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We propose a systematic method for learning stable and physically interpretable dynam-
ical models using sampled trajectory data from physical processes based on a generalized
Onsager principle. The learned dynamics are autonomous ordinary differential equations
parametrized by neural networks that retain clear physical structure information, such
as free energy, diffusion, conservative motion, and external forces. For high-dimensional
problems with a low-dimensional slow manifold, an autoencoder with metric-preserving
regularization is introduced to find the low-dimensional generalized coordinates on which
we learn the generalized Onsager dynamics. Our method exhibits clear advantages over
existing methods on benchmark problems for learning ordinary differential equations.
We further apply this method to study Rayleigh-Bénard convection and learn Lorenz-like
low-dimensional autonomous reduced-order models that capture both qualitative and quan-
titative properties of the underlying dynamics. This forms a general approach to building
reduced-order models for forced-dissipative systems.
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I. INTRODUCTION

Discovering mathematical models from observed dynamical data is a scientific endeavor that
dates back to the work of Ptolemy, Kepler, and Newton. With the recent advancements in machine
learning, data-driven approaches have become viable alternatives to those relying purely on human
insight. The former has become an active area of research with many proposed methodologies,
which can be roughly classified into two categories. The first is unstructured approaches, where the
learned dynamics are not a priori constrained to satisfy any physical principles. Instead, minimizing
reconstruction error or model complexity is the dominant objective. For example, sparse symbolic
regression methods try to find minimal models by searching in a big dictionary of candidate analytic
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representations [1-3]; numerical discretization embedding methods attempt to learn hidden dynam-
ics by embedding known numerical discretization schemes [4-6]; Galerkin-closure methods use
neural networks to reduce the projection error of traditional Galerkin methods [7—11]. Another line
of unstructured methods directly applies time-series modeling tools such as long short-term memory
or gated recurrent units and reservoir computing [12—-14] to model temporal evolution of physical
processes. For example, it was demonstrated in [12] that reservoir computing can effectively capture
the dynamics of high-dimensional chaotic systems, such as the Kuramoto-Sivashinsky equation.
These unstructured methods can often achieve high predictive accuracy, but the learned dynamics
may not have a clear physical structure and theoretical guarantee of temporal stability. This in
turn limits their ability to capture qualitative properties of the underlying model on large time
intervals. Such issues are significant in that often the goal of building reduced models is not to
reproduce the original dynamics in its entirety but rather to extract some salient and physically
relevant insights. This leads to the second class of structured approaches, where one imparts from
the outset some physically motivated constraints to the dynamical system to be learned, e.g.,
gradient systems [15,16] and Hamiltonian systems [17—-19]. These methods have the advantage
that the learned models have predetermined structures and stability may be automatically ensured.
However, works in this direction may have the limitation that the structures imposed may be too
restrictive to handle complex problems beyond benchmark examples. We demonstrate this point
in our benchmark examples to be presented later. It is worth noting that recent works address this
issue by a combination of unstructured model fitting with information from an a priori known but
imperfect model (see, e.g., [20]).

In this paper we propose a systematic method that overcomes the aforementioned limitations.
The key idea is a neural network parametrization of a reduced dynamical model, which we call
OnsagerNet, based on a highly general extension of the Onsager principle for dissipative dynamics
[21,22]. We choose the Onsager principle, which builds on the second law of thermodynamics
and microscopic reversibility, as the starting point due to its simplicity, generality, and physi-
cal motivation. It naturally gives rise to stable structures for dynamical systems in generalized
coordinates and has been used extensively to derive mathematically well-posed models for com-
plex systems in fluid mechanics, materials science, biological science, etc. (see, e.g., [23-29]).
However, there are two challenges in using it to find dynamical models with high fidelity: (i)
how to choose the generalized coordinates and (ii) how to determine the large amount of free
coefficients in the structured dynamical system (some in-depth discussions could be found in [30],
Chap. 1). One typical example is the modeling of liquid crystal systems [31,32]. If the underlying
system is near equilibrium, it is possible to determine the coefficients of a reduced-order (macro-
scopic) model from mathematical analysis or quasiequilibrium approximations of the underlying
microscopic model (see, e.g., [33-36]). Otherwise, this task becomes significantly harder, yet
many interesting phenomena happen in this regime. Therefore, a method to derive high-fidelity
macroscopic models that operate far from equilibrium without a priori scale information is much
sought after.

We tackle these two tasks in a data-driven manner. For the first task we learn an approximately
isometric embedding to find generalized coordinates. In the linear case this reduces to the principal
component analysis (PCA) and in general we modify the autoencoder (AE) [37,38] with metric-
regularization designed for trajectory data. For the second task, we avoid the explicit fitting of
the prohibitively large number of response coefficients in linearization approaches. Instead, we
parametrize nonlinear relationships between generalized coordinates and the physical quantities
governing the dynamics (e.g., free energy and dissipation matrices) as neural networks and train
them on observed dynamical data with an embedded Runge-Kutta method. The overall approach
of OnsagerNet gives rise to stable and interpretable dynamics, yet retaining a degree of generality
in the structure to potentially capture complex interactions. By interpretability, we mean that the
structure of OnsagerNet parametrization has physical origins, and its learned components can
thus be used for subsequent analysis (e.g., visualizing energy landscapes, as shown in Sec. IV).
Moreover, we show that the network architecture that we used to parametrize the hidden dynamics
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has a more general hypothesis space than other existing structured approaches and can provably
represent many dynamical systems with physically meaningful origins (e.g., systems described
by generalized Poisson brackets). At the same time, the stability of OnsagerNet is ensured by its
internal structure motivated by physical considerations, and this does not reduce its approximation
capacity when applied to dynamical data arising from dissipative processes. We demonstrate the
last point by applying the method to the well-known Rayleigh-Bénard convection (RBC) problem,
based on which Lorenz discovered a minimal three-mode ordinary differential equation (ODE)
system that exhibits chaos [39]. Lorenz used three dominant modes obtained from linear stability
analysis as reduced coordinates and derived the governing equations by a Galerkin projection. As
a severely truncated low-dimensional model, the Lorenz model has limited quantitative accuracy
when the system is far from the linear stability region. In fact, it was shown in [40] that one
needs to use more than 100 modes in a Fourier-Galerkin method to get quantitative accuracy for
the two-dimensional RBC problem that is far from the linear region. In this paper we show that
OnsagerNet is able to learn low-dimensional Lorenz-like autonomous ODE models with few modes
yet having high quantitative fidelity to the underlying RBC problem. This validates, and improves
upon, the basic approach of Lorenz to capture complex flow phenomena using low-dimensional
nonlinear dynamics. Furthermore, this demonstrates the effectiveness of a principled combination
of physics and machine learning when dealing with data from scientific applications.

II. FROM THE ONSAGER PRINCIPLE TO ONSAGERNET

The Onsager principle [21,22] is a well-known model for the dynamics of dissipative systems
near equilibrium. Given generalized coordinates h = (hy, ..., h,,), their dynamical evolution is
modeled by

Mh = —-VV(h), ey

where V : R™ — R is a potential function, typically with a thermodynamic interpretation such as
free energy or negated entropy. The matrix M models the energy dissipation of the system (or
entropy production) and is positive semidefinite in the sense that & - Mh > 0 for all h, owing to
the second law of thermodynamics. An important result due to Onsager, known as the reciprocal
relations, shows that if the system possesses microscopic time reversibility, then M is symmetric,
i.e., M,’j = M_,‘,'.

The dynamics (1) is simple, yet it can model a large variety of systems close to equilibrium in
the linear response regime (see, e.g., [24,41]). However, many dynamical systems in practice are far
from equilibrium, possibly sustained by external forces (e.g., the flow-induced transition in liquid
crystals [33,34] and the kinetic equation with large Knudsen number [42]), and in such cases (1) no
longer suffices. Thus, it is an important task to generalize or extend (1) to handle these systems.

The extension of known but limited physical principles to more general domains has been a
continual exercise in the development of theoretical physics. In fact, (1) itself can be viewed as
a generalization of Rayleigh’s phenomenological principle of least dissipation for hydrodynamics
[43]. While classical nonequilibrium statistical physics has been further developed in many aspects,
including the study of transport phenomena via Green-Kubo relations [44,45] and the relations
between fluctuations and entropy production [46], an extension of the dynamical model (1) to
model general nonequilibrium systems remains elusive. Furthermore, whether a simple yet general
extension with solid physical background exists at all is questionable.

This paper takes a rather different approach. Instead of the possibly arduous task of developing
a general dynamical theory of nonequilibrium systems from first principles, we seek a data-driven
extension of (1). In other words, given a dynamical process to be modeled, we posit that it satisfies
some reasonable extension of the usual Onsager principle and determine its precise form from data.
In particular, we define the generalized Onsager principle

[M(h) + W (h)]h = —VV (h) + g(h), 2)
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where the matrix valued function M (W) maps & to symmetric positive-semidefinite (antisymmetric)
matrices. The last term g : R™ — R™ is a vector field that represents external forces to the otherwise
closed system and may interact with the system in a nonlinear way. The antisymmetric term W
models the conservative part of the system and together with g greatly extends the degree of
applicability of the classical Onsager principle.

We will assume that M(h) + W (h) is invertible everywhere, and hence [M(h) + W (h)]~' can
be written as a sum of a symmetric positive-semidefinite matrix, denoted by M(h), and a skew-
symmetric matrix, denoted by W (h) (see Theorem 5 in Appendix B for a proof). Thus we have an
equivalent form for Eq. (2),

h=—[M(h) +W()IVV (h) + f(h), 3)

where f = (M + W)~ 'g. We will now work with (3) as it is more convenient.

We remark that the form of the generalized Onsager dynamics (2) is not an arbitrary extension
of (1). In fact, the dissipative-conservative decomposition (M + W) and dependence on h are well
motivated from classical dynamics. To arrive at the former, we make the crucial observation that
a dynamical system defined by generalized Poisson brackets [30] has precisely this decomposition
(see Appendix A). Moreover, such forms also appeared in partial differential equation (PDE) models
for complex fluids [25,47]. Note that general Poisson brackets are required to satisfy the Jacobi
identity (see, e.g., [30,48]), but in our approach we do not enforce such a condition. We refer to [49]
for a neural network implementation based on the generalized Poisson brackets.

A. Generalization of the Onsager principle for model reduction

Here we show that the generalized Onsager principle (2) or its equivalent form (3) is invariant
under coordinate transformations and is a suitable structured form for model reduction. In the
original Onsager principle [21,22], the system is assumed to be not far from equilibrium, such that
the system dissipation takes a quadratic form ||h||,2W, i.e., the matrix M is assumed to be constant. In
our generalization, we assume M is a general function that depends /. Here we give some arguments
why this is necessary and how it can be obtained if the underlying dynamics is given from the
viewpoint of model reduction.

To explain how nonlinear extension is necessary, we assume that the underlying high-
dimensional dynamics which produces the observed trajectories satisfies the form of the generalized
Onsager principle with constant M and W. The dynamics described by an underlying PDE after
spatial semidiscretization takes the form

M+Wyi=-V,V+g uecRV, 4)

where M is a symmetric positive-semidefinite constant matrix and W is an antisymmetric matrix.
For the dynamics to make sense, we need M + W to be invertible. Further, V,V is a column vector
of length N. By taking the inner product of (4) with i, we have an energy dissipation relation of the
form

V=—i-Mi+g-i.

Now suppose that « has a solution in a low-dimensional manifold that could be well described by
hidden variables A(t) € R™ with m < N. Defining the low-dimensional solution as u = u(h(t)) + &
and plugging it into (4), we obtain

(M + W)V uh = =V, V(u(h)) + g + O(e).
Multiplying J” := (V,u)” on both sides of the above equation, we have

JTM +W)HJ h=JT[=V,V(uh)) + g + O(e).
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So we obtain the ODE system with model reduction error O(¢),
(M +W)h=—V,V +3, (5)
where
M=J"MJ, W=J"wJ, z=Jg (6)

Note that as long as V,u has a full column rank, M + W is invertible, so the ODE system makes
sense. Now M, W, and g depend on & in general if V,u is not a constant matrix. Moreover,
if the solutions considered all exist exactly in a low-dimensional manifold, i.e., ¢ =0 in the
above derivation, then (5) is exact, which means the generalized Onsager principle is invariant to
nonsingular coordinate transformations.

Remark 1. For the underlying dynamics given in the alternative form

h=—-M+W)V,V+f, uecRV. (7)
We first rewrite it in the form (4) as
M4+W)y ==-V,V+M+W)f.
Then we use the same procedure as before to obtain
JT M+ W) h=TT[=V.V @) + M+ W)~ f1+ 0.
from which we obtain a reduced model with error O(¢),
h=—M+W)V,V + f, ®

where M = (G+ G")/2,W =(G—G")/2, f=GITM +W)~ ' f,and G = [JT (M + W)~'J]~.

Remark 2. When M, W, and g in (4) are constant, if linear PCA is used for model reduction,
in which V,u is a constant matrix, then M, W, and g are constants. However, if we consider the
incompressible Navier-Stokes equations written in the form (4), then M and W are not constant
matrices. We obtain nonlinear coefficients in both formulations for the model reduction problem of
incompressible Naiver-Stokes equations.

Note that the presence of a state # dependence on all the terms implies that we are not linearizing
the system about some equilibrium state, as is usually done in linear response theory. Consequently,
the functions W, M, g, and V may be complicated functions of & and we will learn them from data
by parametrizing them as suitably designed neural networks. In this way, we preserve the physical
intuition of nonequilibrium physics (dissipation term M, conservative term W, potential term V', and
external fields g) yet exploit the flexibility of function approximation using data and learning.

In summary, we can view (2) and (3) as an extension of the classical Onsager principle to handle
systems far from equilibrium or as a reduction of a high-dimensional dynamical system defined by
generalized Poisson brackets. Both of these dynamics are highly general in their respective domains
of application and serve as solid foundations on which we build our data-driven methodology.

B. Dissipative structure and temporal stability of OnsagerNet

From a mathematical point of view, modeling dynamics using (2) or (3) also has clear advantages
in that the learned system is well behaved as it evolves through time, unlike unstructured approaches
such as dynamic mode decomposition (see, e.g., [50,51]) and direct parametrization by neural
networks, which may achieve a short-time trajectorywise accuracy, but cannot ensure mid- to
long-time stability as the learned system evolves in time. In our case, we can show in the following
result that under mild conditions, the dynamics described by (2) or (3) automatically ensures a
dissipative structure and remains stable as the system evolves in time.
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Theorem 1. The solutions to the system (3) satisfy an energy evolution law
V(h)=—IVV()l3; + f(h) - YV (R). (€))

If we assume further that there exist positive constants & and 8 and non-negative constants ¢y and
¢y such that - Mh > «||h||*> (uniformly positive dissipation), V (h) > B||h||> (coercive potential),
and || f(h)|| < co + c1]|h] (external force has linear growth), then || h(t)||, V (h(t)) < oo for all . In
particular, if there is no external force, then V (h(¢)) is nonincreasing in ¢.

Proof. Equation (9) can be obtained by pairing both sides of Eq. (3) with VV. We now prove
boundedness. Using Young’s inequality, we have, for any &,

1
f)-VV () < ellVVI* + Ellf(h)ll2

1
<elVVI? + 5-(cj + elial?).
Putting the above estimate with ¢ = « into (9), we get

. 1
V(h) = —|VV(IDIF, +a|VV () +

o (6 + )

c? c2
< L v -0
208 () + 20

By the Gronwall inequality, we obtain

et /2By 4 (elcH/2eB 1)054’ ¢ >0
1

C,

Vi(h) < )

Vo + ﬁt , c1 =0,

where V = V (h(0)). Finally, by the assumption ||A]|> < %V, h is bounded. Note that when f(h) =

0, we have ¢y = c¢; = 0, so the above inequality is reduced to V (k) < V), which can be obtained

directly from (9) without the requirement of « > 0 and 8 > 0. ]
Theorem 1 shows that the dynamics is physical under the assumed conditions and we will design

our neural network parametrization so that these conditions are satisfied.

III. ONSAGERNET ARCHITECTURE AND LEARNING ALGORITHM

In this section we introduce the detailed network architecture for the parametrization of the
generalized Onsager dynamics and discuss the details of the training algorithm.

A. Network architecture

We implement the generalized Onsager principle based on Eq. (3). Here M (h), W (h), V (h), and
f(h) are represented by neural networks with shared hidden layers and are combined according
to (3). The resulting composite network is named OnsagerNet. Accounting for (anti)symmetry, the
numbers of independent variables in M (h), W (h), V (h), and f(h) are (m + 1)m/2, (m — 1)m/2, 1,
and m, respectively.

One important fact is that V (h), as an energy function, should be lower bounded. To ensure this
automatically, one may define V (h) = %U (h)* + C, where C is some constant that is smaller than or
equal to V’s lower bound. Since the constant C does not affect the dynamics, we drop it in numerical
implementation. The actual form we take is

2
l m m
{OEEDY (U,-<h> +3 yijh,-) + BlAlP, (10)

i=1 j=1
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FIG. 1. Computational graph of OnsagerNet for (a) affine f (/) and (b) nonlinear f(h).

where 8 > 0 is a positive hyperparameter as assumed in Theorem 1 for forced systems. Here U;
has a structure similar to one component of W (k). We use m terms in the form (10) to ensure
that an original quadratic energy after a dimension reduction can be handled easily. To see this,
suppose the potential function for the high-dimensional problem (with coordinates u) is defined as
V (1) = u” Au, with A symmetric positive definite. Further, let a linear PCA u & uy + Jh be used for
dimensionality reduction. Then V (h) ~ (ug + Jh)T A(ug + Jh) = |luol|* + 2ul ATh + hTJTAJh =
llvo + Ghl|> + const, where GT G = JTAJ and v} = ul AJG™'. Hence, with y;; representing the
matrix G, a constant U; suffices to fully represent quadratic potentials. The autograd mechanism
implemented in PYTORCH [52] is used to calculate VV (k).

To ensure the positive-semidefinite property of M(h), we let M(h) = L(h)L(h)" + al, where
L(h) is a lower triangular matrix, / is the identity matrix, and @ > 0. Note that the degree of freedom
of L(h) and W (h) can be combined into one m x m matrix, whose upper triangular part R(h)
determines W (h) = R(h) — R(h)". A standard multilayer perception neural network with residual
network structure (ResNet) [53] is used to generate adaptive bases, which takes (hy, ..., h,) as
input, and outputs {L(h), R(h), U;(h)} as linear combinations of those bases. The external force
fi(h) is parametrized based on a priori information and should be of limited capacity so as not to
dilute the physical structures imposed by the other terms. For the forced systems considered in this
paper, we typically take f; as affine functions of /. The final output of the OnsagerNet is given by

m

hi =Y ILYL" + el + W ()iil—0,V (D] + fih), i=1,...
k=1

Y

,m,

where V (h) is defined by (10). Note that in an unforced system we have ¢ = 8 = 0, since they
are only introduced in a forced system to ensure the stability of the learned system as required
by Theorem 1. The computation procedure of OnsagerNet is described in Architecture 1. The full
architecture is summarized in Fig. 1.
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Architecture 1 OnsagerNet(«, 8, I, n;; h).

Input: & € R™, parameters o > 0 andf > 0, activation function o,,number of hidden layers /, and number
of nodes in each hidden layer n;
Output: OnsagerNet(«, 8,1, n;3h) € R™
1: Calculate the shared subnet output using an /-layer neural network ¢ = MLP(k) € R". Here MLP has
| — 1 hidden layers and one output layer; each layer has n; nodes. An activation function o, is applied for
all hidden layers and output layer. If [ > 1, ResNet shortcuts are used.
2: Evaluate U; using a linear layer as U; = ) _; a)l(;)qb_,v + b{"; calculate Vaccording to (10).
3: Use the autograd mechanism of PYTORCH to calculate the gradient V,, V(h), k =1,...,m.
4: Evaluate A € R™ as A; = > a)ff)qﬁj + 5.
5: Reshape A as an m x m matrix and take its lower triangular part including the main diagonal as L and the
upper triangular part without the main diagonal as R to form W = R — R”.
6: if the system is forced then
7:  calculate the external force or control f; using an a priori form.
8: else
9: take f; =0.
10: Calculate the output of OnsagerNet using (11).
11: return OnsagerNet(«, 8, [, n;; h).

B. Training objective and algorithm

To learn the ODE model represented by OnsagerNet based on sampled ODE trajectory data, we
minimize the loss function

2
12)

h(t + ) — RK2 (OnsagerNet;h(t), L, ns)

s

1 1
,C = — —_
ODE |S| E T2

(h(t),h(t+71))eS

Here 7 is the time interval of sample data, S is the sample set, RK2 stands for a second-order
Runge-Kutta method (Heun method), and #; is the number of RK2 steps used to forward the solution
of OnsagerNet from snapshots at ¢ to ¢ + t. Other Runge-Kutta methods can be used. For simplicity,
we only present results using the Heun method in this paper. This Runge-Kutta embedding method
has several advantages over the linear multistep methods [5,6], e.g., the variable-time-interval case
and long-time-interval case can be easily handled by Runge-Kutta methods.

With the definition of the loss function and model architecture, we can then use standard
stochastic gradient algorithms to train the network. Here we will use the Adam optimizer [54,55] to
minimize the loss function with a learning rate scheduler that halves the learning rate if the loss is
not decreasing in a certain number of iterations.

C. Reduced-order model via embedding

The preceding section described the situation when no dimensionality reduction is sought or
required and the Onsager dynamics is learned directly on the original trajectory coordinates. On the
other hand, if the data are generated from a numerical discretization of some PDE or a large ODE
system and we want to learn a small reduced-order model, then a dimensionality reduction proce-
dure is needed. One can use either linear principal component analysis or nonlinear embedding, e.g.,
the autoencoder, to find a set of good latent coordinates from the high-dimensional data. When PCA
is used, we perform PCA and OnsagerNet training separately. When an autoencoder is used, we can
train it either separately or together with the OnsagerNet. The end-to-end training loss function is
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taken as

»Ctot = »CAE + ['ODE + »Creg

1
= 2 {Balu® = v opou®IP + Bucllutt + 1) = ¥ 0 @ o utt + )|

IS (u(t),u(t+1))es
1 T 2
+ = |eo u(t + t) — RK2 | OnsagerNet; ¢ o u(t), —, ng
T s
+ ﬂisom“”u(t +71)— u(t)”z —llpo u(t +1)— @ o M(t)||2| - aisom]+], (13)

where ¢ and ¥ stand for the encoder function and decoder function of the autoencoder, respectively.
In the last term, ||ju(t + 7) — u(®)||> — |l¢ o u(t + 1) — @ o u(t)||?| is an estimate of the isometric
loss (i.e., deviation from ¢ being an isometry) of the encoder function based on trajectory data,
with ajsom being a constant smaller than the average isometric loss of the PCA dimension reduction.
Here (-); stands for positive part, Bisom 1S a penalty constant, and S, is a parameter to balance the
autoencoder accuracy and OnsagerNet fitting accuracy.

The choice of autoencoder architecture follows from our observation that PCA performed
respectably on a number of examples we studied. Thus, we build the autoencoder by extending
the basic PCA. The resulting architecture, which we call PCAResNet, is a stacked architecture with
each layer consisting of a fully connected autoencoder block with a PCA-type shortcut connection

W =PCA,, ., () + Wfo (WiRE +b), k=0,...,L—1, (14)

where mi 1 < g and PCA,, ., is a PCA transform from dimension n; to dimension 7. Here
o is a smooth activation function. The parameters Wzk s Wlk, and b* in the encoder are initialized
close to zero such that the encoder becomes a small perturbation of the PCA. On can regard such an
autoencoder as a nonlinear extension of PCA. The decoder is designed similarly. We note that there
was a similar but different autoencoder proposed to find slow variables [56].

IV. APPLICATIONS

In this section we present various applications of the OnsagerNet approach. We will start
with benchmark problems and then proceed to investigate more challenging settings such as the
Rayleigh-Bénard convection problem. The code that can be used to reproduce these experiments
and downloadable links for the training data sets are provided in [57].

A. Benchmark problem 1: Deterministic damped Langevin equation
Here we use the OnsagerNet to learn a deterministic damped Langevin equation

|
i=v, v=-Yio —V.UW. (15)
m m

The friction coefficient y may be a constant or a parameter that depends on v. For the potential
U (x), we consider two cases: the Hookean spring

Ux) = %xz (16)
and the pendulum model
4k TX
Ux) = ;[1 —cos(T)]. 17)

Note that no dimensionality reduction is required here and the coordinate 4 = (x, v) entails the full
phase space. The goal of this toy example is to quantify the accuracy and stability of the OnsagerNet
as well as to highlight the interpretability of the learned dynamics.
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We normalize the parameters y and « by m, i.e., we take m = 1. To generate data, we simulate the
systems using a third-order strong-stability-preserving Runge-Kutta method [58] for a fixed period
of time with initial conditions {xy, vo} sampled from Q5 = [—1, 1]?. Then we use OnsagerNet (11)
to learn an ODE system by fitting the simulated data.

In particular, we will demonstrate that the energy V learned has physical meaning. Note that
the energy function in the generalized Onsager principle need not be unique. For example, for the
heat equation # = Au, both %||u||2 and %||Vu||2 can serve as an energy functional governing the
dynamics, with diffusion operators (M matrix) being —A and the identity, respectively. The linear
Hookean model is similar. Let V (x, v) = %sz + %v2. Then

(i) = (—OK —ly) (i) = —((1) _yl)VV(x, ). (8)

The eigenvalue of the matrix A = (f)k Jy) is hip=-% &+ %w/y2 — 4k. When y > 2k, we
always obtain real negative eigenvalues and the system is overdamped. From Eq. (18) we may
define another energy V (x, v) = %xz + %vz with the dissipative matrix and conservative matrix
—1(A+A") and 1(A — AT), respectively. For this system, V (x, v) := V(F (x, v)) with any non-
singular linear transform F could serve as energy, and the corresponding dynamics is

(’;) =AFTF)'vV.

Hence, we use this transformation to align the learned energy before making a comparison with the
exact energy function.

Let us now present the numerical results. We test two cases: (i) the Hookean model with k = 4
and y = 3 and (ii) the pendulum model with k = 4 and y (v) = 3|v|>. To generate sample data, we
simulate the ODE systems to obtain 100 trajectories with uniform random initial conditions (x, v) €
[—1, 1]2. For each trajectory, 100 pairs of snapshots at (i 7/100,i7 /100 + 0.001),i =0, ..., 99,
are used as sample data. Here 7 = 5 is the chosen time period of sampled trajectories. Snapshots
from the first 80 trajectories are taken as the training set, while the remaining snapshots are taken as
the test set.

We test three different methods for learning dynamics: OnsagerNet, a symplectic dissipative
ODE net (SymODEN [17]), and a simple multilayer perception ODE network (MLP-ODEN) with
ResNet structure. To make the numbers of trainable parameters in three ODE nets comparable,
we choose [ = 1 and n; = 12 for OnsagerNet, n; = 17 for SymODEN, and MLP-ODEN with two
hidden layers, each layer having nine hidden units, such that the total numbers of tunable parameters
in OnsagerNet, SymODEN and MLP-ODEN are 120, 137, and 124, correspondingly.

To test the robustness of those networks paired with different activation functions, five C'
activation functions are tested, including ReQU, ReQUTr, softplus, sigmoid, and tanh. Here ReQU,
defined as ReQU(x) := x? if x > 0 and O otherwise, is the rectified quadratic unit studied in [59].
Since ReQU is not uniformly Lipschitz continuous, we introduce ReQUr as a regularization of
ReQU, defined as ReQUr(x) := ReQU(x) — ReQU(x — 0.5).

The networks are trained using a new version of Adam [55] with minibatches of size 200 and
initial learning rate 0.0256. The learning rate is halved if the loss is not decreasing in 25 epochs.
The default number of iterations is set to 600 epochs.

For the Hookean case, the mean square error (MSE) loss on the testing set can be reduced to about
1073-10~% for all three ODE nets, depending on different random seeds and activation functions
used. For the nonlinear pendulum case, the MSE loss on the testing set can be reduced to about
104-107 for OnsagerNet and 10~3~107> for MLP-ODEN, but only 102 for SymODEN (see
Fig. 2). The reason for the low accuracy of SymODEN is that in the SymODEN, the diffusion
matrix is assumed to be a function of general coordinate x only [17], but here in the damped
pendulum problem, the diffusion term depends on v. From the test results presented in Fig. 2(a),
we see that the results of OnsagerNet are not sensitive to the nonlinear activation functions used.
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FIG. 2. Accuracy of learned dynamics by using three different ODE neural networks and five different
activation functions for the nonlinear damped pendulum problem with k¥ = 4 and y = 3v?. (a) Testing MSE
accuracy. The height of the bars stands for— log,, of the testing MSE. The results are averages from training
with three different random seeds. The heights of the red crosses on top of the bars indicate standard deviations.
(b) Relative error of predictions versus time for three ODE neural networks with the ReQUTr activation function.

Moreover, Fig. 2(b) shows that OnsagerNet has much better long-time prediction accuracy. Since
the nonlinearities in many practical dynamical systems are of polynomial type, we will mainly use
ReQU and ReQUr as activation functions for other numerical experiments in this paper.

In Fig. 3 we plot the contours of learned energy functions using OnsagerNet and compare with
the exact ground truth total energy function U (x) + v?/2. We observe a clear correspondence up to
rotation and scaling for the linear Hookean model case and a scaling of the nonlinear pendulum case.
In all cases, the minimum (x = 0, v = 0) is accurately captured. Note that we used a linear transform
to align the learned free energy. After the alignment, the relative L>-norm errors between the learned
and physical energy for the two tested cases are 6.3 x 107 and 8.6 x 1072, respectively. To verify
that the OnsagerNet approach is able to learn nonquadratic potentials, we also test an example
with an exact double-well-type potential U (x) = (x> — 0.5)? and y = 3. The relative L>-norm error
between the learned and exact energy is 7.5 x 1072, where a simple min-max rescaling is used
before calculating the numerical error for this example.

In Fig. 4 we plot the trajectories for exact dynamics and learned dynamics with initial values
starting from four boundaries of the sample region. We see that the learned dynamics are quantita-
tively accurate, and the qualitative features of the phase space are also preserved over long times.

B. Benchmark problem 2: The Lorenz system

The previous oscillator models have simple Hamiltonian structures, so it is plausible that with
some engineering one can obtain a special structured model that works well for such systems.
In this section we consider a target nonlinear dynamical system that may not have such a simple
structure. However, we will show that, owing to the flexibility of the generalized Onsager principle,
OnsagerNet still performs well. Concretely, we consider the well-known Lorenz system [39]

175.¢
— = —0X + oY, (19)
drt
dYy
= —XZ+rX -V, (20)
dt
dz
— = XY —bZ, 21
drt
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FIG. 3. Learned energy functions and the exact energy functions in three problems: (a) ReQUr OnsagerNet
results for the Hookean model with k = 4 and y = 3, (b) ReQU OnsagerNet results for the pendulum model
with k = 4 and y = 3|v|?, and (c) ReQU OnsagerNet results for the double-well potential U (x) = (x> — 0.5)?
with y = 3.

where b > 0 is a geometric parameter, o is the Prandtl number, and r is the rescaled Rayleigh
number.

The Lorenz system (19)—(21) is a simple autonomous ODE system that produces chaotic solu-
tions, and its bifurcation diagram is well studied [60,61]. To test the performance of OnsagerNet,
we fix b= % and o0 = 10 and vary r as commonly studied in the literature. For the b = % and
o = 10 case, the first (pitchfork) bifurcation of the Lorenz system happens at r = 1, followed by

a homoclinic explosion at » &~ 13.92 and then a bifurcation to the Lorenz attractor at r ~ 24.06.
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FIG. 4. Results of the learned ODE model by ReQU OnsagerNet for the nonlinear damped pendulum
problem. In the right plot, the dots are trajectory snapshots generated from exact dynamics and the solid curves
are trajectories generated from learned dynamics. The red cross is the fixed point numerically calculated
for the learned ODE system. Note that the time period of sampled trajectories used to train the OnsagerNet
isT =5.

Soon after, the Lorenz attractor becomes the only attractor at r ~ 24.74 (see, e.g., [62]). To show
that OnsagerNet is able to learn systems with different kinds of attractors and chaotic behavior, we
present results for » = 16 and 28.

The procedure of generating sample data and training is similar to the previously discussed case
of learning Langevin equations, except that here we seta = 0.1, 8 = 0.1, and a linear representation
for f(h) in OnsagerNet (with [ = 1 and n; = 20). This is because the Lorenz system is a forced
system. The results for the case r = 16 are presented in Fig. 5. We see that both the trajectories
and the stable fixed points and unstable limit cycles can be learned accurately. The results for the
case r = 28 are presented in Fig. 6. The largest Lyapunov indices of numerical trajectories (run for
sufficient long times) are estimated using a method proposed in [63]. They are all positive, which
suggests that the learned ODE system indeed has chaotic solutions.

Finally, we compare OnsagerNet with MLP-ODEN for learning the Lorenz system. The
SymODEN method [17] cannot be applied since the Lorenz system is non-Hamiltonian. The
OnsagerNet used here has one shared hidden layer with 20 hidden nodes, and the total number
of trainable parameters is 356. The MLP-ODENSs have two hidden layers with 16 hidden nodes
in each layer, with a total 387 tunable parameters. In Fig. 7 we show the accuracy on the test
data set for OnsagerNet and MLP-ODEN using ReQU and ReQUr as activation functions, from
which we see that OnsagerNet performs much better. To ensure that these results hold across
different model configurations, we also tested learning the Lorenz system with larger OnsagerNets
and MLP-ODENSs with three hidden layers with 100 hidden nodes each. Some typical training
and testing loss curves are given in Fig. 8, from which we see that OnsagerNet performs better
than MLP-ODEN and the activation function ReQUr performs better than tanh as the activation
function.

C. Application to Rayleigh-Bénard convection with fixed parameters

We now discuss the main application of OnsagerNet in this paper, namely, learning reduced-
order models for the two-dimensional Rayleigh-Bénard convection (RBC) problem, described by
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FIG. 5. Results of the learned ODE model by ReQUr OnsagerNet for the Lorenz system (19)-(21) for b =
%, o = 10, and r = 16. In the bottom plots, the dots are trajectory snapshots generated from exact dynamics,
the solid curves are trajectories generated from learned dynamics, and the thick curve with red dots is the
one with the largest numerical error. The small red crosses are the fixed points numerically calculated for the
learned ODE system. The yellow closed curves are the unstable limit cycles calculated from the learned ODE
system.

the coupled partial differential equations

Qi+ (i - V)ii = vAlL — Vp + apgod0, V-i=0, (22)
30 +ii-V0 =kAd + v, (23)

where i = (u, u, 0) is the velocity field, gy is the gravitational acceleration, y is the unit vector
opposite to gravity, 6 is the departure of the temperature from the linear temperature profile
6(y) =0y — 'y, and I = (fy — 0;)/d, with d the depth of the channel between two plates. The
constants o, v, and « denote the coefficient of thermal expansion, the kinematic viscosity, and the
thermal conductivity, respectively. The system is assumed to be homogeneous in the z direction, and
periodic in the x direction, with period L,. The dynamics depends on three nondimensional parame-
ters: the Prandtl number Pr = v/«, the Rayleigh number Ra = d4%, and aspect ratio a = 2d /L,.
The critical Rayleigh number to maintain the stability of zero solution is R, = 7*(1 + a*)?/a®. The
terms apgo¥0 in (22) and I'v in (23) are external forcing terms. For given divergence-free velocity
i with no-flux or periodic boundary conditions, the convection operator # - V is skew symmetric.
Thus, the RBC equations satisfy the generalized Onsager principle with potential %||u||2 + %H@ 2.
Therefore, the OnsagerNet approach, which requires that the reduced system also satisfies such
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FIG. 6. Results of the learned ReQU OnsagerNet model for the Lorenz system (19)—(21) for b = %, o=
10, and r = 28. In the bottom plots, the dots are trajectory snapshots generated from exact dynamics and the
solid curves are trajectories generated from learned dynamics. The thick curve with red dots is the one with
the largest numerical error. The two red crosses are the (unstable) fixed points numerically calculated for the
learned ODE system.

a principle, is appropriate in this case. The velocity i can be represented by a stream function

d(x, y):

= (_ay¢a ax‘ﬁ» 0). (24)
By eliminating pressure, one gets the following equations for ¢ and 6:
AP — 9p0:(AP) + 9,0y (AP) = VA P + ot ,0, (25)
0,0 — 0,¢0:0 + 0,00,0 = Kk AO + "0 . (26)
The solutions ¢ and 6 to (25) and (26) have representations in Fourier sine series as
o o0 ]Tk
0(x,y) = Z Z Ok, 1, €21 sin (_dzy),
k1=—00 k2=1
¢>(x, }7) = Z Z ¢k1k2 eZiﬂklx/LX sin <_d2y> s
k1=—00 k2=1
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FIG. 7. Accuracy of learned dynamics by using OnsagerNets and MLP-ODEN with ReQU and ReQUr as
activation functions for learning the Lorenz system with r = 16, 28. The height of the bars stands for —log,,
of the testing MSE plus 3.5; the higher the better. The heights of the red crosses on top of the bars indicate
standard deviations. The results are averages of trainings using three different random seeds.

where 0,1, = 0_t,1, and ¢p,x, = @11, since 6 and ¢ are real. In the Lorenz system, only the three
most important modes ¢y, 611, and 6y, are retained. In this case, the solution has the form

2
byt = ST ey sin (2”> sin (ﬂ) @7)
a L, d
0(x,y,1) = ZC}E: [ﬁY(t)cos (i”) sin (%) — Z(t)sin (?)} (28)

The Lorenz equations (19)—(21) for the evolution of X, Y, and Z are obtained by a Galerkin approach
[39] with time rescaling T = nz(lz—fz)lct, the rescaled Rayleigh number r = Ra /R, b = 4/(1 + a?),
and the Prandtl number o = v/k.

Since Lorenz system is aggressively truncated from the original RBC problem, it is not expected
to give a quantitatively accurate prediction of the dynamics of the original system when r > 1.
Some extensions of the Lorenz system to dimensions higher than 3 have been proposed, e.g., Curry’s
14-dimensional model [64], but numerical experiments have shown that much large numbers of
spectral coefficients need to be retained to get quantitatively good results in a Fourier-Galerkin
approach [40]. In fact, [40] used more than 100 modes to obtain convergent results for a parameter
region similar to b = %, o = 10, and r = 28 used by Lorenz. In the following, we show that by
using OnsagerNet, we are able to directly learn reduced-order models from RBC solution data that
are quantitatively accurate and require many fewer modes than the Galerkin projection method.

1. Data generation and equation parameters

We use a Legendre-Fourier spectral method to solve the Rayleigh-Bénard convection problem
(22) and (23) based on the stream function formulation (25) and (26) to generate sample data. To
be consistent with the case considered by Lorenz, we use the free boundary condition for velocity.
A RBC problem is chosen with the following parameters: Re = 10, L, = 4ﬁ, oy =0.1,g=9.8,
k = 0.01, and I" = 1.174 13. The corresponding Prandtl number and Rayleigh number are o = 10
and Ra = 18410.3, respectively. The relative Rayleigh number is r = Ra/R. = 28. In this section
we use OnsagerNet to learn one dynamical model for each fixed r value. The results of learning
one parametric dynamical model for a wide range of r value are given in next subsection. Initial
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FIG. 8. Typical training MSE curves to learn the Lorenz system (19)—(21) (r = 28) with overparametrized
neural ODE networks: (a) MLP-ODEN with ReQUTr, (b) MLP-ODEN with tanh, (c) OnsagerNet with ReQUT,
and (d) OnsagerNet with tanh.

conditions of Lorenz form (27) and (28) are used, where X, Y, and Z are sampled from a Gaussian
distribution and rescaled such that X2 + Y2 + Z2 < Rp, with Rg a constant.

The semidiscretized Legendre-Fourier system is solved using a second-order implicit-explicit
time marching scheme with time step size T = 0.001 for 100 time units. Here 128 real Fourier
modes are used for the x direction and 49 Legendre modes for the y direction. To generate training
and testing data, we simulated 100 initial values. The solver outputs two snapshots of (u, v, ) at
(t,t + ) for each integer time 7. The data from the first 80 trajectories are used as training data,
while the last 20 trajectories are used as testing data.

To have an estimate of the effective dimension, we first apply PCA to the data. The result for
r = 28 is shown in Fig. 9(a). We observe that 99.7% variance is captured by the first nine principal
components, so we seek a reduced model of comparable dimensions.

2. Structure of OnsagerNet

The network parameters are similar to those in learning the Lorenz ODE system. Since the
Rayleigh-Bénard convection system is not a closed system, we ensure the stability established in
Theorem 1 by taking « = 0.1 and 8 = 0.1. To make f (k) Lipschitz continuous, we simply let f (k)
be an affine function of 4. We use two common hidden layers (i.e., [ = 2), with each layer having
n; = 2C,, , hidden nodes for evaluating L(%), R(h), and U;(h) in OnsagerNet. We use ReQUr as
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FIG. 9. (a) Relative variance of the first 32 principal components and (b) the sample trajectories for the
Rayleigh-Bénard convection problem with » = 28 projected on the first three components. The trajectories are
generated using Lorenz-type initial values with random amplitude.

the activation function in this application as it gives slightly better training results than ReQU. The
ReQUr OnsagerNet is trained using the standard Adam optimizer [54] to minimize the loss with
one embedded RK?2 step. The embedding of multiple RK2 steps improves the accuracy only slightly
since the time interval of the data set r = 0.001 is small and so the error of the RK?2 integrator is
not the major error in the total loss. The use of multiple hidden layers in OnsagerNet also improves
accuracy. Since our purpose is to find small models for the dynamics, we only present numerical
results of OnsagerNets with two common hidden layers.

3. Numerical results for r = 28

We now present numerical results of the RBC problem with b = %, o =10, and r =28, a
parameter set that when used in the Lorenz approximation leads to chaotic solutions but for the
original RBC problems has only fixed points as attractors. We perform PCA for the sampled data
and train OnsagerNets using three, five, and seven principal components. The OnsagerNets are
trained with batch size 200 and initial learning rate 0.0064 and are reduced by half if the loss is
not decreased in 25 epochs. After the reduced ODE models are learned, we simulate the learned
equations using a third-order Runge-Kutta method [58] for one time unit with initial conditions
taken from the PCA data at ¢;, j =0, ...99, and compare the results to the original PCA data at
tj+1. To show that the learned ODE system is stable, we also simulate the learned ODE models for
99 time units. We summarize the results in Table I. For comparison, we also present the results of
MLP-ODEN. We see that OnsagerNets have better long-time stability than MLP-ODEN. The huge
t = 99 prediction error in the MLP-ODEN PCA m = 5 model indicates that the MLP-ODEN model
learned is not stable. From Table I we also observe that the OnsagerNets using only three variables
(m = 3) can give a good prediction for the period of one time unit (E”"""*") but have a large relative

L? error (Ef’:;%rel) for long times (t = 99). By increasing m gradually to 5 and 7, both the short-time
and the long-time prediction accuracy increase.

Some detailed training and testing losses are given in Fig. 10. The gap between training error and
testing error indicates that the training data have non-negligible sampling error. However, from the
curve of the testing error shown in Fig 10(a), we see the model is not overfitting. We also observe
that MLP-ODEN has a much larger training-testing error gap than OnsagerNet.

To clearly visualize the numerical errors with respect to time, we show numerical results of using
learned OnsagerNets to simulate one selected trajectory in the training set and one in the testing set
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TABLE I. Numerical results of learning the reduced hidden dynamics for the RBC problem (r = 28). In
the last column Ny; represents the average (over three random seeds) number of trajectories (out of 100) in the
learned ODE systems that do not converge to the correct final steady states.

Method and dimension ~ No. of parameters MSE 4in MSE st Eff,d’rel Effgdg’ o N
MLP-ODEN PCA 3 983 2.63 x 107! 3.37 x 107" 2.32 x 1072 3.51 x 10~! 62/3
MLP-ODEN PCA 5 4079 2.95 x 1072 7.84 x 1072 8.18 x 1073 4.12 x 10* 16/3
MLP-ODEN PCA 7 11599 6.60 x 1073 2.68 x 1072 3.71 x 107> 4.79 x 1072 7/3
OnsagerNet PCA 3 776 3.17 x 107! 3.85 x 107" 2.54 x 1072 2.76 x 10! 53/3
OnsagerNet PCA 5 3408 3.88 x 1072 7.47 x 1072 8.40 x 10~ 6.87 x 1072 13/3
OnsagerNet PCA 7 10032 6.71 x 1073 1.26 x 1072 2.68 x 1072 1.07 x 1072 2/3
OnsagerNet AE 3 2.5x 10° (AE) + 776  4.95 x 1073 1.97 x 1072 5.34 x 1073 9.64 x 1072 16/3
OnsagerNet AE 5 2.5 x 10° (AE) 4+ 3408 3.71 x 1073 1.19 x 1072 3.35 x 1073 4.63 x 1072 9/3

OnsagerNet AE 7 2.5 x 10° (AE) + 10032 1.46 x 107% 4.88 x 107% 1.48 x 107* 1.93 x 1072 3/3

with relatively large errors in Fig. 11. We see that as more and more hidden variables are used, the
ODE models learned by OnsagerNets are increasingly accurate, even for long times.

The results of training OnsagerNet together with a PCAResNet autoencoder and regularized
by the isometric loss defined in Eq. (13) are also presented Table I. The autoencoder we used
has two hidden encode layers and two hidden decode layers with ReQUr as activation functions.
From Table I we see that the results are improved in this autoencoder plus OnsagerNet approach,
especially for models with few hidden variables and short-time predictions.

To demonstrate the advantage of PCAResNet for dimensionality reduction, we also carried out
additional numerical experiments on using different autoencoders, including a standard stacked
autoencoder (SAE), a stacked autoencoder with contractive regularization (CAE), which is a
multilayer generalization of the original CAE [38], and the PCAResNet. All three autoencoders
use two hidden layers with 128 and 32 nodes, respectively. The activation function for PCAResNet
is ReQUr, while the activation function for SAE and CAE is elu. We tested other activation
functions including ReLLU, softplus, elu, tanh, and sigmoid for CAE and SAE and we found that elu
produced the best training results. When training SAE and CAE with OnsagerNet, we first pretrain
SAE and CAE, then train OnsagerNet with low-dimensional trajectories produced by pretrained
SAE and CAE, and then train the autoencoder and OnsagerNet together in the final step. Note

—— train error —— train error
test error test error
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MSE
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FIG. 10. Training and testing loss of OnsagerNet and MLP-ODEN for learning the RBC problem with
r = 28: (a) OnsagerNet + PCA with m = 7 and (b) MLP-ODEN + PCA withm = 7.
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FIG. 11. First three principal components of one trajectory (trajectory 4) in the training set and one
(trajectory 89) in the testing set for the RBC problem with r = 28 and the corresponding simulation results
of learned reduced models by OnsagerNets with m = 3 and 7, respectively: (a) trajectory 4 with m =3,
(b) trajectory 4 with m = 7, (c) trajectory 89 with m = 3, and (d) trajectory 89 with m = 7.

that PCAResNet does not require a pretraining step, since it is initialized by a simple PCA. The
performance of the three different autoencoders is reported in Table II. The Bisom and ®jsom in
Eq. (13) are related to the parameters 8% and «__ in Table II by

*
isom isom
pretrained OnsagerNet MSE loss

. Qisom = Oy X (PCA isometric loss). (29)

IBisom

= * X
Pisom PCA isometric loss

TABLE II. Performance of three autoencoders for the RBC problem (with » = 28 and three principal
components). In the last column Ny, is the number of trajectories (out of 100, averaged over five seeds) in

the learned ODE system that failed to correct the final steady state.

MSEODE

* * test red,rel red,rel
Autoencoders B, ok,  MSEE MSEQDE MSEODE EM™| EMSs Niait
PCAResNet 1 0.0 1.99x1072 525x1072 264  753x 1073 321 x107'  85/5
PCAResNet 1 04 127x1072 3.40 x 1072 268  6.49x107% 2.67x107'  72/5
PCAResNet 1 0.8 491 x107° 1.99x1072 405 538 x107* 1.01 x 10! 27/5
PCAResNet 1 1.2 4.00x1073 1.70 x 1072 4.25 514 x 1073 8.64 x 1072 24/5
PCAResNet 1 1.6 378 x 1073 1.39 x 1072 368 541 x107% 131x1071  37/5
PCAResNet 0 1.07 x 107* 337 x 107> 3150 224 x 1073 9.17 x 1072 49/5
SAE 1 0.8 6.64x 1073 3.62x 1072 545 413 x 1073 239x 107" 92/5
SAE 0 330 x 107* 226 x 1072 6849 6.60 x 1073 1.86 x 107" 96/5
CAE 1 0.8 5.58x107% 2.80x 1072 4.09 3.99 x 107*  1.62x 107! 67/5
CAE 0 345x107* 641 x 1072 18580 1.37x 1072 3.26 x 10! 135/5
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TABLE III. PCA trajectory prediction error on the testing set for the RBC problem (r = 28) using
OnsagerNet and the nearest neighbor method.

Method Dimension EPe EPee EPe EPe

OnsagerNet m=3 2.65 x 1072 8.47 x 1072 1.30 x 107! 2.63 x 107!
OnsagerNet m=>5 9.29 x 1073 3.73 x 1072 6.91 x 1072 8.46 x 1072
OnsagerNet m="17 3.24 x 1073 1.28 x 1072 1.73 x 1072 3.23 x 1073
NN m=73 9.76 x 102 1.40 x 107! 1.93 x 107! 1.02 x 1072
NN m=2>5 1.09 x 107! 1.676 x 107! 2.10 x 107! 1.75 x 107!
NN m="7 1.13 x 107! 1.74 x 107! 2.20 x 107! 2.69 x 107!

From this table we observe that PCAResNet produce better long-time results than SAE and CAE
both with and without isometric regularization. From the numerical results presented in Table II, we
clearly see the benefits of isometric regularization: It reduces overfitting (the ratio between testing
MSE and training MSE is much smaller when isometric regularization is used) and improves the
long-time performance for all three tested autoencoders. Note that 85, =1 and a} = 0.8 are
used to produce the autoencoder results presented in Table 1.

We also carry out a comparison of the PCA trajectory prediction error between the OnsagerNet,
long short-term memory (LSTM) recurrent neural network, and nearest-neighbor (NN) method.
Since LSTM is a discrete-time process, it cannot learn an underlying ODE model. Rather, we
focus on predictions over fixed time intervals (Af = 0.01). On the other hand, given a test initial
condition, the NN method simply selects the closest initial condition from the training set and use
its associated trajectory as a prediction. The numerical results are given in Tables IIT and IV. We
see that OnsagerNet outperforms the NN method for all cases except for m = 3 and prediction time
t = 99. By using more PCs, OnsagerNet gives better results, but the NN method does not. From
Table IV we also observe that LSTM does not give better results by using more PCs. We note that
both LSTM and NN methods can only serve as predictive tools for trajectories but do not give rise
to a reduced dynamical model in the form of differential equations.

To get an overview of the vector field that drives the learned ODE system represented by On-
sagerNet, we draw two-dimensional projections of phase portraits following several representative
trajectories in Fig. 12, from which we see that there are four stable fixed points, two which have
relatively larger attraction basins and two which have very small attraction basins. We numerically
verified they are all linearly stable by checking the eigenvalues of Jacobian matrices of the learned
system at those points. The two fixed points with a larger attraction basin are very similar to those
appearing in the Lorenz system with r < 24.06, which corresponds to the two fixed points resulting
from the first pitchfork bifurcation (see, e.g., g+, g— in Fig. 2.1 in [62] and Fig. 5 herein).

We also test the learned dynamics using OnsagerNet by simulating 100 new numerical trajec-
tories with random initial conditions in the phase space. We observe that they all have negative

TABLE IV. PCA trajectory prediction MSE for the RBC problem with r = 28 using LSTM. Since LSTM
requires fixing the time step (resolution) and specifying sequence lengths for training, different models have to
be trained for different predictive horizons or resolutions for best performance. The architecture of the LSTM is
chosen so that for each PCA embedding dimension (Dimension), its number of trainable parameters is similar
to that of the OnsagerNet.

. . d,rel drel
Dimension No. of parameters EP EPSE

1=99
m=23 1131 4.15 x 107! 2.09 x 107!
m=>5 4245 1.23 x 107! 3.82 x 107!
m="17 15653 1.02 x 107! 3.73 x 107!
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FIG. 12. Six representative trajectories from the sample data (red dots) and the corresponding ODE
solutions (solid blue curves) evolved from the same initial values using the learned ODE system for the RBC
problem with » = 28 and m = 7 for (a) projection to the (%, h,) plane and (b) projection to the (4, h3) plane.
The four stable critical points (red crosses) of the learned ODE system are numerically calculated and plotted.

Lyapunov exponents, which suggests that the learned dynamics has no chaotic solutions. This result
is consistent with the original RBC system, which also does not exhibit chaos at these parameter
values. In this sense, OnsagerNet also preserves the qualitative properties of the full dynamics,
despite being embedded in a much-lower-dimensional space.

The learned free-energy function. In Fig. 13 we show the isosurfaces of the learned free-energy
function in the reduced OnsagerNet model for the RBC problem. When PCA data are used, with
three hidden variables, the free energy learned is irregular, which is very different from a physical
free-energy function one expects for a smooth dynamical system. As the number of hidden variables
is increased, the isosurfaces of the learned free-energy function become more and more ellipsoidal,
which means the free energy is more akin to a positive-definite quadratic form. This is consistent
with the exact PDE model. The use of AE in the low-dimensional case also helps in learning a better
free-energy function. This again highlights the preservation of physical principles in the OnsagerNet
approach.

30 ~ 30
20 20 20 ¢
10 10 /
™ ™ ) ™
< o0 ¢ < o0l | ) < o0
10 10 1 /
20 -20 ] 20
A < e e
2 T 40 N o~ 40 w0
010 \ p—— 20 2010 \\ < - 20 10\ —~ 20
0 < 0 0 - 0 0 > —" 0
-0 -20 10 < 20 10, 20
40 40 d
h, hy h, h, h, h

(a) (b) (c)

FIG. 13. Learned free energy by OnsagerNet with PCA and an autoencoder for the RBC problem with
r = 28. The dependence of the energy function on the first three principal components are shown: (a) PCA
with m = 3, (b) PCA with m = 7, and (c) autoencoder 4+ OnsagerNet with m = 3.
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FIG. 14. Four representative trajectories from the sample data (red dots) and the corresponding ODE
solutions (solid blue curves) evolved from the initial values using the learned ODE system (m = 11) for the
case r = 84 for (a) projection to the (hy, hy) plane and (b) projection to the (h;/2 + hs3, h,) plane. The four
unstable critical points (red crosses) and four stable limit cycles (black curves) of the learned ODE system are
also plotted.

4. Higher-Rayleigh-number case r = 84

For r = 28, the RBC problem has only fixed points as attractors. To check the robustness
of OnsagerNet to approximate dynamics with different properties, we present the results of a
higher-Rayleigh-number case with r = 84. The corresponding Rayleigh number is 55230.95. In
this case, the RBC problem has four stable limit cycles. However, starting from initial conditions
considered by Lorenz’s reduction, the solution needs to evolve for a very long time to get close
to the limit cycles. Thus, whether or not the limit sets are limit cycles is not very clear based on
only observations of the sample data. An overview of the learned dynamics for m = 11 is shown
in Fig. 14, where four representative trajectories close to the limit cycles together with critical
points (saddles) and limit cycles calculated from the learned model are plotted. As before, from
this figure we see that limit cycles are accurately predicted by the reduced-order model learned
using OnsagerNet. Meanwhile, the saddles can be calculated from the learned OnsagerNet.

A typical trajectory in the test set and corresponding results by the learned dynamics are plotted in
Fig. 15. These results support the observation that OnsagerNet both achieves quantitative trajectory
accuracy and faithfully captures the asymptotic behaviors of the original high-dimensional system.

To check whether the learned reduced-order model has chaotic solutions, we carried out a
numerical estimate of the largest Lyapunov indices of the trajectories in very-long-time simulations.
Here we did not find any trajectory with a positive Lyapunov index, which suggests that for the
parameter setting used, the RBC problem has no chaotic solution, at least for the type of initial
conditions considered in this paper.

D. Application to Rayleigh-Bénard convection in a wide range of Rayleigh number

In this section we build a reduced model that operates over a wide range of
Rayleigh numbers, and hence we sample trajectories corresponding to ten different r values
{8, 16,22, 28, 42, 56, 70, 76, 80, 84} in the range [8, 84]. The parameters v, k, and I" are fixed and
we vary o to obtain different r values. In all cases, the Prandtl number is fixed at Pr = 13—0. The data
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FIG. 15. First three principal components of an exact trajectory and the corresponding simulation results
of learned reduced models by OnsagerNets trained using 11 principal components for the RBC problem with
r=84.

generating procedure is the same for the fixed r case, but since for the multiple r case the dimension
of the fast manifold is relatively high, we do not use the first 39 pairs of solution snapshots in the
trajectories.

The first step is to construct the low-dimensional generalized coordinates using PCA. To account
for varying Rayleigh numbers, we perform a common PCA on trajectories with different » values.
Consequently, we seek an OnsagerNet parametrization with quantities V, M, and W independent of
the Rayleigh number r. Examining (22) and (23), the r dependence may be regarded as the strength
of the external force, which is linear. Thus, we seek the external force f of OnsagerNet as an affine
function of r; however, different from the fixed r case, here we assume that f is a nonlinear function
of h.

1. Quantitative trajectory accuracy

We first show that despite being low dimensional, the learned OnsagerNet preserves trajecto-
rywise accuracy when compared with the full RBC equations. We summarize the MSE between
trajectories generated from the learned OnsagerNet and the true RBC equations for different times
in Table V. Observe that the model using only seven coordinates (m = 7) gives a good short-time
(t = 1) prediction but has a relatively large error for the long-time (¢ = 60) prediction. By increasing
m to 9 and 11, the accuracy of both the short-time and long-time predictions increases. We also
tested generalization in terms of Rayleigh numbers by withholding data for r = 28, 84 and testing
the learned models in these regimes (Fig. 16). In all cases, the OnsagerNet dynamics remains a
quantitatively accurate reduction of the RBC system.

2. Qualitative reproduction of phase-space structure

Next we show that besides quantitative trajectory accuracy, the qualitative aspects of the RBC,
such as long-time stability and the nature of the attractor sets, are also adequately captured. This
highlights the fact that the approximation power of OnsagerNet does not come at a cost of physical
stability and relevance.

TABLE V. Accuracy of learned models for the RBC problem r € [8, 84].

Dimension MSE i MSE ey EPe EPed

m=7 1.55 x 1072 3.43 x 1072 7.07 x 1074 6.04 x 1072
m=9 2.63 x 1073 436 x 1073 6.84 x 1074 1.05 x 1072
m=11 2.14 x 1073 4.12 x 1073 5.12 x 10 8.45 x 1073
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FIG. 16. Some representative trajectories from the sample data (colored dots) and the corresponding
solutions of learned 11-dimensional OnsagerNet ODEs (solid blue curves) from the same initial values for
the RBC problem with (a) » = 28 and (b) » = 84. The red crosses are fixed points calculated from the learned
ODE systems.

To get an overview of the vector field that drives the learned ODE system, we draw two-
dimensional projections of phase portraits for several representative trajectories at » = 28, 84 in
Fig. 16. The data for these Rayleigh numbers are not included in the training set. For the r = 28
case, we observe four stable fixed points. The two fixed points with larger attraction basins are
similar to those appearing in the Lorenz system with r < 24.06, which corresponds to the two fixed
points resulting from the first pitchfork bifurcation (see, e.g., g+, ¢g— in Fig. 2.1 in [62]). Note that
the Lorenz model with r = 28 is chaotic, but the original RBC problem and our learned model
have only fixed points as attractors. For r = 84, the four attractors in the RBC problem become
more complicated. Starting from Lorenz-type initial conditions, the solutions need to evolve for
a very long time to get close to these attractors. The results in Fig. 16 show that the learned
low-dimensional models can accurately capture those complicated behaviors. Due to the fact that
the A, B attractors have larger attraction regions than C, D, we have more A, B-type trajectories
than C, D-type ones. Thus, the vector field near fixed points A, B is learned with higher quantitative
accuracy (see Fig. 17), while the accuracy of the C, D-type trajectory holds only for short times.
Nevertheless, in all cases, the asymptotic qualitative behaviors of the trajectories and the attractor
sets are faithfully captured.

As determined earlier, each term in the OnsagerNet parametrization has a clear physical origin,
and hence once we learn an accurate model, we can study the behavior of each term to infer some
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~
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FIG. 17. Long time comparison of trajectories originating from an initial condition converging to A for
(a) r =28 and (b) r = 84. Black dots are RBC data and colored curves are predictions by the learned
OnsagerNet.
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FIG. 18. (a) Learned potential (with m = 11) and (b) underlying potential by OnsagerNet for the RBC
problem. The isosurfaces in the first three principal component dimensions are shown.

physical characteristics of the reduced dynamics. In Fig. 18 we plot the free energy V in the learned
OnsagerNet model and compare it to the RBC energy function %||u||2 + %||9||2 projected to the
same reduced coordinates. We observe that the shapes are similar with ellipsoidal isosurfaces, but
the scales vary. This highlights the preservation of physical structure in our approach.

Besides the learned potential, we can also study the diffusion matrix M, which measures the rate
of energy dissipation as a function of the learned coordinates /. In Fig. 19 we plot the eigenvalues
of M (which characterize dissipation rates along dynamical modes) along the line from point A to B
at r = 28, where we observe strong dependence on 4. This verifies that the OnsagerNet approach is
different from linear Galerkin-type approximations where the diffusive matrix M is constant.

In summary, using OnsagerNet to learn a reduced model of the RBC equations, we gained two
main insights. First, it is possible, under the considered conditions, to obtain an ODE model of
relatively low dimension (3—11) that can already capture the qualitative properties (energy functions
and attractor sets) while maintaining quantitative reconstruction accuracy for a large range of
Rayleigh numbers. This is in line with Lorenz’s intuition in building his model. Second, unlike
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FIG. 19. Eigenvalues of the diffusion matrix M (h) representing local dissipation rates along a line from A
to B in the r = 28 and m = 9 case. We can see a clear deviation from the linear model where M is constant.
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Lorenz’s highly truncated model, we show that under the parameter settings investigated, the learned
OnsagerNet, while having complex dynamics, does not have chaotic behavior.

V. CONCLUSION

We have presented a systematic method to construct (reduced) stable and interpretable ODE
systems by a machine learning approach based on a generalized Onsager principle. In comparison
to existing methods in the literature, our method has several distinct features.

(i) Compared to the nonstructured machine learning approaches (e.g., [1,3,5]), the dynamics
learned by our approach have precise physical structure, which not only ensures the stability of the
learned models automatically, but also gives physically interpretable quantities, such as free energy,
diffusive, and conservative terms.

(i1) Compared to the existing structured approach, e.g., the Lyapunov function approach [15] and
symplectic structure approach [18,19], our method, which relies on a principled generalization of
the already general Onsager principle, has a more flexible structure incorporating both conservation
and dissipation in one equation, which make it suitable for a large class of problems involving
forced dissipative dynamics. In particular, the OnsagerNet structure we impose does not sacrifice
short-term trajectory accuracy, but still achieves long-term stability and qualitative agreement with
the underlying dynamics.

(iii) Different from the linear multistep method embedded training [5,6] and recurrent neural
networks [8,9], we use multiple Runge-Kutta steps embedded in the loss function for training. This
can handle large and variable data sampling intervals in a straightforward manner.

(iv) We proposed an isometry-regularized autoencoder to find the slow manifold for given tra-
jectory data for dimension reduction, which is different from traditional feature extraction methods
such as proper orthogonal decomposition [65,66], dynamic mode decomposition, and Koopman
analysis [50,51,67,68], which only find important /inear structures. Our method is also different
from the use of an autoencoder with sparse identification of nonlinear dynamics proposed in [69]
where the sparsity of the dynamics to be learned is used to regularize the autoencoder. The isometric
regularization allows the autoencoder to be trained separately or jointly with ODE nets. Moreover,
it is usually not easy to ensure long-time stability using these types of methods, especially when the
dimension of the learned dynamics increases.

(v) As a model reduction method, different from the closure approximation approach [7] based
on the Mori-Zwanzig theory [70], which needs to work with an explicit mathematical form of
the underlying dynamical system and usually leads to nonautonomous differential equations, our
approach uses only sampled trajectory data to learn autonomous dynamical systems; the learned
dynamics can have very good quantitative accuracy and can readily be analyzed further with
traditional ODE analysis methods or be used as surrogate models for fast online computation.

We have shown the versatility of OnsagerNet by applying it to identify closed and nonclosed
ODE dynamics, i.e., the nonlinear pendulum and the Lorenz system with a chaotic attractor, and
learn reduced-order models with high fidelity for the classical meteorological dynamical systems,
i.e., the Rayleigh-Bénard convection problem.

While versatile, the proposed method can be further improved or extended in several ways. For
example, in the numerical results of the RBC problem, we see that the accuracy is limited by
the given sample data when we use enough hidden dimensions. One can use an active sampling
strategy (see, e.g., [42,71]) together with OnsagerNet to further improve the accuracy, especially
near saddle points. Furthermore, for problems where transient solutions are of interest but lie in
a very-high-dimensional space, directly learning PDEs might be a better approach than learning
ODE systems. The learning of PDEs using OnsagerNet can be accomplished by incorporating the
differential operator filter constraints proposed in [4] into its components, e.g., the diffusive and
conservative terms. Finally, for problems where sparsity (e.g., memory efficiency) is more important
than accuracy or a balance between these two is needed, one can either add an /! regularization
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on the weights of OnsagerNets into the training loss function or incorporate sparse identification
methods in the OnsagerNet approach.
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APPENDIX A: CLASSICAL DYNAMICS AS A GENERALIZED ONSAGER PRINCIPLE

Previously we showed how the /& dependence arises from projecting high-dimensional dynamics
to the dynamics on reduced coordinates. There it was assumed that the high-dimensional dynamics
obeys the generalized Onsager principle with constant diffusive and conservative terms. Here we
show how this assumption is sensible, by giving a general classical dynamical system that has such
a representation.

Theorem 2. The classical Hamilton system with the Hamilton given by

1,
Hx,q) =Ux)+ 5—¢

2m
can be written in the form of Eq. (2).
Proof. The Hamilton equation for given H is
_0H ¢
T3 m’
. oH
g=——=-V,U.
0x

TakingM =0and W = (_01 (1)), we have

w(s)=- () .

Theorem 3. The deterministic damped Langevin dynamics

d*x .
mﬁ =—yx—V,U() (A1)
can be written in the form of Eq. (2).
Proof. Defining v = x, we then have
xX=v,

mv + yx = =V, U(x).
Setting M = ({ 8) and W = (_Om ), we have
X V.U
This is of the form (2) with a new energy (total energy)
)
V(x,v):U(x)+5v . [}
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Theorem 4. The dynamics described by generalized Poisson brackets, defined below, can be
written in the form (3). In the Poisson bracket approach, the system is described by generalized

coordinates (qi, ..., g,) and generalized momenta (py, ..., p,). Denoting the Hamiltonian of the
system by H(q1, ..., gn; P1, - - - » Pu), then the dynamics of the system is described by the equation
[30]

F,={F,H} —[F, H], (A2)

where F is an arbitrary functional depending on the system variables. The reversible and irreversible
contributions to the system are represented by the Poisson bracket {-, -} and the dissipation bracket
[-, -1, respectively, which are defined as

" 9F 0H 9H dF

(FHY =) —————,
— 0q; 0pi  0q; Ip;
. 9 9 9 9
[FH =JrMJ}, Jo=|—,..., —, —, ... @, ford = (F, H),
aq1 9g, 9 9Pn

where M is symmetric positive semidefinite.
Proof. Define (hy,...,h,) =(q1,...qn.P1s---,Pn), With m =2n. Equation (A2) can be
written as

0 I,

F = (ViF)'h= (VhF)T(_ L0

>V;,H —(V,F)TMV ,H.

By taking F' = (hy, ..., hy) such that V,F = I,,, we obtain immediately
h=-W -V,H—-M-V,H=M+W)=V,H),

where W = (;) _0'”) is an antisymmetric matrix and M is a symmetric positive-semidefinite matrix,
which is of the form (3). |

APPENDIX B: BASIC PROPERTIES OF NONSYMMETRIC POSITIVE-DEFINITE MATRICES

We present some basic properties of real nonsymmetric positive-definite matrices required to
show our results.

An n x n real matrix is called positive definite if there exists a constant & > 0 such that x” Ax >
oxTx for any x € R™. If o = 0 in the above inequality, we call it positive semidefinite.

Any real matrix A can be written as a sum of a symmetric part ’”TAT and a skew-symmetric
part A’TAT. For the skew-symmetric part, we have x” A’TATx = 0 for any x € R". So a nonsymmetric
matrix is positive (semi)definite if and only if its symmetric part is positive (semi)definite.

The following theorem is used in deriving alternative forms of the generalized Onsager dynamics.

Theorem 5. (a) Suppose A is a positive-semidefinite real matrix; then the real parts of its
eigenvalues are all non-negative. (b) The inverse of a nonsingular positive semidefinite is also
positive semidefinite.

Proof. Suppose that .. = n + ip is an eigenvalue of A and the corresponding eigenvector is 7 =
x + iy. Then

Ax + iAy = (nx — py) +i(ny + ux).

(5 0= 20+ 3)0)
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Left multiply the equation by (x”, y7) to get (this is the real part of 2/ Az =z nz)
K Ax 4y Ay = nxx+nyly = n"x )7 y).

If A is positive semidefinite, then we obtain n > 0, and (a) is proved.
Now suppose that A is positive semidefinite and invertible. Then for any x € R” we can define y
by Ay = x to get

A I =yTATA Ay = yTATy = yT Ay > 0.

Thus (b) is proved. u
Note that the converse of (a) in Theorem 5 is not true. A simple counterexample is A = (32 31),
whose eigenvalues are 1|, = 1. However, the eigenvalues of its symmetric part are A; , = —1, 3.
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