, Kamran Shafi, Robert K Niven, and Bernd R Noack. Prediction
of dynamical systems by symbolic regression. Physical Review E, 94(1):012214, 2016.

Harsha Vaddireddy, Adil Rasheed, Anne E Staples, and Omer San. Feature engineering and
symbolic regression methods for detecting hidden physics from sparse sensor observation data.
Physics of Fluids, 32(1), 2020.

T Nathan Mundhenk, Mikel Landajuela, Ruben Glatt, Claudio P Santiago, Daniel M Fais-
sol, and Brenden K Petersen. Symbolic regression via neural-guided genetic programming
population seeding. arXiv preprint arXiv:2111.00053, 2021.

Brenden K Petersen, Mikel Landajuela, T Nathan Mundhenk, Claudio P Santiago, Soo K Kim,
and Joanne T Kim. Deep symbolic regression: Recovering mathematical expressions from data
via risk-seeking policy gradients. arXiv preprint arXiv:1912.04871, 2019.

Steven L Brunton, Joshua L Proctor, and J Nathan Kutz. Discovering governing equations
from data by sparse identification of nonlinear dynamical systems. Proceedings of the national
academy of sciences, 113(15):3932-3937, 2016.

Hayden Schaeffer. Learning partial differential equations via data discovery and sparse
optimization. Proc. Roy. Soc. Ser. A, 473, 2017.

M. Dam, M. Brgns, J. Juul Rasmussen, V. Naulin, and J. S. Hesthaven. Sparse identification

of a predator-prey system from simulation data of a convection model. Physics of Plasmas,
24(2):022310, 2017.

28



[33]

[34]

[38]

[39]

A. Narasingam and J. S. I. Kwon. Data-driven identification of interpretable reduced-order
models using sparse regression. Computers & Chemical Engineering, 119:101-111, 2018.

K. Champion, B. Lusch, J. N. Kutz, and S. L. Brunton. Data-driven discovery of coordinates
and governing equations. Proceedings of the National Academy of Sciences, 116(45):22445—
22451, 2019.

Z. Chen, Y. Liu, and H. Sun. Physics-informed learning of governing equations from scarce
data. Nature communications, 12(1):6136, 2021.

H. Gao, M. J. Zahr, and J. X. Wang. Physics-informed graph neural galerkin networks: A
unified framework for solving pde-governed forward and inverse problems. Computer Methods
in Applied Mechanics and Engineering, 390:114502, 2022.

Q. Zhao, D. B. Lindell, and G. Wetzstein. Learning to solve pde-constrained inverse problems
with graph networks. In Kamalika Chaudhuri, Stefanie Jegelka, Le Song, Csaba Szepesvari,
Gang Niu, and Sivan Sabato, editors, International Conference on Machine Learning, ICML
2022, 17-23 July 2022, Baltimore, Maryland, USA, volume 162 of Proceedings of Machine
Learning Research, pages 26895-26910. PMLR, 2022.

Johannes Brandstetter, Daniel E. Worrall, and Max Welling. Message passing neural PDE
solvers. In The Tenth International Conference on Learning Representations, ICLR 2022,
Virtual Event, April 25-29, 2022. OpenReview.net, 2022.

Magziar Raissi, Paris Perdikaris, and George E Karniadakis. Physics-informed neural networks:
A deep learning framework for solving forward and inverse problems involving nonlinear partial
differential equations. Journal of Computational physics, 378:686-707, 2019.

Nanzhe Wang, Dongxiao Zhang, Haibin Chang, and Heng Li. Deep learning of subsurface flow
via theory-guided neural network. Journal of Hydrology, 584:124700, 2020.

Maziar Raissi, Zhicheng Wang, Michael S Triantafyllou, and George Em Karniadakis. Deep
learning of vortex-induced vibrations. Journal of Fluid Mechanics, 861:119-137, 2019.

Xiaowei Jin, Shengze Cai, Hui Li, and George Em Karniadakis. Nsfnets (navier-stokes flow
nets): Physics-informed neural networks for the incompressible navier-stokes equations. Journal
of Computational Physics, 426:109951, 2021.

Maziar Raissi, Hessam Babaee, and Peyman Givi. Deep learning of turbulent scalar mixing.
Physical Review Fluids, 4(12):124501, 2019.

Georgios Kissas, Yibo Yang, Eileen Hwuang, Walter R Witschey, John A Detre, and Paris
Perdikaris. Machine learning in cardiovascular flows modeling: Predicting arterial blood
pressure from non-invasive 4d flow mri data using physics-informed neural networks. Computer
Methods in Applied Mechanics and Engineering, 358:112623, 2020.

Maziar Raissi, Alireza Yazdani, and George Em Karniadakis. Hidden fluid mechanics: Learning
velocity and pressure fields from flow visualizations. Science, 367(6481):1026-1030, 2020.

Francisco Sahli Costabal, Yibo Yang, Paris Perdikaris, Daniel E Hurtado, and Ellen Kuhl.
Physics-informed neural networks for cardiac activation mapping. Frontiers in Physics, 8:42,
2020.

Luning Sun and Jian-Xun Wang. Physics-constrained bayesian neural network for fluid
flow reconstruction with sparse and noisy data. Theoretical and Applied Mechanics Letters,
10(3):161-169, 2020.

Yuyao Chen, Lu Lu, George Em Karniadakis, and Luca Dal Negro. Physics-informed neural
networks for inverse problems in nano-optics and metamaterials. Optics express, 28(8):11618—-
11633, 2020.

29



[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

Zhiwei Fang and Justin Zhan. Deep physical informed neural networks for metamaterial design.
Teee Access, 8:24506—24513, 2019.

Dehao Liu and Yan Wang. Multi-fidelity physics-constrained neural network and its application
in materials modeling. Journal of Mechanical Design, 141(12):121403, 2019.

Qiang Zheng, Lingzao Zeng, and George Em Karniadakis. Physics-informed semantic inpainting:
Application to geostatistical modeling. Journal of Computational Physics, 419:109676, 2020.

Xiaoli Chen, Jingiao Duan, and George Em Karniadakis. Learning and meta-learning of
stochastic advection—diffusion—reaction systems from sparse measurements. European Journal
of Applied Mathematics, 32(3):397-420, 2021.

Zhiping Mao, Ameya D Jagtap, and George Em Karniadakis. Physics-informed neural networks
for high-speed flows. Computer Methods in Applied Mechanics and Engineering, 360:112789,
2020.

Reda Snaiki and Teng Wu. Knowledge-enhanced deep learning for simulation of tropical
cyclone boundary-layer winds. Journal of Wind Engineering and Industrial Aerodynamics,
194:103983, 2019.

Liu Yang, Xuhui Meng, and George Em Karniadakis. B-pinns: Bayesian physics-informed
neural networks for forward and inverse pde problems with noisy data. Journal of Computational
Physics, 425:109913, 2021.

Jens Berg and Kaj Nystrom. A unified deep artificial neural network approach to partial
differential equations in complex geometries. Neurocomputing, 317:28-41, 2018.

Lu Lu, Xuhui Meng, Zhiping Mao, and George Em Karniadakis. Deepxde: A deep learning
library for solving differential equations. STAM review, 63(1):208-228, 2021.

Jiequn Han, Arnulf Jentzen, and Weinan E. Solving high-dimensional partial differential
equations using deep learning. Proceedings of the National Academy of Sciences, 115(34):8505—
8510, 2018.

Justin Sirignano and Konstantinos Spiliopoulos. Dgm: A deep learning algorithm for solving
partial differential equations. Journal of computational physics, 375:1339-1364, 2018.

Liu Yang, Dongkun Zhang, and George Em Karniadakis. Physics-informed generative adver-
sarial networks for stochastic differential equations. SIAM Journal on Scientific Computing,
42(1):A292-A317, 2020.

Zichao Long, Yiping Lu, Xianzhong Ma, and Bin Dong. Pde-net: Learning PDEs from data.
In International Conference on Machine Learning, pages 3208-3216. PMLR, 2018.

Zichao Long, Yiping Lu, and Bin Dong. PDE-Net 2.0: Learning PDEs from data with a
numeric-symbolic hybrid deep network. Journal of Computational Physics, 399:108925, 2019.

Qing Li, Jiahui Geng, and Steinar Evje. Identification of the flux function of nonlinear
conservation laws with variable parameters. Physica D: Nonlinear Phenomena, 451:133773,
2023.

Qing Li and Steinar Evje. Learning the nonlinear flux function of a hidden scalar conservation
law from data. Network Heterogeneous Media, 18:48-79, 2023.

V. Iakovlev, M. Heinonen, and H. Ldhdesméki. Learning continuous-time pdes from sparse
data with graph neural networks. In 9th International Conference on Learning Representations,
ICLR 2021, Virtual Event, Austria, May 3-7, 2021. OpenReview.net, 2021.

Fangzheng Sun, Yang Liu, Jian-Xun Wang, and Hao Sun. Symbolic physics learner: Discovering
governing equations via monte carlo tree search. arXiv preprint arXiv:2205.13134, 2022.

30



[67] Zhi-Qin John Xu, Yaoyu Zhang, and Tao Luo. Overview frequency principle/spectral bias in
deep learning. arXiv preprint arXiv:2201.07395, 2022.

31



32



Paper I:
Learning Parameterized ODEs
from Data

Qing Li, Steinar Evje, Jiahui Geng

IEEE Access 11 (2023): 54897 - 54909
doi = https://ieeexplore.ieee.org/document/10143183

33


https://ieeexplore.ieee.org/document/10143183




IEEE Access

Multidisciplinary : Rapid Review : Open Access Journal

Received 18 April 2023, accepted 27 May 2023, date of publication 2 June 2023, date of current version 7 June 2023.

Digital Object Identifier 10.1109/ACCESS.2023.3282435

==} RESEARCH ARTICLE

Learning Parameterized ODEs From Data

QING LI1, STEINAR EVJE'!, AND JIAHUI GENG “2, (Graduate Student Member, IEEE)

! Department of Energy and Petroleum Engineering, University of Stavanger, 4021 Stavanger, Norway
2Department of Electrical Engineering and Computer Science, University of Stavanger, 4021 Stavanger, Norway

Corresponding author: Qing Li (ging.li@uis.no)

This work was supported by the Department of Energy and Petroleum Engineering at the University of Stavanger, under Grant IN-12570.

ABSTRACT In contemporary research, neural networks are being used to derive Ordinary Differential
Equations (ODEs) from observations. However, parameterized ODEs pose a more significant challenge
than non-parameterized ODEs since the networks are required to understand the roles of the parameters,
i.e., the structure of the equations. This paper proposes a novel approach by combining Symbolic Neural
Network (S-Net) with ODE Solver to solve this issue. First, S-Net learns the structure of the parameterized
ODEs and then predicts the dynamics based on the new parameters with the new initial states. To assess its
performance, we compare our approach with a widely used Ordinary Neural Network (O-Net) that directly
learns and predicts ODEs. Our numerical experiments demonstrate that our approach outperforms O-Net

when applied to the Lotka-Volterra and Lorenz equations.

INDEX TERMS Parameterized ordinary differential equations, neural networks, ODE solver.

I. INTRODUCTION

The combination of deep learning and differential equations
is a highly promising research direction. Deep learning can
help uncover the underlying differential equations governing
the behavior of many systems, such as electromagnetism,
aerodynamics, weather prediction, and geophysics. Dif-
ferential equation-guided network design can significantly
improve model interpretability and generalization perfor-
mance. The potential impact of this approach on scientific
discovery and innovation is immense.

Chen et al. [1] introduced Neural Ordinary Differential
Equations (NODEs), a new family of deep networks. They
used a neural network to parameterize the derivative of the
hidden state, serialized the neural network layers and param-
eters, and used the adjoint ODE method to optimize the neural
network instead of back-propagation, which saved memory.
Their work inspired research on variants of NODE meth-
ods, such as [2] and [3]. Other studies have also explored
the potential of neural networks to learn and solve differ-
ential equations. For example, Chen et al. [4] proposed the
Symplectic Recurrent Neural Network (SRNN) to capture
the dynamics of physical systems from regularly observed
data. Raissi et al. [5] introduced physics-informed neural net-
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works (PINN5s) to solve data-driven solutions and data-driven
discovery problems of partial differential equations (PDESs).
Long et al. [6], [7] proposed PDE-Net, a feed-forward deep
network that predicts the dynamics of complex systems
and uncovers the underlying hidden PDE models. PDE-Net
implemented Symbolic Neural Network (S-Net) to learn the
structure of PDEs and demonstrated powerful learning abil-
ity. Similarly, [8], [9] also proved the competitive general-
ization capability of S-Net. These works show the potential
of deep learning in solving PDEs and discovering hidden
models.

Parameterized ODEs are a class of ODEs with solutions
that vary with parameters, representing multiple dynamics
specified by input parameter instances. They have been
extensively studied in computational science and engineering
domains, such as fluid dynamics and the ideal pendulum sys-
tem. In critical situations, computing high-fidelity solutions
of parameterized ODEs is necessary, either for numerous
input parameter instances or initial states. Data-driven meth-
ods have been used in recent years to estimate the evolution
of dynamical systems over time, including different initial
conditions [10] and system parameters [11]. To learn the
latent dynamics of complex dynamical processes in computa-
tional physics, Lee and Parish [11] proposed encoder-decoder
parameterized NODEs (PNODEs). Shimizu and Parish
[12] presented the windowed space-time least-squares

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/ 54897
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Petrov-Galerkin method (WST-LSPG) for model reduction
of nonlinear parameterized dynamical systems. WST-LSPG
divides the time simulation into several windows and sequen-
tially minimizes the discrete-in-time residual within its own
unique low-dimensional space-time subspace. Lee and Trask
[13] introduced POUNODEs, a new variant of NODEs with
evolving model parameters. They modeled the evolution
using partition-of-unity networks, allowing for greater flex-
ibility in capturing the dynamics of complex systems.

To the best of our knowledge, the majority of existing
approaches for solving parameterized ODEs rely on black-
box methods, which employ neural networks directly to
simulate its behavior and make predictions. Our proposed
approach, on the other hand, aims to gain a deeper under-
standing of the underlying mechanics of the dynamic system
by first learning the structure of the ODEs. This understand-
ing enables us to predict the behavior of the dynamical system
more accurately and efficiently for new parameters and initial
states compared to black-box methods. The contributions of
this work are summarized as follows:

e Our proposed framework combines S-Net with an
ODE solver to learn parameterized ODEs. This novel
approach enables accurate and efficient modeling of the
dynamics of complex systems, even when the properties
of the governing equations vary across multiple input
parameters.

« To evaluate our approach, we compare its performance
with that of a baseline model, O-Net, which represents
a black-box approach. We empirically demonstrate the
advantages of our proposed framework in terms of both
accuracy and interpretability.

The remainder of this paper is organized as follows:
Section II presents related works. The considered parameter-
ized ODEs problem and the ODE Solver are briefly intro-
duced in Section III. Section IV illustrates the proposed
approach. We evaluate the performance of our method on two
case studies: the Lotka-Volterra Equation in Section V and
the Lorenz Lotka-Volterra Equation in Section VI. Finally,
in Section VII, we summarize our findings and discuss
potential avenues for future research.

Il. RELATED WORK

Several studies have explored the use of Gaussian process
regression to develop tailored functional representations for
a given linear operator [14], [15], [16]. However, the local
linearization of nonlinear terms in time and prior assump-
tions of Gaussian process regression limit the representation
capacity of the model. Sparse regression, discussed in [17],
[18], [19], and [20], overcomes this limitation by developing
a dictionary of basic functions and partial derivatives that can
accurately represent the data using sparsity-promoting tech-
niques. However, the predictive and expressive capabilities
of the dictionary are restricted since the sparse regression
method necessitates predefining specific numerical approx-
imations for spatial differentiation.

54898
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Mesh-based simulations have recently shown significant
progress [21], [22], surpassing grid-based convolutional neu-
ral networks (CNNs) in terms of runtime and exhibiting
greater adaptivity to the simulation domain. While sev-
eral methods, such as AntisymmetricRNN [23] and the
continuous-time Gated Recurrent Unit with a Bayesian
update network [24], have leveraged the stability of underly-
ing differential equations to capture long-term dependencies,
they did not address the challenge of learning the expres-
sion of the equation to gain a deeper understanding of the
underlying mechanism behind the observed data. In another
work [25], the authors learned the unknown parameters of
the ODE system by constructing certain time-related features,
but this method did not address the expressiveness of the
equation.

1lIl. KNOWLEDGE

In this section, we’ll define parameterized ODEs and dif-
ferentiate them from non-parameterized ODEs. Additionally,
we’ll introduce the ODE Solver, a crucial component in our
approach.

A. NON-PARAMETERIZED AND PARAMETERIZED ODES
Assume that ODEs take the following generic form, which
is usually used to describe some physical dynamics with
different functions f(s, p, r, @, B, ), g(s,p, r, , B,~) and
h(s,p. 7., B, ),

ds

? =f(s,p,r.a, B,7),

o =g(s,p,ro, B, ), (D
[7: =h(s,p,r,a, B,7).

Here, we consider the nonlinear ODE system with indepen-
dent variables s, p, and r, and initial states sg, po, and rg at time
to. The system also involves parameters «, 8, and y, where
t € (0, T] represents the time interval of interest.

In non-parameterized ODEs, parameters such as «, 8, and
~ remain fixed during both model training and prediction,
whether they are known or unknown. Thus, we assume that
a = ay, B = B1, and v = 71, and denote the observations as:

fixed o d
z = {(S(ti,%,p{), o> @ty Bl Y1), P(tis Sy, Pys Tg» @1, B

x 1), F(ti; é{),p{), Vé,al, ,1‘31,71))
,M}.

i=1,..., Nopbs,
2

The observations are denoted by a set of Ngps > 0 time
points, and the number of initial states is denoted by
M > 0.1If (s3,p5. 1) € (o)l = 1,...M},
we predict (st 5§, pi. i a1, Br Y1), p(tss S5, P 1 2,
B, ), r(tss 85, pgs 1§ @1, B, 1)) At ty >ty Other-
wise, we predict the dynamics at #, € (0,T]. The
non-parameterized ODEs problem has been widely studied
in [2], [3], and [4].

xj=1,...
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FIGURE 1. Schematic diagram of the framework. Initial states sg, po, ro and parameters «, g, y are fed into
the ANN model to predict the derivatives of s, p, and r with respect to time. These derivatives combined
with initial states sq, pg, ro will be further fed into the ODE Solver to obtain the next state s;, p;, ry, and so

on. Finally we will get the trajectories of S = {sg, sy, ...57}, P ={po,P1,...,Priand R ={rg,ry,...,rr}.
Concerning the parameterized ODEs problem, the obser- X7 in a city can be modeled as
vation data ds
- = f(s7 p’ w)’
' o o & @)
zvanadle — { (S(ti; S0+ Pos To» ks Bics W), P S5 oy 75 a —8EPw

g . In this context, the number of cars at positions x; and x are
X ok, B W)» rtis Sy Plys T ks B k))l=1» ’ Sap L
P nro p6 0 P, represented by s and p, respectively, and the traffic flow
S Nobs,j=1,....M,k=1,...,K}, changes over time at these locations are modeled using func-
3) tions f and g. Here, r € (0, 24] denotes a day for a cycle,

is generated by different parameters (o, B, k) at some
specified time #; on different initial states (sh, p’o, r(])). Here,
we define K > 0 as the number of parameters, Nops > 0 as
the number of observation time points, and M > 0 as the
number of initial states.

In the scenario of parameterized ODEs, if (so, po, rO) €

{(sh. po- )i = 1....M} and (o, Bsr 74) € {(o. Bic W)
k=1,...K}, we predict (s(t*; 502 P30 70> Oes B Vi) Pt
S0s Pos Tos s Baos W) (13 55, PYs 70+ s By 1)) At 1y >
Ny, - Otherwise, we predict the dynamics at ¢, € (0, T'].
Parameterized ODEs find applications in various scenar-
10s. For instance, in [26], different parameters associated with
the ODEs represent distinct strategies for regulating cancer
tumor progression behavior. Given patient data describing the
evolution of a tumor, it would be advantageous to obtain the
functional form of the ODE system underlying this complex
system, both for the state variables and parameters. Subse-
quently, once we have constructed the functional form of the
ODE system using a neural network, we can directly compute
solutions of the ODE for new initial states and parameter sets.
Traffic flow problems represent another common application.
Changes in traffic flow over time at two specific locations x1,
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and the vector w represents external factors that influence
traffic conditions, such as weather, temperature, and so on.
We assume that the external factors w change daily, but the
expressions for f and g remain constant as the mechanism by
which each factor affects traffic flow remains the same. Once
we obtain the correct analytical formulas, we can accurately
predict the system.

This approach is effective for discrete chaotic maps,
using the Logistic map as an example. The Logistic map is
a straightforward, one-dimensional discrete-time dynamical
system characterized by the following equation:

®)

Here, x is the state variable at time step n, and -y is a parameter.
We can employ the proposed method to learn the expression
on the right side of (5), which means that the input of the
S-Net consists of both v and x.

Xn1 = YXu(1 — xp).

B. ODE SOLVER

The ODE Solver, also known as a numerical integrator,
iterates a numerical scheme to obtain improved approxima-
tions of the solution. There exist works dedicated to design-
ing numerical integrators that produce more accurate solu-
tions [27], [28]. Typically, the ODE Solver is employed to
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dz

approximate the true solution of the form % F(z, 1)
based on the initial state zg, where F(z, t) is a vector func-
tion. Considering the parameters are variable, parameters
o, B, and ~ can not be embedded in F in our problem.
So F can be expressed in the form of F(z,t,a, 8,7) =
(f(zs t,a, ﬁs 7)9 g(Z, 1, a, ﬂv V)s h(Z, t,a, :3’ ’Y)) and Z(t; 20,
o, B.y) ={s(t: z0, &, B, 7). p(t; 20, . B, 7). r(t: 20, @, B.Y)}-

In this paper, we begin with Euler integrator [29], a popular
choice due to its simplicity, as demonstrated in previous
works [1], [2], [13]. Euler method also facilitates a fair com-
parison with black-box methods. Given the state z, at time
point #, = fy + nAt, the state at the next time point can be
computed using the following formula:

(6)

The time step size, denoted by At, is a crucial parameter
in numerical methods for solving ODEs. Specifically, Euler
method can generate unstable solutions for stiff ODE sys-
tems unless a very small At is employed, as noted in [30].
To maintain solution stability in our experiments, we metic-
ulously select an appropriate value for Ar. In Appendix A,
we present a rigorous proof of the convergence of Euler
method, which is essential for understanding the accuracy
of numerical solutions. Our approach can also be adapted
to learn unknown functions using semi-implicit solvers with
appropriate modifications. In Appendix B, we provide a brief
explanation of how to make the necessary adjustments to fit
semi-implicit solvers.

Zn+l =2Zn + AIF(Z,,, Iy, o, ,3» '7)-

IV. OUR APPROACH

A. PIPELINE )

‘We use initial states Zg = {z{)[j =1,....M ] and parameters

W = {(ak, Bk, )k =1,..., K} for the training process.

Following the work [1], we let the right side of ODEs be a

parametric function Fy(z, «, B, v), where z = (s, p, r) and 6

is the vector of parameters of the neural net\xork. After train-

ing, trajectoriesz = {ﬁo(ti; zh, o, Bk 'yk)]A OT are generated
. 1=

based on initial state z{) € Zp, parameters (o, Bk, k) € W

and 0, i.e.,

2o (ti5 20y, ks Bre, V&) =20 (tim1; 24y, iy B, V)
+ AtFy (zo(tFl;Z],Olk,ﬂka’Yk)a

X ey Brs Vi) 5 (N

wherei =1, ..., Nobs. )
Given a series of observations Z = (z(t,-; z, g, Br, Yi)li €
{I,....,Nops},je{l, ....M},kell,...,K}}, we esti-

mate the parameter @ by minimizing the error between the
observed trajectories Z and predicted trajectories Z, denoted
as

Nobs M K

[data — Z Z Z 1Zo (t; 26, e, Brs i)}

i=1 j=1 k=1
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Algorithm 1 Algorithm for Solving the Parameter-
ized ODEs Problem
Input: Nyps: the number of observation time points;
Integrator: ODE Solver; Zy: initial state set; W:
parameter set; Fg(s, p, r, @, B, 7): neural network;
0¢: initial parameters of neural network; Z: observed
trajectories of initial state Zy and parameters W;
Nepochs: the number of epoch; At: time step; L: loss
function
Output: Z: estimated trajectories of initial state Zy and
parameters W; Fy«: the trained neural network

0 =20

fori=1,..., nepochs do

Z =]

forj=1,...,M do

Select one element (s{), p{), r(’)) from Z
fork=1,...,Kdo

Select one element (ak, Bk, Yk) from W
fori=1,..., Nyps do

(@ dp ﬂ) -

dt> dt> dt”/,

Fo(Sﬁ,l,p’,»,l, d,l,ak, B> i)

5{: = integrator(si.__l, At, %)
P, = integrator(p,_,, At, )
rl( = in‘teg'rat(l)r(r{il, At, %)
Add (s}, p}. T 10 Z.
end
end

end
Loss=L(Z,2Z)
Update parameters 6 based on Loss

end

®)

Inspired by [7], we also add the regularization term LSN¢t to
the loss function to avoid overfitting and enhance the gener-
alization capability of the model. LSN¢ is defined as (9),

— 2t 2y s B Y l2.

LSN =" LK), )
pEGLS-Nel
s

x| — =, if|x]>s
where I5(x) = { | 2 and s = 0.001.

—xz, otherwise

s
Ldata gng 1.5-Net congtitute the loss function L, that is

L = Ldata + LS—Net' (]0)

Figure 1 provides a detailed illustration of how to generate
a trajectory based on the initial state zo (s0, po, ro) €
Zy and parameters (o, 8,y) € W. Herein, we denote
si = s(tiyzo, o, B,7), pi = p(ti;zo,, B,7) and 7;
r(t; 20, o, B, 7y) to represent the states of s, p and r at time
t;. Algorithm 1 illustrates the pipeline for solving the param-
eterized ODE problem. We back-propagate the loss and use
it to update the parameter #, which allows us to obtain the
best 8*. This value represents the ODE system and enables
us to predict the dynamics based on new initial states and
parameters.
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dp dr
dt dt
( Layer 6(1): Number of nodes 1 } Layer 6(2): Number of nodes 1 J [ Layer 6(3): Number of nodes 1 ]

Layer 5(1): Number of nodes 512, |( Layer 5(2): Number of nodes 512, |( Layer 5(3): Number of nodes 512,
Activation function Tanh L Activation function Tanh Activation function Tanh

—
e
ottt s
T

FIGURE 2. Schematic diagram of the O-Net. States of s, p, and r and
parameters of «, 3, v are the input vector. The input vector goes through a
four-layer network structure Each layer has 512 units and a relu function.

There are three parts for P and 9 respectrvely after four layers. Each
part has two layers: the flrst gyer has 512 units with the tanh activation
function, and the second layer outputs the derivatives of ds, ?1% and %

Algorithm 2 O-Net
Input: s, p,r,a, B,7veR
. ds dp d

Output: &, 7, &

y1 :relu(w£(s NS Ol 5 ’7) +by),
w1 GRGXSI b G]R

ya = reluwl y; + by),

Wo € R512x%12 b, € R312x1,

y3 = relu(w3 2 +b3),

w3 € RS]ZXS]Z bs e R512><1

ya = reluwl y3 + by),

= RSIZX%IZ b c RSIZXI.

ys1 = tanh(w S;fyzt +bs1),
ws; € R512x 51 € RS12x1,
ys52 = tanh(w 5;2y4 +b52)
W52€R512X 12 b GRSIZX];

¥s53 = tanh(w ?y4 +b53)

Ws3 € R512x§ 5 € RSI2x1,

& — w61y51 +b61 w61 e RSI3x1, be1 € R;
*’; =whys: +ber. wez € R312X! by € R;
G =wliys3 + b3, wes € RO12X! bz e R;

B. ARTIFICIAL NEURAL NETWORKS:O-NET AND S-NET

In Algorithm 1, we can use any form of the neural net-
work, but we adopt the O-Net as our baseline, which is
commonly used for regression tasks without exploring the
underlying mechanism connecting inputs and outputs. How-
ever, to learn the combinations of different variables and
parameters, we design S-Net, inspired by [6], [7], [8], and
[9]. Unlike O-Net, S-Net first learns the analytic expression
of ODEs and then predicts the dynamics. Notably, S-Net has
no activation functions, and the most significant difference
between O-Net and S-Net is the mapping between units in
the layers.

1) O-NET

O-Net uses fully connected layers to learn the mapping from
low to high-dimensional space and uses activation functions
to learn the nonlinear relationship. Consider an O-Net with
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ds dp

four shared layers and two unique layers for %, 7 and
‘jj—;, as illustrated in Figure 2. To better understand O-Net,
which is usually used for regression, we present a mathe-
matical description in Algorithm 2 showing how O-Net is
constructed.

O-Net is ineffective in solving variable parameters ODEs
problems as it fails to capture the role of parameters.
Although both parameters and variables are treated as input
features, they behave differently. Specifically, at each time
point, the input vector is (g, «, 8, 7y), where z changes over
time while (o, 8, v) do not. As a result, it is challenging for
a, B, 7y to find appropriate weights in a fully connected neural
network, making it difficult for O-Net to effectively learn the
underlying dynamics of the system.

2) S-NET

S-Net possesses the ability to learn analytical expressions
that can generalize to new domains effectively. The primary
distinction between O-Net and S-Net lies in their layer-unit
mapping, where S-Net is designed to capture the interaction
between various variables and parameters efficiently. This is
accomplished through two types of transformations: identity
and linear combination maps, which enable S-Net to learn the
underlying dynamics of the system accurately.

As an example, consider a two-layer S-Net that aims to
learn the function f € F in (1), as illustrated in Figure 3.
With the appropriate number of layers, S-Net can represent all
polynomials of the variables (s, p, r, «, 8, 7v). Herein, we only
use addition and multiplication operators in S-Net. If neces-
sary, we can add more operations to the S-Net to increase
the capacity of the network. To better understand S-Net,
we present an example in Algorithm 3 showing how S-Net
is constructed. Particularly, we illustrate the learning process
of as — Br using S-Net in (11), (12), (13), (14), and (15).

Groen” =wi x [s,p.roa Boy]

s
p
1 0 0 0 0 0 r
_[000100}Xa’ an
B
Y
fi =é161 = as, (12)
&2, )" =wa x [s,p,r e, B, v.as ]’
- A
p
_foo 100 o0 0] |/
o 0o 0o 0 1 0 0 :
B
g
(13)
Jo = b2 = Pr, (14)
w3 x [s,p.roa, Bv.as pr]
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[ Mdenity Map | x
- ]10 00060 60 6 ©
Layer

&)

*
10 0 00 0 6 O (-]
Hidden Layer
Output Layer -

FIGURE 3. Schematic diagram of the S-Net. The identity map directly
transfers s, p, r, «, B, v from input layer to the first hidden layer. The
linear combination chooses two elements remarked by §; and ¢; from
the input vector using w; and b . The expressions f; = §yejand f; = }:
correspond to the multiplication and division of two elements,
respectively. We only implement the multiplication operation in this
work. Apart from s, p, r, «, B and ~ gotten by the identity map, f; will also
be input to the second hidden layer. Similar to the first hidden layer,

we get the further combination f, = §,¢, by wo and bs. Finally, we obtain
the analytic expression of function f. It is necessary to enforce the
sparsity of S-Net since it helps reduce overfitting and enables more
robust predictions.

s
p
r
o

=[0000001_1]Xﬁ
0
as
LA ]

=as— fBr. (15)

Our analysis of as — fr reveals that the sparsity of S-Net
is a critical factor. Therefore, we introduced a regularization
term into the loss function to promote model sparsity, as dis-
cussed in section IV-A.

V. NUMERICAL STUDIES: LOTKA-VOLTERRA EQUATION
The Lotka-Volterra model is frequently used to describe the
dynamics of ecological systems where two species inter-
act. [31] shows that cannibalism has both positive and nega-
tive effects on the stability of the Lotka- Volterra predator-prey
model. It depends on the dynamic behaviors of the original
system.

In this section, we consider Lotka-Volterra Equation (16),
where different ecological systems have different parameters
of @, B, § and ~y and initial states of xo and yo,

d.

= =ax - B,

4 (16)
— =5 .

d Y+ yxy

The Euler integrator simulates ground truth trajectories in
both training and testing stages with the time step At = 0.1,
which empirically meets the stability requirements. The train-
ing and testing data consist of 150 and 33 trajectories, respec-
tively, each of which starts from random initial state (xo, yo)
in the interval [0.6, 1.4] and parameters of («, 8, §, 7) in the
interval ([1.0, 2.0],[0.5, 1.5], [2.5, 3.5], [0.5, 1.5]) respec-
tively. There is no overlap between the training and test data.
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Algorithm 3 S-Net

Input: s, p,r,o, B,7v e R
Output: F

Gr.eD)” =wi(s,pr.a, B, +by,
w) € R2X6,b| c RZXI;

fi= 51;1; ,

(62, 82)" =wa(s,p,r.a, B.7. 1) +b2,
wy € RZX7,b2 e R2x1,

fo = de; ,
F:W3(S, rr’ayﬁs’}/vflyfz) +b3s

w3 e RI¥8 ps e R;

The performance of O-Net and S-Net could get improved
with a reasonable increase in the number of time points, i.e.,
Nobs, in the training data. We set four group experiments on
training data with Nops = 10, 15, 20, and 25. If the number
of observation points is too large, it will also hurt the effec-
tiveness of the model. Once there are too many observations,
the accumulated error will be too large for one trajectory,
which is not conducive to model training. We train S-Net
with the L-BFGS optimizer [32] and use maximum iterations
of 30000, a batch size of 150. We train O-Net with ADAM
optimizer [33] for 5000 epochs using a batch size of 50, and a
learning rate of 5e-3. We predict trajectories based on various
initial states and parameters on ¢ € (0, 10].

A. RESULTS AND DISCUSSIONS

Our study shows that S-Net is able to effectively recover
the ODEs for the unknown variables of x and y, as well as
the parameters o, B, §, and . We use the notation My,
to represent the model trained on training data with Nops
time points. The results, summarized in Table 1, demonstrate
that we are able to accurately recover the terms of (16).
We observe that increasing the number of time points within a
specific range results in higher model accuracy. Specifically,
we find that when My, = 25, the coefficients of ax, Bxy,
8y, and yxy match those of the true equation. Additionally,
we find that the terms not included in (16) have relatively
small coefficients.

To evaluate the ability of the models to generate
correct trajectories for new initial states and parame-
ters, we feed 33 testing trajectories into the well-trained
models and obtained predicted trajectories. Figure 4
shows the results of S-Net and O-Net with Ngps
10, 15, 20, 25 for a specific test example (xg, yo, @, B8, 8, )
(0.71468, 1.01860, 1.10023, 1.17939, 2.78173, 1.18328).
We find that S-Net can accurately predict the trajectory in
the period of ¢+ € [0,80A¢t] = (0, 8], but its accuracy
decreases when ¢t € (8, 10]. However, we observe that
increasing the number of time points used in the training
process improves the prediction of the S-Net of long-time
dynamics. Specifically, S-Net trained on My, = 25 predicts
with higher accuracy for ¢ € (8, 10] than S-Net trained on
My, = 10. On the other hand, O-Net performs poorly in all
four cases, even though it performs well in the early stages
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FIGURE 4. Lotka-Volterra: Testing results on (xq, ¥, «, 8, §, 7) = (0.71468, 1.01860, 1.10023, 1.17939, 2.78173, 1.18328) by S-Net and
0-Net with time points 10, 15, 20 and 25 for the x-component (left) and y-component (right). In each plot, the horizontal axis indicates
the time of prediction in the interval (0, 100A¢] = (0, 10], and the vertical axis shows the values. The solid red line is the ground truth.
The blue and orange dashed lines show the O-Net and S-Net results, respectively.
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FIGURE 5. Lotka-Volterra: Prediction errors of the O-Net(orange) and S-Net(green) with different training
time points 20 and 25. In each plot, the horizontal axis indicates the time of prediction in the interval

(0, 100A¢t] = (0, 10], and the vertical axis shows the errors. The banded curves indicate the 25% — 100%
percentile of the relative errors among 33 test samples. The dark regions indicate the 25% — 75%
percentile of the relative error, which shows that S-Net performs significantly better than O-Net. The
upper row is for variable x and the bottom low is for variable y.

for a short period, its predictions often deviate significantly
from the actual trajectory. In some cases, O-Net even predicts
trends that are opposite to the actual situation. Therefore,
we conclude that S-Net has a stronger generalization ability
than O-Net.

We define the error between observations Z and predic-

tions Z as € 1Z — 2||2. The error plots are shown in
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Figure 5 for two different time points, 20 and 25. In both
cases, the error of O-Net is significantly larger than that of
S-Net. For example, in Figure 5(c), we can observe that the
error of O-Net sharply increases over time and soon reaches
500. In contrast, the error of S-Net increases at a relatively
slower rate and reaches a maximum of approximately 100.
Specifically, Table 2 shows the error of S-Net and O-Net for
different models. The error of O-Net can be five or six times
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TABLE 1. Lotka-Volterra identification with different time points.

TABLE 3. Lorenz identification with different models.

dz dzx
— = az — Bzy, — =0y —ox,
True ODEs t &
i = —6y + vy, True ODEs ? =xp—xz— Y,
d z .
dl — 0.996az — 0.9888zy - =B
+0.001742:% — 0.0011685y — 0.001058z di = 0.99907y — 0.9990z
]\/[Nobs:1O dy dt 7Y
5 = 09978y +0.98Tyay J —0.003¢ + 0.0004030z — 0.00043
—0.00101zy 4 0.000967yy + 0.000939z%y My —a d—:[: = 1.0zp — 0.84522
d obs _ v — _
d—w = 0.998ax — 0.98958zy dz 0.579y — 0.0928zy — 0.0119py
" —0.001658z2y — 0.001158z — 0.000996zy 2524059y
Nobs=15 dy ) +0.0614z — 0.01268 + 0.01220
— = —0.9976y + 0.987yxy dz
¢ 0.00101 0.000967y + 0.0009392> w9999y = 0.9990w
— 2y + 0. vy + 0. zy —0.001830 — 0.0005298 + 0.0002960 =
o = 0999z — 0.9968zy o dy  _ 1.02p — 0.9292
My o0 . —0.00110zy — 0.000948aBzy — 0.000707 Bz Nobs =6 d 0.904y — 0.01833y — 0.00282py
obs = A d L.
di/ = —0.9986y + 1.0yay d{ = —0.9668z + 0.3658zy
—0.0006216~vy + 0.000530y + 0.000442ay +0.3588y + 0.1728z — 0.1308%y
dx dx
i = 1.0z — 1.0Bzy d—: = 0.9970y — 0.9960x
) +0.000764c — 0.0006838y — 0.000652( —0.001585 — 0.000392022 — 0.000362z
M gy=25 dy dy
— = —1.06y + 1.0vzy My, —10 il 1.0zp — 0.979z2
obs = .
—0.0377yy + 0.0203y + 0.0112+%y & —0.980y — 0.00403zy — 0.001248x
= = 0.9936z +0.988zy
aa. 2
TABLE 2. MSE of S-Net and O-Net for equations of different models. = +0.001735zy + 0.00101y + 0.000909y
ditl =1.00y — 1.00z
—_ 5 — -
Lotka—Volierra Lorenz i 0.000905y — 0.000392 — 0.000282zy
— = 1.0zp — 0.998xz
Model | O-Net | S-Net Model | O-Net S-Net M, =20 dt 0 (ﬁ)’;’ %géi)i)ga 0.000708
—0.997y — 0. x — 0. Ty
Mp,, 10| 302.70 | 58.99 | Mp, —4 | 3119.18 | 415.95 dz )
My, —15] 6816 | 56.18 | Mn, — | 40289 | 8.87 G = 0999my = 09970
Nop=15| D% : Now=6 : : 40.000818z2 + 0.000562yz — 0.0004052
My, =20| 32.81 1035 | My, =10| 417.71 2.29
Mpy,,—25| 12.95 2.20 Mp,,—20| 1031.48 | 1.98

that of S-Net when My, is 10 or 25, respectively. Clearly,
S-Net performs significantly better than O-Net, suggesting
that proper discretization is crucial when the ODE structure
is unknown. Appendix C presents the findings of three other
cases using different models obtained by My, = 10, 15, 20,
and 25, respectively.

VI. NUMERICAL STUDIES: LORENZ EQUATION

In this section, we consider Lorenz Equations (17) where
different ecological systems have different parameters o, p
and B and initial states xg, yp and zg.

dx

7 =o(y—x),

-9 a7
d—i =xy — Bz.

Both the training and testing data consist of 150 and 60 tra-
jectories, respectively, simulated by the Euler integrator with
a time step of Ar = 0.01. The initial states and parameters
are randomly selected from the intervals [0.8, 1.2], [0, 0.2],
[0,0.3], [5,15], [23, 33], and [2, 3], respectively, without
any overlap between the two sets. We conduct four group
experiments on the training data with different numbers of
time points: 4, 6, 10, and 20. For training S-Net, we use the
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L-BFGS optimizer with a maximum of 50,000 iterations and
a batch size of 150. For training O-Net, we use the ADAM
optimizer with a learning rate of Se-3, a batch size of 100,
and 5,000 epochs. We predict trajectories for various initial
states and parameters on the time interval 7 € (0, 1].

A. RESULTS AND DISCUSSIONS

Table 3 presents the capability of the trained S-Net to identify
the underlying ODE model, showing the top five terms of
coefficient weights recovered by S-Net with certain accuracy.
Notably, when My, = 20, the coefficients of oy, ox, and
xp match those of the true equation with high precision.
The coefficients of the remaining four terms, namely xz, y,
xy, and Bz, deviate only slightly from the true values, with
a maximum difference of 0.01. These results demonstrate
the effectiveness of S-Net in recovering the underlying ODE
model.

We evaluate the predictive performance of S-Net and
O-Net on (17) using 60 testing trajectories and obtain
corresponding predictions from the trained models. Fig-
ure 6 shows the results of S-Net and O-Net with Nops =
4,6, 10, 20 for a specific test example (xo, Yo, 20, 0, p, B) =
(0.82841, 0.14785, 0.17099, 12.39551, 32.03720, 2.67205).
We predict the trajectories of x, y and zon ¢ € (0, 100A?] =
(0, 1] using the learned models. When My, = 4, both
O-Net and S-Net predictions are very poor. As the number
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FIGURE 6. Lorenz: Testing results on (xq, ¥o, Zg, 0, p, B) = (0.82841, 0.14785, 0.17099, 12.39551, 32.03720, 2.67205) by S-Net and O-Net with time
points 4, 6, 10 and 20 for the x-c t (left), y-c t (middle) and z-component (right). In each plot, the horizontal axis indicates the time
of prediction in the interval (0, 100A¢] = (0, 1], and the vertical axis shows the values. The solid red line is the ground truth. The blue and orange
dashed lines show the O-Net and S-Net results, respectively.
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FIGURE 7. Lorenz: Prediction errors of the O-Net(orange) and S-Net(green) with different training time points 4, 6, 10, and 20. In each
plot, the horizontal axis indicates the time of prediction in the interval (0, 100A¢t] = (0, 1], and the vertical axis shows the errors. The
banded curves indicate the 25% — 100% percentile of the relative errors among 60 test samples and the dark regions indicate the
25% — 75% percentile of the relative error.

of time points increased, the performance of S-Net improve
significantly, but the performance of O-Net remain almost
unchanged, as shown in Figures 6(b), 6(c), and 6(d). Even
in the initial stages of each subfigure, O-Net was unable to
perform well.

The error plots for four different time points (4, 6, 10, and
20) are presented in Figure 7. In each case, O-Net exhibits
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significantly larger errors than S-Net. For instance, consider
Figure 7(1). The error of O-Net increases sharply with time
and soon reaches 1400, while the error of S-Net increases
relatively slowly with time and reaches a maximum of about
100. Table 2 shows the errors of S-Net and O-Net of various
time points. The error of O-Net can be up to a thousand
times larger than that of S-Net. Clearly, S-Net outperforms
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FIGURE 8. Testing results on (xq, yg, «, 8, §, 7) € {(1.03591, 0.71055, 1.64399, 0.73789, 2.63207, 0.58110), (1.34048, 1.08388, 1.29828, 1.44437,
3.24866, 0.58960), (1.39070, 1.15958, 1.20000, 1.01820, 3.32212, 0.93040)} by S-Net and O-Net with time points 10, 15, 20 and 25 for the x-component

(left) and y-component (right).

O-Net significantly. We provide the findings of two other
cases using different models obtained by Nyps = 4, 6, 10, and
20, respectively, in Appendix D.

VII. CONCLUSION

Exploring parameterized ODEs is a broad area in computa-
tional science and engineering. Parameterized ODEs prob-
lems are particularly challenging to solve because the solu-
tions to these problems can vary with the parameters used.
Black-box methods offer some insights, but their general-
ization performance is often subpar due to a limited under-
standing of underlying mechanisms. To address this issue,
we propose a novel framework that combines the S-Net
with an ODE Solver to learn parameterized ODEs. Unlike
the black-box O-Net method that simply fits the observed
data, S-Net learns the expressions of the equations based on
the observed data. We use the Euler method as the ODE
Solver due to its simplicity. Experiments show the S-Net
framework surpasses the O-Net method in learning parame-
terized ODEs, evidenced by superior efficiency and accuracy
in tests involving the Lotka-Volterra and Lorenz Equations.

54906

44

The proposed framework marks a significant advancement in
studying parameterized ODEs in computational science and
engineering.

However, there are several limitations to address in future
research. Firstly, the current version of S-Net only supports
basic operators such as addition, subtraction, and multi-
plication, which limits its application to complex systems.
To broaden its applicability, it is necessary to incorporate
more advanced operators such as division, trigonometric
functions, powers, and fractional calculation operators. Sec-
ond, enhancing simulation accuracy requires implementing
other ODE Solvers. Thirdly, the present approach is not
applicable to arbitrary order systems, which present a more
complex challenge. The combinatorial relationship between
variables and parameters must be known, and the observa-
tions are supplied based on the information on variables.
An additional step may be required to predict the number of
variables or parameters based on the current method. Finally,
while S-Net has proven resilient against noisy data in [9],
testing with real data is necessary to establish its applicability
to diverse domains.
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FIGURE 9. Testing results on (xq, yo, Zg, 0, p, B) € {(0.84731,0.11332, 0.24186, 5.24679, 29.69917, 2.26212), (0.92617, 0.04462, 0.21900,
14.47371, 27.97391, 2.57754)} by S-Net and O-Net with time points 4, 6, 10 and 20 for the x-component (left), y-component (middle) and
z-component (right).

APPENDIX A Theorem 1: Assume the following one-step method cor-
CONVERGENCE OF THE EULER METHOD responding to the initial value problem (18) be the p-order
Our subsequent analysis establishes the convergence of the accuracy

Euler method when solving the initial-value problem of a

first-order differential equation, as stated in (18) Yn+1 = Yn + hp X, Yu, h)

and the function ¢ satisfies the Lipschitz condition for y, i.e.,

dy
— =f(x,¥),x > xp, (18) JL > 0,

dx
X = .
Y0x0) = yo 1B, y1. 1) — B, y2 )] < iyt —yal. ¥yiaya

Here, the unknown function is denoted by y(x), the known and yg = y(xo), then the one-step method is convergent and
function by f (x, y), and the initial data by y. V() — yn = O(KP).
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Proof: Let e, = y(x;,) — yn, then
Y1) = y(xn) + hp(in, y(xn), ) + Tg1,s
i.e.,
ent1 = en + hl@Qn, y(xn), h) — &(xn, yn, )] + Tip1.

Since the one-step method is the p-order accuracy, then
3ho,0 < h < hy, satisfy |Tq1] < Ch’*H! where C is a
constant. That is

lentil < leal + hLlen| + CHT! = atle,| + B,
where o = 1 + hL, B = Ch*t1. So we can get

lenl < alen—i] + B < od?lenal +aB + B

<&l sl +pl+a+a®)<...<. (19

From the known conditions, we get
len] < exp (L(xy — xo))leo| + CHPL™" (exp (L(x, — x0)) — 1)
= ChPL*I(exp (L(x, —x0)) — 1). (20)

From (20), we know when & — 0, then |e,| — O. |
APPENDIX B

THE SEMI-IMPLICIT SOLVERS

Our approach can be adapted to learn unknown functions
utilizing semi-implicit solvers with suitable modifications.
For instance, consider the semi-implicit Euler method, which
can be employed for a pair of differential equations with the
form

iy
ar Y
dy

= g(t,x), 21

dt
where f and g are unknown functions that we want to learn.
The semi-implicit Euler method produces an approximateA
discreteA solution by iterating

Ynt1 = Yn + &(tn, Xn) At
Xn+1 = Xn + f (tn, Yynt1)AL,

where At is the time step. The difference with the standard
Euler method is that the semi-implicit Euler method uses y;,+1
in the equation for x,4 1, while the standard Euler method uses
vn. Given that the expressions for f and g are represented
by S-Nets, S-Nety and S-Net,, it is necessary to provide
them with known information. In the semi-implicit Euler
method, we use a positive time step to compute x,1 from
Yu+1 generated by S-Net, based on starting points xo, yo, that
is

(22)

Xnp1 = X 4 S-Nety (1, S-Netg(tn, %) A1) (23)

In this context, y is not utilized as an observable variable;
instead, it serves as a component to generate the observable
variable x. With this approach, as the expression for g must be
learned through the x variable, we require additional observa-
tions on the x variable and no longer need observations on the
y variable.
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APPENDIX C

LOTKA-VOLTERRA

In Figure 8, we present the outcomes of three distinct models
obtained by utilizing Nops = 10, 15,20, and 25, respec-
tively. The rows indicate the prediction results of the dif-
ferent models for three test samples. The first two columns
in each row demonstrate the evolution of the two vari-
ables x and y for the first test sample (xo, yo, ¢, B8, 5,7) =
(1.03591, 0.71055, 1.64399, 0.73789, 2.63207, 0.58110).
The center two columns illustrate the changes in the variables
x and y over time for the second test sample (xg, yo, &, 8, &, )
= (1.34048, 1.08388, 1.29828, 1.44437, 3.24866, 0.58960).
Finally, the last two columns show how the variables x and y
varied over time for the third test sample (xg, yo, @, 8, 8, y) =
(1.39070, 1.15958, 1.20000, 1.01820, 3.32212, 0.93040).
Each subplot displays the time of prediction on the horizontal
axis within the interval (0, 100Az] = (0, 10], while the ver-
tical axis indicates the corresponding values. The solid red
line represents the ground truth, while the orange and blue
dashed lines show the O-Net and S-Net prediction results,
respectively. Notably, within a specific range, the prediction
accuracy of the model increases with a higher number of
observation points used to train the model.

APPENDIX D

LORENZ

In Figure 9, we present the outcomes of two examples
utilizing distinct models derived from Nops = 4, 6, 10, and
20, respectively. Each row represents the prediction results of
different models on two test samples. The first three columns
of each row demonstrate the progression of the three variables
x, v, and z for the first test sample (xo, yo, 20,0, P, B) =
(0.84731, 0.11332,0.24186, 5.24679, 29.69917, 2.26212),
while the last three columns depict how the three vari-
ables x, y, and z evolve over time for the third test
sample (xo, yo, 20, 0, 0, B) = (0.92617, 0.04462, 0.21900,
14.47371, 27.97391, 2.57754). Each plot shows the predic-
tion time in the interval (0, 100A¢] = (0, 1] on the horizontal
axis and the corresponding values on the vertical axis. The
solid red line in each subplot represents the actual ground
truth, while the orange and blue dashed lines show the
O-Net and S-Net prediction results, respectively. Notably, the
prediction accuracy of the model improves with an increase
in the number of observation points used to train the model.
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Abstract

Nonlinear Conservation Laws of Partial Differen-
tial Equations (PDEs) are widely used in differ-
ent domains. Solving these types of equations is
a significant and challenging task. Graph Neural
Networks (GNNSs) have recently been established as
fast and accurate alternatives for principled solvers
when applied to standard equations with regular
solutions. There have been few investigations on
GNNs implemented for complex PDEs with non-
linear conservation laws. Herein, we explore GNNs
to solve the following problem

ue+ f(u, e =0 (%)

where f(u, ) is the nonlinear flux function of the
scalar conservation law, u is the main variable, and
[ is the physical parameter. The main challenge of
nonlinear conservation laws is that solutions typi-
cally create shocks. That is, one or several jumps
in the form (ur,ugr) with uz, # ug moving in space
and probably changing over time such that infor-
mation about f(u) in the interval associated with
this jump is not present in the observation data.
We demonstrate that GNNs could achieve accurate
estimates of PDEs solutions based on new initial
conditions and physical parameters within a spe-
cific parameter range.

*Corresponding Author: qing.li@Quis.no
$The authors contributed equally to this work.

https://doi.org/10.7557/18.6808

1 Introduction

Machine learning methods have been widely used
to solve PDEs in science and engineering, for exam-
ple, aerodynamics [16, 3], electromagnetism [13],
geophysics [17] and weather prediction [1], etc.
According to [18, 7, 14, 10], GNNs have re-
cently been introduced and made much progress
in this area, offering faster runtimes than princi-
pled solvers. Compared to grid-based convolutional
neural networks(CNNs) [20, 21], GNNs demon-
strated better adaptivity in the simulation scenar-
ios [22, 2, 5]. However, most currently published
papers use GNNs to resolve PDEs with regular so-
lutions, such as the Wave equation, the Poisson’s
equation, and the Navier-Stokes equations. These
tests have demonstrated that GNNs can resolve
these partial differential equations with high effi-
ciency and precision. How would GNNs perform if
we try to use it in the context of nonlinear conser-
vation laws?

In this paper, we implement GNN variants to
solve PDEs with nonlinear flux function f(u, ()
that is involved in general scalar nonlinear con-
servation laws. We restrict to the one-dimensional
case given by

u + f(u, )z =0 (1)
where v = wu(z,t) is the main variable and g is
a parameter of a physical phenomenon. We train
GNNs based on observation data u(z;,t;, ;) on a
spatial grid z;, 7 = 1,..., N, at specified times
ti, i = 1,..., Ngps with some specific parameters
Br, k =1,...,Ng. Using learned GNNs, we pre-

© The author(s). Licensee Septentrio Academic Publishing, Tromsg, Norway. This is an open access article distributed
under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/4.0/).
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dict the solutions of Eq. (1) given new values of
parameter 3 and initial state ug.

Flux function f(u) Solution

0 02 04 06 08 1 05 0 05 1 15 2 25 3 35

Figure 1: Left: Example of nonlinear flux func-
tion f(u) = #11102 (blue curve). Upper concave
envelope (brown curve) and lower convex envelope
(green curve) are also included. Right: The so-
lution of Eq. (1) at time 7" = 0.5 is shown (red
solid curve) together with its initial data ug(z) (red

dashed line).

Compared to equations with regular solutions,
Eq. (1) has some characteristics that make it more
challenging to solve. Typically, Eq. (1) generates
shock wave solutions u(z,t) in finite time, i.e., so-
lutions that contain one or more discontinuities ex-
pressed as a jump (ur,ur) with uy, # ug, though
the initial value wug(z) is smooth [8, 6]. In par-
ticular, the specific form of f(u) in the interval
[min(ur, ug), max(ur,ur)] is not used in the con-
struction of the entropy solution, only the slope
s = % As jumps arise and disappear
in the solution over the period for which observa-
tion data is collected, the data may lack informa-
tion about f(u). This situation is illustrated in
Fig. 1. In the left panel, we plot the flux function
flu) = w?/(u? 4+ (1 — uw)?). In the right panel, the
entropy solution is shown after a time 7' = 0.5. At
the time ¢ = 0, the initial data ug(x) involves one
jump at x = 0 and another at x = 1. The initial
jump at x = 0 is instantly transformed into a solu-
tion that is a combination of a continuous wave so-
lution (rarefaction wave) and a discontinuous wave
(ur,ugr) =~ (0.3,1.0), as dictated by the lower con-
vex envelope shown in the left panel (green curve)
[8]. Similarly, the initial jump at = 1 is trans-
formed into a solution that is a combination of a
continuous wave solution (rarefaction wave) and a
discontinuous wave (ur,ug) ~ (0.7,0), by the up-
per concave envelope illustrated in the left panel

(brown curve) [8]. From this example, we see that
we have no observation data that directly can re-
veal the shape of f(u) in the interval u € [0.3,0.7]
(approximately).

2 Related Works

Several machine learning approaches are proposed
to solve the PDEs. Raissi et al. [15] introduced
the physics informed neural networks (PINNs) for
solving solutions of PDEs and learning the param-
eters in PDEs. However, the neural network meth-
ods struggle to learn the nonlinear hyperbolic PDE
that governs two-phase transport in porous me-
dia [4]. They experimentally indicated that this
shortcoming of PINNs for hyperbolic PDEs is not
due to the specific architecture or to the choice of
the hyperparameters, but rather to the lack of reg-
ularity in the solution. Long et al. [11, 12] pro-
posed a PDE-Net that combines numerical approx-
imations of differential operators and a symbolic
multi-layer neural network. They employed convo-
lutions to approximate differential operators and
deep networks to approximate the nonlinear re-
sponse. However, in our case, f(u), can not be
written by f’(u)u, as f(u) is not in general a dif-
ferentiable function in our problem. Recently, more
and more GNNs methods are being used to solve
PDE problems. Gao et al. presented a novel dis-
crete PINN framework based on Graph Convolu-
tional Networks (GCNs) and the variational struc-
ture of PDEs in [5]. This framework could solve for-
ward and inverse PDEs in a unified manner. Zhao
et al. used GNNs in conjunction with autodecoder
style priors to tackle PDE-constrained inverse prob-
lems [22]. In [2], authors combined GNNs with
some classical numerical methods, such as finite
differences, finite volumes, and WENO schemes to
solve PDEs problems. They experimentally proved
that this method has fast, stable, and accurate per-
formance across different domain topologies on var-
ious fluid-related flow problems. However, these
current works mainly use GNNs on some typical
equations with regular solutions. Several complex
equations with discontinuous solutions still need to
be researched. In a recent work [9], we intro-
duced a framework coined ConsLaw-Net that com-
bines a symbolic multi-layer neural network and an
entropy-satisfying discrete scheme to learn the non-
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(i ti—g1), - - U0 1), WXy b, X, by, Brog| Xi € X}

Encoder Processor

Decoder

Figure 2: The pipeline of the approach. For
each node ¢;, at time point ¢z, the last K solu-
tions (u(@;, th—rkc41)s -+ u(Ts, th—1), u(w;, tg)), posi-
tion x;, current time ¢, and equation parameters
Bppr are fed into GNNs. After the operators of
Encoder, Processor and Decoder, we get the infor-
mation increment of this node ¢; at the next K time
points: (d(ac“ tk+1)7 d(w“ tk+2)7 ey d(:tz, tk+K))- Fi-
nally, we get solutions of the next K time points by
w(@i, tegr) = w(@s, tr) + (b — te)d(@i, thy), 1 <
I <K.

linear, unknown flux function f(u) without param-
eter (.

3 Method

3.1 Graph Neural Networks (GNNs)

In this paper, we leverage GNNs with encoder pro-
cessor decoder structure to learn a fast-forward
model that predicts solutions of PDEs. We model
the domain X as a graph G = (V, &) with node
c; € V, edges l;; € £. The features of node ¢; are
remarked by f; € R° and the edges [l;; define local
neighborhoods. An overview of the approach that
we use is shown in Fig. 2.

Encoder FEncoder computes node embed-
dings. For each node ¢;, the operator of
Encoder maps the last K solution values
(w(@iy th—rc41),y - w(Ti, te—1), u(x;, tr)), node posi-
tion x;, current time t, and equation parameters

Bppr to node embedding vector

s =€([u(@s, th—rg1), - w(@is tp—1), u(@y, ty)

, i, tk, BPDE])

(2)

where € representing the operator of Encoder.
Processor Processor contains M layers with
intermediate graphs G™, m = 1,2,..., M. Eq. (3)
and Eq. (4) is the messaging of edges and the
information update of node ¢;, respectively.

e edge ¢; — ¢; message:

my; = ¢(f" Fi" w(i te-ra1) — ul@y, te-xv1)

3oy u(xh tk) - U(ZIT], tk)y X — Ty, BPDE)

(3)

e node ¢; update:

1
=g [ £ > myBroe

JEN(?)

(4)

where N (i) holds the neighbors of node ¢;, and ¢
and v are multilayer perceptrons (MLPs). Using
relative positions x; — x; can be justified by the
translational symmetry of the PDEs we consider.
Solution differences u; — u; make sense by thinking
of the message passing as a local difference opera-
tor, like a numerical derivative operator.

Decoder After Processor, we use a shal-
low convolutional network to output the K next
timesteps information increment at grid point
z; € X. The result is a new vector d; =
(d(x4ytht1), d(zi, tpga), .y d(zi, ter i) with each
element d(z;,tx41),1 < | < K corresponding to
different time point tx;.

Readout After GNNs with the structure of en-
coder processor decoder, we get solutions of the
next K time points by

W@, togr) = w(ws, ty) + (Eppr — te)d(zi, tpgr) (5)

where 1 <[ < K.

3.2 Data Generator

We investigate a discretization of the spatial do-
main [0, L] in terms of {x;} 2, " where ; = (1/2+
i)Az for i = 0,...,N, — 1 with Az = L/N,.
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Algorithm 1: CFL

Algorithm 2: DataGenerator

Input: L: length of the spatial domain; N,:
the number of spatial grid cells;
f(u): the nonlinear flux function; 7"
computational time period,;
Output: At: local time interval

Function CFL(L, N, f(u),T):
Az =L/N,
M = max |f(w)
dt = (2Ax)/(M + 0.0001)
n_time = |T/dt]
At =T/n_time
return At;

End Function

Furthermore, we consider time lines {t"}", with
N:At = T. The discretization of Eq. (1) is based
on the Rusanov scheme [8] which is expressed as

At
n+1 n m mn
uj+ = Uy *)‘(Fj+1/2*F}'71/2)7 A= Az’

n+1

n+l _  n+l n+1l __
Uy =uUy o, Uy, = Un,—1

(6)

with j =2,..., N, — 1 and the Rusanov flux takes
the form

j+1/2 — 2
X f/ n ’f/ n
- max{|f"(u] )2\ | (uj+1)\}(u?+l ).

The Courant—Friedrichs—Lewy(CFL) condition [8]
determines the magnitude of At for a given Aw.
We detail the CFL condition in Algorithm 1. We
illustrate how to learn the solution U = {u(x;,t")}
of the discrete conservation law Eq. (6) in Algo-
rithm 2.

4 Experiments

Experiment Setup

In this section, we study a class of nonlinear con-
servation laws that are naturally from the prob-
lems where one fluid is displaced by another fluid
in a vertical domain. The displacement process
involves a balance between buoyancy and viscous

Input: T: computational time period; N,:
the number of spatial grid cells; L:
length of the spatial domain;

Uy = {u()(xj)};yz’”lz initial state set of
dimension N.; f(u): the flux
function;

Output: U = {uf}: the solution based on

initial state ug;

At = CFL(L, N, f(u), T)

Az = L/N,
U[O] = Up
u= ()

for n = 1,....T/At do
forj=1,..,.N,-1do
Fji1)2 ,ZN% (fgﬁ_]) + f(tj41)) —
max{|f (u]>2|,\f (ii11)]} (21 — i)

end
forj=2,..,N,-1do
| uj =1 = 3% (Fisaje = Fio1p2)

end

U = ug

UN, = UN,—1

U =1u

Uli] = u
end

) ” )

Figure 3: Flux function Eq. (7).

forces. Depending on the properties of the used flu-
ids, there could be various displacement processes.
One can derive a family of flux functions f(u, 3) in
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0.0, otherwise

Figure 4: Solutions of (1) based on different initial states and values of 5 at time point ¢ = 0.8,1.2,1.6
and 2.0, respectively. In each subplot, the solid red line is the true solution obtained by Algorithm 2,
and the blue dashed line is the solution predicted by the trained GNNs.

Eq. (1) which takes the form [19] where the parameter 8 € (—400,400) represents
the balance between gravity (bouyancy) and vis-
cous forces. We study the solution of Eq. (1) at

flu,B) = lu(g_u2)+ﬁu2 (§ —Qu+ §u2 _ lu‘*) 7t € [0,2] in z € [0,10]. As shown in Fig. 3, dif-

2 12 4 2 4 ferent values of 8 result in different types of flux

95



exact u(x, t) ~ prediction u(x, t) ) error u(x, t)
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(a) 8= —172 in flux function (7). Solutions of (1) based on initial state ug = .
0.0, otherwise

exact u(x, t) ) prediction u(x, t) error u(x, t)
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0.5 0.5 0.4
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(b) B =192 in flux function (7). Solutions of (1) based on initial state uo = .
0.0, otherwise
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0.0, otherwise '

0.6
05
04
03
0.2
01

0.0

(c¢) B =336 in flux function (7). Solutions of (1) based on initial state ug = {

Figure 5: Solutions of (1) based on different initial states and values of 5 at time ¢ € [0.0,2.0]. The left
subplot is the real solutions of Eq. (1). The middle subplot is the solutions generated by GNNs, and the
right subplot is the error of real and predicted u(z,t).
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functions.

We use Algorithm 2 to generate 500 samples with
different values of 5 and initial states. The values
of § are randomly selected from (0, 300) and initial
states are from [0.0,1.0]. We consider the obser-
vation in terms of x-dependent data at fixed times
{t}Nobs extracted from the solution U as follows:

U = {ula, ), ul@s 83), . ulag b, ) | (8)

where j = 1,..., N;, N, = 400 with Az = 0.025
and Nops = 250 with At°PS = 0.008.

For training, we split Uy, into five parts of
length 50 in terms of time. Values of u(z) for the
first 25 time points are used to predict u(x) for the
following 25 time points, i.e., K = 25 in Eq. (5). In
the testing, we use the first stage, which contains 25
time points of u(x) to predict the solutions of the
second stage, and then predict u(z) at the third
phase based on the predicted value of the second
stage. This process is repeated until 7' = 2.

Results and discussions

The total number of trainable parameters is
0.28M. We set epoch = 30 and divide the 100 test
samples into three groups according to 8, (1)Gi:
50 examples with 8 € (—400,0), (ii)G2: 30 exam-
ples with 8 € (0,300),(iii))G3: 20 examples with
B € (300, 400).

We randomly select one sample [ =
—252, 264, 360 from each group. Fig. 4 displays the
exact and predicted u(z,t) of these selected exam-
ples with x € [0,10] at time ¢ = 0.8,1.2,1.6,2.0.
All the examples show that the error between exact
and predicted values of u(z) increases with time.
Notably, the model cannot predict the underlying
trend at t = 1.6 and t = 2.0 on the case selected
from G;. While, it performs very well on G5 and
G3. The result is also reflected in Table 1 that
counts MSE of Gy, G2, G3. The MSE of G; is 10
times higher than the MSE of G5 and Gj3.

Fig. 5 shows another set of samples from G1, Ga,
Gs with « € [0,10) and ¢ € [0.4,2.0]. When the
solution fluctuates, the model is prone to large pre-
diction errors. This phenomenon is also reflected
in Fig. 4. This phenomenon is probably related to
the discontinuity of the solutions of 1.

Experimental results show that the model can
predict more accurately when 3 is within a specific

Gy
0.0268

Ga
0.004

G3
0.0015

Group
MSE

Table 1: The value of MSE for each group. We
calculate MSE of the true and predicted u(z,t) of
all samples with = € [0,10] and ¢ € [0.4, 2.0]in each

group.

range. However, when § deviates too much from
that used for the training model, the model’s pre-
dictive power is significantly reduced.

5 Conclusion

In this work, we apply GNNs to solve PDEs, which
are unique since their solutions usually contain
shocks. Our experiments demonstrate that the
GNN models can predict accurately when the pa-
rameter [ is within a specific range. However,
when the parameter deviates far from the value
for training, the model’s predictive performance
drops sharply. Furthermore, the model is not very
good at predicting the discontinuity of the solu-
tions. There will be numerous small fluctuations
around the discontinuity. One of our future work
directions is to explore how to improve GNN’s be-
havior when handling discontinuous solutions or de-
velop new methods to deal with PDEs containing
shocks.
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Abstract: Nonlinear conservation laws are widely used in fluid mechanics, biology, physics, and
chemical engineering. However, deriving such nonlinear conservation laws is a significant and
challenging problem. A possible attractive approach is to extract conservation laws more directly
from observation data by use of machine learning methods. We propose a framework that combines
a symbolic multi-layer neural network and a discrete scheme to learn the nonlinear, unknown flux
function f(u) of the scalar conservation law

U+ fu)e =0 (*)

with u as the main variable. This identification is based on using observation data u(x;, #;) on a spatial
grid x;, j = 1,..., N, at specified times #;, i = 1,..., Ny, A main challenge with Eq () is that the
solution typically creates shocks, i.e., one or several jumps of the form (u;, ug) with u; # ug moving in
space and possibly changing over time such that information about f(x) in the interval associated with
this jump is sparse or not at all present in the observation data. Secondly, the lack of regularity in the
solution of () and the nonlinear form of f(«) hamper use of previous proposed physics informed neural
network (PINN) methods where the underlying form of the sought differential equation is accounted
for in the loss function. We circumvent this obstacle by approximating the unknown conservation law
(*) by an entropy satisfying discrete scheme where f(u) is represented through a symbolic multi-layer
neural network. Numerical experiments show that the proposed method has the ability to uncover
the hidden conservation law for a wide variety of different nonlinear flux functions, ranging from pure
concave/convex to highly non-convex shapes. This is achieved by relying on a relatively sparse amount
of observation data obtained in combination with a selection of different initial data.

Keywords: nonlinear conservation law; flux function; machine learning method; discrete scheme;
entropy condition
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1. Introduction

1.1. Background

Inspired by the vigorous development of Al and big data technology in recent decades, researchers
currently pay much attention to deriving partial differential equations (PDEs) based on neural
networks combined with observation data. Earlier attempts on data-driven discovery of hidden
physical laws include [1] and [2]. They used symbolic regression to learn multiple models from basic
operators and operands to explain observed behavior and then chose the best model from candidate
models by the advantage of new sets of initial conditions. In the more recent studies of [3—5], authors
employed Gaussian process regression [6] to devise functional representations that are tailored to a
given linear differential operator. They were able to accurately infer solutions and provide uncertainty
estimates for several prototype problems in mathematical physics. However, local linearization of any
nonlinear term in time and certain prior assumptions of the Bayesian nature of Gaussian process
regression limit the representation capacity of the model. Other researchers represented by [7-10]
have proposed an approach using sparse regression. They constructed a dictionary of simple functions
and partial derivatives that were likely to appear in the unknown governing equations. Then, they took
advantage of sparsity promoting techniques to select candidates that most accurately represent the
data. Raissi et al., [11] introduced physics informed neural network (PINN) for solving two main
classes of problems: data-driven solution and data-driven discovery of partial differential equations.
They suggested that if the considered PDE is well-posed and its solution is unique, then the PINN
method is capable of achieving good predictive accuracy given a sufficiently expressive neural
network architecture and a sufficient number of collocation points. The method was explored for
Schrédinger equation, Allen-Cahn equation, and Korteweg-de Vries (KdV) in one dimension (1D)
and Navier-Stokes in two dimensions (2D). However, the neural network methods struggle in learning
the nonlinear hyperbolic PDE that governs two-phase transport in porous media [12]. They
experimentally indicate that this shortcoming of PINN for hyperbolic PDEs is not related to the
specific architecture or to the choice of the hyperparameters but is related to the lack of regularity in
the solution. Long et al., [13, 14] proposed a combination of numerical approximation of differential
operators by convolutions and a symbolic multi-layer neural network for model recovery. They used
convolutions to approximate differential operators with properly constrained filters and to
approximate the nonlinear response by deep neural networks. Models that are explored include
Burgers equation

u, + Aiu - Vu = A,Au (1.1)

where the constant parameters A; and 4, must be learned. Moreover, the advection-diffusion equation
u; + k(x) - Vu = 1,Au (1.2)

was also considered. Herein, the parameter A, is known whereas k(x) = (a(x), b(x))" is the unknown
space-dependent coeflicient to be learned. Furthermore, the diffusion-reaction problem given by Eq
(1.3),

u; = LAu + g(u) (1.3)

where g(u) is unknown and must be found by means of the observation data, was also successfully
demonstrated.
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In this work we focus on the problem of learning the unknown nonlinear flux function f(u) that is
involved in the general scalar nonlinear conservation law, here restricted to the one-dimensional case,
given by Eq (1.4)

U+ f(u), =0 (1.4)

where u = u(x, ) is the main variable. Burgers equation (1.1) amounts to the case with flux function
flu) = A—z'u2 in Eq (1.4). Hence, the main challenge in Eq (1.4) is that the flux function f(u), which
is a nonlinear function of u, itself is unknown and there is no viscous term in the form u,, that can
regularize the solution.

1.2. Problem statement and novelty

The learning of the nonlinear flux function f(u#) in Eq (1.4) involves several new aspects as
compared to the other PDE models Eqgs (1.1)—(1.3).

(1) Lack of observation data. It is well known that Eq (1.4) will generate shock wave solutions
u(x, t) in finite time, i.e., solutions that contain one or sevel discontinuities expressed as a jump
(ur,ug) with u;, # ug, despite the fact that initial data uy(x) is smooth [15, 16]. In particular, the
specific form of f(u) in the interval [min(u,, ug), max(u,, ug)] is not used in the construction of
the entropy solution, only the slope s = % As jumps arise and disappear in the solution

over the time period for which observation data is collected, the data may lack information about

f(u). An illustration of this situation is given in Figure 1. In the left panel we plot the flux

function f(u) = u?/(u* + (1 — u)?). In the right panel the entropy solution after a time 7 = 0.5

is shown. At time ¢ = 0, the initial data uy(x) involves one jump at x = 0 and another jump at

x = 1. The initial jump at x = O is instantly transformed into a solution that is a combination

of a continuous wave solution (rarefaction wave) and a discontinuous wave (uy, ug) ~ (0.3,1.0),

as dictated by the lower convex envelope shown in the left panel (green curve) [15]. Similarly,
the initial jump at x = 1 is transformed into a solution that is a combination of a continuous
wave solution (rarefaction wave) and a discontinuous wave (u;, ug) = (0.7, 0), in accordance with
the upper concave envelope illustrated in left panel (brown curve) [15]. From this example, we
see that we have no observation data that directly can reveal the shape of f(u) in the interval
u € [0.3,0.7] (approximately).

(i1) Lack of regularity. Previous work based on the PINN approaches mentioned above relies on
imposing the structure of the underlying PDE model by including an error term in the loss
function. This would amount to computing the left-hand-side of Eq (1.4). Due to the lack of
regularity in the solution as illustrated by the example in Figure 1 (right panel), it seems not clear
how to implement this in a PINN framework. We refer to [12] for investigations related to this
point which found that it was necessary to consider the viscous approximation u, + f(u), = €y,
with a small value € > 0 to learn the forward solution.

1.3. Our approach

Our aim is to learn the unknown nonlinear function f(u) from observation data in terms of solution
behavior collected at different points (x;,#;) in space and time. The approach we explore in this work
relies on the two following building blocks: (i) We represent the unknown function (i) by a symbolic
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Figure 1. Left: Example of nonlinear flux function f(u) = Py el (blue curve). Upper
concave envelope (brown curve) and lower convex envelope (green curve) are also included.
Right: The solution of Eq (1.4) at time 7" = 0.5 is shown (red solid curve) together with its

initial data uq(x) (red dashed line).

multi-layer neural network; (ii) Instead of including the form of the conservation law Eq (1.4) explicitly
in the loss function as in PINN, we use a standard simple entropy-satifying discrete scheme associated
with Eq (1.4) to account for this information during the learning process. The numerical scheme allows
us to evolve the given initial data over the relevant time interval and collect predicted data which is
accounted for in the loss function.

Regarding point (i), inspired by the symbolic neural network that is used in [17,18], we can learn an
analytic expression that has a derivative similar to the true f’(u). The reason why it is attractive to learn
the analytic expression is that, unlike black box learning, system identification has explanatory value.
That is, once we have extracted an analytical expression of the hidden flux function f(u), e.g., based
on data from a more or less complex system, the shape of the flux function provides precise insight
into finer wave propagation mechanisms involved in the system under consideration. In particular,
predictions can then be made for any other initial state. Our approach bears similarity to the underlying
idea employed in the recent work [13, 14]. However, an essential difference is that the flux function
f(u), cannot be expressed by f’"(u)u, as f(u) is not in general a differentiable function in our problem.
Therefore, we rely on using an entropy satifying discrete scheme, which is guaranteed to converge
to the entropy solution of Eq (1.4) [15], to identify an analytical expression of the flux function f(u)
which is present in the numerical scheme in the form of a symbolic neural network.

1.4. Related work

James and Sepulveda formulated the inverse problem of flux identification as that of minimizing
a suitable cost function [19]. Relying on the viscous approximation, it was shown that the perturbed
problem converged to the original hyperbolic problem [19] by letting the viscous term vanish. Holden
et al used the front-tracking algorithm to reconstruct the flux function from observed solutions to
problems with suitable initial data [20]. Several recent studies have addressed the reconstruction of
the flux function for sedimentation problems that involve the separation of a flocculated suspension
into a clear fluid and a concentrated sediment [21,22]. In particular, Biirger and Diehl showed that
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the inverse problem of identifying the batch flux density function has a unique solution, and derived
an explicit formula for the flux function [23]. This method was recently extended to construct almost
the entire flux function [24] by using a cone-shaped separator. For another interesting example of the
challenge of identification of the unknown flux function f(u), we refer to [25]. The author explored a
direct inversion method based on using linear combinations of finite element hat functions to represent
unknown nonlinear function f. Finally, for an example with neural networks used in combination with
discrete schemes to optimize computations of a nonlinear conservation law, see [26].

The remainder of this paper is organized as follows: Section 2 gives a presentation of the approach
that we explore. In Section 3 and Section 4 we conduct numerical studies where synthetic data has
been generated from a general class of flux functions ranging from purely concave to highly non-
convex functions. Concluding thoughts are given in Section 5.

2. Framework

2.1. Nonlinear conservation laws and entropy satisfying solutions

It is well known that conservation laws of the form Eq (1.4) do not in generall possess classical
solutions. Instead one must consider weak solutions in the sense that the following integral equality
holds [15,27,28]

T
f f |ug, + fep,|dxdr + f Uuo(X)(x, = 0)dx =0 2.1)
Q, Jo Q,

for all ¢ € C! such that ¢(x,1) : Q, X (0,T) — R and which is compactly supported, i.e., ¢ vanishes

at x — Q, and t — T. It follows that if a discontinuity occurs in the solution, i.e., a left state u; and a

right state ug, then it must propagate with the speed s given by [15,28]
g = Sur) — f(ug)

Up — Ug

(2.2)

This follows from mass conservation and, thus, must be satified across any discontinuity [15, 28].
However, direct calculations show that there are several weak solutions for one and the same initial
data [27]. To overcome this issue of non-uniqueness of weak solutions, we need criteria to determine
whether a proposed weak solution is admissible or not. This has led to the class of entropy solutions,
which amounts to introducing an additional constraint which ensures that the unique physically relevant
one is found among all the possible weak solutions.

There are different ways to express the entropy condition for scalar nonlinear conservation laws.
One variant is by introducing an entropy pair (7, q) where n : R — R is any strictly convex function
and ¢ : R — R is constructed as [28,29]

q(v) = f [’ (s)ds (2.3)
0

for any v. This implies that ¢’ = f'n’. Then, u is an entropy solution of Eq (1.4) if (i) u is a weak
solution in the sense of Eq (2.1); (i1) u satisfies in a weak sense n(u); + q(u), < 0 for any pair (7, g). This
condition can also be formulated as the following characterization of a discontinuity (u, ug) [28, 30]:
For all numbers v between u; and ug,

SO = f) oo JO) = flug) 2.4)

V—Uuy V — Up
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where s is given by Eq (2.2). This entropy condition can naturally be accounted for by introducing the
upper concave envelope and lower convex envelope, as indicated in Figure 1 (left panel) [15,30]. In
particular, it gives a tool for constructing exact solutions.

From this characterization of the physically relevant solution of Eq (1.4), it is clear that there are
special challenges pertaining to identification of the unknown flux function f(u) from observation data.
Firstly, it is a challenge with the more indirect characterization of the correct weak solution since it
involves formulations like Eq (2.1) and Eq (2.4). This may hamper the use of PINN-based approaches.
The approach we take in this work is to rely on a discrete scheme that represents an approximation to
the entropy solution described above. A convenient feature of an entropy-consistent numerical scheme
is that the entropy condition is automatically built into the scheme. l.e., as the grid is refined, the
numerical solution converges to the admissible solution [15, 28, 29]. Secondly, it follows from the
entropy condition Eq (2.4) that observation data that involves one or several discontinuities, may not
contain information about the unknown flux function f(x) in intervals that correpond to discontinuities
in u. The example shown in Figure 1 shows an approximation to the entropy solution and obeys the
entropy condition Eq (2.4). As mentioned above, the example indicates that we lack information about
f(u) in the interval =~ [0.3,0.7].

In this work we explore how we can deal with this situation by a proper combination of two different
aspects: (i) we add a priori regularity to the unknown flux function f(u) by representing it as a symbolic
multi-layer neural network; (ii) we collect observation data by considering a set of different initial data
that can help detecting the finer details of f(u).

2.2. Entropy consistent discrete numerical scheme

Based on the given observation data, our aim is to identify a conservation law Eq (1.4) for (x,1) €
[0, L] x [0, T], written in the form Eq (2.5),

U+ fu), =0
Uply=0 = Uxl=L = 0 (2.5
uli=0 = uo(x)
where f(u) is the unknown, possible nonlinear flux function and uy(x) is the initial state which is
assumed known.

We consider a discretization of the spatial domain [0, L] in terms of {xi}f\i‘l where x; = (1/2 + i)Ax
fori=0,...,N,— 1 with Ax = L/N,. Furthermore, we consider time lines {t”}iv;o such that NAr =T.
We base our discrete version of Eq (1.4) on the Rusanov scheme [15] which takes the form Eq (2.6),
At
n+l _ n n n —_
U™ = Uj = AF = Fiiyp)s A= Ax’ (2.6)

urt=upt, Uyt = o
with j = 2,..., N, — 1 and where the Rusanov flux takes the form Eq (2.7),

JuH+ UL M

2 = 2 - E(U" - U)), M ~ max |f* @)l (2.7)

We use a slightly modified version of the Rusanov flux by relying on a global estimate of | f'(u)| instead
of a local estimate of M in terms of M., = max{|f'(U"\,|f'(U, )} [15]. The CFL condition [15] determines

J+l
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the magnitude of Af for a given Ax through the relation Eq (2.8),

At
CFL:=—MZ<1. (2.8)
Ax

We have used ﬁ—;M = CFL < % < 1 when we compute solutions involved in the learning process.
The training process involves repeated use of the discrete scheme Eq (2.6) for different flux functions
f(u). This requires repeated estimation of the parameters At and M that will be used for calculation of
predicted data based on Eq (2.6), according to the CFL condition Eq (2.8). Finally, we note that the
Rusanov flux falls within the class of monotone schemes and therefore is guaranteed to converge to the

entropy solution [28-30].

2.3. Observation data set

Nobs

We consider observation data in terms of x-dependent data at fixed times {#]},"}* extracted from the

solution U(xj,1") = U;? as follows:

U = {UG;. ), UG 55), . UGty Db j= 1. N (2.9)

We consider a domain of length L and consider simulations over the time period [0, T]. We apply a
numerical grid composed of N, grid cells when we compute numerical solutions of Eq (2.5) based
on the numerical scheme Eq (2.6) and Eq (2.7). This is used both for obtaining the true solution and
corresponding synthetic observation data (which we denote by Uy,) as well as when we compute
predictions based on the ensemble of flux functions brought forth through training (which we denote
by Usu). We specify times for collecting the time dependent data

Tops = (£ = iA°™ 1 i=1,..., Nops). (2.10)

We typically use Ny, = 9, with T = 1 i.e., At = 0.1. In particular, the number N of collected
spatial-dependent data is relatively sparse. Also the number of local time steps (of length Ar) we need
to compute numerical solutions through the discrete scheme Eq (2.6) and Eq (2.7) is much higher
than the number of observation data, i.e., At << A°*. Since At is dictated by the CFL condition for
the given choice of the flux function f (which will vary during the training), we do not known that
AtK; = t; fori=1,..., N, for some integer K;. In that case, we choose the one that is closest to 7;.

2.4. Main algorithms

Specifically, we use Algorithm 1 to calculate the parameters Ar and M which are needed as input
to Algorithm 2. Then, we use Algorithm 2 to extract the solution U(x;,7") = U7 of the discrete
conservation law Eq (2.6). Finally, from {U ;’} we extract the observation data set Uy, according to Eq
(2.9).

2.5. Symbolic Multi-layer Neural Network to represent f(u)

We want to learn the analytical expression of the flux function f(u), not just fit observations using
neural networks as a black box. For that purpose we suggest to use the symbolic neural network
(called S-Net) proposed in [17] and [18] to learn the unknown function f(u) instead of fully connected
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Algorithm 1: CFL Algorithm
Input: L: length of the spatial domain; N,: the number of spatial grid cells; f(u): the nonlinear
flux function; T: computational time period;
Output: Az: local time interval used in Eq (2.6); M: upper limit of |f’(u)|

Ax=L/N

dfdu = grad(af,u)

max_f prime = max |d fdu|

dt = (%Ax)/(max,fprime +0.0001)
n_time = round(T /dt,0)

At = T /n_time

M = max_f prime

Algorithm 2: DataGenerator
Input: 7': computational time period; N,: the number of spatial grid cells; L: length of the
spatial domain; ug = {uo(xj)}ygl: initial state vector of dimension N,; f(u): the flux
function;
Output: U = {U}?}: the solution based on initial state u;

(At, M) = CFL Algorithm(L, N, f(u), T)
time_steps = T [ At
Ax = L/N,
u_old = ug
U=1I]
U.append(u_old)
for n = 1,...,time_steps do
forj=1,..,N,-1do
f = f(u_old)
F_half1j1 = 3(£171+ £1j + 11) = %(u_old[j + 11— u_old[ 1)
end
forj=2,..,N,-1do
| uljl = uold(jl - (F-half1j] = F-half1j - 1])

end

u[l] = u[2]

u[N,] = u[N, - 1]
uold =u

U.append(u_old)
end

neural networks that have been used in, e.g., [11]. We also tested a graph neural network (GNN)
method proposed in [31] to learn the hidden conservation law. The GNN method is based on using
an evolution scheme of the form U;.”l = U}? + At(AU );f where (AU );? must be learned at each grid
point. The authors of [31] employed GNN in the context of learning convection-diffusion equations.

Networks and Heterogeneous Media Volume 18, Issue 1, 48-79.

70



56

However, this approach did not work well for the problem Eq (2.5). The reason may be related to the
fact that, in our case, the solutions of the hyperbolic conservation law become discontinuous, whereas
the PDE models studied in [31] have regular solutions.

Figure 2. Top. The framework of S-Net-M for multiplicative function. Bottom. The
framework of S-Net-D for division function.

In the S-Net setting, depending on whether we seek a function that takes a multiplicative form
or a fractional form, we design two types of network structures illustrated, respectively, in Figure 2
(top) and Figure 2 (bottom). Take a three layers S-Net which can learn the expression of a function f
possessing a multiplication form as an example. As shown in Figure 2 (top), the identity directly maps
u from input layer to the first hidden layer. The linear combination map uses parameters wy and by to
choose two elements from u and are denoted by @ and S;.

(@1,81)" = wy - (u) + by, wy € R by € R*! (2.11)

These two elements of @ and 8, are multiplied in the PDE system.

fi=aB (2.12)

Apart from u gotten by the identity map, f; also is input to the second hidden layer.
(@2,8)" = wa - (u, i) + by, Wy € R¥? by € R>! (2.13)
Networks and Heterogeneous Media Volume 18, Issue 1, 48-79.
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Similarly with the first hidden layer, we get another combination f>(a», 52).

fa=wps (2.14)
Then we obtain a3 and 83 by means of w3 and b3 from u, f; and f.
(3,B3)" = w3 (u, fi, /)" + b3, w3 € R”?, by € R™ (2.15)
J3, which is the product of @3 and S5 is put into the third hidden layer.
fr=a3ps (2.16)

Finally, we arrive at the analytic expression of the function f.
f=wa - fi, . f5)" +bg,wg eR™ by eR (2.17)

The difference between S-Net for multiplicative function (denoted S-Net-M) and S-Net for
division function (denoted S-Net-D) is that in the third hidden layer in Figure 2 (bottom), we obtain
the numerator part f; and the denominator part f; of the flux function f(u) based on w3, bz and wy, by,
respectively.

.f3 :W3'(M,ﬁ,f2)T+b3,W3ER]XS,b3€R (218)
fi=wa - fi, 5)" + by, wg e RV by e R (2.19)

The analytic expression of the flux function f is the combination of f; and f;.

5
fa
The parameters involved in the network described above is denoted by 8 and the resulting function
according to Eq (2.17) or Eq (2.20) is denoted by fy(u). Herein, for the case above the ensemble of
parameters used in the multi-layer symbolic neural network is given by

f= (2.20)

Os-Net = {W1, W2, W3, Wy, by, by, b3, byl (2.21)

2.6. General architecture

The overall architecture of the method is shown in Figure 3. There are two parts involved, the
generation of observed data based on the true flux function f(x) and learning of the unknown flux
function fy(u) which is assigned the S-Net structure. For the synthetic observation data, we use
Algorithm 2 to obtain the approximate solution U of Eq (2.5) based on the exact flux function f(u)
combined with the scheme Eq (2.6). We select data Uy, at times as given by Eq (2.9). Concerning the
learning process, firstly, we use S-Net to represent the function fy(u). fo(u), together with T, Ny, L, uy
are fed into the DataGenerator to get the predicted solution U. We also choose data U, at the same
time points Eq (2.9). The difference between Uy, and U, is denoted as loss, and we use the
second-order quasi-Newton method, L-BFGS-B ( [32, 33]), to update the parameters 6 of the S-Net
involved in fy(u). This updating process iterates until we reach the number of epoch that we set or the
process can’t be optimized anymore. The learning process is shown in Algorithm 3 which we denote
as ConsLaw-Net. Finally, we get the best flux function fz-(x) and use it to represent the learned
conservation law for further predictions.
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Figure 3. Schematic diagram of the framework.

Algorithm 3: ConsLaw-Net
Input: 7: computational time period; N,: the number of spatial grid cells; L: length of the
spatial domain; ug: initial state vector of dimension N,; f(u): true flux function; y: initial
parameters of S-Net; 6: parameters of S-Net; fy(«): flux function generated by S-Net;
T _obs: observation time points Eq (2.10); mse: mean squared error Eq (2.23); epoch: the
number of epochs; DataGenerator: Algorithm 2
Output: fy-(u): the best flux function generated by the S-Net based on parameter vector 6°;

U = DataGenerator(T, N,, L, uy, f(u))
U_sub = {u € Ult € T_obs}
6 =6,
fori=1,....epoch do
U= DataGenerator(T, N,, L, uy, fo(u))
U_sub = {u € Ult € T_obs}
loss = mse(U _sub, U_sub)
Updating 6 by optimizer L-BFGS-B and loss;
end
g =6

2.6.1. Loss Function

We adopt the following loss function for the training of the S-Net function:
L = [ (2.22)

where data approximation L% is obtained as follows: Assume that we have K different initial states
used for the training process, and each predicted solution is described on a grid of N = N, grid cells and
at I = N, different times, as given by Eq (2.10). Through Algorithm 3 (ConsLaw-Net) the observation
data set is first obtained, which is denoted by {Ugpi(x;, 7)) : 1 <k < K;1 < j< N;1<i< I}
Then, through an iterative loop in Algorithm 3, the predicted data is generated and is denoted by
{Usub,k(xj, t7): 1<k<K;1<j<N;1<i<I} Sowe define the data approximation term [data g
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* 7y * 2
Usuv s, 1) = Usaoi(xj, 85))| (2.23)

3. Learning of nonlinear flux functions f(i; 3) involved in complex fluid displacement

In this section, we consider a class of nonlinear conservation laws that naturally arise from the
problem of studying displacement of one fluid by another fluid in a vertical domain. The resulting
displacement process involves a balance between buoyancy and viscous forces. Depending on the
property of the fluids that are used, there is room for a whole range of different type of displacement
processes. This is expressed by the fact that one can derive a family of flux functions f(u;[) which
takes the form [34]

Sw;B) = %u(3 —u?) + %Lﬂ % - 2u+ %uz - %u“). (3.1

The parameter S represents the balance between gravity (bouyancy) and viscous forces and, typically,
B € [-200, 300]. Different values of 8 result in different types of flux functions. As shown in Figure 4,
the shape of f(u;() varies over a broad spectrum with § € {-200,-100, 10, 100, 120,200, 300}. In
particular, we see that f(u; 8) can be purely concave (8 = 0), but also have both one and two inflection
points where the sign of f”” changes.

i beta=-200

- beta=-100
beta=10
beta=100
beta=120

— beta=200

- beta=300

1.2

1.0

0.8]

f(u)

0.6

0.4]

0.2

0.0]

0.0 0.2 0.4 0.6 0.8 1.0
u

Figure 4. f(u) with different values of 8. Green, red, orange, yellow, cyan, blue and magenta
line are generated by 8 = —200, 8 = —100, 8 = 10, 8 = 100, 8 = 120, 8 = 200, and 8 = 300,
respectively.

In the following we generate synthetic data by specifying 8 and a class of initial data uy(x). We
consider a spatial domain L = 10 such that x € [0, 10] and consider solutions in the time interval [0, T']
with T = 2. We collect observation data in the form Eq (2.9). The aim is to identify the unknown f(u)
for u € [0, 1]. Since the solution of Eq (1.4) is TVD (total variation diminishing) [16, 29], we know
that the solution u(x, f) at any time ¢ > 0 does not contain any new maxima or minima as compared to
the initial data uy(x), i.e.,

min uy(x) < u(x, t) < max up(x).

This feature is inherited by the discrete scheme Eq (2.6) we use [29, 30]. In order to learn f(u) for
u € [0, 1], we therfore consider a set of initial data {u’é},’;1 such that 0 < u’g(x) < 1. As the solution
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u(x,t) evolves over time, and corresponding observation data are collected in the form Eq (2.9), we
hopefully can extract data which is sufficient to learn a reliable approximation to the true flux function.

As initial data we choose box-like states that give rise to Riemann problems, one at each initial
discontinuity. Some of the questions we are interested in are:

(a) How much data do we need for learning the unknown flux function f(u)?
(b) How is the result of the learning of f(u) sensitive to noise in the observation data?

(c) How 1is the question in (a) and (b) sensitive to different flux functions, i.e., to different
B € [-200,300] in light of Eq (3.1)?

(d) What is the role of using S-Net-M versus S-Net-D when we seek to identify the unknown flux
function?

In the following we apply a numerical grid composed of N, = 200 grid cells. We test effect of using
finer grid in Section 4. We consider observation data Eq (2.9) with

{t/} ={0.1,0.2,0.3,0.4,0.5,0.6,0.7,0.8,0.9}. (3.2)

3.1. Example with concave flux " < O corresponding to f = 10 in Eq (3.1)

We use the S-Net-M given by Eq (2.17) to represent the unknown flux function fy(u). We use three
hidden layers, and the total number of trainable parameters is then 23. (Note that we obtain the same
type of result by choosing S-Net-D since this is a special case of S-Net-M.)

3.1.1. The case with noise-free observations and one initial state

(a) Simulated observation data

We use Algorithm 2 to generate the (synthetic) observations which are sampled at times Eq (3.2)
based on the following initial state:

1.0, ifxe[0,3]
up(x) = ) (3.3)
0, otherwise

The distribution of observation data is shown in Figure 5 (top) where right plot is a zoomed in version
of the left plot. This plot shows that essentially the whole interval u € [0, 1] is represented in the data
suggesting that a good learning of f(u) in this interval is possible.

(b) Training and testing

By applying Algorithm 3 (ConsLaw-Net), we obtain after training a flux function which we denote
by fp+(u). The analytical expression of it is given in Table 1. Apparently, fy(u) differs from the
true one. However, we recall that what matters is the derivative f,.(«). In order to compare with
the true flux function, we plot the translated function fy(u) — f3-(0) (revised) in Figure 5 (bottom).
Clearly, ConsLaw-Net has the ability to identify the true flux function with good accuracy for the flux
f(u; 8 = 10). This may not be a surprise since the nonlinearity is somewhat “weak” for this case.
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Figure 5. Top. The distribution of noise-free observations generated from combining
f(u; B = 10) with initial state Eq (3.3). Left: The distribution of all observation data. Right:
The distribution between 0 and 200 (number of times values occur in the data). Bottom. The
flux function f(u;8 = 10) (red solid line), f;-(#) generated by ConsLaw-Net (orange solid
line), and the translated function fy(u) — fy-(0) (orange dashed line).

Table 1. The identification of flux function f(u; 8 = 10).

Correct f(u) f) = 2u3 - u?) + 2u? (% —2u+ 3u? - iu“)
for(u) = (1.5727)u + (=0.8902)u> + (0.4633) + (0.2512)u*

+ (0.0779)u® + (=0.0085)u° + (0.0001)u®

fo-(u) generated by Algorithm 3

3.1.2. What is the effect of adding noise to observation data?

(a) Simulated noisy observation data

To test the robustness of ConsLaw-Net, we add 5% noise on the data U generated by the initial state
Eq (3.3) based on sampling times Eq (3.2). That is, we replace U by U+¢, where € € [-0.05, +0.05] and
€ is generated from a uniform distribution. Since U varies within [0, 1] we refer to this as 5% noise.
The distribution of observations is similar to the one shown in Figure 5 (not shown). Specifically,
Figure 6 shows a comparison of noise-free and noisy data at three time points: 0.3, 0.6 and 0.9.
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Figure 6. Noise-free and noisy data generated by the initial state (3.3) combined with the
flux function f(u; 8 = 10) at three time points: 0.3 (left), 0.6 (middle) and 0.9 (right).

— exact
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revised prediction
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— exact
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@r=10 (b)t=2.0

Figure 7. Top. The true flux function f(u;8 = 10) (red solid line), f;-(u#) generated by
ConsLaw-Net based on noisy data (orange solid line), and the revised function fy (1) — f3(0)
(orange dashed line). Bottom. Predicted solution u(x,f) by using Algorithm 2 based on,
respectively, true f(u;8 = 10) (red solid line) and the learned fj-(«) with noisy data (blude
dashed line). (a) Solutions at ¢ = 1.0. (b) Solutions at ¢ = 2.0.

(b) Training and testing

In Figure 7 (top), we show the learned function fj-(u) generated by ConsLaw-Net as well at the
translated fy-(u) — f3-(0) (revised). Comparison with the true f(u;8 = 10) reveals that the noisy data
has made the identification slightly less accurate. Figure 7 (bottom) presents a comparison of the
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solution based on f(u;8 = 10) and the predicted solution at later times t = 1.0, £ = 2.0 by using
Algorithm 2 combined with fj-(u). Noise has been added to the initial data Eq (3.3) and then used with
the learned fy-(u) as input to Algorithm 2. This gives rise to the blue dashed line which contains some
smaller oscillations due to noisy initial data. From Figure 7 we see that the noisy data combined with
just one initial state Eq (3.3) leads to some loss of the predictive ability of ConsLaw-Net. Next, we
test how the learning can be improved for the case with noisy data by adding more initial data, thereby,
more observation data.

3.1.3. Can we improve the learning when observations are noisy by using 3 initial states?

(a) Simulated noisy observation data

We use Algorithm 2 to generate observations based on the 3 initial states given in Table 2. We
have no preferences other than that we want to generate observation data over a broader spectrum by
selecting box-functions of different heights as initial states. We consider observation data at times Eq
(3.2) and add 5% noise. The distribution of the resulting observation data is shown in Figure 8 (top).
Compared to the distribution corresponding to initial data Eq (3.3) and shown in Figure 5, we see that
all values of u in [0, 1] are to a larger extent represented.

Table 2. Three initial states used for case with f(u; 8 = 10).

0 1.0, ifxe[2,6] | 0.6, ifxe]3,6]
Ug=10 = : Ug_10 = .
0, otherwise 0, otherwise
, {0.25, if x € [2.5,5.5]
u =
=10

0, otherwise

(b) Training and testing

Table 3 shows the analytical expression of the trained f;-(#) obtained by ConsLaw-Net. In Figure 8
(bottom) we see from the plot of f-(u) — f-(0) (revised) that the increased observation data set resolves
the problem with loss of accuracy due to noisy data.

Table 3. Identification of f(u; 8 = 10) based on noisy data from set of inital data in Table 2.

Correct f(u) f) = u@ - ) + % (3 - 2u+ 32 - 1u)
f(u) = (1.5457)u + (=0.9621)u’ + (0.3557) + (0.24967)u*

+ (0.1620)u® + (—=0.0049)1° + (3.2293¢ — 05)u®

Jfo-(u) generated by Algorithm 3

3.2. Example with 8 = 120 in Eq (3.1)

We consider now the situation when synthetic data is generated from Eq (3.1) with § = 120. From
Figure 4 it is clear that the shape is more complex. We use the same S-Net-M as for the previous
example to represent fy(u), i.e., three hidden layers and 23 trainable parameters.
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Figure 8. Top. The distribution of noisy observations generated by combining f(u; 5 = 10)
with initial states given in Table 3. Left: all observation data. Right: The distribution between
0 and 200. Bottom. True flux function f(u;B8 = 10) (red solid line), fy-(u) generated from
ConsLaw-Net based on noisy data (orange solid line) and revised function fg-(u) — fs-(0)
(orange dashed line).

3.2.1. Noise-free observation data and one initial state

(a) Simulated observation data

We use Algorithm 2 to generate observations based on the following initial state

wo() {1.0, if x € [2,4] )

0, otherwise

Observations are extracted at times Eq (3.2). The distribution of observations is shown in Figure 9.
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Figure 9. The distribution of clean observations generated from combining f(u; 8 = 120)
with initial state Eq (3.4). Left: The distribution of all observation data. Right: The
distribution between 0 and 200.
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(b) Training and testing

In Figure 10 (top, left), the function f;-(#) obtained from application of ConsLaw-Net and its
translated version fy (1) — fp-(0) is shown and compared to the true f(u; 8 = 120). Interestingly, we
see that fy-(u) is essentially a good approximation of the upper concave envelope of f(u; = 120),
which is the function involved in the construction of the entropy solution associated with the initial
discontinuity of Eq (3.4) located at x = 4 [15,30]. The initial jump at x = 2, on the other hand, relies
on the lower convex envelope which amounts to the straight line which connects (0, 0) and (1, 1) and
reveals no information about f(u) for u € (0, 1).
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revised prediction
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Loss

0.0 0.2 0.4 0.6 0.8 1.0 ) 0

1.0 - exact
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u(x)
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(@r=10 (b)t=2.0
Figure 10. Top. Left. Noise-free observations are generated from f(u;8 = 120) (red solid
line) combined with the initial Eq (3.4). The learned flux fy- (1) generated from ConsLaw-
Net (orange solid line) and the revised function (orange dashed line). Right. Loss function
behavior shows that error goes to zero. Bottom. Comparison of prediced behavior based on,
respectively, true f(u; 8 = 120) and learned fj- (), at times ¢ = 1.0 (a), £ = 2.0 (b).

In Figure 10 (top, right), we show that the loss function tends to zero, which reflects that the
(wrongly) identified flux function fp(u) is largely consistent with the observation data. This brings to
the surface a main challenge with learning the unknown flux function, namely, the lack of one-to-one
correspondence between observation data and nonlinear flux function, as expressed by the entropy
condition Eq (2.4). The consequence of this poor approximation to the true f(u; 8 = 120) is illustrated
in Figure 10 (bottom), which presents a comparison of the exact analytical solution and the solution
predicted by fy(u) at times ¢ = 1.0, t = 2.0 based on the initial state Eq (3.4). From Figure 9 we see
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that the observation data is sparse for # € (0.0,0.2) and for u centered around 0.8. So we may try to
collect more data from these intervals by adding another type of initidal data.

3.2.2. Can learning of f(u;8 = 120) be improved by using 2 initial states?

(a) Simulated observation data

We use Algorithm 2 to generate new observations based on the two initial states given in Table 4.

Table 4. Two initial states for case with f(u; 8 = 120).
. {1.0, if x € [2,4] L {0.9, if x € [3.5,6.5]

Ug_120 = Ug_120 =

0, otherwise 0, otherwise

The distribution of the resulting observation data is shown in Figure 11 (top). Clearly, the part of
the interval (0, 1) which was poorly represented with only one initial state, is now present to a larger
extent.
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Figure 11. Top. The distribution of noise-free observations generated from combining
f(u; 8 = 120) with initial state given in Table 4. Left: The distribution of all observation
data. Right: The distribution between 0 and 200. Bottom. The flux function f(u; 8 = 120)
where noise-free observations have been generated from initial data given in Table 4. The
exact flux function f(u; 8 = 120) (red solid line), fy-(u) generated from ConsLaw-Net (orange
solid line), and fy (1) — fo-(0) (orange dashed line).
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(b) Training and testing

The analytical expression of the trained flux function fy-(u#) is given in Table 5. From the
visualization in Figure 11 (bottom), we see that the learned fp-(u) is largely consistent with the exact
f(u; 8 = 120) with only a small inaccuracy seen in the interval u € [0.6,0.8].

Table 5. The identification of f(u;8 = 120) based on noise-free data generated by initial
data in Table 4.

Correct f(u) f) = u — ) + 202 (3 - 2u + 3u? — L)
f(u) = (21.7963)u* + (-=21.1055)u® + (-10.3012)u°
fo(u) generated by ConsLaw-Net +(6.7875)u” + (2.4417)u® + (1.6638)u + (0.4427)

+(=0.2827)u’ + (0.0127)u®

Finally, we also want to test the effect of noisy data for this case. We add 5% noise on data generated
by the initial state in Table 4. Table 6 shows the analytic expression of fy- (1) obtained by ConsLaw-
Net. The corresponding visualization in Figure 12 reflects that the noise hides for the shape of the true
flux function, similarly as for the case with less observation data seen in Figure 10.

Table 6. Identification of f(u;8 = 120) based on noisy data generated from initial state in
Table 4.

Correct f(u) f) = 3u3 — ) + 2 (3 - 2u + 3 — L)
f(u) = (=4.9213)u® + (2.3761)u + (1.7820)u” + (1.0587)u’
f(u) generated by ConsLaw-Net +(0.6508)u + (0.5101) + (0.0653)u’ + (0.0027)u’

+ (3.8506¢ — 05)u®
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Figure 12. The flux function f(u;8 = 120) where noisy observations have been generated
from initial data given in Table 4. The exact flux function f(u; 8 = 120) (red solid line), fy (1)
generated from ConsLaw-Net (orange solid line), and fy-(u) — fy-(0) (orange dashed line).

A natural remedy is to collect more observations by adding a wider spectrum of initial states, as
shown in Table 7.
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Table 7. Initial states for the case with f(u; = 120) and noisy data

0 1.0, ifxe[2,4] | 0.9, ifxe[3.56.5]
Uy o = Uy 1hg =

p=120 0, otherwise p=120 0, otherwise

) 0.8, ifxe[3,6] 3 0.7, ifxe(l,4]
U, = u,_ =

p=120 0, otherwise p=120 0, otherwise

The corresponding histogram showing the distribution of different values of u € (0, 1) is found in
Figure 13 (top). Clearly, the additional initial states has increased the involvement of u values in the
whole interval (0, 1), suggesting that a better learning can be expected.
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Figure 13. Top. The distribution of noisy observations generated by the four initial states
in Table 7 by using f(u;8 = 120). Bottom. The flux function f(u;8 = 120) where noisy
observations are generated based on initial data given in Table 7. The exact flux function
f(@u; 8 = 120) (red solid line), fy-(u) generated from ConsLaw-Net (orange solid line), and
fo-(w) — fp-(0) (orange dashed line).

Table 8. The identification of f(u;8 = 120) based on noisy data and set of initial states given
in Table 7.

Correct f(u) F) = 1u@B - u?) + 122 (% —2u+ 3P - %u“)
f=(24.6292)u* + (=23.4251)u’ + (—12.1104)°
f(u) generated by ConsLaw-Net +(7.7098)u” + (3.0216)u’ + (1.5297)u + (0.4520)

+(=0.3702)u’ + (0.0177)u®
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Table 8 shows the analytic expression of fj.(u) obtained from ConsLaw-Net. Figure 13 (bottom)
confirms that the learning of the true f(u; = 120) is quite effective now despite noisy data.

3.3. Example with f(u; B = 200) and f(u; B = 300) defined by Eq (3.1)

We consider the situation when synthetic data is generated from Eq (3.1) with § = 200. From
Figure 4 it is clear that the shape involves two inflection points. First a convex region for small u,
followed by a concave for intermediate u, and then a convex region again for large u. We use the
same S-Net-M as for the previous example to represent fy(u), i.e., three hidden layers and 23 trainable
parameters. Also the times for observation data is given by Eq (3.2).

3.3.1. Noise-free observations and two initial states

(a) Simulated observation data, training and testing

We use Algorithm 2 to generate the observations based on two initial states as specified in Table 9.
The corresponding histogram is shown in Figure 14 (top) and suggests a fair chance to achieve good
learning result. The result of the learning is illustrated in Figure 14 (bottom). We see that to a large
extent the learned fy-(u) fits well with the true f(u;6 = 200) with room for improvements in the
intervals (0.4, 0.6) and (0.8, 1.0).
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Figure 14. Top. The distribution of noise-free observations generated for the case with
f(u; 8 = 200) and initial data as in Table 9. Left. Distribution of all data. Right. Distribution
of the quantity between 0 and 200. Bottom. The flux function f(u;8 = 200) where noise-
free observations are generated based on initial data given in Table 9. The exact flux function
f(u; 8 = 200) (red solid line), fy-(u) generated from ConsLaw-Net (orange solid line), and
fo-(w) — fy-(0) (orange dashed line).
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Table 9. Two initial states used for the case with f(u; 8 = 200).

. {1.0, if x € 2,
u =
32200 0

4]

otherwise

u

0o _[09
5=200 0,

if x € [3.5,6.5]

otherwise

Now we focus on the case with true flux function f(u; 8 = 300). As seen from Figure 4, the shape
bears clear similarity to the case with f(u;8 = 200). However, the convex and concave regions are
more pronounced. Hence, in light of the result for f(«; 8 = 200) we may expect that more observation
data is required. Therefore, we consider six initial data as given in Table 10.

Table 10. Six initial states with 8 = 300.

0 1.0, ifxe]0,3] | 0.8, ifxe[3,6]
Uy a0y = i Ug_300 = .
p=300 0, otherwise A=300 0, otherwise
5 0.6, ifxel[4,7] ; 0.4, ifxe]0,3]
Uy ann = . Up_300 = .
p=300 0, otherwise $=300 0, otherwise
4 0.3, ifxe][3,6] 5 0.7, ifxell,4]
u = = . u = = .
p=300 0, otherwise $=300 0, otherwise
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Figure 15. Top. The distribution of noise-free observations generated for the case with
f(u; 8 = 300) and initial data as in Table 10. Left. Distribution of all data. Right. Distribution
of the quantity between 0 and 200. Bottom. The flux function f(u; 8 = 300) where noise-free
observations are generated based on initial data given in Table 10. The exact flux function
f(u; 8 = 300) (red solid line), fy-(u) generated from ConsLaw-Net (orange solid line), and

fo-(u) — f3-(0) (orange dashed line).
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The distribution of observation data is shown in Figure 15 (top). It reflects a good distribution apart
from a somewhat low representation for u € (0.8, 1.0). The analytical expression of fy-(u) generated by
ConsLaw-Net is given in Table 11. The visualization in Figure 15 (bottom) shows that the learned fy- (1)
largely captures the variations of the true flux function f(u; = 300), with a small loss of accuracy in
the interval with sparse observation data (u € (0.8, 1.0)).

Table 11. Identification of f(u; 8 = 300) based on clean data generated by 6 initial states
(Table 10).

Correct f(u) £@) = 1B —1?) + 3002 (3 - 2u+ 32 - )
f(u) = (64.5698)u* + (=59.0164)u° + (=32.7687)u’
f(u) generated by ConsLaw-Net +(19.2141)u? + (8.4140)u® + (1.6037)u + (—1.0640)u’
+(0.2655) + (0.05272)u®

3.4. Example with B = =200 in Eq (3.1)

In this example we explore how ConsLaw-Net can learn the flux function f(u;5 = —-200). As
seen from Figure 4 this flux function also has two inflection points. The order of the convex and
concave regions is interchanged, as compared to the case with f(u; 8 = 300), where a convex region
for intermediate u-values now is surrounded by a concave region for small u and large u. As before,
we use S-Net-M to represent fy(u), however, we use four hidden layers which amounts to 34 trainable
parameters.

3.4.1. Noise-free observation data and two initial states

(a) Simulated observation data

We use Algorithm 2 to generate the observations based on the two initial states given in Table 12.
We generate observation data at times given by Eq (3.2), in addition to the times 1.0 and 1.1. This
gives rise to the distribution of observation data as shown in Figure 16 (top). Clearly, the observation
data covers the whole interval (0, 1) well.

Table 12. Two initial states for the case with f(u; 8 = —200).

0 1.0, ifxe[2,4] | 0.9, ifxe[3.56.5]
U, = Uu,_ =
p==200 0, otherwise p==200 0, otherwise
(b) Training and testing

From Figure 16 (bottom), we see that the learned flux fy(u) essentially captures the lower convex
envelope of the true f(u; 8 = —200). In particular, there is a lack of information about the true flux for
u € [0.0,0.3] and u € [0.6, 1.0]. This can be understood in light of the fact that the decreasing initial
discontinuity located at x = 4 and x = 6.5, respectively, depends on the upper concave evelope, which
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essentially is the straight line which connects (0, 0) and (0.9, f(0.9)). Hence, precise information about
the shape of f(u; 8 = —200) is difficult to reveal. As a result, the initial increasing jumps at x = 2 and
x = 3.5, respectively, then imply that ConsLaw-Net generates a function fy-(#) which coincides with
the lower convex envelope of f(u; 8 = —200), as shown in Figure 16 (bottom).
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Figure 16. Top. The distribution of noise-free observations generated for the case with
f(u;B = —200) and initial data as in Table 12. Left. Distribution of all data. Right.
Distribution of the quantity between 0 and 200. Bottom. The flux function f(u;8 = —200)
where noise-free observations are generated based on initial data given in Table 12. The exact
flux function f(u;8 = —200) (red solid line), fy-(u) generated from ConsLaw-Net (orange
solid line), and fy (1) — fp-(0) (orange dashed line).

3.4.2. Improving the learning of f(u; 8 = —200) by using six initial states

(a) Simulated observation data

We increase the number of initial data from two to six, as shown in Table 13. We use Algorithm 2 to
generate the observations based on initial data in Table 13. The corresponding histogram of observation
data is shown in Figure 17 (top).
(b) Training and testing

We first illustrate in Table 14 the analytical expression of the learned flux function fj-(u#) obtained
through ConsLaw-Net. From Figure 17 (bottom) we see that fg- () is consistent with the exact f(u; 8 =

—200) with respect to u in most intervals, except for the interval u € [0.8,1.0]. Combined with the
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Table 13. Six initial states used in combination with f(u; 8 = —200).

0 1.0, ifxe][0,3] | 0.8, ifxe|[3,6]
u = U, =

p==200 0, otherwise =200 0, otherwise

) 0.6, ifxel[4,7] 3 0.4, ifxe]0,3]
Us_ = u,_ =

p=-200 0, otherwise p==200 0, otherwise

. 0.3, ifxe](3,6] s 0.7, ifxell,4]
U, = u,_ =

A=-200 0, otherwise p==200 0, otherwise
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Figure 17. Top. The distribution of noise-free observations generated for the case with
f(u;B = —200) and initial data as in Table 13. Left. Distribution of all data. Right.
Distribution of the quantity between 0 and 200. Bottom. The flux function f(u;8 = —200)
where noise-free observations are generated based on initial data given in Table 13. The exact
flux function f(u;8 = —200) (red solid line), fy-(u) generated from ConsLaw-Net (orange
solid line), and fy (1) — fo-(0) (orange dashed line).

observation distribution in Figure 17 (top), we see that there are relatively few observations in this
interval, which most likely is the reason for this loss in accurate learning.

4. Learning of fractional flux functions

In this section, we consider a flux function in the following fractional form Eq (4.1)

4.1)
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Table 14. Identification of f(u;8 = —200) based on clean data generated by initial states in
Table 13.

Correct f(u)

1 u4)

f) = 3u —u?) + 202 (3 - 2u+ 3 -

f(u) = (10.8706)u° — 10.7580u° — 6.3577u” + (5.9855)u*
—4.9812u° + (4.0332)u” + (0.8962)u + (0.8686)u®
—0.6212 + (0.5814)u'® — 0.42234° + (0.3570)u'!
—0.0937u'? — 0.00944" + (0.0082)u"> + (0.0067)u'*

—0.0021u'®

f(u) generated by ConsLaw-Net

This nonlinear flux function appears in the context of creeping two-phase porous media flow [15] and
accounts for a large range of nonlinear two-phase behavior. We consider the same spatial domain as
before (L = 10) and explore solution behavior in the time period ¢ € [0, 7] with T = 2. We set 8 = 0.5
in Eq (4.1) when we generate synthetic data for further testing of ConsLaw-Net for this class of flux
functions. We use a grid of N, = 400 cells and consider observation data Eq (2.9) at times Eq (3.2).
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Figure 18. Left. Loss function based on S-Net-M. Right. Loss function based on S-Net-D.

4.1. Example with 3 = 1/2 in Eq (4.1)

We first try to use S-Net-M with three hidden layers and 23 trainable parameters, based on
previous experience from Section 3. However, we find that the loss function does not converge to
zero, see Figure 18 (left). Therefore, we replace it by S-Net-D (2.20) with two hidden layers and 18
trainable parameters which gives significantly better behavior in terms of convergence behavior of the
loss function, see Figure 18 (right).

4.1.1. What is the effect of noisy observations?

(a) Simulation of observation data, training, and testing

We use Algorithm 2 to generate the observations based on initial state in Table 15. Then, 3% noise
is added to the observations. The distribution of the resulting observation data is shown in Figure 19
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(top). Specifically, Figure 20 shows clean and noisy data corresponding to the first initial data in
Table 15 at three time points: 0.3, 0.6 and 0.9.

Table 15. Two initial states with 8 = 0.5 in the flux function Eq (4.1).

o _[10 ifxe46l o _fos ifxer46l
=0.5 — . =0.5 — .
A 0, otherwise s 0, otherwise
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u

Figure 19. Top. The distribution of noisy observations generated for the flux function given
by Eq (4.1) with 8 = 1/2 and initial data as in Table 15. Left. Distribution of all data. Right.
Distribution of the quantity between 0 and 200. Bottom. The true flux function Eq (4.1) with
B = 1/2 where noisy observations are generated based on initial data given in Table 15. The
exact flux function (red solid line), f- (1) generated from ConsLaw-Net (orange solid line),
and fy-(u) — fo(0) (orange dashed line).
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Figure 20. Clean and noisy data generated by the first initial data in Table 15 with N, = 400
at three time points: 0.3 (left), 0.6 (middle) and 0.9 (right).

Table 16 shows the analytic expression of the identified fz-(#). In Figure 19 (bottom), we see
a comparison of the learned flux function under noisy data and the true flux function. Clearly, the

Networks and Heterogeneous Media Volume 18, Issue 1, 48-79.

90



76

learning has been effective for this flux function under noisy data based on ConsLaw-Net combined
with the neural network S-Net-D to represent the unknown flux function.

Table 16. The identification of f(u) with 8 = 1/2 based on noisy data generated by initial
data as given in Table 15.

Correct f(u) f) = =t

—-1.224u + 0.639 — 0.233u> — 0.013u° — 6.0e — 05u*
—2.696u> + 1.870u — 1.022 — 0.32313 — 0.002u*

f(u) learned from ConsLaw-Net fu) =

5. Conclusion

Compared with advanced methods that have been used to learn PDE problems from data [11,13,14],
our method can deal with scalar conservation laws and identification of the unknown nonlinear flux
function. In this paper, we designed a framework denoted ConsLaw-Net that combines a deep feed-
forward network and an entropy satisfying discrete scheme to learn the unknown flux function. We
have found that by including observation data from a sufficient number of initial states, the correct
nonlinear flux function can be recovered. This is true both for data with and without noise. Using
symbolic multilayer neural networks (S-Net-M or S-Net-D) to represent the unknown flux function
Jfo(u) in an entropy satsifying scheme, represents the key components. It has been demonstrated that
the additional regularity imposed on the flux function through f,(u) helps to identify the correct form
of it. Moreover, the identified flux function f-(u) has the ability to discover the unknown nonlinear
conservation law model from a relatively sparse amount of observation data, e.g., typically sampled at
10 different times. Interesting findings are:

(1) Depending on the complexity of the hidden flux function f(u) we seek to identify, i.e., the non-
linear shape, we may need observation data corresponding to a set of different initial states u(x).
This is necessary in order to collect information that can reflect the nonlinear form of f(u) for
all values of u in the interval for which we seek to learn the flux function. We also explore the
impact of noise in the observation data and find that the correct flux function to a large extent can
be identified from noisy data by including 4-6 different initial states.

(2) We find that the method can learn the relevant flux function for a whole family of different flux
functions ranging from pure convex/concave to strongly non-convex functions. The role of
observation data as a result of different sets of initial states, is highlighted.

(3) In this work we apply a variant of the Rusanov scheme [15] which relies on an estimate of the
maximum value of f’(u). The simplicity of the numerical scheme is exploited in the learning
process. Other numerical schemes may require suitable modifications in the definition of
ConsLaw-Net.

The current version of ConsLaw-Net is restricted to a scalar conservation law in one dimension.
Possible further extensions can be: (i) What is the role of the specific discrete scheme that approximates
the entropy solution? Does the method work for any entropy-satisfying scheme? (ii) Is it possible to
also learn the role played by parameters like 8 in Eq (3.1) and Eq (4.1) from the observation data? In
orther words, identify the functional form of f with respect to both u and . (iii) Explore the proposed
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method in a setting where experimental data is available. This may lead to considering other type of
observation data than we have used in this work.
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Machine learning methods have in various ways emerged as a useful tool for modeling the dynamics
of physical systems in the context of partial differential equations (PDEs). Nonlinear conservation laws
(NCLs) of the form u,+f(u)y = 0 play a vital role within the family of PDEs. A main challenge with NCLs
is that solutions contain discontinuities. That is, one or several jumps of the form (uy(t), ug(t)) with
u; # ug may move in space and time such that information about f(u) in the interval associated with
this jump is not present in the observation data. Moreover, the lack of regularity in the solution u(x, t)
prevents use of physics informed neural network (PINN) and similar methods. The purpose of this
work is to propose a method to identify the nonlinear flux function f(u, 8) with variable parameters
of an unknown scalar conservation law

g+ f(u, B =0 (%)

with u as the dependent variable and S as the parameter. In a recent work we introduced a framework
coined ConsLaw-Net that combines a symbolic multi-layer neural network and an entropy-satisfying
discrete scheme to learn the nonlinear, unknown flux function f(u; 8) for various fixed . Learning
the flux function with variable parameters, marked as f(u, 8), is more challenging since it requires an
understanding of the relationship between the variable u and parameter 8 as well. In this work we
demonstrate how to couple ConsLaw-Net to the Linear Regression Neural Network (LRNN) to learn
the functional form of the two variable function f(u, 8). In addition, ConsLaw-Net is here further
developed and made more generic by using a refined discrete scheme combined with a more general
symbolic neural network (S-Net). We experimentally demonstrate that the upgraded ConsLaw-Net
integrated with LRNN is well-suited for learning tasks, achieving more accurate identification than
existing learning approaches when applied to problems that involve general classes of flux functions

f(u, B). The investigations of this work are restricted to the class of polynomial, rational functions.
© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CCBY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

1.1. Background

neural networks. The authors reported that PDE-Net has the
most flexible and expressive power by learning both differential
operators and the nonlinear response function of the underlying
PDE model. In this work, we focus on the problem of learning the

Machine learning methods for solving partial differential equa-
tion problems have been widely used in science and engineering,
for example, electromagnetism [1], aerodynamics [2,3], weather
prediction [4], and geophysics [5]. Raissi et al. [6] introduced
the physics informed neural networks (PINNs) for solving partial
differential equations (PDEs) and learning parameters in PDEs.
Long et al. [7,8] proposed PDE-Net that combines numerical ap-
proximation of differential operators and symbolic multi-layer

* Corresponding author.
E-mail addresses: quing.li@uis.no (Q. Li), jiahui.geng@uis.no (J. Geng),
steinar.evje@uis.no (S. Evje).

https://doi.org/10.1016/j.physd.2023.133773

unknown nonlinear flux function f(u, 8) that is involved in the
general scalar nonlinear conservation law. Here we are restricted
to the one-dimensional case, given by

ue + f(u, Bl =0, x€(0,1)
U= = Ug(x) M
uxlx:O = uxlx:L =0
where u = u(x, t) is the main variable and g is a parameter,
typically, related to different forces that drive the process under
consideration. Note that this extension to include dependence on

a parameter f is highly relevant for many situations where dif-
ferent physical parameters naturally vary over certain intervals.

0167-2789/© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Displacement of several fluids is one classical example where
quantities like fluid viscosity and density may strongly influences
the displacement behavior and their roles are expressed in a -
like parameter [9,10]. In the context of learning f(u; B) for a fixed
B, we identify f(u; 8) with u as the only variable based on a series
of observations {u(x;, t;)} at specific time points {t;} described on
a spatial grid {x;}. However, when learning f(u, 8), we seek the
analytical expression of f(u, 8) that includes both the variable
u and the parameter B, given a set of observations {u(x;, t;)} at
various time points t; and at different values of 8 over an interval
of interest.

There are special challenges in identifying f(u, 8) in (1) as
compared to previous PDE models as studied in, e.g., [6-8]. Firstly,
in our scenario, the term f(u, 8)y in (1) cannot be expressed
by fi(u, B)uy since u generally is not a differentiable function.
Consequently, we cannot approximate differential operators us-
ing convolutions, as done in [7,8]. In our earlier work [11], we
demonstrated that the proposed ConsLaw-Net for solving f(u; )
for a fixed B can handle this problem. Secondly, variable u and
parameter 8 are completely distinct. How to learn the functional
relation between u and B? A natural idea is to try to discover
their relationship by treating both as variables. Le., feed u and
B into the ConsLaw-Net at the same time. However, it seems
difficult to control and minimize the error associated with both
u and B simultaneously. The discrete scheme we use to rep-
resent the entropy solution of (1) would produce a cumulative
error in the ConsLaw-Net, especially when the number of itera-
tions is large. Incorporating learning of an unknown parameter
into the ConsLaw-Net significantly increases the complexity of
the calculations involved in minimizing the loss function. To
overcome this, we introduce a Linear Regression Neural Net-
work(LRNN) to distill the structure of f(u, 8) learned by relying
on the ConsLaw-Net for a few selected values of S.

At this stage, it seems appropriate to highlight some essential
features of the entropy solution associated with (1). It is well
known that conservation laws of the form (1);, (Cauchy prob-
lem) do not in general possess classical solutions. Instead, one
must consider weak solutions in the sense that the following
integral equality holds [12-14]

T
/ / [uqb[-i-f(u,ﬂ)qu]dxdt—f—/ Uo(X)p(x, £ = 0)dx = 0 (2)
2 Jo 2

for all ¢ e C! such that ¢(x, t) : £ x (0, T) — R and which is
compactly supported, i.e., ¢ vanishes at x — 2y andt — T.
It follows that if a discontinuity occurs in the solution, i.e., a
left state u; and a right state ug, then the speed s satisfies the
Rankine-Hugoniot jump condition [12,14], i.e.,

flu. B) — f(ur. )

up — ug

= (3)
However, direct calculations show that there are several weak
solutions for one and the same initial data [13]. To overcome
this issue of non-uniqueness of weak solutions, we need criteria
to determine whether a proposed weak solution is admissible or
not. This has led to the class of entropy solutions, which amounts
to introducing an additional constraint which ensures that the
unique physically relevant one is found among all the possible
weak solutions. There are different ways to express the entropy
condition for scalar nonlinear conservation laws. One variant is
by introducing an entropy pair (7, q) where n : R — R is any
strictly convex function and q : R — R is constructed as [14,15]
(where f’(s) represents derivative with respect to s since 8 is a
passive parameter)

mmm=/fhﬂWM$ (@)
0
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for any v. This implies that ¢ = f’n’. Then, u is an entropy
solution of (1), if (i) u is a weak solution in the sense of (2);
(ii) u satisfies in a weak sense n(u); + q(u, 8)y < 0 for any pair
(n, q). This condition can also be formulated as the following char-
acterization of a discontinuity (up, ug) [14,16]: For all numbers v
between u; and ug,

[0 B)=fw.p) _

v —Uug -

f(v, B) — f(ug, B)

=
vV — UR

(5)

where s is given by (3). In particular, it gives a tool for construct-
ing unique solutions of nonlinear scalar conservations laws as
given by (1).

The ConsLaw-Net framework introduced in [11] relies on dif-
ferent symbolic neural networks, S-Net-M for multiplicative func-
tion and S-Net-D for division function to represent the flux func-
tion, and are combined with an entropy consistent discrete nu-
merical scheme (ECDNS) to identify f(u; 8) for a fixed B. How-
ever, this ConsLaw-Net has two shortcomings: Firstly, the en-
tropy consistent numerical scheme relies on a global estimate
of |fy(u; B)| through M = max, |f,(u; B)|. This facilitates the
symbolic neural network to find the optimal solution quickly.
However, it is also known to corrupt data accuracy. In this work
we explore whether the flux function can be correctly learned
when the symbolic neural network is coupled with a numerical
scheme that relies on a local estimate of the form M., =
max{lfy(u; B, fu(uf ;; B)I} where uf and uf, | refer to u at spa-
tial grid points x; and x;.1, to improve the overall accuracy of
the method. Secondly, there are two different symbolic neural
networks involved, S-Net-M and S-Net-D for multiplicative and
division functions, respectively. We must decide which type of
symbolic neural network to use by comparing the final losses of S-
Net-M and S-Net-D, which obviously increases the computational
burden.

1.2. Purpose of this work

In particular, our main contribution by this work includes:

e Provide a method for learning of the functional form of the
nonlinear two-variable function f(u, 8) where u is the main
variable and B is a parameter. To our knowledge, this repre-
sents the first approach to learn the unknown nonlinear flux
function involved in a scalar conservation law, with respect
to both its dependent variable u as well as the parameter 8.

o We update the ConsLaw-Net proposed in [11] regarding the
following two aspects:

- We use a local rather than global estimate of the wave
speed for the Rusanov scheme. Specifically, we use a
local estimate Mj11, = max{lfu(u; B)I, fulu};; BI}
instead of a global estimate of M = max, Iflu(u; B)I.
This updated ECDNS provides a more accurate descrip-
tion of observation data versus the underlying flux
function, but also increases the computational time for
model optimization (i.e., identification of the unknown
flux function). The success of applying the improved
numerical scheme demonstrates that the methodology
can be extended to a wider variety, i.e., the ConsLaw-
Net model has some robustness;

We employ a unified Symbolic Multi-layer Neural Net-
work (S-Net) to learn f(u; B), regardless of whether
it is a division or a multiplication function that is
involved in the unknown underlying conservation law

(1).

Hence, the updated ConsLaw-Net is a refinement and a
generalization as compared to its first version presented
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Fig. 1. Pipeline for our approach. There are two steps: (D using the improved ConsLaw-Net to learn f(u; 8) where g € {85, 8]
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fw B) = apqu + agu® + agau® + f(aye + agu? + agaud)...

/3;15}~ We use the symbol g*

to distinguish the values of g used in the first step. The learned expression f(u; ;") in each subproblem i is referring to an equation with u as variable but not
B @ Given the results of the first step, we first construct a collection of candidate models of the two variable function f(u, 8), and then use LRNN to obtain the
coefficients of the selected candidate model. If this candidate model can satisfy the error criterion, we will apply it to compute the solutions of (1). Otherwise, we

reselect the candidate model and repeat the process in the second step.

in [11]. However, this comes with an additional challenge
related to the optimization of (1). To handle this, we design
a new loss function.

Learned graph neural networks (GNNs) have recently been
established as fast and accurate methods when applied to
PDEs with regular solutions, such as the Wave equation,
Poisson, or Navier-Stokes equations [17-19]. We compare
our method with the GNNs method proposed in [17]. Ex-
periments show that our method generates relative accurate
predictions whereas this GNN does not seem to have a
built-in capacity to handle the problem (1) well.

The proposed approach is summarized in Fig. 1. This method
consists of two steps. The first step is to use the optimized
ConsLaw-Net to learn f(u; 8) for a few values of B, whereas
the second step is to use LRNN to learn f(u, 8) relying on the
results of the first step. The challenge with lack of uniqueness,
i.e,, the fact that many different flux functions can give rise to
the same observation data, is dealt with by using a combination
of two different components: (i) we collect observation data
corresponding to a set of different initial states; (ii) regularity in-
formation pertaining to the class of flux functions f(u, 8) we seek,
is incorporated through the use of symbolic neural networks, as
mentioned above.

1.3. Related work

Learning the flux function of a nonlinear conservation law
from sparse data has important applications in industry. There are
several examples of non-machine approaches to deal with this
problem. Holden et al. used the front-tracking algorithm to re-
construct the flux function from observed solutions with suitable
initial data [20] for a traffic flow relevant model. Recent stud-
ies on the reconstruction of the flux function for sedimentation
problems involved the separation of a flocculated suspension into
a clear fluid and a concentrated sediment [21,22]. In particular,
Biirger and Diehl revealed that the inverse problem of identifying
the batch flux density function has a unique solution, and derived
an explicit formula for the flux function [23]. This method was re-
cently extended to construct almost the entire flux function [24]
using a cone-shaped separator. Diehl explored a direct inversion
method using linear combinations of finite element hat functions
to represent the unknown nonlinear function [25].

With the development of deep Al, more and more neural
network methods are used to solve forward and inverse problems

99

of PDEs and ODEs. These problems frequently involve recovering
solutions to PDEs [6] or physical quantities, such as the density,
viscosity, or other material parameters [26-28], from a sparse set
of measurements. We refer to [29,30] for examples of methods
based on assuming that the governing PDE is linear combina-
tion of a few differential terms in a prescribed dictionary, and
the objective is to find the correct coefficients. Raissi et al. [6]
introduced the physics informed neural networks (PINNs) for
solving two types of problems: data-driven solutions and data-
driven discovery of partial differential equations. Except for a
few scalar learnable parameters, the explicit form of the PDEs
is assumed to be known in the second problem. Therefore, the
structure of the equation is used as part of the loss function to
guide the optimization. However, PINNs seem not able to learn
the nonlinear hyperbolic PDE that governs two-phase transport
in porous media [10]. It was suggested that this shortcoming of
PINNs for hyperbolic PDEs is due to the lack of regularity in the
solution. Mesh-based simulations have recently made significant
progress [17,18], enabling faster runtimes than principled solvers,
and higher adaptivity to the simulation domain compared to the
grid-based convolutional neural network (CNNs) [31,32]. Neu-
ral networks have been used also in combination with discrete
schemes to accelerate computations of PDEs [33].

The rest of this paper is organized as follows: In Section 2
the updated version of the ConsLaw-Net proposed in [11] is
described. In particular, it is described how LRNN is used to
learn the two variable flux function f(u, 8). In Sections 3 and 4
we present different experimental results on identifying f(u, 8)
using our method by exploring performance, respectively, for two
different families of flux functions. In Section 5, we close with a
discussion and outlook.

2. Method

2.1. The first step: using an improved ConsLaw-net to learn the fixed
parameter problem f(u; ), with B € {85, B, ..., 5,’(,}9 1

2.1.1. Entropy consistent discrete numerical scheme (ECDNS)

We investigate a discretization of the spatial domain [0, L] in
terms of {x,-}f’;o_1 where x; = (1/2+4i)Axfori =0, ..., Ny—1 with
Ax = L/Ny. Furthermore, we consider time lines {t”}';f‘=0 with
N¢At = T. Our discrete version of (1) is based on the Rusanov
scheme [12] which takes the form

),

At
A= —,
Ax

F!

n+1 __ .n n
w = = AMF, — i-1/2

) ] J
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Fig. 2. The structure of S-Net with three hidden layers.

A L A ©)
withj =2, ..., Ny—1and where the Rusanov flux takes the form
o SO M

j+1/2 — 2 2 j+1 g/

We adopt a local estimation by using Mj'}H /2 =
max{[fu(u]f'; B, [fu(u}‘H; B)|} instead of a global approximation
through M, = maxy |fu(u; B)l, as used in [11]. The local

estimation is beneficial to simulation accuracy but harmful to
the optimization of the model. The CFL condition determines the
magnitude of At for a given Ax through the constraint [12]
At
CFL.= —M <1, M = max |f,(u; 8)|.
AXx u

We invoke the CFL condition in Algorithm 1. Algorithm 2 presents

how to learn the solution U" = {u(x;. t")}}i"1 of the discrete
conservation law (6). The local estimation Mj’fH /2 is used to define

the interface flux F] 41 in Algorithm 2. Note that we for sim-
plicity ignore the explicit dependence on § in Algorithm 1 and
Algorithm 2 since they are applied for f(u; B) with a fixed choice
of .

Algorithm 1: CFL

Input: L: length of the spatial domain; Ny: the number of
spatial grid cells; f(u): the nonlinear flux function;
T: computational time period;

Output: At: local time interval

Ax = L/N,
M = max |f'(u)|
u
dt = (2 Ax)/(M +0.0001)
n_time = |T/dt]
At = T /n_time

2.1.2. S-net

Inspired by [34,35], we use the S-Net to represent the un-
known function f(u; B) because S-Net can learn the analytical
expression of the flux function f(u; B). In this work we no longer
distinguish between S-Net-M and S-Net-D, but instead use S-Net-
D as S-Net to learn all functions. Fig. 2 depicts the building of

Algorithm 2: DataGenerator
Input: T: computational time period; Ny: the number of
spatial grid cells; L: length of the spatial domain;
Up = {UO(X]')}]I-\J:XIZ initial state set of dimension Ny;
f(u): the flux function;
Output: U = {u}'}: the solution based on initial state ug;

At = CFL(L, Ny, f(u), T)

Ax = L/N,
U[0] = ug
U= Upg

forn=1,.,T/At do
forj=1,.N,-1do
Fiy12 =
~ ~ U@L @0~ ~
3 (F@) + f(i40)) — =52 (0 — )

S-Net in the form of f = g/h with three hidden layers. As shown
in Fig. 2, the identity directly maps u from input layer to the first
hidden layer. The linear combination map uses parameters w;
and b, to choose two elements from u and are denoted by «;
and B;.

(a1, B1)" = wq - (u) + by, wy € R¥>*! by € R?! )
These two elements of o; and 8; are multiplied which give
fi=ab (8)

Apart from u gotten by the identity map, f; also is input to the
second hidden layer

(a2, Bo)T =W - (u, f1) + by, Wy € RZ by € R¥¥. (9)
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Similarly with the first hidden layer, we get another combinat-
ion f,

fr = (10)

Then we obtain the numerator part g and the denominator part h
of the flux function f(u) based on ws, bz and wy, by, respectively.

g=ws-(fi,) +bs, w3 e RV b3 e R (11)
h=ws-(ufi,)" +ba,wse R by e R (12)

The analytic expression of the flux function f is the combination
of g and h, i.e,,

_8
f=% (13)

The parameters involved in the network described above is de-
noted by @ and the resulting function according to (13) is denoted
by fe(u). More information about S-Net can be found in [11].

2.1.3. The ConsLaw-net
The ConsLaw-Net combines ECDNS and S-Net to learn f(u; 8)
with 8 e {85, B, ...,ﬂfgﬂ}. We consider observation data in

terms of x-dependent data at fixed times {t* f’;"{s extracted from
the solution U as follows:

Ui = fux, 6, uGx, ), - 65,)]0 T=1000 N (14)

Eq. (14) is utilized to select synthetic observation data denoted by
Usup as well as predictions based on the learned fy(u; B) written
as Usyp. We specify times for collecting the time dependent data

Tobs = {tF = iAt :i=1,..., Nops}. (15)

Typically, we set Nops = 9 with At°P = 0.1. For clarity, we use
fo(u; B) to denote the function learned by S-Net. During S-Net
training, fy(u; B) is fed into Algorithm 2 to obtain the predicted
solution U. Similar with Ugp, choose predicted solutions Usp
according to (15). The difference between Uy, and Uy, denoted
as L% s involved in the optimization of the model. In addition
to L%, we also introduce L"mino" and [14mer" in the loss
function to limit the search space of the flux function. Detailed in-
formation on the loss functions is given in Section 2.3. Herein, we
use the second-order quasi-Newton method, L-BFGS-B [36,37], to
update the parameter vector 6. Finally, we get the best flux func-
tion fg+(u; B) and use it to represent the learned conservation law
for the selected B. The learning process is depicted in Algorithm
3.

Overall, learning the fixed parameter problem f(u; 8) can be
formalized as a nonlinear optimization problem as follows:

min Loss(Usus, Usup),
Fa) (16)
st. f(u) € R(u)

where f(u) is the flux function to be learned and R(u) is the set of
rational functions. Uy, and Uy, are extracted from the solution
of Eq. (1) with fixed parameter 8 based on the true flux function
and learned flux function, respectively. Loss is the operator that
measures the difference between Uy, and Ug,, and Loss(Ugyp, Usyp)
is the objective function.

2.1.4. Why use S-net instead of the piecewise affine functions
method or the finite polynomial expansion method?

A wide range of methods exists to solve nonlinear optimiza-
tion problems, including traditional approaches like gradient-
based and Quasi-Newton methods, as well as contemporary
methods such as machine learning techniques. James and
Septlveda [38,39] minimized Loss(Usup, Usup) by means of gra-
dient methods. Since Loss(Usy, Usyy) may not be differentiable

Physica D 451 (2023) 133773

Algorithm 3: ConsLaw-Net

Input: T: computational time period; Ny: the number of
spatial grid cells; L: length of the spatial domain;
ug: initial state vector of dimension N,; f(u; B):
true flux function with fixed parameters g; o:
initial parameters of S-Net; #: parameters of S-Net;
fo(u; B): flux function generated by S-Net; T_obs:
observation time points Eq. (15); Loss: loss
function; epoch: the number of epoch;
DataGenerator: Algorithm 2

Output: fy=(u; B): the best flux function generated by the

S-Net based on parameter vector 6*;

U =DataGenerator(T, Ny, L, up, f(u; B8))
U_sub = {u € U|t € T_obs}
6 =26,
fori= 1,..epoch do
U= DataGenerator(T, Nx, L, ug, fo(u; B))
U_sub = {fue ﬁlt € T_obs}
loss = Loss(U_sub, 0_sub)
Updating 6 and loss by optimizer L-BFGS-B;
end
0" =0

with respect to the parameters of f(u; 8) and the dependence
of objective function on these parameters occurs via the PDE
solution, additional assumptions have to be made, and the formal
gradient is obtained by means of an adjoint equation. Already for
a hyperbolic scalar conservation law in one dimension, the prob-
lem of identifying a nonlinear flux f(u; 8) is generally ill-posed
in the sense that f(u; g8) is not uniquely determined by observed
data. For example, the same discontinuity in a solution may arise
from different flux functions. Recently, Diehl in [25] formulated a
general flux identification method based on expanding the flux
function in terms of piecewise affine functions with unknown
weights and obtained the least squares solution to the integrated
form of the conservation equation which could also contain a
diffusion term.

To solve the nonlinear optimization problem (16), we have
opted for machine learning methods, which offer greater ro-
bustness and flexibility. In particular, we are using S-Net, as
employed in [7,8,34,35], to learn the unknown function. Besides
S-Net, other classical methods explicitly represent functions, such
as the piecewise affine functions method described in [25] and
the finite polynomial expansion method. In the piecewise affine
functions method, divide the u-axis into n equidistant intervals:
let u™™ be the largest value of the data and set uy = ku™*/n for
k= —1,...,n+ 1. Assume that

f) =" fivn(u) (17)
k=0

where f is n + 1 parameters to be determined, and the affine
functions are defined by

U—up—

ﬁ, U1 < U< U
Yiu)={ g5 e < U S Ui (18)

0, Otherwise
where k = 0, ..., n. The polynomial expression with respect to u
is given by:

co + ciu + cou? + c3ud + -+ - + cuu™
flu; )= - (19)

T do 4+ diu+ dyu? + d3ud + - - - + dyu
ny

We acquire the coefficients {fi};_, of (17) and {c,-}?;0 and {d;};2,
of Eq. (19), respectively, by using the observation data set. From
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the various methods available, we have decided to implement the
S-Net approach for the following reasons:

e Experimental performance: In Section 3.1.2 we do a compar-
ison of S-Net, the piecewise affine function representation,
and the finite polynomial expansion method. It is observed
that the performance of S-Net is clearly better than these
two other methods for our test cases.

Robustness: S-Net demonstrates a high capacity to handle
noisy and incomplete data [11]. In our problem, the number
of local time steps (of length At) we need to compute nu-
merical solutions through ECDNS is higher than the number
of observation data, i.e., At <« At°P, Since At is dictated by
the CFL condition for the given choice of the flux function f
(which will vary during the training), we do not know that
AtK; =t fori=1, ..., Ny for some integer K;. In that case,
we choose the one closest to t;*. Given that the observations
are derived from approximate data, we have opted for S-Net
due to its robustness.

Flexibility: S-Net is flexible and powerful. Expanding func-
tions with more variables is easy with S-Net, as it can
automatically detect nonlinear relationships between input
variables. The finite polynomial expansion method requires
the manual listing of all possible combinations, which be-
comes an exhaustive task as the number of variables in-
creases, potentially leading to an exponential growth in
the number of combinations. Furthermore, incorporating
nonlinearities such as sine and cosine into S-Net is straight-
forward, enabling it to learn combinations of variables that
act on sine or cosine.

2.2. The second step: using LRNN to learn f(u, B)

From the first step, we have learned the fixed parameter
problems fy=(u; B), B8 € {Bg. B}, ..., By, ). Based on the above
results, we learn f(u, 8) using LRNN in the following section.

2.2.1. Generate observation data Y
We have learned the analytical expressions of fg«(u; ) with
some fixed f$ in the first step, denoted as

Y = {f,,*(u; ﬂ)‘ u € [min(ug), max(uo)l, B € {Bg.Bi,---» ﬂ,’gﬂ}} .

Since the solution of (1) is TVD (total variation diminishing) [15,
40], we know that the solution u(x, t) at any time t > 0 does
not contain any new maxima or minima as compared to the
initial data ug(x), i.e., minug(x) < u(x,t) < maxug(x). In the
following we tactically assume that 0 < ug(x) < 1, therefore
0 < u(x,t) <1,Vt € [0, T]. Consider a discretization of u € [0, 1],
denoted as

‘?/:{u‘ u,»:iAu,i:O,l,Z,...,Nu,Au:l/Nu}. (20)
Therefore, a discrete version of Y’ is obtained by

Y= {fti )| wi e %, B (567 i) (21)

Typically, N, = 400. Y will be used as the observation data to
train LRNN.

2.2.2. Construct the candidate models for f(u, B) based on Linear
Regression Neural Network (LRNN)

Next, we create the candidate models of f(u, 8) that contain
multiplication function form (22) and division function form (23):

K i

f,By=Y "> (a;) (22)

i=0 j=0

Physica D 451 (2023) 133773

Yo Yo (a38'w)
Zf:o Z}Q;() (bijﬂlw)
where K, J;,P,Q € N,and # = {a4li=0,...,K;j=0---Ji} U
{bjli=0,...,P;j=1,...,Q} C R, B denotes the i-th power
of B, 1 represents the j-th power of u. The largest power of u,
i.e., Ji, Q;, can in principle be any positive integer. The use of (22)
and (23) implies that the flux function f(u) we seek to identify is
restricted to be a polynomial, rational function or one that can
be well approximated within this class. We can appropriately
limit the candidate models by using the learned expressions of
f(u; B*) obtained from the first step. Generally speaking, the
biggest power of u in the true function will not be greater than the
largest power in the learned expressions. & is the vector of the
parameters we want to learn in the second phase. According to
the Occam'’s razor principle, the preferred formula is singled out
by being the simplest one that still predicts well. Therefore, we
test the candidate model based on the principle from simplicity
to complexity. That is, from multiplication to division models, and
from lower to higher powers. If the simple model can meet the
error requirements in the validation set, we use this simple model
instead of the complex model.

Specifically, to begin with a straightforward approach, we set
K =1 and Jo =J; = 1in (22), which yields a simple model,

fu, B) = ago + apiu' + aroB + arfu’. (24)

There are four unknown parameters, namely ago, do1, d10, d11, in
(24). These parameters can be optimized based on the results
obtained in the first step described in Section 2.1, denoted as
gy Ggq» A7g» a7 The learning process is explained in detail in
Sections 2.2.3 and 2.2.4. The resulting equation can be denoted
as

flu, B)=ag, + a’(jlu1 +aj,B+ a’flﬂuV (25)

To evaluate the ability of (25) in representing the true flux func-
tion, we must validate it using a separate dataset. This valida-
tion dataset, denoted as U2%, comprises the solutions extracted
from Eq. (1) for specific time points (15), generated using 8 that
was not used in the first step. We can then solve for Eq. (1) with
the learned flux function (25) using the same B as the validation
dataset, resulting in the estimated solutions U4, If the errors
between U4 and (22 satisfy the specific error requirement A,
we consider the learned equations to be a suitable representation
of the true flux function. In this case, we do not conduct further
validation of the other candidate models. However, if the errors
do not meet the requirements, we move to a more complex
model. For instance, we may set K = 1 and Jo = J; = 2 in (22).
We gradually increase the complexity of the candidate models
until we find one that satisfies the error requirements.

fu, B) = (23)

2.2.3. Establish the input X

After choosing the possible expression of f(u, 8), we have to
establish the features of the expression in order to learn the
coefficients aj, by in (22) or (23). For each item a;(b;)p'w in
(22) and (23), we can build features according to git. Take the
possible expression (26) as an example.

f(u, B) = ago + apu' + agyu® + Blaio + anu' + apu?). (26)

For every B € {85, BT, -
of features

Xip = {1ul,uf, B, Bu/, pu?}.

Denote the features of the potential formulation of f(u, 8) as

X=X wew. petgspi...) (27)

. ﬂ,’\‘,ﬁ} and u; € %, we can create a set
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Fig. 3. Pipeline for the second step of our approach: Choose one possible expression f(u, ) from candidate models. Build the observation data Y (21) and features
of f(u, B) (27), and get the coefficients a;(b;) by LRNN. Test the learned f(u, 8) on the validation data. If the error criteria is met, stop; otherwise, continue with

the operation.

2.2.4. Train the model
Assume the parameter vector of LRNN is W, so

Y =W'X (28)

Using the neural network, we can easily get W which is the vector
of coefficients of the possible expression of f(u, 8).

2.2.5. Test on the validation dataset

After obtaining the trained model, it is tested on the validation
set. If the error condition is satisfied, the model behavior can be
predicted using the new parameter 8 and initial state ug. Fig. 3
depicts the pipeline for the second step of our approach.

2.3. Loss functions

2.3.1. Loss function used in the first step

Optimizations of the ConsLaw-Net, including using a local es-
timate Mj 12 = max{[fu( , Bl Ifu(u ;+1’ B)|} instead of a global
estimate M = max, |f,(u, ﬂ)l and employing a unified S-Net to
learn f(u; B8), place high demands on our loss functions. To obtain
the solutions of (1), we need to estimate the quantity M, that
decides the local time interval At used in Algorithm 2. If M is
. . . 3 Ax
too large, it will cause At too small according to At = m
in Algorithm 1. In this case, the numerical scheme needs to be
iterated tens of thousands of times to obtain the solutions of
(1), which takes an inordinate amount of time. As a result, we
estimate an upper bound on M, denoted as «. In our experiments,

= 100, When M < o, we compare the difference between
Usyy and Ugyp, to guide optimization, written as L9 and defined
in (30). S-Net has two sub-neural networks, g(u) and h(u), to learn
the numerator and the denominator, respectively.

There are two cases where the M value is too large caused by
g(u) and h(u). One is when the denominator h(u) is very close to 0,
and the other is when the value of the denominator is reasonable,
but the numerator g(u) is vast. The above situations inevitably
occur during the optimization of the model. To deal with these
two cases, we introduce L‘;e""m"“”“” and L}"™" to optimize the
model. Therefore, the loss function used in Algorithm 3 can be

expressed as

Ldata M<a

Loss = Ldenominamr M>a Ldenominator 75 0
v 4
Lnumerator M z a, Ldenomma[or :0

(29)

where [data, [ denominator - 55 Lumerator are defined as follows:

L ; Assume we have K,m different initial states used for the
training process, and solutions are described on a grid of Ny grid
cells and at Ny, different times. The true observation data set
denoted by {USUb,’((Xj1 t,'*) 1 <k < Ky 1 < ] < Ny 1<
i < Ngps} is obtained using Algorithm 2. The predicted data is
created by an iterative loop in Algorithm 3, and is denoted by

{Usub (X, 1<k <Kpi; 1 <j=<Nyg1=1i= Nop}. Sowe
define the data approximation term Ldata g
Kini  Nx  Nobs
Ldata = K N.N Z Z Z Usub k X]7 , Usub k(Xp t1 )) (30)
inilNx/Nobs k=1 j=1 i=1

Ljenominator . To steer the network away from small values

of the denominator, we add a penalty term to our objective
(29), denoted by Lff""m’””“”. Compute the values of the subneural
network h(u) on % (20), written as

= (hw)li=0,1,2,...,Ny}.

If there are elements in H smaller than y, it can cause M to be too
large (i.e, M > «). In our experiment, we set y = 0.001 and let
L‘;"’”"m’”““” be associated with the net effect of these small values
of H

Ldenaminator _ Z |h
1, ifh(y) <y
0, otherwise

< (Ny+ 1)y.

When the value of the denominator h is greater
than y, i.e,, h(u;) > y for all i € % implying that Lde”"’"’"“mr =0,
and the value of the numerator g is too large, M can also be too

<y

I(h(w) < y) = { (31)

Note that 0 < Lt}i/enominatur
[ umerator .
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Fig. 5. The graphical results of identification of flux function fy«(u; 8) on g = 10,

orange dashed line is the learned function.

big (i.e., M > «). In this situation, we compute the approximate
derivative of f(u) with respect to u € [0, 1]. For that purpose we
introduce

@' =w U1+ Au} = {uli=0,1,2,..., Nys1} .

We compute the discrete derivative of f(u) on %', denoted by
Df(u) = !’M i=0,1,2, N}
Au

where Lg“me“‘“” is set to be

Lr;/umeratar — maX(IDf(u)I) — . (32)

The purpose of L‘ff”“"”'”“f‘” and L ator js to steer the loss function
(29) in a direction such that Loss = L% is the dominating
term, which allows to identify the unknown flux function. As u
is bounded by [0, 1], L9 in the case of M < « is much smaller

130, 200, 300. In each subplot, the solid red line is the true function, and the

than [denominator op [numerator \yhich are at work in the case of
M > «. During the optimization process of the neural network,
the parameters are updated in the direction that minimizes the
loss function (29), i.e., the situation where loss is governed by
L‘jemm"mmr or L;“me’"“’r will be avoided. In this sense, the presence
of Lff”"mmamr and [rumerator steers the loss function (29) in a direc-
tion such that Loss = [ is the governing term, which allows to
identify the unknown flux function.

2.3.2. Loss function used in the second step
We optimize models using the Adam optimizer [41] for 5000
epochs and minimize MSE between observation data (21) and

predicted values Yy, = {fw(ui, ﬂ)‘ui ew.pelbsBr.- B

generated by LRNN where W represents the parameter vector,
see (28). One of the primary reasons for selecting Adam is its
ability to automatically adjust the learning rate, which ensures
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the accuracy of learning. For clarity, we denote the trained LRNN
function as fy,«(u, 8). The loss function is written as

al 2
Loss = m ZZU@* ui; .3 )_fW(u1, ; )) (33)

i=0 j=0
3. Learning a general class of nonlinear flux functions f(u, )

In this section, we consider a class of nonlinear conservation
laws that naturally arise from studying displacement of one fluid
by another fluid in a vertical domain. The resulting displacement
process involves a balance between buoyancy and viscous forces.
Depending on the properties of the fluids used, there is room for
various types of displacement behavior. This is expressed by the
fact that one can derive a family of flux functions f(u, 8) which
takes the following form as illustrated in [9]

S 12 4 2

The parameter B represents the balance between gravity
(buoyancy) and viscous forces. In this work, § € [—400, 500].
Different values of B result in different types of flux functions.
Fig. 4(a) shows the shape of f(u, B).

In the following, we generate synthetic data with a few dif-
ferent values of 8 and a class of initial data uy(x). As mentioned
in the introduction, observation data of the entropy solution
leaves room for many possible flux functions to be candidates to
explain the observations. However, as demonstrated in [11], the
combination of using a few initial data combined with additional
regularity by representing the unknown flux function through
symbolic multilayer neural networks, enables identification of the
relevant flux function quite effectively. In other words, as more
initial data is added (with corresponding observation data), more
details of the physically relevant flux function are revealed.

We consider a spatial domain L = 10 such that x € [0, 10] and
a time interval [0, T] with T = 2. We collect observation data in
the form (14) with Nops = 9. The aim is to identify the unknown
flux function f(u, g) for u € [0, 1].

7u(3 —u?)+ LY (§—2u+§u2—%u4>. (34)

3.1. The first step: using the improved ConsLaw-net to learn f(u; B)
where 8 = {10, 130, 200, 300}

3.1.1. The results of using S-net to represent f(u; B)

In order to learn f(u; 8) for u € [0, 1], we consider a set
of initial data {uf}¥_; such that 0 < uf(x) < 1. We choose
box-like states that give rise to Riemann problems, one at each
initial discontinuity. In the following, we apply a numerical grid
composed of N, = 400 grid cells and choose observation data
(14) with time points

{t’} = {0.1,0.2,0.3,0.4,0.5,0.6,0.7, 0.8, 0.9}. (35)

S-Net is used to represent the unknown flux function f(u; 8)
where B € {10, 130, 200, 300}. Set three hidden layers in S-Net,
and the total number of trainable parameters in every subprob-
lem is 28. Choose the observations from the solutions U gener-
ated by Algorithm 2 based on initial states shown in Table 7 in
Appendix A.1. Finally, we obtain after training the S-Net denoted
by fe+(u; B) by applying Algorithm 3. The resulting analytical ex-
pressions are given in Table 1. fg«(u; 8) differs from the true one.
However, we recall that what matters is the derivative fj.(u; 8).
To visualize the learning effect, we plot the translated function
fox(u; B) — f(u = 0; B) in Fig. 5. Clearly, the improved ConsLaw-
Net has the ability to identify the true flux function with quite
good accuracy for the flux fy«(u; 8) with g € {10, 130, 200, 300}.
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3.1.2. Comparison of S-net versus the piecewise affine functions and
the finite polynomial expansion methods.

In addition to utilizing S-Net to represent the flux function, we
also investigated the piecewise affine functions method (17) and
(18) and the finite polynomial expansion method (19). Figs. 6(a)
and 6(b) demonstrate the learned flux function f(u; 8) for g =
200 and B = 300, respectively, using the piecewise affine func-
tions method with n = 10 in (17). Lower values of n gave
better results with less oscillatory behavior. Figs. 6(c) and 6(d)
demonstrate the learned flux function f(u; 8) for 8 = 200 and
B = 300, respectively, using the finite polynomial expansion
method (19) with ny = 8 (8 = 200) and n; = 7 (8 = 300). Upon
comparing these figures with Figs. 5(c) and 5(d), it is evident that
the flux function learned by S-Net is clearly better than the results
obtained by these two methods.

3.2. The second step: using LRNN to learn the flux function (34)

In this section, we distill the analytical expression correspond-
ing to (34) from the results of the four subproblems where g =
10, 130, 200, 300. We build candidate models in the form of (22)
and (23) with different values of K, J;, P, Q;. For example, setting
K =1and J; = 6 in (22), we obtain
fw(u, B)

= ago + Ao1U + Agatt® + ap3® + agau® + agsu® + agsu®

+ Blar + anu + appu® + ag3u’
+ a14u4 + 6115115 + a1eu6).

(36)

The learning details using LLNN on (36) are shown in the follow-
ing. Herein, {azli =0, 1;j =0, 1,2, ..., 6} is the set of parame-
ters that we will learn in the second step. Discretize u € [0, 1]
into 401 points: {u;}; = 400 , and use the following 14 features at
each point u; € {u;}iZ 400

Xip = [1,u, uZ, u?, uf, ud,ul, B, Bu;, Bu?, pu?, puf, pu?, pull.

Feed features X = {X;4li =0, 1,2...400; 8 = 10, 130, 200, 300}
into LRNN, and finally we acquire the learned parameters of
{a;li=0,1;j=0,1,2,...,6} by using Adam optimizer to train
the LRNN. The learned analytical expression of (36) is denoted by

Sw=(u, B)
=0.15651u® — 0.018213u> — 0.39308u* — 0.332951°
+ 0.19598u2 + 1.3823u + 0.008492
+ B( —0.037291u® + 0.051649u° + 0.059704u*
— 0.12439u> + 0.048243u? + 0.0020499u
—1.7243e — 5).

(37)

Is the identified two variable function fy+(u, 8) in (37) capable to
represent (34) for different g in the whole interval [—400, 500]?
We test on the validation set where 8 = —50 and 8 = 350
(which is well outside the g values used for training). Table 2
shows the test results of (37) where K = 1 and J; = 6. Obviously,
for both cases 8 = —50 and 8 = 350, the error is relatively small,
and meets the criteria we set, A = 0.0001. We also test other
candidate models on the validation set. The results are shown in
Table 3. These models may perform better in one case, but worse
in another, such as K = 1 and J; = 4. Or even worse in both cases,
such as K = 1 and J; = 2. It is obvious that when K = 1 and
Ji = 6, the candidate model has the best performance. Therefore,
we choose (37) as the preferred learned model and use it to test
for new initial states and parameters.
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Table 1
The expression results of identification of flux function fy«(u; g) with specific g.
B The identification of flux function fp«(u; B)
B1 =10 foe(us; B1) = —0.0005u® +0.0029u” —0.0036u’ —0.0030u° +0.3214u* —0.9641u* —0.0198u? +1.7007u—1.6453
1 o=\ P 0.0002u8 —0.0014u7 +0.0018u6 +0.0015u5 —0.0013u%+0.0025u3 +0.043 1u2 —0.0663u+1.0205
B = 130 foe(us Bo) = 0.0171u% —0.0451u7 —0.0553u +0.1688u° +0.6588u* —0.9677u> —1.2969u +1.2216u—0.5410
2 O*3H P2) = 6.0058u8—0.0153u7—0.0188u6+0.0573u5 —0.4797u? +0.5975u7+0.9857u2 —0.3791u+0.3038
B3 = 200 for(us B3) = =3.004e—6u®+0.0001u’ —0.0005u° —0.0144u° —0.018 1u* —0.3600u> —2.2609u> +1.7718u—0.6950
3 o\ P3 9.4576e—6u8 —0.0004u7 +0.0015u6 +0.04535 +0.1119u% +0.0464u3 +0.718 1u2 —0.4093u-+0.2220
B4 = 300 foe(us Ba) = 2.001e—5u” —0.0071u5 —0.0981u” —0.2864u* —0.1568u> —3.1849u? +2.6000u—0.9848
4 o\t Pa —1.1929¢—5u7 +0.0042u6+0.0585u5 +0.1709u% —0.0887u3 +0.6433u2 —0.4293u+0.2083
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Fig. 6. The graphical results of identification of flux function fy«(u; B) using the piecewise affine functions method (17) and (18) (upper row) and the finite polynomial
expansion method (19) on B = 200, 300 (lower row). In each subplot, the solid red line is the true function, and the orange dashed line is the learned function.
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Fig. 7. (a) Learned flux function (37). (b) The difference between the true flux function (34) and learned (37).

3.3. Results and discussions

In Fig. 7(a) we first visualize the learned flux function fyy+(u, 8)
given by (37) whereas Fig. 7(b) visualizes the error between

learned flux function and the true flux function f(u, 8) given by
(34) for B € [—200, 500] and u € [0, 1]. The absolute error of the
two functions is less than 0.038 over the entire domain. Specifi-
cally, we set § = —400, —300, —200, 100, 400, 500 separately to

10
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Fig. 8. The generalization ability of (37) tested for § = —400, —300, —200, 100, 400, 500. In each subplot, the solid red line is the true function, and the orange

dashed line is the learned function.

Table 2

The results of (37) applied on the test data 8 = —50 and 8 = 350. The value of Error is the MSE between true
and predicted solutions of (1) at times (35). We also plot the solution at time point t = 0.3, 0.6, 0.9 respectively.
In each subplot, the solid red line is the true solution, and the blue dashed line is the solution generated by

(37) based on initial state ug = 10, ifxe [‘,1'5' 61
0.0, otherwise
B Error t=03 t=06 t=09
B =-50 7.5443e—05
B =350 0.0001

Table 3
The results of different candidate models on the validation set. The value is the MSE between true and predicted solutions of (1)
. . . 1.0, if x € [4.5,6] 0.9, ifxe[3.5,5]
at times (35) for four different initial states ug_ 5 35 = 00, otherwise Up_ 50350 = 00, otherwise U 50350 =
0.8, ifx€[5,6.5] and w3 _J0.7, ifxe[3,6] respectivel
0.0, otherwise #=-50350 = 100, otherwise ' " v
B K=1, K=1, K=1, K=1, K=1, K=1, K=1,
Ji=1 Ji=2 Ji=3 Ji=4 Ji=5 Ji=7 Ji=8
= -50 0.0013 0.0011 0.0006 0.0002 0.0002 0.0002 0.0003
B =350 0.0515 0.0046 0.0083 0.0019 0.0028 0.0002 0.0012
B k=2, K =2, K =2, K =2, K=1, K=1, K=1,
Ji=1 Ji=2 Ji=3 Ji= Ji=3, Ji=4, Ji=5,
P=1, P=1, P=1,
Q=3 Q=4 Q=5
B =-50 0.0018 0.0056 0.0177 0.0095 0.0004 0.0002 0.0001
B =350 0.0522 0.0049 0.0977 0.0221 0.0004 0.0005 0.0004

test the generalization ability of fy«(u, 8) (37). In Fig. 8, we show
the true and the learned function with different values of §. It
seems clear that (37) has relatively strong generalization ability.

In addition, we compare the modified graph neural networks
(GNNs) used in [17] with our approach. The GNNs method offers
faster runtimes than other solvers like PINNs and grid-based
CNNS [31,32] and better adaptivity to the simulation domain [17-
19]. One major difference between our method and the GNNs
method is that our method first learns the expression of f(u, )
and then uses the learned model to compute solutions of (1)

11

107

based on new initial states and parameters. In contrast, the GNNs
method directly predicts the solution of (1). This type of GNNs
is called message passing neural networks (MPNNs) [42], and is
given in the form

du(x;, t)

dt

where x; is the coordinate of the node i, N(i) is the neighborhood
of node i, 6 denote parameters of the MPNNs and p; is the physical
parameter in the flux function. We use Rprop optimizer [43] to
minimize the loss function with learning rate set to Ir = 107°

= F’;)(XN(i) — X, Uj, Ui, Bi) (38)
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Fig. 9. The compared results of our method and the GNNs method. We compare the two methods at § = —200 (top row) and B = 400 (bottom row) based on

if x € [4.5, 6]

s 1.0,
initial state uy = X
otherwise

0.0,

for 5000 iterations and batch size set to 4. To be fair, the GNNs
method and our method use the same observational data. The
trained model is used to predict based on new initial states and
parameter S.

Fig. 9 shows the solutions of (1) with § = 400 and 8 =
—200 using the two different methods. Our method performs
better than the GNNs model. The ConsLaw-Net method is based
on a discrete scheme which is entropy consistent and therefore
can deal with formation of discontinuities in the solutions. The
above simulation result for GNN suggests that it has not a built-in
capacity to deal with discontinuous solutions.

. . uz(l—ﬁ(l—u)4>
4. Learning the flux function f(u, 8) = “2rosasat

In this section, we consider a class of nonlinear conservation
laws that appears in the context of two-phase flow in porous
media [10]. Displacement of two fluids in an inclined reservoir
gives rise to a family of flux functions in the form

2

fu. p)= = 7 (1= B0 - ).

uz2+051—u
The parameter B represents the gravity effect. Herein, we study
B € [—10,10]. Fig. 4(b) shows the shape of f(u, 8). In the
following, we generate synthetic data with different values of g
and a class of initial data ug(x). Consider a spatial domain L = 10
such that x € [0, 10] and a time interval [0, T] with T = 2.

(39)

4.1. The first step: using the improved ConsLaw-net to learn f(u; 8)
where 8 € {—1,1,3,5,7}

Set a numerical grid composed of N, = 400 grid cells, and
consider observation data (14) with

{t*} = {0.1,0.2,0.3,0.4,0.5,0.6, 0.7, 0.8, 0.9}. (40)

S-Net with three hidden layers is used to represent the unknown
flux function f(u; B8), where 8 € {—1, 1, 3, 5, 7}. The total number
of trainable parameters in every subproblem is 28. Choose the ob-
servations from the solutions U generated by Algorithm 2 based
on initial states shown in Table 8 in Appendix A.2. Finally, we

12

. Left: True solutions of (1). Middle: Solutions generated by our method. Right: Solution generated by the GNNs method.

obtain after training the S-Net denoted by fp+(u; 8) by applying
Algorithm 3. The resulting analytical expressions are given in
Table 4. We plot the translated function fy«(u; 8) — f(u = 0; B)
in Fig. 10. Clearly, the improved ConsLaw-Net has the ability to
identify the true flux function in most ranges except for some lack
of accuracy for u € {0, 0.2}.

4.2. The second step: using LRNN to learn Eq. (39)

In this section, we distill the analytical expression that can
approximate the true function (39) from the five subproblems
where § = —1, 1, 3,5, 7. We build candidate models in the form
of (22) and (23) with different values of K, J;, P, Q;. For example,
setting K = 1,J; =5,P = 1and Q; = 5 in (23), then we get Eq.
(41) (see Box I) where W = {ay, byli=0,1;j=0,1,2,...,5}
is the set of parameters that we will learn in the second step.

Discretize u € [0, 1] into 401 points: {1;}'=3°°, and build the

following 12 features at each point u; € {u;}=8°

2 4 2 4
Xip =[1, u;, ug, u?, u;, u,-s, B, Bui, Bu;, ,Bu?, Bu;, ﬁu?].

Put features X = {X;4li =0,1,2...400; 8 = —1,1,3,5,7} into
LRNN, and finally we acquire the learned parameters of
{ay, byli=0,1;j=0,1,2,...,5} by using Adam optimizer. The
learned analytical expression of f(u, 8), in terms of g and h, then
becomes

gw+(u, B) = B(0.099u° + 0.078u* + 0.261u> — 0.184u?
— 0.021u — 0.00012)
+ 1.920u° 4 0.380u* — 0.113u> + 0.852u°
— 0.060u + 0.0003

hw+(u, B) = B(0.126u° + 0.183u* + 0.0645u> — 0.186u°
+ 0.048u — 0.0016)
+ 1.710u° + 0.400u* + 0.509u> + 0.487u?
— 0.3112u + 0.17557

Hence, the learned expression of f(u, 8) is given by

gw+(u, B)
hw(u, B)’

(42)

fw+(u, B) = (43)
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Table 4
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The results of identification of flux function fp«(u; B) with specific .

B The identification of flux function fy«(u; B)
-1 . __ —0.0808u8+0.2555u” —0.0379u® —0.4234u5 +3.2486u* —4.6848u> —3.259612 4-3.6620u—1.2970
pr=— Soe(u; B1) = 8 7 3 5_ T 3 7_
0.3590u5 —1.1358u7 +0.1685u5 +1.88225 —2.9914u%+2.7129u3 +2.6686u2 — 1.7852u~+0.6337
1 . _ —0.9589u®+4.7491u” —6.1089u° —0.2182u° +7.73097u* — 13.0489u> +0.7633u +4.3662u—2.3523
B = Jor(u; B2) = 5 7 5 5_ 3 3 2_
1.4639u8 —7.250 1u7 +9.3260u6 +0.3332u5 —7.0604u* +8.1785t3+1.9316u? —2.5813u+1.2348
3 . __ 0.0002u®+0.0091u’ +0.1226u8 +0.7346u° +2.5724u* +6.5190u> +7.1617u —1.9897u—0.0680
B3 = for(u; B3) = g 7 3 5 a 3 7_
0.0003u84-0.0121u7 +0.1630u6+0.9770u5+3.3709u% +7.7091u3+5.9935u% —5.3643u+2.47 14
B 5 for(u; Ba) = 1.1340u8 +5.292 1u” +8.9497u° 46.3207u° +2.1223u* +1.8374u3 4 1.4766u2 —0.3334u—0.5300
4= 0"\ P4) = 17450u8 8.1478u7 +13.7791u6+9.7314u5 +3.8413u9+4.16754u3 1 1.1539u% —2.7925u+1.4449
Bs =7 foe(u; Bs) = 7.2266¢—5u® +0.0031u” +0.0486u° +0.3395u° +0.8249u* —0.1620u> +2.3615u% ~0.6630u—0.1760
5 o*\% b5 7.7078e—5u8 +0.0033u7 +0.0518u6 +0.362 115 +0.8955u4 +0.1576u3 +4.0315u2 —3.2001u+0.9126
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Fig. 10. The graphical results of identification of flux function fy«(u; 8) for § = —1, 1, 3,5, 7. In each subplot, the solid red line is the true function, and the orange

dashed line is the learned function.

fw(u, B) =

ago + Ao1U + agaut? + apsu® + aosu? + agsu® + Blare + argu + apu? + agsu’® + ajgu® + agsu)

(41)

boo + bo1t + boau? 4 bosu® + boaur* 4 bosu® + B(b1o + b1t + b1pu? + bizu® + bygut + bisu®)

Box 1.

Next, we verify that (43) is a model that can represent well the
true family of flux functions (39). We test (43) on the validation
set where B = —3 and 8 9. Table 5 shows the results.
Obviously, whether it is for § = —3 or for § = 9, the error
is relatively small, and meets the criteria we set A = 0.0007.
We also test other candidate models on the validation set. The
results are shown in Table 6. It is obvious that when K = 1,
Ji =5 P = 1and Q; = 5 the candidate model has the best
performance. Therefore, we choose (42) and (43) as the preferred
learned model and use it to test new initial states and parameters.

4.3. Results and discussions

In Fig. 11 we first show the learned flux function (43) (panel
a) and the error between true flux function (39) and the learned
(43) (panel b) with 8 € [—10, 10] and u € [0, 1]. The absolute
error of the two functions is less than 0.118 over the entire
domain. Specifically, we set 8 = —10, —7, —5, 8, 9, 10 separately

13

to test the generalization ability of (43). In Fig. 12, we show the
true and the learned function with different values of B. The
model performs well for most parameter choice of g in [—10, 10],
however, conduct worse when 8 < —8 although still within our
acceptable range A = 0.13.

Finally, we compare the GNNs method with our approach.
We use Rprop optimizer [43] to minimize the loss function with
learning rate set to Ir = 10~% for 5000 iterations and batch size
set to 5. Fig. 13 shows the solutions of (1) with 8 = —7 and
B = 9 using the two different methods. The proposed method
enables quite a nice approximation of the true predicted behavior
whereas the GNNs fail to capture it, most likely, since it has not
been constructed to handle discontinuous behavior.

5. Conclusion

In this paper we have developed a framework that combines
the recently proposed ConsLaw-Net with LRNN to learn the func-
tional form of the two variable function f(u, 8) involved in the
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Fig. 12. The generalization ability of the model (43) for B = —10, —7, —5, 8,9, 10. In each subplot, the red solid line is the true function, and the orange dashed
line is the learned function.
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Fig. 13. The compared results of our method and the GNNs method. We compare the two methods at 8 = —7(top row) and 8 = 9(bottom row) based on initial
1.0, if x € [4.5,6]

state ug =
0 0.0, otherwise

. Left: True solutions of (1). Middle: Solutions generated by our method. Right: Solutions generated by the GNNs method.
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Table 5

Physica D 451 (2023) 133773

The results of (43) on the validation data B = —3 and B = 9. The value of Error is the MSE
between true and generated solutions of (1) at times (40). We also plot the solution at time point
t = 0.3, 0.6, 0.9 respectively. In each subplot, the solid red line is the true solution, and the blue

dashed line is the solution generated by (43) based on initial state uy = 10, ifxe [‘,1'5' ol
0.0, otherwise
B Error t=03 t=06 t=09
B=-3 0.0002
B=9 0.0006
Table 6
The results of other candidate models on the validation set. The value is the MSE between true and predicted
solutions of (1) at times (40) for four different initial states given by “2:739 = 10, ifxe [‘41'5'6]
§ 0.0, otherwise
1 0.9, ifxe[35,5 , 0.8, ifxe[5,6.5] 3 0.7, ifxe|3,6]
Up——39 = : B=—39 = : and uz_ 39 = o
. 0.0, otherwise . 0.0, otherwise . 0.0, otherwise
respectively.
B K=1 K=1, K=1, K=1, K=1,
Ji=6 Ji=17 Ji=8 Ji=3, Ji=4
P=1, P=1,
Q= Q=4
B=-3 0.0014 0.0005 0.0005 0.0210 0.0003
B=9 0.0038 0.0036 0.0026 0.0146 0.0008

conservation law (1). More precisely, the method is composed
of the following two steps: (i) learn f(u; 8;) for a few selected
Bi in an interval of interest; (ii) Combine the obtained f(u; B;)
with LRNN to learn the full two-variable function f(u, 8). As a
by product of this method we have improved the ConsLaw-Net
by employing an entropy consistent numerical scheme which
relies on local information (relatively the discrete spatial grid)
about the unknown flux function f(u, B). This makes the resulting
ConsLaw-Net more generic and useful for challenging real-world
data. The well-known challenge with identification of a nonlinear
flux function from data due to appearance of discontinuities and
lack of uniqueness (i.e., many different flux functions can fit with
the observation data), is dealt with by relying on an entropy
consistent numerical scheme in combination with a small set
of more or less randomly selected initial data. We experimen-
tally demonstrate the effectiveness of our method when applied
to synthetic data generated from two different families of flux
functions f(u, 8) given by (34) and (39), respectively.

Our method is sensitive to the selection of the initial states,
as initial states affect the distribution of the observed data. If the
data is not sufficiently evenly distributed, it may lead to failure
in the first step of the learning process. The optimization of the
second step is heavily dependent on the results of the first step,
and a small error in the first step may amplify this error in the
second step. However, in a setting where the observation data
comes from measurements of experimental data our approach
gives a systematic way to try to learn an underlying conserva-
tion law that can explain the observation data. Before using the
learned conservation law for prediction one must be aware that
enough variation in initial data has been provided.

Overall, our approach based on ConsLaw-Net and LRNN has
shown a good ability learn the unknown flux function with vari-
able parameters f(u, 8). Possible further extensions can be to
explore the method in higher dimensional spaces and consider
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other types of observation data than we have used in this work.
An interesting direction for further investigations is to see if there
is room for including in the loss function some explicit character-
istics of the entropy solution that will make the identification of
the flux function more efficient.
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Appendix

A.1. The initial states used to train f(u; B) in Section 3.1
See Table 7.

A.2. The initial states used to train f(u; B) in Section 4.1

See Table 8.
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Table 7
The initial states used to train f(u; 8) in Section 3.1.
0= 1.0, ifxe[0,3] 0 _J10, ifxe[45,6] ul _ o8, ifxe[5,6.5] 2 _J085, ifxe[4,7]
£=10"10 otherwise £=130710.3, otherwise £=130 7102, otherwise A=130 7 10, otherwise
¥ _J0.95, ifxe|0,3] ul _J0.7, ifxe[3,6] ¥ _ 0.9, ifxe[35,5] 0 _J10, ifxe[45,6]
A=130 7 10, otherwise £=130"10,  otherwise A=130 710, otherwise £=200710.3, otherwise
ul _Jo08, ifxe[5,6.5] 2 _J085, ifxe[4,7] w2 _J0.95, ifxe|0,3] ul _J0.7, ifxe[3,6]
A=200 7102, otherwise p=200 7" 1, otherwise A=200 7 10, otherwise #=200 710,  otherwise
¥ _ 0.9, ifxe[3.5,5] 0 _J10, ifxe[45,6] ul _Jo8, ifxe[5,6.5] 2 _J0.85, ifxe[4,7]
A=200 7 10, otherwise A=300"710.3, otherwise A=300 7102, otherwise A=300"10, otherwise
e _J0.95, ifxe|0,3] ul _J0.7, ifxe[3,6] w5 _ 0.9, ifxe[35,5] o _Jo6, ifxe[3.5,5]
A=300 7 10, otherwise A=300""10,  otherwise A=300 " 10,  otherwise A=300 10, otherwise
¥ _J04, ifxe[3.5,5] 8 _J0.35, ifxe[3.5,5]
£=300 7" 10 otherwise =300 7 1, otherwise
Table 8
The initial states used to train f(u; 8) in Section 4.1.
0 _J08, ifxe[4,6] ul _J1.0, ifxe[4,6] 2 _J0.9, ifxe[3,5] &2 _}0.95, ifxe[2.5,4.5]
f==17"10, otherwise f==1"10, otherwise F==17"10, otherwise f==1710.3, otherwise
4 0.85, if x € [2.5,4.5] o 0.8, if x €[4,6] T 1.0, if x €[4, 6] 2 0.9, ifxe[3,5]
Ug_ 4= . Ug_y = . Ug_y = ) ug_y = .
0.3, otherwise 0, otherwise 0, otherwise 0, otherwise
. 0.7, ifx€[2.5,4.5] u = 0.6, if x €[2.5,4.5] o 0.5, ifx €[2.5,4.5] W 0.8, if x €[4,6]
#=1710.2, otherwise £=1710.2, otherwise #=17"10.2, otherwise P=3"10, otherwise
ul = 1.0, if x € [4, 6] 2= 0.9, ifxe[3,5] o= 0.95, if x €[2.5,4.5] w o= 0.85, if x € [2.5,4.5]
#=3"10, otherwise #=3"10, otherwise #=3"10.3, otherwise £=3710.3, otherwise
oo 1.0, ifx€[2.5,4.5] oo 0.9, ifxe[2.5,4.5] 0 = 0.8, ifxe[4,6] ul = 1.0, ifxe[4,6]
#=3710.2, otherwise #=3710.2, otherwise #=5"10, otherwise £=5"10, otherwise
2= 0.9, ifxe[3,5] - 0.95, if x €[2.5,4.5] “o = 0.85, ifx€[2.5,4.5] O = 0.8, ifxe[4,6]
p=5 0, otherwise p=5 0.3, otherwise p=5 0.3, otherwise p=7 0, otherwise
ul 1.0, if x € [4,6] 2= 0.9, ifxe[3,5] B 0.95, if x €[2.5,4.5] w o 0.85, if x €[2.5,4.5]
=77 lo, otherwise =77 10, otherwise £=7710.3, otherwise #=7"10.3, otherwise
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