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Abstract

Many physical phenomena are described by Hamiltonian
mechanics using an energy function (the Hamiltonian). Re-
cently, the Hamiltonian neural network, which approximates
the Hamiltonian as a neural network, and its extensions have
attracted much attention. This is a very powerful method, but
its use in theoretical studies remains limited. In this study, by
combining the statistical learning theory and Kolmogorov—
Arnold-Moser (KAM) theory, we provide a theoretical anal-
ysis of the behavior of Hamiltonian neural networks when the
learning error is not completely zero. A Hamiltonian neural
network with non-zero errors can be considered as a pertur-
bation from the true dynamics, and the perturbation theory of
the Hamilton equation is widely known as the KAM theory.
To apply the KAM theory, we provide a generalization error
bound for Hamiltonian neural networks by deriving an esti-
mate of the covering number of the gradient of the multi-layer
perceptron, which is the key ingredient of the model. This er-
ror bound gives a sup-norm bound on the Hamiltonian that is
required in the application of the KAM theory.

Introduction

Many physical phenomena are described by energy-based
theories, such as Hamiltonian mechanics (e.g., Furihata and
Matsuo (2010)). The governing equation of Hamiltonian
mechanics is

du OH

Py ey

whereu: t € R u(t) € RN, H :u € RN s H(u) € R,
and S is a skew-symmetric matrix. H represents the energy
function of the system. In recent years, there has been a lot
of research on predicting the corresponding physical phe-
nomena by learning the energy function H in such equations
with a neural network Hyy (e.g., Chen et al. (2020); Cran-
mer et al. (2020); Greydanus, Dzamba, and Yosinski (2019);
Matsubara, Ishikawa, and Yaguchi (2020); Zhong, Dey, and
Chakraborty (2020)); however, to the best of our knowledge,
theoretical analysis of such models has not been performed
sufficiently, except for SympNet (Jin et al. 2020b) for the
Hamilton equation, where the universal approximation the-
orems for discrete-time neural network models are provided.
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In this paper, we focus on theories of the properties of
the most fundamental model, comprising Hamiltonian neu-
ral networks (HNNs) (Greydanus, Dzamba, and Yosinski
2019)

du (3'H NN

dt Ju
and their extensions in practical situations, where the learn-
ing error is not completely zero. In this case, the trained
model can be regarded as a perturbed Hamiltonian system
due to the modeling error of the energy function. In addi-
tion, S is a general skew-symmetric matrix and hence (2)
can model Hamiltonian partial differential equations (Mat-
subara, Ishikawa, and Yaguchi 2020).

In mathematical physics, perturbed Hamiltonian systems
are well studied. For example, because whether the solar
system will continue to exist in the future is of fundamental
interest in astronomy, the stability of the solar system under
perturbations is a very important issue that has been stud-
ied for a long time (e.g., Féjoz (2013); Laskar (1996)). The
Kolmogorov—Arnold—Moser (KAM) theory gives an answer
to questions of this type; essentially, periodic motions of
such systems are stable under small perturbations. The sta-
bility of periodic motions is of particular importance in sci-
ence. In addition to the stability of celestial systems, the re-
cursive nature of physical phenomena is also of interest in
physics. For example, in the famous numerical experiments
using the Korteweg—De Vries (KdV) equation by Zabusky
and Kruskal (1965), it was confirmed that the waveform
given as the initial condition initially collapsed due to se-
vere oscillations, and then returned to its original shape after
a long time. Whether such phenomena can be reproduced by
deep learning models is an important problem that greatly
affects the usefulness of deep physical models.

In this paper, we give an answer to this question by com-
bining the KAM theory and statistical learning theory. Be-
cause trained models are also perturbed Hamiltonian sys-
tems, it is expected that the periodic behaviors of the sys-
tems are preserved even if the loss function does not vanish
completely provided it is sufficiently small. However, this
expectation cannot be proved in a straightforward way, be-
cause the application of the KAM theory requires that the
energy function be close enough to that of the true dynam-
ics in the whole phase space. Noticing that the error of the
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Figure 1: Outline of our main theorem. The first main result is the generalization error of the energy function, which is proved
by the statistical learning theory. By combining the first result and the KAM theorem, we prove that the quasi-periodic behaviors

of target systems are preserved.

energy function in the whole space is essentially the gen-
eralization error, we overcome this difficulty by combining
the KAM theory with statistical learning theory. This illus-
trates that combinations of statistical learning theory and dy-
namical systems theory can lead to powerful results. Indeed,
combinations of this kind may be applicable to other stabil-
ity results in dynamical system contexts, for example, the
stability of solitary wave solutions.

Importantly, for the neural network models to be close to
the true dynamics, we need a universal approximation theo-
rem and also a generalization error bound. In this paper, we
also provide such results for HNNGs.

Regarding the generalization error bound, because the
derivative of a multi-layer perceptron is used in HNNs, a
bound for the derivative is required. To this end, we esti-
mated the covering number of the derivative of multi-layer
perceptrons. An L°° bound on the error in the Hamiltonian is
also provided, which is required for application of the KAM
theory.

In addition, we show a universal approximation theorem
for a model with the coordinate transformation

dr (aurl (8u)7—r oH

dt ‘oz Oz Ox’
This model is indispensable in practice; to apply HNNs, the
data are given in the canonical coordinate system because
the equation of motion is in the form of the Hamilton equa-
tion (1) only when the state variables are represented by the

canonical coordinate system. However, this coordinate sys-
tem depends on an unknown Lagrangian and hence the en-
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ergy function. Hence, the coordinate system must be also
learned from data by using, for example, neural networks.
In addition, this model can be extended to represent other
energy-based physical models beyond the Hamilton equa-
tion (Matsubara, Ishikawa, and Yaguchi 2020).

The main contributions of this paper are as follows.

1. Combination of the KAM theory and statistical learn-
ing theory for HNNs with non-zero training loss to
prove the existence of quasi-periodic behaviors (see
Figure 1).

2. Derivation of a generalization error bound for HNNs.

3. Development of a universal approximation theorem
for HNNs and other energy-based physical models
with coordinate transformations.

Related Work

Many studies of neural network models for phenomena that
can be modeled by energy-based equation (1) have been put
forward. Among them, the most basic studies are neural or-
dinary differential equations (Chen et al. 2018) and HNNs
(Greydanus, Dzamba, and Yosinski 2019). In particular, ex-
tensions of HNN's have been intensively developed.
Describing them all is beyond the scope of this paper, but
some examples are given here. In Toth et al. (2019) HNNs
were extended to latent variable models. Other studies, such
as DiPietro, Xiong, and Zhu (2020); Xiong et al. (2021);
Zhong, Dey, and Chakraborty (2020), focused on the sym-
plectic structure of the Hamilton equation. For Noether’s



theorem, which is a fundamental theorem in classical me-
chanics, several studies (Bharadwaj, Li, and Demanet 2020;
Bondesan and Lamacraft 2019; Finzi et al. 2020) developed
methods related to symmetry and conservation laws. In addi-
tion, a discrete-time model that preserves the energy behav-
iors was constructed in Matsubara, Ishikawa, and Yaguchi
(2020). In Galioto and Gorodetsky (2020), HNNs were com-
bined with a Bayesian approach.

Methods applied to the framework of classical mechanics
other than Hamiltonian mechanics include those in Cran-
mer et al. (2020); Desai and Roberts (2020); Semundsson
et al. (2019), which are methods for Lagrangian formalism.
In Jin, Lin, and Li (2020), reinforcement learning was ap-
plied to the variational principle. A simplified model formed
by introducing constraints was proposed in Finzi, Wang, and
Wilson (2020). In Jin et al. (2020a), HNNs were extended to
the Poisson system, which is a wider class of mechanical
equations. There are also a number of proposals that inte-
grate them with more advanced deep learning techniques,
namely, graph networks (Sanchez-Gonzalez et al. 2019), re-
current neural networks (Chen et al. 2020), and normalizing
flows (Li et al. 2020). As an application-oriented approach,
Feng et al. (2020) designed a microscopic model for struc-
tural analysis.

However, as far as the authors know, there is no theoretical
research other than the universal approximation theorems
for Hamiltonian mechanics in SympNet (Jin et al. 2020b), in
which a certain kind of neural network is shown to have uni-
versal approximation properties for symplectic maps. The
difference between their results and ours is that (1) we an-
alyze the behaviors of a HNN with non-zero training loss
by a combination of the KAM theory and statistical learn-
ing theory, (2) we provide a generalization error bound for
NHHs, and (3) the universal approximation theorems in Jin
et al. (2020b) are for discrete-time models, while ours are
for continuous-time models.

Meanwhile, as an existing energy-based model, Hopfield
neural network is known. Both Hopfield neural network and
Hamiltonian network are derived from energy-based theo-
ries, and their dynamics are described by (1). Hamiltonian
neural network is associated with a skew-symmetric matrix
S and is a model of an energy-preserving, continuous-time,
and deterministic physics phenomenon. Its output is the
time-series of the state. Hopfield network is associated with
a negative definite matrix S and exhibits a dynamics which
is often energy-dissipating, discrete-time, and stochastic. It
is a machine learning tool rather than a physical model, and
its equilibrium point is treated as its output. Because their
outputs are different, their theoretical properties should be
discussed separately.

Brief Introduction to Hamiltonian Systems
and the KAM Theory

We briefly introduce some properties of Hamiltonian sys-
tems.

Theorem 1 (Darboux). By an appropriate coordinate trans-
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formation, the matrix S is transformed into the normal form

o I
-1 O)
(v,w) € RN x RN s

Definition 1. The function w :
w(v,w) €R

w(v,w) =v" S w

is called the symplectic form. Using the symplectic form as-
sociates a vector field X p with each function F : RN — R
by requiring

oF
—_— w
ou
For two functions F, G, the following operation is called the
Poisson bracket:

w(Xp,w) = Sor all w.

{F. G} =w(Xp, Xa). “4)

Definition 2. A Hamiltonian system for which the state
variable is N = 2M dimensional is integrable in the
sense of Liouville if this Hamiltonian system has the first
integrals (i.e., conserved quantities) Fy, Fs, ..., Fas with
VFi(u), VFy(u),...,VEy(u) independent at each u and
foralli,j:

{F;,F;}=0.
For integrable systems, Theorem 2 is known.

Theorem 2 (Liouville—Arnold). Suppose that for an inte-
grable Hamiltonian system, constants c, . .., cpy exist such
that K = NM,F7(c;) is connected and compact. Then,
there exists a neighborhood N' comprising K, U C R™ and
a coordinate transform

b (0,]) €T xU = $(0,]) €N (5)

such that the transformed system is the Hamilton equation
of which Hamiltonian H o ¢ depends only on J.

The variables J and 6 are called action-angle variables.
Theorems 1 and 2 roughly mean that integrable Hamiltonian
systems can be written in the following form:

(5)=(% 6)(%):

Further, because H = H o ¢ depends on I only, it holds that

5 ()= o) ()= (F)

dt ou
This shows that J is constant, and hence # moves on the
torus at a constant velocity. Because the velocities are typi-
cally not co-related to each other, the dynamics are “quasi-
periodic.” See, for example, Scott Dumas (2014) for more
details.

As seen above, integrable Hamiltonian systems are quasi-
periodic. Note that general Hamiltonian systems are not nec-
essarily quasi-periodic and neither are HNNs. However, for
the HNNS that are trained to model integrable systems, the
quasi-periodic behaviors are preferably maintained. When

4
dt



the modeling error is sufficiently small, this is considered as
a perturbation problem. The perturbation theory of Hamil-
tonian systems has been investigated from various perspec-
tives. For example, perturbed integrable Hamiltonian sys-
tems are in general no longer integrable; hence, approxima-
tion of integrable Hamiltonian systems by integrable neural
network models appears to be difficult. Fortunately, how-
ever, the KAM theory shows that even though the perturbed
system is not integrable, it maintains the quasi-periodic be-
haviors described above under certain conditions.

The KAM theorem has many variants under various con-
ditions. The following variant (Scott Dumas 2014) is typical:

Theorem 3 (KAM Theorem). Let 6 and J be the action-
angle variables for a C° integrable Hamiltonian H,
R2M s R with M > 2. If Hy is non-degenerate, that is,

2
ot THo 4, (6)

8J 92

for the perturbed system H(0,J) = Ho(J) + cF (6, J,¢)
by F € C, there exists €y such that if eF < g, there
exists a set of M-dimensional tori that are invariant under
the perturbed flow. For each invariant torus, the flow of the
perturbed system H is quasi-periodic. In addition, the set of
invariant tori is large in the sense that its measure becomes

fullas e — 0.

Remark 1. The last sentence — the set of invariant tori is
large in the sense that its measure becomes full as € — 0 —
corresponds to the non-existence of so-called resonance. If
the perturbation added to the system is in resonance with the
original system, the perturbation may grow rapidly and the
behavior of the system may change significantly. This state-
ment assures that for small perturbations, such a situation
almost never occurs.

Remark 2. It may be difficult to check whether the target
system is integrable by using given data. One possibility is
application of the Koopman operator, which makes it possi-
ble to find the conserved quantities that the given data may
admit. If a sufficient number of conserved quantities exist, it
is highly likely that the target system is integrable.

Main Results
Universal Approximation Properties of HNNs

For HNN s to be close to the true dynamics, a universal ap-
proximation theorem and a generalization error analysis are
needed. First, we show universal approximation theorems.
We first define some notation to describe the theorem.
C"™(X) with the topology of the Sobolev space WP (X)
is denoted by S} (X), where W?™ (X)) is a space of func-
tions that admit weak derivatives up to the mth order that
bounds LP-norms. Hence, S;*(X) is the space of func-
tions in WP (X) with (usual) derivatives; for details on the
Sobolev theory, see Adams and Fournier (2003). LP-norms
of functions are denoted by || - || », and those of vectors by

I Mlp-
Universal approximation theorem for HNNs The fol-
lowing theorem shows the universal approximation prop-

erty of general energy-based physical models, which include
HNNs (Matsubara, Ishikawa, and Yaguchi 2020).

Theorem 4. Let H : RY — R be an energy function with
the equation

au _ ol
dt T ou’

where u : t € R — u(t) € RN and G is a non-degenerate
N x N matrix. Suppose that the state space K of this sys-
tem is compact and the right-hand side GOH /Ou is Lips-
chitz continuous. If the activation function o # 0 belongs
to S3(R), then for any € > 0 there exists a neural network
Hnn for which

holds. In addition, if the energy function is C'*°, the function
can be approximated by a C* neural network provided that
the activation function is sufficiently smooth.

To prove this theorem, we use the following theorem and
the lemma, both of which were shown in Hornik, Stinch-
combe, and White (1990).

Theorem 5 (Hornik et al., 1990). Let X(o) be the space of
the neural networks with the activation function o. If the ac-
tivation function o # 0 belongs to S* (R, \) for an integer
m > 0, then X(o) is m-uniformly dense in C*(K), where
K is any compact subset of RV,

Lemma 1 (Hornik et al., 1990). Under the same assump-
tion, 3X(0) is also dense in S)' (R, \).

From these it follows that if the activation function o of
the hidden layer is in S} (R, \) and does not vanish every-
where, then for any sufficiently smooth function, there ex-
ists a neural network that approximates the function and its
derivatives up to the order m arbitrarily well on compact
sets. This theorem has also been extended to the functions
of multiple outputs; see Hornik, Stinchcombe, and White
(1990).

Proof of Theorem 4. Because the target equation is deter-
mined only by the gradient of H, any function obtained by
shifting H by a constant gives the same equation. Hence,
we choose and fix an energy function H that yields the tar-
get equation. Because GOH /Ou is Lipschitz continuous and
hence continuous on the phase space K, this function is
bounded and square-integrable. Thus, GOH /ou € S9(K),
which means H is in S3 (K). Therefore, from Lemma 1 and
the assumption that the activation function is in S (R), for
each ¢, there exists a neural network that approximates H in

S3(K):

oOH 8HNN 82
H— HNN H )
| I2+ ou |, < TCT3
which gives
H H H H
UL _ Oy <HG||2 8778 NN <€2.
ou ou ||, ou ||,




Figure 2: Double pendulum used as the target in the exper-
iment for the illustration of the model with the coordinate
transformations.
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Figure 3: Examples of the orbits predicted by a HNN and the
model with coordinate transformations. Each component of
x(t) = [q1(t), v1(t), q2(t), v2(t)] is represented as red (q1),
green (v1), blue (g2), and black (vs).

HNNs with a coordinate transformation The practical
use of HNNs is hampered by the fact that the state variables
must be represented by a specific coordinate, such as the
generalized momentum; however, the derivation of the gen-
eralized momentum requires the energy function, which is
unknown. For example, the double pendulum in Figure 2 ex-
hibits the dynamics shown in Figure 3. These are predicted
by the models that are trained from the data of the state vari-
ables and their derivatives, not those of the generalized mo-
menta. HNNGs failed to solve such problems because the data
were not given in the canonical coordinate system. Based on
this, we here consider a model with a coordinate transforma-
tion, such as the transformations that appear, for example, in
Rana et al. (2020); Jin et al. (2020a).

Suppose that, although the given data point 2(t) is not rep-
resented by the canonical coordinate system, the data point
z(t) can be transformed into the canonical coordinate sys-
tem by an unknown transformation u(t) = unn[z(¢)]. By
substituting u = unn(z) into the model equation (2), we
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obtain
dz OuNN ounn ,_1 OHNN
— = . 7
dt ( Ox ) Ox ) Oz ™
We show that model (7) admits the same energetic prop-

erty as the original equation and also the universal approxi-
mation property.

_1S(

Theorem 6. The model (7) admits the energy conservation
law in the sense that dHyn /dt = 0.

Proof. By substituting the equation, we obtain

dHNN - 8HNNTd$
dt ~ 9r dt
B OHnN | Qunn _ISaUNN T 9Hyn —0
or Or or Or

because S is skew-symmetric and hence for any vector v,
v’ Sy =0. O

Theorem 7. Let H : RN — R be an energy function for the
equation

dx ou, 4., 0u, _t+0H

dt _(636) S(ax) Oz’
wherez : t € R z(t) € RV, u: 2z € RN s u(z) €
RY, and S is an N x N matrix. Suppose that the phase
space K of this system is compact and the right-hand side
OH /O is Lipschitz continuous. Suppose also that u is a C*-
diffeomorphism. If the functions o # 0 and p # 0 belong to
S3(R), then for any € > 0, there exist neural networks Hyx
with the activation functions o and unxn with p for which

ou 1 ou _T8H 8UNN _—raHNN
[Gors Gt
<e€

JunN )
ox

Ox ) ox ( ox

holds.

Proof. We need to prove the approximation property for
(Ou/0x)~L. From the assumption that p # 0 is in S3(R),
there exists a function uyy that approximates du/0x. Be-
cause the determinant function of matrices is continuous, it
is deduced that det duxn /02 # 0 and hence (Junn/Ox)
exists. Because the matrix inverse is also continuous,
(Ounn/0x)~ ! is also approximated by ux. O

Generalization Error Analysis of HNNs

Next, we derive a generalization error bound for the standard
HNN (2) by employing a technique from statistical learning
theory. More precisely, we adjust the technique so that an
estimate on the energy gradient can be obtained.

Remark 3. Although the standard HNN without the coordi-
nate transformations is considered below, the results can be
extended to the general energy-based model with the coor-
dinate transformations if the matrix (Ou/0xz) =" is bounded.

In statistical learning theory, generalization error bounds
are typically obtained by using the Rademacher complex-
ities. See, for example, Bousquet, Boucheron, and Lugosi
(2004); Giné and Nickl (2016); Shalev-Shwartz and Ben-
David (2014); Steinwart and Christmann (2008) for details.




Definition 3. For a set V C R",

1 n
Rn(V):= EEUN{,M}?L 31615 izzlaivi

is called the Rademacher complexity of V.

Lemma 2. Let X and Y be arbitrary spaces, F C {f :
X — Y} be a hypotheses class,and L : Y XY — [0, c] be
a loss function. For a given data set (x;,y;) € X XY (i =
1,...,n), let G be defined by {(x;,y;) € X xY
Ly, h(z;)] € R | h € F,i = 1,...,n}. Then, for any
0 > 0 and any probability measure P, we obtain, with a
probability of at least (1 — §) with respect to the repeated
sampling of P™-distributed training data, the following:
i=1

E[L(Y,h(X))] <
/2In 3
+ 3c 05
n
forallh € F.

The Rademacher complexity is known to be bounded by
using the covering number.

Definition 4. Let V and V' be subsets of R™. V is r-covered
by V' with respect to the metric function defined by the norm
| - || if for all v € V, there exists a v' € V' such that
lv —v'|| < r. The covering number N(r,V,| - ||) of V
is the minimum number of elements of a set that r covers
V. N(r,V,| - ||) is also denoted by N (r, V') if the metric is
clear from the context.

Lemma 3. If \/log N(c2=%,V) < a + kB for some o and
B, then R, (V) < 6c(a + 25) /n.

Thus, if the covering number is estimated for a HNN, the
bound on the generalization error is obtained. To this end,
we suppose that the model is trained by minimizing the p-

norm of the error in the right-hand side of the model. More
OHNN (u;)
ou

n

S Ll b)) + 2R ()

precisely, for the hypothesis  : u; — S , We con-

sider the loss function
p

)

P

aH(uj) . [“)HNN(uj)
ou ou

LI H (). ) = |

where u; are training data. We denote the Lipschitz con-
stant of the loss function associated with the above by p,,.
Of course, p = 2 is typically used; however, we show be-
low that p > 2M is useful to obtain an L>° bound on the
Hamiltonian.

Remark 4. The training can be performed also by using the

symplectic gradient:

OH (u;)
ou

OHxx (uy) ||”

-5 ou

i

. ©)
P
In that case, the results will be slightly modified using the
norm of S; however, we omit this for simplicity.

A bound of the covering number is derived as follows.
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Theorem 8. Suppose that the hypotheses class F consists of
multi-layer perceptrons fxn that have p, ,-Lispchitz activa-
tion functions 0;(j = 1,...,n;), for which the derivatives
are p';-Lipschitz continuous and bounded by sup |0| < ¢, ;.
Suppose also that the matrices A;r G=1,...,n+1)in
the linear layers in the perceptrons have the bounded norm
|A;r| < Ca;l

F = {fun(u) |
Ap410n, (Anyon [ o1(Aru+b1) -]+ bn,) + by 41}
where bj’s are vectors. Let G be defined by

{LIVH (u;),h(w;)] | h € F} with the py-Lipschitz
continuous loss function L. In addition, suppose that the
phase space is compact so that the data u;(i = 1,...,n)
are in a bounded set with the bound ||u;|| < c. Then, the
covering number of G is estimated by

N(e,G) <
n;—1

<QPpCuCAn,+1 pfr"l (Hj:l Po;
€

YT o )T ca,)?

+1>.

To prove this theorem, we use the following lemmas,
which are typically used to estimate the covering num-
bers (Shalev-Shwartz and Ben-David 2014).

Lemma 4. Let B be a unit ball in R". Then, N (e, B, || -
ll2) < (g + 1) .

Lemma 5. Suppose that functions ¢; : R — R, i
1,2,...,n are p-Lipschitz continuous. Then, for V.C V",
N(e,¢ o V) < N(5,V), where for v € R", ¢(v)

[(bl(vl)w . '7¢n(vn)]> (;OV = {(;(U) | CAS V}

Proof of Theorem 8. To simplify the discussion, we will es-
timate the covering number of the following perceptron

fan(u) = Azoz[Azo1(Aru + by) + ba] + bs.

Because the proof for general cases is exactly the same, we
need to estimate the covering number of the gradient of fyn;,
which is written as

Vinn(u) = Al (Do) Az (Do) A,

where Doy and Doy are Jacobian matrices. These Jacobian
matrices are evaluated at u = Ago1(Aju + by) + by and
Aju + by, respectively. We first estimate the covering num-
ber associated with Doy. Doy has the same architecture as
a multi-layer perceptron, except that the last activation func-
tion is replaced by the differential o) of o:

Doy = Ué[AQO’l(Al’U,—F bl) + b2]

Assuming that the input data are in the ball B, with radius
Cy, We obtain

2, "
N(e, Be,) < (Z+1> :



Then, because the norms of A, A; are bounded by c4,, c4,,
matrix multiplications by these matrices are c4,- and c4,-
Lipschitz continuous, respectively. In addition, oy is p;-
Lipschitz and ¢ is p-Lipschitz continuous. Therefore, the
covering number associated with Do is estimated by

n
2p1pl2CAchzcu + 1> )
€
Finally, because o} is assumed to be bounded by c,,,
the norms of the matrices other than Dos in V fyn are
bounded as follows: ||A] || < ca,, || 4] || < ca,, A || <
¢4, ||Doi| < ¢s, - Because the loss function is assumed to
be p,-Lipschitz continuous, we obtain the estimate

N(e, Do) < <

20pP1P5Co, (Ca,Ca,)?CasCy "
N(E’g)g P 2%01 1-A2 3 41 )
€

L Estimate on the Error in the Hamiltonian

The generalization error analysis in Theorem 8 shows that,
at a certain probability, the expectation of the loss function
can be bounded. If this bound certainty holds and if the train-
ing is performed by minimizing the p-norm with p > 2M,
we can derive an L°° estimate on the Hamiltonian for the
standard HNN (2) by applying the Poincaré inequality and
the Sobolev inequality under Assumption 1.

Assumption 1 There exists a density fp for measure P with
inf fp > 0.

Remark 5. The condition p > 2M is not required in prac-
tice because of the well-known equivalence of the norms in
finite dimensional spaces; for example, if the standard 2-
norm is small enough, then the p-norm is also small. How-
ever, when the dimension 2M is large, the 2-norm needs to
be very small to bound the p-norm because the constant in
the inequality used to bound the p-norm depends on the di-
mension. Therefore, it is preferable to minimize the p-norm
in such cases.

Theorem 9 (Poincaré inequality). Suppose that1 < p < oo
and Q C R?M js bounded. Then there exists a constant c,,

such that, for any H € S}(),

[ 1 - o

The constant cy, is called the Poincaré constant.

p
H|Pdu < Cp

Theorem 10 (Sobolev inequalities). There exist constants
c1, o such that, if lp > 2M,

lell o (R*) < cllellwr. (R*),
llellze (T**) < clleflw. (T**).
By using these inequalities along with the invariance of

the Hamilton equation under the constant shift of the energy
function, we obtain an error bound on the Hamiltonian.

Lemma 6. Among the energy functions that yield the target
Hamilton equation, we choose the one for which

/H(u)du _ /HNN(u du

(10)

H 7H:L/H(u)du
p deU Q
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holds, so that the error function has zero mean: e(u) :
H( ) HNN é( ) := 0. Then,

/ le(w)|Pdu < ¢p || 5=

From the above estimate, we obtain

/Hagiu) ~ OHxn(u) ||

ou »

2ln%
<= ZLYl,h )]+ 2R (9) + 3ey | ==

By using the density fp for the measure P, we obtain

8HNN (u) p

Lr

dP

. OH (u)
1nffp/H 9 9 pdu
S/ 5‘H(u) . 8HNN(U) de,
ou Ju »
which gives us
P
/ 8H(u) _ 8HNN(u) du
ou ou »
S : 1 / 8H(u) . 8HNN('LL) de
inf fp ou Ou »
LIV h(X0)] + 2Ra(G) + 30y 225
_mffp nZ v N+ (G) +3¢ n

i=1

We note that the left-hand side is the Sobolev norm of the
error in WP:!; then, under the assumption that p > 2M, we
can use the Sobolev inequality to obtain

8H(u) 8HNN('LL) P
_ P < _
(sup 11 (u) ~ His(u)]) cﬂ\ B~ |
LIV h(X0)] + 2R (G) + Bey| 202
- 1nffp n Z " N+ (G) +3¢ n

=1

which ensure that H and Hyy are close in terms of the func-
tion values.

KAM Theory for HNNs

The universal approximation property shown in the previ-
ous sections guarantees that the value of MSE can be made
arbitrarily small by training; however, in actual training, a
finite error remains. In this section, as an application of the
generalization bound, we apply the KAM theory to theoreti-
cally investigate the trained standard HNN model (2) in such
cases by assuming that the target system is integrable.

We make a few assumptions that are needed for the appli-
cation of the KAM theory.
Assumption 2 The dimension of the phase space is assumed
to be 2M with M > 2.
Assumption 3 The target system is an integrable Hamilto-
nian system with the conserved quantities F, ..., Fs. The



series ¢, . . ., cps exists such that K = NM, F.71(¢;) is con-
nected and compact.

Under the above assumptions, from the Liouville-Arnold
theorem there exist a neighborhood A of K,/ C R™ and a

coordinate transform

¢:(0,J) €T xU— ¢0,]) €N, (11)

such that the transformed system is the Hamilton equation.
Following the usual setting of the KAM theorem, we con-
sider the target system and the Hamiltonian equation in the
transformed coordinate T™ x U.

Assumption 4 The Hamiltonian H : T™ x4 — R of the tar-
get system is C°° and non-degenerate. The activation func-
tions of the HNNs used are in C*°.

Assumption 5 From the generalization error analysis in the
previous section, we have essentially shown that if p > 2M,
with at least probability 1 — 4, it holds that

1
lng

sup |H (u) — Hxn(u)| < €1 Ltrain + c2Rp + €3

with constants c¢q, ¢, and c3, where R,, is a bound on the
Rademacher complexity. We assume that the training was
performed with p > 2M and the above statement certainly
holds.

Using these assumptions, we obtain Theorem 10.

Theorem 11. Let the threshold of the KAM theorem be €

and § be
2
5= ( (50 - ClLtrain - CQRn> )
=exp|—n .
c3

Under the above assumptions, with a probability of at least
(1 = 0), a set of invariant tori exists for the trained model
HNN-

Proof. 1t is confirmed by a straightforward calculation that
if § is given as described above, it holds that sup |H (u) —
Hxn(u)| < €9, and hence the assumption of the KAM the-
orem is satisfied. O

Remark 6. As mentioned in Remark 1, the KAM theorem
also shows that the invariant tori become larger when the
perturbation becomes smaller. Hence, if the generalization
error is small, the size of the tori is expected to be large.

Note that general Hamiltonian systems, and hence gen-
eral HNNs, are not quasi-periodic. Therefore, a model that
approximates a quasi-periodic Hamilton equation may be (in
some sense) approximately quasi-periodic, but it is not nec-
essarily strictly quasi-periodic. This theorem states that the
trained model can be strictly quasi-periodic even if the train-
ing loss does not completely vanish.

Numerical Example: Learning the Zabusky and Kruskal
Experiment As a numerical experiment, we trained a
HNN'! so that the dynamics of the KdV equation is learned
by using the data from the experiment by Zabusky and

"We use the HNN code for the KdV equation provided by https:
//github.com/tksmatsubara/discrete-autograd (MIT License).
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Kruskal (1965), in which a nontrivial recurrence of initial
states is reported.
The KdV equation is derived from the energy function

H(u) = / [éaug — %5 <gz>2] dz.

In fact, under the periodic boundary condition, the varia-
tional derivative is

o0H 1 5 0%u
Su = [2om + 58:52} dez,
and the KdV equation is defined as a Hamiltonian equation:
ou_ D0H 0w 0
ot  Oxr éu  Ox ox3’

For spatial discretization, we used the forward and back-
ward difference operators,

-1 1 0 0
) 0 -1 0 O
Dy = AL and
0 O -1 1
1 0 0 -1
1 0 0 -1
) -1 1 0 O
Dy = — - "
b AJI . . I
0 0 1 0
0 0 -1 1

respectively. The central difference operator D is their mean,
specifically D = & (Ds+ Dy,) and that for the second deriva-
tive is Dy = D¢ Dy, = Dy, Dy. Using these difference opera-
tors, the equation is semi-discretized as

1 o 1 _(Dsu)?+ (Dpu)?
Z|:QU32[3(£) 2( b)]AL

_Daﬁ:D

Lo

Following Zabusky and Kruskal (1965), we set the pa-
rameters to « = —1.0 and 8 = —0.0222, set the width of
phase space to 2.0, and used the initial condition «(0, x) to
u(0, ) = cos(zm). We discretized the system with the spa-
tial and temporal mesh sizes of Az = 0.1 and At = 0.01.
We obtained an orbit for 200 time steps from the initial con-
dition using the fifth-order Dormand—-Prince method with
the absolute and relative tolerances of 10~1° and 10~8.

We performed the experiments on an NVIDIA TITAN V
with double precision. We employed a three-layered convo-
lutional neural network with kernel sizes of 3, 1, and 1. The
number of hidden channels was 200, the number of output
channels was 1, the activation function was the tanh func-
tion, and each weight parameter was initialized as a random
orthogonal matrix. We summed up the output in the spatial
direction and obtained the global energy. We used the whole
orbit at every iteration, and minimized the mean squared er-
ror of the time derivative as the loss function using the Adam

du



t=0.0 4 t=2.0

2.0 A

— Unn

4 t=4.9

4 t=9.8

0 t 10.0
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Figure 4: Results of training in the Zabusky and Kruskal experiment (Zabusky and Kruskal 1965). (top panels) The predicted
states at ¢t =0.0, 2.0, 4.8, and 9.8. (second panel) The true dynamics u. (third panel) The dynamics uxn modeled by a neural
network. (bottom panel) The energy function H given the true dynamics v and modeled dynamics unn-

optimizer with a learning rate of 1073 for 10,000 iterations;
the error reached a maximum of 1.37 x 1073. Given the true
dynamics u, the absolute error between the energy function
H and the neural network Hyy was 1.31 x 1074 on average
and 2.51 x 10~* at most.

Using the true model and the trained neural network, we
also obtained orbits for 1100 time steps from the same initial
condition, as shown in the second and third panels of Fig. 4,
respectively. In the top panels, blue and orange lines denote
the true state u and the state predicted by the trained neural
network unn at t =0.0, 2.0, 4.8, and 9.8. The bottom panel
shows the energy function H given the predicted states » and
unN- Due to the non-zero training error, more waves incur a
larger error. Nonetheless, at around ¢ = 9.8, the true model
and learned neural network reproduce sin waves, which are
given as the initial condition, and the energy error is restored
to zero; they exhibit quasi-periodic behaviors.
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Concluding Remarks

We analyzed the behavior of HNNs with non-zero learning
errors by combining the KAM theory and statistical ma-
chine learning. We investigated the approximation proper-
ties of deep energy-based models, including HNNs. More
precisely, we proved the persistence of the quasi-periodic
behaviors of integrable Hamiltonian systems with a high
probability even when the loss function is not perfectly zero.
Further, we provided a generalization error bound and uni-
versal approximation theorems for HNNs to ensure that the
loss function can be sufficiently small for application of the
KAM theorem. Meanwhile, in the recent research on this
type of model, numerically integrated gradients are often
used for training. Similar results should be obtained for such
cases; however, rigorous discussion is needed.



Acknowledgments

Funding in direct support of this work: JST CREST Grant
Number JPMJCR1914, JST PRESTO Grant Number JP-
MIJPR21C7 and JSPS KAKENHI Grant Number 20K11693.

References

Adams, R. A.; and Fournier, J. J. F. 2003. Sobolev Spaces.
Elsevier.

Bharadwaj, P.; Li, M.; and Demanet, L. 2020. SymAE: An
autoencoder with embedded physical symmetries for pas-
sive time-lapse monitoring. In SEG Technical Program Ex-
panded Abstracts 2020. Society of Exploration Geophysi-
cists.

Bondesan, R.; and Lamacraft, A. 2019. Learning Symme-
tries of Classical Integrable Systems. In ICML 2019 Work-
shop on Theoretical Physics for Deep Learning.

Bousquet, O.; Boucheron, S.; and Lugosi, G. 2004. Intro-
duction to Statistical Learning Theory. In Bousquet, O.; von
Luxburg, U.; and Ritsch, G., eds., Advanced Lectures on
Machine Learning, 169-207. Berlin, Heidelberg: Springer
Berlin Heidelberg.

Chen, T. Q.; Rubanova, Y.; Bettencourt, J.; Duvenaud, D.;
Chen, R. T. Q.; Rubanova, Y.; Bettencourt, J.; and Duve-
naud, D. 2018. Neural Ordinary Differential Equations.
In Advances in Neural Information Processing Systems
(NeurIPS).

Chen, Z.; Zhang, J.; Arjovsky, M.; and Bottou, L. 2020.
Symplectic Recurrent Neural Networks. In International
Conference on Learning Representations (ICLR).

Cranmer, M.; Greydanus, S.; Hoyer, S.; Battaglia, P;
Spergel, D.; and Ho, S. 2020. Lagrangian Neural Networks.
ICLR 2020 Deep Differential Equations Workshop.

Desai, S.; and Roberts, S. 2020. VIGN: Variational Integra-
tor Graph Networks. arXiv:2004.13688.

DiPietro, D. M.; Xiong, S.; and Zhu, B. 2020. Sparse Sym-
plectically Integrated Neural Networks. In Advances in Neu-
ral Information Processing Systems (NeurlPS).

Féjoz, J. 2013. On “Arnold’s theorem” on the stability of the
solar system. Discrete & Continuous Dynamical Systems,
33(8): 3555-3565.

Feng, Y.; Wang, H.; Yang, H.; and Wang, F. 2020. Time-
Continuous Energy-Conservation Neural Network for Struc-
tural Dynamics Analysis. arXiv:2012.14334.

Finzi, M.; Stanton, S.; Izmailov, P.; and Wilson, A. G. 2020.
Generalizing Convolutional Neural Networks for Equivari-
ance to Lie Groups on Arbitrary Continuous Data. In Infer-
national Conference on Machine Learning (ICML), 3165—
3176.

Finzi, M.; Wang, K. A.; and Wilson, A. G. 2020. Simplify-
ing Hamiltonian and Lagrangian Neural Networks via Ex-
plicit Constraints. In Advances in Neural Information Pro-
cessing Systems (NeurlPS).

Furihata, D.; and Matsuo, T. 2010. Discrete Varia-
tional Derivative Method: A Structure-Preserving Numeri-
cal Method for Partial Differential Equations. Chapman and
Hall/CRC.

6331

Galioto, N.; and Gorodetsky, A. A. 2020. Bayesian Iden-
tification of Hamiltonian Dynamics from Symplectic Data.
In IEEE Conference on Decision and Control (CDC), 1190—
1195.

Giné, E.; and Nickl, R. 2016. Mathematical Foundations of
Infinite-Dimensional Statistical Models. Cambridge Univer-
sity Press.

Greydanus, S.; Dzamba, M.; and Yosinski, J. 2019. Hamil-
tonian Neural Networks. In Advances in Neural Information
Processing Systems (NeurIPS).

Hornik, K.; Stinchcombe, M.; and White, H. 1990. Univer-
sal approximation of an unknown mapping and its deriva-
tives using multilayer feedforward networks. Neural Net-
works, 3(5): 551-560.

Jin, P.; Zhang, Z.; Kevrekidis, I. G.; and Karniadakis,
G. E. 2020a. Learning Poisson systems and trajecto-
ries of autonomous systems via Poisson neural networks.
arXiv:2012.03133.

Jin, P;; Zhang, Z.; Zhu, A.; Tang, Y.; and Karniadakis, G. E.
2020b. SympNets: Intrinsic structure-preserving symplec-
tic networks for identifying Hamiltonian systems. Neural
Networks, 132: 166-179.

Jin, Z.; Lin, J. Y.-Y.; and Li, S.-F. 2020. Learning
Principle of Least Action with Reinforcement Learning.
arXiv:2011.11891.

Laskar, J. 1996. Large scale chaos and marginal stability in
the solar system. volume 64, 115-162. Chaos in gravita-
tional N-body systems (La Plata, 1995).

Li, S.-H.; Dong, C.-X.; Zhang, L.; and Wang, L. 2020. Neu-
ral Canonical Transformation with Symplectic Flows. Phys-
ical Review X, 10(2): 021020.

Matsubara, T.; Ishikawa, A.; and Yaguchi, T. 2020.
Deep Energy-Based Modeling of Discrete-Time Physics.
In Advances in Neural Information Processing Systems
(NeurIPS).

Rana, M. A.; Li, A.; Fox, D.; Boots, B.; Ramos, F.; and
Ratliff, N. 2020. Euclideanizing Flows: Diffeomorphic Re-
duction for Learning Stable Dynamical Systems. In Confer-
ence on Learning for Dynamics and Control (L4DC), vol-
ume 120.

Saemundsson, S.; Hofmann, K.; Terenin, A.; and Deisen-
roth, M. P. 2019. Variational integrator networks for physi-
cally meaningful embeddings. In Artificial Intelligence and
Statistics (AISTATS), volume 108, 3078-3087.
Sanchez-Gonzalez, A.; Bapst, V.; Cranmer, K.; and
Battaglia, P. 2019. Hamiltonian Graph Networks with ODE
Integrators. arXiv:1909.12790.

Scott Dumas, H. 2014. KAM Story, The: A Friendly Intro-
duction To The Content, History, And Significance Of Clas-
sical Kolmogorov-Arnold-Moser Theory. World Scientific
Publishing Company.

Shalev-Shwartz, S.; and Ben-David, S. 2014. Understanding
Machine Learning: From Theory to Algorithms. Cambridge
University Press.

Steinwart, I.; and Christmann, A. 2008. Support Vector Ma-
chines. Springer Science & Business Media.



Toth, P.; Rezende, D. J.; Jaegle, A.; Racaniere, S.; Botev, A.;
and Higgins, I. 2019. Hamiltonian Generative Networks.
In International Conference on Learning Representations
(ICLR).

Xiong, S.; Tong, Y.; He, X.; Yang, C.; Yang, S.; and Zhu, B.
2021. Nonseparable Symplectic Neural Networks. In Inter-
national Conference on Learning Representations (ICLR).
Zabusky, N. J.; and Kruskal, M. D. 1965. Interaction of
“Solitons” in a Collisionless Plasma and the Recurrence of
Initial States. Phys. Rev. Lett., 15(6): 240-243.

Zhong, Y. D.; Dey, B.; and Chakraborty, A. 2020. Symplec-
tic ODE-Net: Learning Hamiltonian Dynamics with Con-
trol. In ICLR.

6332



