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Abstract

A complete structure-preserving learning scheme for single-input/single-output (SISO) lin-
ear port-Hamiltonian systems is proposed. The construction is based on the solution,
when possible, of the unique identification problem for these systems, in ways that reveal
fundamental relationships between classical notions in control theory and crucial proper-
ties in the machine learning context, like structure-preservation and expressive power. In
the canonical case, it is shown that, up to initializations, the set of uniquely identified
systems can be explicitly characterized as a smooth manifold endowed with global Eu-
clidean coordinates, which allows concluding that the parameter complexity necessary for
the replication of the dynamics is only O(n) and not O(n?), as suggested by the standard
parametrization of these systems. Furthermore, it is shown that linear port-Hamiltonian
systems can be learned while remaining agnostic about the dimension of the underlying
data-generating system. Numerical experiments show that this methodology can be used
to efficiently estimate linear port-Hamiltonian systems out of input-output realizations,
making the contributions in this paper the first example of a structure-preserving machine
learning paradigm for linear port-Hamiltonian systems based on explicit representations of
this model category.

Keywords: Linear port-Hamiltonian system, machine learning, structure-preserving al-
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1. Introduction

Machine learning has experienced substantial development in recent years due to significant
advances in algorithmics and a fast growth in computational power. The universal approx-
imation properties of neural networks (Cybenko (1989); Hornik et al. (1989)) and other
similar families make it possible for them to learn any function with very few prior assump-
tions. A typical modus operandi in supervised machine learning is first to choose a neural
network architecture, to perform forward propagation using available data, to compute
some loss function, and then to carry out backward propagation, that is, gradient descent,
to recursively optimize the parameters. This paradigm has proved to be very successful in
the learning of numerous complicated tasks, including time-series forecasting (Hochreiter
and Schmidhuber (1997)), computer vision (Krizhevsky et al. (2012)), and natural language
processing (Devlin et al. (2018)).

In physics and engineering, machine learning is called to play an essential role in pre-
dicting and integrating the equations associated with physical dynamical systems. Physical
systems are primarily formulated in terms of ordinary, time-delay, and partial differential
equations that can be deduced mostly from variational principles. Consequently, some re-
searchers propose to learn adequately discretized versions of their corresponding vector fields
(see, for instance, Raissi and Karniadakis (2017),Qin et al. (2019), Long et al. (2018), and
references therein). In addition to vector fields learning, researchers have proposed “model-
free” methods like transformers (Shalova and Oseledets (2020); Acciaio et al. (2022)), reser-
voir computing (Jaeger and Haas (2004); Lu et al. (2018); Pathak et al. (2018a,b)), recurrent
neural networks (Bailer-Jones et al. (1998)), convolutional neural networks (Mukhopadhyay
and Banerjee (2020)), or LSTMs (Wang (2017)).

Various universal approximation properties theoretically explain the empirical success
of some of these approaches (see, for instance, Grigoryeva and Ortega (2018a,b); Gonon and
Ortega (2020, 2021)) of some of these learning paradigms. Nevertheless, for physics-related
problems, like in mechanics or optics, it is natural to build into the learning algorithm any
prior knowledge that we may have about the system based on physics’ first principles. This
may include specific forms of the laws of motion, conservation laws, symmetry invariance,
as well as other underlying geometric and variational structures. This observation regarding
the construction of structure-preserving schemes has been profusely exploited with much
success before the emergence of machine learning in the field of numerical integration (Gon-
zalez (2000); Marsden and West (2001); Leimkuhler and Reich (2004); McLachlan and
Quispel (2006)). Many examples in that context show how the failure to maintain specific
conservation laws can lead to physically inconsistent solutions.

The translation of this idea to the context of machine learning has led to the emergence
of a new domain collectively known as physics-informed machine learning (see Raissi et al.
(2017); Wu et al. (2018); Karniadakis et al. (2021) and references therein). In the spe-
cific case of Hamiltonian systems, the two main structural constraints are that the flow is
symplectic and the energy, that is,, the Hamiltonian, is conserved along the flow. Addition-
ally, symmetries are frequently present, which carries the emergence of additional conserved
quantities in the form of the so-called momentum maps via Noether’s Theorem (Abraham
and Marsden (1978); Marsden and Ratiu (1999); Ortega and Ratiu (2004)). These are all
examples of qualitative properties to be preserved by the learning algorithms. Needless
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to say, the above-mentioned “model-free” approaches generically fail to preserve all these
structures. With these in mind, several attempts have been made in the literature to develop
tailor-made learning algorithms for Hamiltonian systems. For example, in Greydanus et al.
(2019); Celledoni et al. (2023), neural methods are proposed to learn the Hamiltonian func-
tion directly. In Chen et al. (2020), a symplectic recurrent neural network is proposed that
uses symplectic integration while matching the predictions and observations and leads to
a structure-preserving paradigm. Other structure-preserving methods include the so-called
SympNet (Jin et al. (2020)), the generating function neural networks (GFNN) in Chen and
Tao (2021), and the symplectic reversible neural networks in Valperga et al. (2022). Symp-
Net constructs a universal approximating family of symplectic maps, while GFNN applies
a modified KAM theory to control long-term prediction error. Symplectic reversible neural
networks are also proposed as a family of universal approximating maps that concern, in
particular, reversible symplectic dynamics. In Zhong et al. (2020), a parametric framework
of learning Hamiltonian state dynamics with control is proposed, assuming that the Hamil-
tonian is separable. Under the same assumption, Tong et al. (2021) proposes to learn with
a parametrized Hamiltonian in a Taylor series form.

This paper’s focus differs from the references mentioned above in two ways. First, these
methods are designed to learn the state evolution of Hamiltonian systems, whereas our
approach focuses on learning the input-output dynamics of port-Hamiltonian systems while
remaining agnostic about the physical state space. As will be introduced later, these sys-
tems have an underlying Dirac structure that describes the geometry of numerous physical
systems with external inputs (van der Schaft and Jeltsema (2014)) and includes the dynam-
ics of the observations of Hamiltonian systems as a particular case. Even though various
learning schemes for these systems have already been proposed in the literature (Nageshrao
et al. (2015); Cherifi (2020); Desai et al. (2021); Beckers et al. (2022)), most works on the
learning of Hamiltonian systems deal with autonomous (separable) Hamiltonian systems
on which one assumes access to the entire phase space and not only to its observations.
Second, instead of a general nonlinear system for which only approximation error can be
possibly estimated, we consider, as a first approach ezclusively linear systems, in which
case, we can obtain explicit representations of linear port-Hamiltonian systems in normal
form and characterize the symmetries and quotient spaces associated to the invariance by
system automorphisms. Thereby, we propose a structure-preserving learning paradigm with
a provable minimal parameter space.

The contributions in this paper are contained in several results that we briefly introduce
in the following lines. In Section 2, we define the notion of linear port-Hamiltonian systems
in normal form and present some necessary introductory concepts. We start in Theorem 7
by introducing system morphisms that allow us to represent any linear port-Hamiltonian
system in normal form as the image of another linear system of the same dimension in
which the state equation is in controllable canonical form. An obvious observation is that
since the constructed linear system and the original port-Hamiltonian system are linked by
a system morphism, the input/output relations of the former are input/output relations of
the latter once the initial state conditions have been properly set up. In particular, the
new system can be used to learn to reproduce the input/output dynamics of the original
port-Hamiltonian system (for a subspace of initial conditions) and this learning paradigm
is structure-preserving by construction. Similarly, Theorem 7 also contains another type of
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system morphisms that link any linear port-Hamiltonian system in normal form to some
linear system of the same dimension in observable canonical form. Consequently, the input-
ouput relations of the original port-Hamiltonian system with respect to any initial condition
can be captured by the observable Hamiltonian representation. Both representations are
derived based on classical techniques from control theory, the Cayley-Hamilton theorem,
and are ultimately corollaries of the Williamson normal form (Williamson (1936, 1937);
Ikramov (2018)). We show that the controllable and observable representations are closely
related to each other, and both system morphisms become isomorphisms for canonical port-
Hamiltonian systems. However, for the purpose of learning a general port-Hamiltonian
system that may not be canonical, we reveal that there is a trade-off between the structure-
preserving property and the expressive power. These results establish a strong link between
classical notions in the control theory, that is, controllability and observability, and those
in machine learning, namely, structure-preservation and expressive power.

Based on these explicit constructions and using the parametrizations that come with
them, we aim to tackle in Section 4 the unique identifiability of input-output dynamics
of linear port-Hamiltonian systems in normal form. Such a characterization is obviously
needed to solve the model estimation problem since, in applications, we only have access
to input/output data, and different state space systems can induce the same filter that
produces that data. This fact has important implications when it comes to the learning of
port-Hamiltonian systems out of finite-sample realizations of a given data-generating pro-
cess because such degeneracy makes impossible its exact recovery. Said differently, it is not
the space of port-Hamiltonian systems that needs to be characterized but its quotient space
with respect to the equivalence relation defined by the constraint on inducing the same in-
put/ouput filter. We shall see in Subsection 4.1 that the presence of non-canonical systems
in PH, and possible initialization inconsistencies make it, in general, difficult to directly
characterize that quotient space by filter-equivalence and we shall settle for the closest to
it that we can get, namely, the quotient space by system automorphisms that, as it will be
justified, approximates the general case in a certain sense and admits an explicit character-
ization as a Lie groupoid orbit space (Subsection 4.3). In Subsection 4.4, we restrict our
identification analysis to canonical port-Hamiltonian systems and show, first, that in that
situation eliminating the system isomorphisms completely identifies the set of input/output
systems up to state initializations (Sussmann (1976)), and second, that the corresponding
quotient spaces can be characterized as orbit spaces with respect to a group (as opposed
to a groupoid in the general unrestricted case) action, where the group is explicitly given
by a semi-direct product. Moreover, (see Subsection 4.6) this orbit space can be explicitly
endowed with a smooth manifold structure that has global Euclidean coordinates that can
be used at the time of constructing estimation algorithms. Consequently, up to state ini-
tializations, canonical port-Hamiltonian dynamics can be identified fully and explicitly in
either the controllable or the observable Hamiltonian representations and learned by esti-
mating an initial state condition and a unique set of parameters in a smooth manifold that
is obtained as a group orbit space.

Another learning-related problem that we tackle is that, in applications, one is obliged
to remain agnostic as to the dimension of the underlying data-generating port-Hamiltonian
system. This leads to the difficulty of choosing the dimension of the controllable/observable
Hamiltonian representations. We solve this issue by proving in Theorem 34 that, for m > n,
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any 2n-dimensional linear port-Hamiltonian system in normal form can be regarded as the
restriction of a 2m-dimensional one to some subspace. This fact, together with some subse-
quent results, guarantees theoretically that we can choose a sufficiently large m in practice
and parametrize the observable Hamiltonian representation in dimension 2m and use it
for learning without assuming any knowledge about the dimension of the data generating
system. The paper concludes with some numerical examples in Section 7 that illustrate
the viability of the method that we propose in systems with various levels of complexity
and dimensions, as well as the computational advantages associated with using the param-
eter space in which unique identification is guaranteed. For the reader’s convenience, the
Python code necessary to reproduce these numerics is public and can be found in https:
//github.com/YINDAIYING/Learnability-of-Linear-Port-Hamiltonian-Systems.

2. Preliminaries

In this section, we introduce various notions and preliminary results necessary to understand
the context and the contributions of the paper.

2.1 State-space systems and morphisms

A continuous time state-space system is given by the following two equations

z = F(z,u), )
y = h(z),

where u € U is the input, z € Z is the internal state and F : Z x U — Z is called the state

map. The first equation is called the state equation while the second one is usually referred

to as the observation equation. The solutions of (1) (when available and unique) yield an

input /output map that is by construction causal and time-invariant. State-space systems

will be sometimes denoted using the triplet (Z, F, h).

Definition 1 A map f : 21 — 25 is called a system morphism (see Grigoryeva and Ortega
(2021)) between the continuous-time state-space systems (Z1, F1,h1) and (22, F, ho) if it
satisfies the following two properties:

(i) System equivariance: f(Fi(z1,u)) = Fa(f(z1),u), for allz; € 2, and u € U.
(ii) Readout invariance: hi(z1) = ha(f(z1)) for all z; € Z;.

As a direct consequence of this definition, the composition of system morphisms is again a
system morphism. In the case f is invertible and f~! is also a morphism, we say that f is
a system isomorphism. An elementary but very important fact is that if f: Z; — Z5 is a
linear system-equivariant map between (21, Fy, h1) and (22, F3, ha) (21 and Z5 are in this
case vector spaces) then, for any solution z; € C(I, Z;) of the state equation associated to
Fy and to the input u € C'(I,U), with I C R an interval, its image f oz, € C1(I, Z3) is a
solution for the state space system associated to F5 with the same input. Indeed, for any
t € I we have, by the linearity and the system equivariance of f:

%[f(zmt))] = Df(z1() - 21(t) = f(21()) = f(F1(21(2), u(t))) = Fo(f(z1(2)), u(t)).
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Notice that if at time ¢t = 0, the output of both systems (21, F1,h1) and (22, F5, hg) are
the same, that is, the initial conditions z;(0) and z2(0) at the time of integrating (1) are
chosen so that h1(z1(0)) = ha(f(21(0))), then the two systems (21, Fi, h1) and (22, Fa, hg)
have the same associated input/output relation, in the sense that we introduce later on
in definition (7). This observation has an important consequence, namely that, in general,
input /output systems are not uniquely identified since all the system-isomorphic state-space
systems with appropriate initializations yield the same input/output map.

2.2 Hamiltonian and port-Hamiltonian systems

Hamiltonian systems are dynamical systems whose behavior is governed by Hamilton’s
variational principle. Even though these autonomous systems can be in general formulated
on any symplectic manifold (Abraham and Marsden (1978)), we will restrict in this paper
to the case in which the phase space is the even-dimensional vector space R?” endowed with
the Darboux canonical symplectic form. In this case, the Hamiltonian system determined
by the Hamiltonian function H € C*(R?") is given by the differential equation

z=1] 52 (2)
0 I,
-I, 0
J~1 and hence endows R?" also with a complex structure. In this paper, we will denote the
canonical symplectic matrix as J, unless the context requires to specify the dimension, in
which case we denote it by J,.
A linear Hamiltonian system is determined by a quadratic Hamiltonian function H(z) =
%ZTQZ, where z € R?” and Q € My, is a square matrix that without loss of generality can
be assumed to be symmetric. In this case, Hamilton’s equations (2) reduce to

z = JQz. (3)

Port-Hamiltonian systems (see van der Schaft and Jeltsema (2014)) are state-space systems
that generalize autonomous Hamiltonian systems to the case in which external signals or
inputs control in a time-varying way the dynamical behavior of the Hamiltonian system. The
family of input-state-output port-Hamiltonian systems are those port-Hamiltonian systems
with no algebraic constraints on the state-space variables, and where the flow and effort
variables of the resistive, control and interaction ports are split into conjugated pairs. In
such cases, the implicit representation may be proved (see van der Schaft and Jeltsema
(2014)) to be equivalent to the following explicit form:

where J = [ ] is the so-called the canonical symplectic matriz. Note that —J = T =

% = [7(x) — ROO) o () + g(x)u,
o ()
y= QT(X)a(X),

where (u,y) is the input-output pair (corresponding to the control and output conjugated
ports), J(x) is a skew-symmetric interconnection structure and R(x) is a symmetric positive-
definite dissipation matrix. Our work concerns linear port-Hamiltonian systems in the
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normal form which we define now: a linear port-Hamiltonian system (4) is in normal form
if the skew-symmetric matrix J is constant and equal to the canonical symplectic matrix J,
the Hamiltonian matrix ) is symmetric positive-definite, and the energy dissipation matrix
R =0, in which case (4) takes the form:

z = JQz + Bu,
{y: N (5)

with z € R?", u,y € R, and where B € R?" specifies the interconnection structure simulta-
neously at the input and output levels. By definition, such systems are fully determined by
the pair (Q, B), and hence we define by

@PHn = {(QvB)lo<Q€M2naQ:QT7B€R2n} (6)

the space of paramters of (5). Let Opp, : ©py, — PH, the map that associates to the
parameter (Q,B) € 0pp, the corresponding port-Hamiltonian state space system. For
convenience, we shall often use (Q, B) to denote elements in PH,, unless there is a risk
of confusion. Note that the condition () > 0 implies that the origin is a Lyapunov stable
equilibrium of (3). All these systems have the existence and uniqueness of solutions property
and hence determine a family of input/output systems, also known as filters, that will be
denoted by PH,. More specifically, the elements in PH, are maps Ui p) : C*([0,1]) X
R?" — C1(]0,1]) given by

Ugnp : CH0,1]) xR — c'([o,1])
(u,x0) — Ug,p)(u,X0)t = BT Qelet [fg e 195 Bu(s) ds + xq | ,

(7)
t € [0,1]. Note that PH, includes as a special case linear observations of autonomous
linear Hamiltonian systems (case B = 0). Note that as a manifold Opy, = S x R*?,
where S5 denotes the space of symmetric positive-definite matrices (SPD). We recall that
S;;z has a natural differentiable manifold structure whose tangent space at any point is the
vector space of symmetric matrices Sa,, (see Quang Minh and Murino (2018), and references
therein).

Port-Hamiltonian systems are also closely linked to the so-called affine Hamiltonian
input-output systems that have been considered as a natural extension of Hamiltonian sys-
tems with external forces and studied extensively in the literature (see Crouch and van der
Schaft (1987) for the deterministic case and Bismut (1982); Lazaro-Cami and Ortega (2008)
for stochastic extensions), which take the form

{x = Xy (x) + X, (x)u,

y= g(X), (8)

where Xy and X, are the Hamiltonian vector fields of H, g € C'(R?"). In the linear case,
(8) reduces to

(9)
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The relation between (9) and (5) is that § = BTz = BTJQz = (—JB)” Qz, showing that
the time derivative of the affine Hamiltonian input-output system has a port-Hamiltonian
structure. Note that in the last equality, we used that BTJB = 0 since J is antisymmetric.

Consider now a general linear single-input/single-output system that takes the form

X = Ax + Bu,
[t o

y=0"x%,
where A € Ml,,, B,C' € R™. Very often in control theory, it is the so-called transfer matrix
rather than the input/output system which is studied. The transfer matrix G(s) of (10) is
defined as G(s) = CT (Is— A) B and converts the differential equations in the time domain to
an algebraic equation in the Laplace frequency domain. It can be proved that the transfer
matrix of the port-Hamiltonian systems (5) satisfies G(s) = —G(—s) and that of systems
of the type (9) satisfies G(s) = G(—s). The converse statements also hold for canonical
realizations (see the definition in the next section and Brockett and Rahimi (1972), Maschke
and van der Schaft (1992)). These facts are a strong indication that the systems (5) and (9)
carry intrinsic symmetries that should be explicitly characterized. We shall do so in Section
4 for port-Hamiltonian systems but only using the original state-space representation.

2.3 Controllability and observability

Given a general linear system like (10), we recall that its controllability and observability
matrices are defined by

CT
cTA
[B|AB| ... | A""'B] and ) , respectively.
CTAn—l

The system is called controllable (respectively, observable) if its controllability (respec-
tively, observability) matrix has full rank. Any linear controllable (respectively, observable)
system can be transformed into the so-called controllable (respectively, observable) canonical
forms by using appropriate linear system isomorphisms (see Polderman and Willems (1998)).
Conversely, systems in these canonical forms are automatically controllable (respectively,
observable). In the next section, we characterize the controllable/observable/canonical sys-
tems in the linear port-Hamiltonian category.

Controllability and observability are intertwined concepts in the linear port-Hamiltonian
category. Indeed, it can be proved (see Medianu et al. (2013)) that if a linear port-
Hamiltonian system without dissipation is controllable and det(Q) # 0, then it is also
observable. Conversely, if it is observable, then this implies that det(Q) # 0 and it is also
controllable (see Medianu et al. (2013)). As it is customary in systems theory, we say a
linear port-Hamiltonian system in normal form is canonical if it is both controllable and
observable. In view of the results that we just recalled, if det(Q) # 0, then either control-
lability or observability is equivalent to the system being canonical. Furthermore, it can be
shown that being canonical is a generic property, that is, the set of canonical systems forms
an open and dense subset. We shall denote by PH*" C PH,, the subset of PH,, made of
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canonical linear port-Hamiltonian systems. Later on in the paper, the significance of these
observations will become apparent.

2.4 The symplectic Lie group and its Lie algebra

A square matrix S € My, in dimension 2n is called symplectic if it satisfies STJS = J. The
set of all symplectic matrices forms a Lie group denoted by Sp(2n,R). It is well-known
that if S € Sp(2n,R) then det(S) = £1 and hence Sp(2n,R) is a subgroup of the general
linear group GL(2n,R). The Lie algebra sp(2n,R) of Sp(2n,R) is given by the matrices
A € M, that satisfy the identity A”J + JA = 0. Equivalently, A € sp(2n,R) if and only
if A =JR, where R € My, is symmetric. We will refer to the elements in Sp(2n,R) as
symplectic matrices and to those in sp(2n,R) as infinitesimally symplectic.

Notably, the eigenvalues of the elements in sp(2n, R) appear in specific patterns that are
spelled out in the following classical proposition (see (Abraham and Marsden, 1978, Section
3.1)).

Proposition 2 The characteristic polynomial of any matriz in A € sp(2n,R) is even.
Thus, if \ is an eigenvalue of A then so are —\, X\, and —\.

The importance of this group in our developments is that the (constant) vector field asso-
ciated with the Hamilton’s equations (3) is an element in sp(2n,R). Its flow determines
a one-parameter subgroup of elements in Sp(2n,R). We also introduce the unitary group
U(n,C), which consists of matrices U € M,,(C) with UU* = U*U = I,,, where U* denotes
the conjugate transpose of U. We denote by U(n) (see De Gosson (2006)) the image of
U(n,C) in Sp(2n,R) by the monomorphism

(11)

A+iB — [A _B].

B A

The so-called 2-out-of-3 property (Arnold (1989)) implies that U(n) = O(2n,R)NGL(n,C)N
Sp(2n,R), and it is indeed the intersection of any two out of the three groups.

2.5 Williamson’s normal form
The following classical result can be found in Williamson (1936, 1937); Ikramov (2018);
De Gosson (2006).

Theorem 3 Let M € My, be a positive-definite symmetric real matriz. Then

D 0
0 D

D = diag(d) an n-dimensional diagonal matriz with positive entries and d = (dy, . .., dy)"

(i) There exists a symplectic matriz S € Sp(2n,R) such that M = ST [ ]S, with

(ii) The values dy,...,d, are independent, up to reordering, on the choice of the symplectic
matriz S used to diagonalize M .

10
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(iii) Assume S and S’ are two elements of Sp(2n,R) such that M = ST [10) 10)] S =

s [l(? 107] S’, where D is as above, then S(S")™' € U(n).

Later in this paper, we always use the notation D = diag(d) to denote that D is a
diagonal matrix with diagonal entries given by the vector d = (dy,...,d,)’. The elements
d; in the above theorem are called the symplectic eigenvalues of M since they are also the
eigenvalues of JM.

Remark 4 The above theorem can be generalized to positive-semidefinite real symmetric
matrices. Indeed, it can first be shown that if the kernel of M is a symplectic subspace
of R?" of dimension 2m, then the statement of Theorem 3 still holds true holds with the
only added feature that exactly m of the diagonal entries in D are equal to 0 (see Son and
Stykel (2022)). More generally, without the symplecticity assumption, all that it can be
said is that there exists S € Sp(2n,R) such that M = ST [DOI lg) ]S where D; and D»
2
may contain diagonal zero entries (see Idel et al. (2017); Egusquiza and Parra-Rodriguez
(2022)).

3. Controllable and observable Hamiltonian representations

In this section, we state two representation results for linear port-Hamiltonian systems in
normal form, which are the main building blocks in our learnability results. More pre-
cisely, we define two subfamilies of linear systems of the type (10), that are respectively
called controllable/observable Hamiltonian representations, that are by construction con-
trollable/observable (Definition 5). We subsequently show in Theorem 7 that morphisms
can be established between the elements in these families and those in the category PH,
of normal form port-Hamiltonian systems.

As it will be spelled out later on in detail, the existence of these morphisms immediately
guarantees that the complexity of the family of filters PH, is actually not O(n?), as it
could be guessed from (5), but O(n). However, our proposed representations have certain
limitations for non-canonical port-Hamiltonian systems. For example, the observable repre-
sentation is guaranteed to capture all possible input-output dynamics of port-Hamiltonian
systems (full expressive power), but it does not always produce port-Hamiltonian dynam-
ics (fails to be structure-preserving). In the controllable case, structure preservation is
guaranteed, but there is, in general, no full expressive power. Fortunately, for canonical
port-Hamiltonian systems, all the morphisms that we shall introduce become isomorphisms,
meaning that they are both structure-preserving and have full expressive power. Roughly
speaking, the more canonical a port-Hamiltonian system is, the better the corresponding
representations behave in terms of structure-preserving properties and expressive power.

The representations introduced below can be seen as a reparametrization of the elements
(Q,B) € PH,, in terms of a diagonal matrix D = diag(d) € M,,, d € R", and a vector
10) g] S and
v = § - B. This makes it obvious that the learning problem for port-Hamiltonian systems

v € R?", where D is obtained from Williamson’s Theorem 3 as Q = ST [

11
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has parameter complexity of at most O(n) even if the Hamiltonian matrix has complexity
O(n?).

We emphasize that even in the canonical situation, the availability of the control-
lable/observable representations does not yet provide a well-specified learning problem for
this category since the invariance of these systems under system automorphisms implies the
existence of symmetries (or degeneracies) in the parametrizations, which will be the focus
of the next section.

The proofs of all our results are provided in the appendices.

Definition 5 Given d = (dy, ... ,dn)T € R”, with d; > 0, and v € R*, we say that a 2n-
dimensional linear state space system is a controllable Hamiltonian (respectively, observable
Hamiltonian) representation if it takes the form

S = gftr(d) S+ (ana T aoa ]-)T Cu, s = g?bs(d) S+ ggbs(d7v) 2
ctr resp., (12)
y:.QQ (d,V)'S, y:(oaoa'”7071)'s7

where g§"(d) € M, and g§"(d,v) € My 2, (respectively, g?°*(d) € My, and g3**(d,v) €
R2") are constructed as follows:

(i)‘ Given d € R, let {ag,a1,...,az,-1} be the real coefficients that make \*" + 212:61 a; -
No= (A2 +dH)(N2 +d3)...(\2 + d2) an equality between the two polynomials in \. Let
asn = 1 by convention. Note that the entries a; with an odd index i are zero. Define:

[0 1 0o ... 0
0 0 1 ... 0
gin(d) = z :
0 0 0o ... 1
l—ao —air —a2 ... —Qa2p-1]| omxon

(respectively, g¢**(d) = g§"(d)T).
(ii) Given d and v, then

95" (d,v) :== [0 con—1 Ocan—3 ... 0 c1], (resp., g3%(d,v) = g5"(d,v)")

F. 0
C2k+1 = vl [ ‘ ] v,

where

0 Fy
fork=0,...,n—1, and

_f1 -
po 0O
O fn—l

i fn

. 2
with fi=d -3 J1snsdu (dj d; "'djk) ,I=1,...,n.

1<ji1<<jr<n

12
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We denote CH,, (respectively, OH,,) the set of all systems of the form (12), and we call
them controllable Hamiltonian (respectively, observable Hamiltonian) representations. The
symbol CH,, (respectively, OH,,) denotes the set of input/output systems induced by the
state space systems in CH,, (respectively, OH,, ). We emphasize that the elements of both
CH,, and OH, can be parameterized with the set

OcH, = Oom, = {(d,v)|d; > 0,v € R*"}.

Sometimes later on in the paper we shall write a;(d) and cj(d,v) to indicate that a; and c;
are functions of d and v.

Remark 6 Observe that the controllable and the observable Hamiltonian representations
of port-Hamiltonian systems are closely related to each other. The controllable Hamiltonian
matrix g§*" is the transpose of the observable Hamiltonian matrix g‘l’bs. Moreover, as can
be directly observed from the construction, the input and readout matrices of the two

representations, that is, g5 and ggbs , are transpose of each other.

Consider now the maps ¢y, : Ocnh, = CH, and Oopg, : ©Oon, — OH, that associate
to each parameter values the corresponding state-space system. Note that the elements
in CH,, (respectively, in OH,,) of the form (12) are in canonical controllable (respectively,
observable) form in the sense of Sontag (1998) and they are hence controllable (respectively,
observable). Our main result below establishes a relationship between port-Hamiltonian
systems and controllable (respectively, observable) Hamiltonian representations as defined
above, which will be used later on for considerations on the structure preservation and
expressiveness in the modeling of PH,,.

Theorem 7 (i) There exists, for each S € Sp(2n,R), a map
pg : CH, — rPH,
r|D 0 -1
QCHn(d,V) — GpHn S 0 D S,S v,

with D = diag(d), such that the controllable Hamiltonian system Ocp, (d,v) € CH, and
the port-Hamiltonian image ps (0cm,(d,v)) € PH,, are linked by a linear system mor-

phism féd’v) : R? — R2™,

(ii) Given a port-Hamiltonian system Opp, (Q,B) € PH,, there exists an explicit linear
system morphism f(@B) . R — R2" petween the state space of Opu,(Q,B) € PH,
and that of an observable Hamiltonian system Oom, (d,v) € OH,, where (d,v) € Oop,
is determined by the Williamson’s normal form decomposition of @ determined by S €

Sp(2n,R), that is, Q = ST ﬁ: g] S, D = diag(d) and v=S- B.

Remark 8 We emphasize that given (Q, B) € Opg,,, the pair (d,v) € O¢n, /Oom,, is not
uniquely determined by Williamson’s decomposition. This can be seen from Theorem 3
because the element S € Sp(2n,R) in its statement is not unique and the entries d; of d
are independent of S up to their ordering.

13
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Remark 9 (Controllability, observability, and invertibility)

(i) In the proof of the theorem above (available in the Appendix), we define the linear
system morphism féd’v) ‘R?" 5 R?" as z = féd’v)(s) := Ls and an explicit construction
of the matrix L is provided. It turns out that, the matrix L is invertible if and only if
the image port-Hamiltonian system (5) is controllable, or equivalently, observable. Indeed,
using the same notation as in the proof of Theorem 7, we have

L=S8S""[Liv Lyv -+ Loyv|=[S1Liv S'Lov -+ S71Lyv],

k k—1
S_1L2n—kv = S_l [(Jn |:]-(? g]) + aon—1 ° (v]]n |:€ g]) +--+ a2n—k * HZn] -V

— 5! ((JnS_TQS‘l)’“ Vasm_1 - (JnS~TQS™ L 4ot agn - I[Qn) .SB
g1 ((SJan—l)k F a1 - (STRQS 1 4 g -112”) .SB

= ((JnQ)k + agn—1 - (JnQ)k_l + 4 Qo H2n> - B.

Therefore, L can be transformed by elementary column operations into the controllability
matrix of (5) and hence L being invertible, that is, the two systems being isomorphic, is
equivalent to the controllability matrix of (5) having full rank (regardless of the choice
of S € Sp(2n,R)), which is again equivalent to (5) being canonical. Additionally, the
condition for féd’v) to be invertible can also be formulated in terms of D and v directly,
which we will discuss in Subsection 4.4.

(ii) Systems in C'H,, are by construction in controllable canonical form, and are therefore
always controllable. If the image system (5) by g that we want to learn is controllable (or
equivalently, observable), then by the previous point L is necessarily an invertible matrix
which means that (12) and (5) are isomorphic systems by construction. As a consequence,
(12) is not only controllable but also observable.

Remark 10 (Application to structure-preserving system learning)
As a corollary of the previous result, we can use controllable Hamiltonian representations
to learn port-Hamiltonian systems in an efficient and structure-preserving fashion. Indeed,
given a realization of a port-Hamiltonian system, a system of the type 0¢cg, (d,v) € CH,
can be estimated using an appropriate loss (see Section 7). A representation of this type is
more advantageous than the original port-Hamiltonian one for two reasons:

(i) The model complezity of the controllable Hamiltonian representation is only of order
O(n), as opposed to O(n?) for the original port-Hamiltonian one.

(ii) This learning scheme is automatically structure-preserving. Indeed, once a system
Ocm,(d,v) € CH, has been estimated for a given realization, we have shown that there
exists a family of linear morphisms, each of which is between the state space of Oy, (d, v) €

14
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CH,, and some 6py, (Q,B) € PH,, such that any solution of (12) is automatically a
solution of some system in PH,. Hence, even in the presence of estimation errors for
(d,v) € O¢p,,, the solutions of Ocp, (d, v) still correspond to a port-Hamiltonian system
and hence this structure is preserved by the learning scheme.

Remark 11 (System learning and expressive power)

Expressive power is an important property of any machine learning paradigm. As a contin-
uation of the previous remarks, we emphasize that there is an important relation between
the controllability of a system in PH,, and the expressive power of the corresponding repre-
sentation in C'H,,. Indeed, if (5) is controllable, by point (ii) in Remark 9, the corresponding
preimage system 0cp, (d, v) € CH,, can capture all possible solutions of (5), which amounts
to the learning scheme based on O¢pg, having full expressive power. To see this, let zy be
an initial state of the controllable system Opp, (Q, B) € PH,, in (5). Since in that case we

can find an invertible system isomorphism féd’v) that links it to some 0cg, (d,v) € Och,,,

~1
there exists some corresponding initial state sy = ( féd’v)) (z9). Then, by Theorem 7 and

the uniqueness of the solutions of ODEs, the solution of (12) with initial state sq is a repre-
sentation of the solution of (5) with initial state zg. However, if (5) fails to be controllable

(that is, féd’v) not invertible), then such an initial condition sy may not exist. As a rule of

thumb, the more controllable a system of the type (5) is, the higher the rank of féd’v) is,
and then the more expressive the corresponding controllable Hamiltonian representations
are.

Remark 12 (Expressive power and structure-preservation)

We emphasize that systems in OH,, always have full expressive power guaranteed by the
system morphism in Theorem 7. This implies that any input-output dynamics generated by
the original port-Hamiltonian system will be captured by some of the observable Hamilto-
nian representations in the statement. However, unlike in the controllable case, the system
morphism is between Opp, (Q, B) € PH,, and 6om, (d,v) € OH,,. Therefore, unless (Q, B)
is canonical, in which case the morphism becomes an isomorphism, we cannot, in general,
assert the structure-preserving property of this representation.

Remark 13 (Positive semi-definite Hamiltonians)

The above results can be easily generalized to positive semi-definite (PSD) Hamiltonians
with the aid of the generalized Williamson’s theorem in the references Son and Stykel
(2022); Idel et al. (2017); Egusquiza and Parra-Rodriguez (2022) that we briefly discussed
in Section 2.5. In general, the number of unknown parameters in the vector d is doubled
(because of the matrices D; and Dy that appear in this case), and their relation with the
coefficients {ag, a1, ..., az,_1} has to be modified accordingly, that is, A2 + 222261 a; -\ =
(A2 +dydni1) (N2 +dadyi2) . . . (N2 +dnday), where some of the d;’s could be 0. The expression
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ctr

for ¢g{'"(d) remains the same, whereas the expression of [ in g5 (d,v) becomes

Fro 0
[ 0 Fk,1:|’ where

. 0
0 F

_pr

f2,p O

O fn—l,p
i Jnp]

and fip = dupi - 32 gt dindyy o djudjiindjsin o djqn for p = 0,1, and | =
1K< <gr<n.
1,...,n. In this paper, we mainly deal with positive definite @, since the possible degeneracy

of a positive semi-definite () destroys the symmetries studied later on in Section 4.

Remark 14 (Symmetries of the Hamiltonian representations)
The parameterizations of the systems in CH,, and OH,, exhibit obvious symmetries. For

example, the functions ¢ (d) and ¢¢**(d) are invariant under the permutation of the diag-

onal entries d;. Moreover, g5 (d,v) (similarly for g$®*(d,v)) contains entries cogy1 of the

Fr, O ; Dy . . .
form v’ [ Ok Fk] v=>1", F,E’) : [1)12 + U721+i:|7 which is in particular invariant under the
rotation of the planes spanned by the i-th and (n + i)-th entries of v. These observations
will be central in the next section, in which we shall show that these and other symmetries
of the representations in C H,, or OH,, are closely related to the system automorphism group
of the space PH,,.

4. Unique identification of linear port-Hamiltonian systems

In this section, we study the unique identifiability of input-output dynamics of linear port-
Hamiltonian systems in normal form. Such a characterization is obviously needed to solve
the model estimation problem. The rationale is that, in applications, we only have access to
input/output data, and different state space systems in PH,, can induce the same filter that
produces that data. This fact has important implications when it comes to the learning
of port-Hamiltonian systems out of finite-sample realizations of a given data-generating
process (Q, B) € PH, because such degeneracy makes impossible the exact recovery of
(Q,B) € PH,, in that context, no matter how good the properties of the algorithm used
for that task are or how much data we have at our disposal. This observation indicates
that it is not in the space PH,, that we should look at for unique identification but the
quotient space associated to PH, with respect to certain equivalence relation ~ g, that
uniquely identifies port-Hamiltonian filters, that is, PH, = PH,/ ~ titer. However, as we
shall see later on in Subsection 4.1, the presence of non-canonical systems in PH, makes
it, in general, difficult to directly characterize the quotient space PH,/ ~ tiier-

As we pointed out after Definition 1, all the system-isomorphic state-space systems
with corresponding initializations yield the same filters or input/output map. However,

16



LEARNABILITY OF LINEAR PORT-HAMILTONIAN SYSTEMS

we emphasize that a given filter can be realized by state-space systems that are not even
system-isomorphic (see Example 1 later on). On the other hand, ~ ;. -equivalence requires
that the outputs of the two systems at time ¢ = 0 are consistent with exactly the same ini-
tializations, whereas this is not part of the definition of ~s-equivalence. Motivated by this
fact, we study in Subsection 4.1 how ~ iz, and ~gys are related in terms of PH,, and the
controllable Hamiltonian representations C'H,, (which by Theorem 7 automatically induce
port-Hamiltonian dynamics). In Subsection 4.2, we lower our expectations and characterize
PH,/ ~sys as an approximation to PH,,/ ~ tijter. The term approzimation in this sentence
is justified because ~ fijter and ~gys coincide on the set of canonical Hamiltonian represen-
tations CHS*, which is system-isomorphic as a set to PHS*", which is open and dense in
PH,. In particular, unique identifiability can be achieved in CH;*" by studying ~ys, that
is can ~ o~ Qcan / ~ s
) CH, filter CH,, Y

In addition to the discussion regarding ~ e and ~gys, recall that in the previous
section, we have established a link between PH, and the representation spaces C'H, and
OH,, which, as we saw in Definition 5, are both parametrized by the set

OcH, =Oom, ={(d,v) | veR™ deR" d; >0,i € {1,...,n}}. (13)

Now, it is a natural question to ask what is the equivalence relation that corresponds to ~gys
on the parameter space ©¢p,,, and if it is possible to explicitly characterize the quotient
space PH,,/ ~g4s on ©cp, in a certain sense. All these questions are addressed step-by-step
in the following subsections.

In Subsection 4.1, we show that two canonical controllable Hamiltonian representations
are ~ rijter-equivalent if and only if they are ~gys-equivalent. In Subsection 4.2, we define an
equivalence relation ~, on ©¢p, and we show that PH,,/ ~gs = Ocp, / ~ (see Theorem
22). In Subsection 4.3, we characterize the equivalence classes PH,,/ ~gys and Ocp, / ~x
as Lie groupoid orbit spaces.

In Subsection 4.4, we exclusively restrict our analysis to canonical port-Hamiltonian
systems PH"". We first show that the parameter subset ©¢;; C ©c¢p,, that corresponds
to PHS" is open and dense in ©¢p, as it is determined by certain generic non-resonance
and nondegeneracy conditions. If we define on ©¢p,, the equivalence relation ~y, of system
automorphisms of the corresponding controllable/observable Hamiltonian representations
(see Definition 17), then it can be proved that, restricted to the canonical subset Oy , the
equivalence relation ~, coincides with ~gys, and hence

can ~Y can ~Y can
PHn /"’sys = CHn/ ~x = CHn/ ~sys-

In Subsection 4.5, we prove that the fact that we restricted the above equivalence re-
lations to canonical subsets allows us to characterize the corresponding quotients as orbit
spaces with respect to a group (as opposed to groupoids in the general unrestricted case)
action, where the group is given by a semi-direct product S, x4 T™ that will be specified in
detail later on. Finally, in Subsection 4.6, we show that the orbit space O¢; (SpxyT") can
be explicitly identified as a smooth manifold ]R:L_T x R} and endowed with global Euclidean

coordinates, and hence
can ~ can ~ can ~ can ~ can n\ ~v n n
PHY" [ ~oys™= OFH, [ ~= OFH, [ ~fitter™ OCH, [ ~sys= OCH, [(Sn s T") = R4 x RY.

17



JUAN-PABLO ORTEGA AND DAIYING YIN

Consequently, up to initializations, canonical port-Hamiltonian dynamics can be identified
fully and explicitly in either the controllable or the observable Hamiltonian representations
(12) and learned by estimating an initial state condition and a unique set of parameters in
a smooth manifold that is obtained as a group orbit space.

4.1 The unique identification problem for filters in PH,,

In the context of model estimation/machine learning, we would like to characterize and
identify the filters that constitute the elements in PH,. In Section 2.1, we have seen that
two systems that are system isomorphic and are initialized according to the isomorphism
induce the same input-output dynamics, which indicates that these isomorphisms are re-
dundancies/symmetries in PH,,. Our aim is to quotient out the symmetries given by system
automorphisms and to investigate whether the quotient space uniquely identifies the filters
in PH,.

Definition 15 (PH, with equivalence relations ~,, and ~ ;)

(i) The fact that two systems 0pg, (Q1, B1) and Opp,, (Q2, B2) in PH,, induce the same fil-
ter defines an equivalence relation in PHy, which we denote by (Q1, B1) ~ fitter (Q2, B2).
Consequently, we have by definition PH, = PHy/ ~ fiiter, which we call the unique iden-
tifiability space.

(ii) We observe that Opg, (Q1,B1) and Opp, (Q2, B2) in PH,, are linearly system isomor-
phic according to Definition 1 if and only if there exists an invertible matriz L such that

LJQ1 = JQ2L
LB = By (14)
B{ Q1 = B} QL.

It is straightforward to check that system isomorphisms determine an equivalence re-
lation on PH,,. If Oppy,(Q1,B1) and Opp, (Q2, Ba) are system isomorphic, we write
(Q1, B1) ~sys (Q2,B2). We denote by PH,,/ ~ys the quotient space. The equivalence class
in PH/ ~gys that contains the element Opp, (Q, B) is denoted by [Q, B] € PH,,/ ~ys.

It is a natural question to ask about the relation between PH,,/ ~s,s and PHy/ ~fiier,
and if they are the same. However, in general, neither of the two equivalence relations
~sys and ~pier implies the other. To see ~ e, does not imply ~g,s, we note that in
the next Example 1, a filter in PH,, could be realized by two elements in PH,, that are
not ~ g, s-equivalent since filters identify exclusively the canonical part (that is, the minimal
realization, see Kalman (1963)). To see the other direction, that is, ~g,s does not imply
~ filter» We can simply consider the value of the filter at time ¢ = 0 induced by two systems
(Q1, B1) ~fitter (Q2,Ba) from (7), which gives B Q1z9 = Bl Q22 for any z, leading to
BYQ1 = BYQs. On the other hand, we have seen in (14) that (Q1, Bi) ~ys (Q2, B2) only
guarantees BY Q1 = B Q2L, but not BfQ; = BI'Q, unless L can be shown to be the
identity matrix.
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Example 1 Consider two systems Opp, (Q1, B1),0pH, (Q2, B2) € PH,, where

1000 100 0 1
0100 020 0 0
Q=001 092|001 0o Br=B=]
0001 000 3 0

Both systems induce the same filter y(u,zg); = fot cos(t — s)u(s)ds + (cost, 0,sint, 0)" -z,
where z( is the initial state. However, these two systems cannot be system isomorphic,
since by (14) in that case there would exist an invertible L such that LJQ; = JQ2L, and
hence J@Q1 would have the same set of eigenvalues as J@Q2, which is not the case.

We have seen from the above that, in general, PH,,/ ~ fije, and PH,,/ ~g,s are differ-
ent objects, and neither one is a subset of the other. In practice, we are more interested
in characterizing the former, which appears to be difficult due to issues that involve ini-
tialization consistency. Nevertheless, we can partially solve the problem by restricting to
the generic subset of canonical port-Hamiltonian systems PHS*", and consider their corre-
sponding controllable Hamiltonian representations 0c g, ( ‘élﬁn) by system isomorphisms,
then, on those representations, the two equivalence relations will coincide exactly, that is,,

Ccﬂl}}n ] ~ Filter= @‘é‘.‘}}n / ~sys, which we ultimately characterize in Section 4.5. We present
rigorous definitions of these equivalence relations on the parameter space before we state
our main result Theorem 19.

Lemma 16 For (di,v1) and (d2,v2) € Och, = Oom, . Ocw,(d1,v1) ~sys Och, (d2, va) if
and only if Qom, (d1, V1) ~sys Oom, (d2, va)

Proof The proof is basically a restatement of the fact that g{"(d) = g¢¢**(d)” and
5" (d,v) = g8"(d, v)". ]

Definition 17 (O¢p, with equivalence relations ~,; and ~ fje,)

(i) We shall denote (di,v1) ~eys (d2,v2) if Ocm,(d1,vi) and Ocm,(d2,v2) are system
isomorphic for (di,v1),(da2,v2) € Ocm,. Note that system isomorphisms for control-
lable/observable Hamiltonian representations are indeed equivalent as we showed in Lemma
16.

(ii) We shall denote (d1,v1) ~fiter (d2,v2) if Ocm, (di,v1) and Ocm, (d2,v2) induce the
same filter for (di,v1),(d2,va) € Ocm, . Note that, unlike ~gsys, ~ fiier is defined specifi-
cally for ©cp, , and could be different if one replace Ocn, with Oomw,, .

Proposition 18 Given (di,vi) and (dg,v2) in Ocp,, then

(I) QC’Hn (dl, Vl) ~sys QCHn (dg, Vg) Zf and only z'fai(dl) = ai(dg) and Ci(dl, Vl) = Ci(dg, VQ)

foralli=1,...,n. In other words, there exists a permutation matriz P, € M,, such that,

for D = diag(d) and P = [P‘T 0

0 P ], the following conditions hold true:
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e[ 3]e-[2 )

(ii) vT [(FS)’“ (F?)k] vi=vJ [(Fg)’“ (Fg)k] vo, k=0,....,n—1

The matrices F; are defined in Theorem 7.

(IT) Ocm, (di,v1) ~fiter Ocm, (d2,v2) if and only if ¢;(d1, v1) = ¢i(d2, v2) and e;(di,vi) =
ei(da,ve) for alli=1,...,n, where the scalar functions e; are defined recursively as

€1 = C1

€2 = C3 —a2n-2- €1

€3 =C5 — A2p—2 €2 — A2p—4 €1 (15)

€n = Cn—1 —A2n—2 " €En—1 — A2p—4 *€p—2 — -+ — Q2 " €].

Theorem 19 Given (di,v1) and (dz2,va) in Oy , then Ocm, (d1, Vi) ~yfiter Ocm, (d2, v2)
if and only if HCHn (dl,Vl) ~sys QCHTL (d27v2)7 that is, GCCC'TIH/ r\lfilterg @Cca}_}n/ ~sys

Proof The first part of the statement immediately follows from Proposition 18 and the
fact that e; = ¢; # 0, which is guaranteed by the fact that we are considering canonical
systems, see the characterizations in Section 4.4. |

4.2 Equivalence classes of port-Hamiltonian systems by system isomorphisms

We have seen that PH,/ ~gys is not the set of port-Hamiltonian filters due to the pres-
ence of non-canonical systems and possible initialization inconsistencies. However, it is still
informative to study the quotient space PH,/ ~4,s because when restricted to the canon-
ical systems, PH;""/ ~ys uniquely identifies canonical port-Hamiltonian dynamics up to
initializations. Furthermore, PHS*"/ ~g,, is isomorphic to Cc?}}n ~ filter- In other words,
PH™ [ ~g4ys uniquely identifies the set of canonical controllable Hamiltonian representa-
tions CHS*". We shall make this point clearer in Sections 4.5 and 4.6.

In this section, we introduce a manageable characterization of the quotient space
PH,/ ~gs by using parameter spaces. First, motivated by Williamson’s theorem, we
consider the space O¢p, defined before as the set of all pairs of the form (d,v), where
d = (dy,do,...,d,)" with d; > 0, and v = (v1,v2,...,v2,)7 € R?". Inspired by the
representation results, we now define an equivalence relation ~, on ©¢p, as below whose
equivalence classes are denoted by [d,v]. The importance of the next definition is that,
as we shall prove in Theorem 22, the relation ~, on ©¢p, plays the same role as ~g,; on
PH,.

Definition 20 The pairs (di,vi) and (dg,ve) in Ocyp, are ~y-equivalent, that is,
(di1,v1) ~y (d2,va2), if there exists a permutation matriz P, € M,, and an invertible matriz
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P, 0

A such that, for D; = diag(d;), i € {1,2} and P = [ 0 P

true:
(‘)P[o Dl]P “[o DQ]

(i) AT[Dl O}Avlz[Dl 0]v1

}, the following conditions hold

0 D1 0 Dl
Dy 0| _|D1 O
(iii) AJ [ 0 D1:| =] [ 0 DJ A

(iv) vo = PAv;.

Proposition 21 The relation ~, defined in Definition 20 is an equivalence relation on
OcH,, -

In the next subsection, we shall give meaning to ~4 in terms of groupoid orbits. Now,
we aim to characterize the ~,s equivalence relation on PH,, as the ~, equivalence relation
on the space ©cp, of (d,v)-pairs, that is, we shall prove that Ocp, / ~= PH,/ ~gys.
This will be proved in three steps. First, we show that for an arbitrary S € Sp(2n,R),
the map ¢g defined in Theorem 7 composed with 6cp, is compatible with the equivalence
relations ~, and ~gy, that is, (di,v1) ~i (d2,v2) if and only if ps(0cm, (d1,V1)) ~sys
0s(0cm, (d2,v2)). Then, we show that the unique map g induced by g o fcm, on the
quotient spaces does not depend on the choice of S and hence the family of maps g
parameterized by S € Sp(2n,R) induces a unique map ® : O¢cn,/ ~— PH,/ ~gys which
is a homeomorphism.

Theorem 22 (Characterization of PH,/ ~s as Ocp,/ ~x) Given any arbitrary S €
Sp(2n,R), the map @g o Ocm, induces on the quotient spaces a map ® : Ocm, |/ ~—
PH,,/ ~gys which does not depend on S € Sp(2n,R) and is given by

([d, v]y) = Hlo) lo)] ’V] oys

where D = diag(d). Moreover, ® is a homeomorphism with respect to the quotient topolo-
gies.

4.3 The quotient spaces as groupoid orbit spaces

Recall that from a category theory point of view, a group can be seen as a category with
a single object where all morphisms are invertible. Groupoids are a natural generalization
of this notion and refer to categories with possibly more than one object, where again all
morphisms are invertible (see Mackenzie (2005) for a comprehensive introduction). As it is
customary, groupoids will be denoted with the symbol «, 5 : G == M (or simply G = M),
where a and ( are the target and the source maps, respectively. Given m € M, the groupoid
orbit that contains this point is given by O,,, = « (B _1(m)) C M. The orbit space associated
to G = M is denoted by M/G.
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In this section, we provide an alternative point of view for Theorem 22 in terms of
groupoid orbits. More precisely, we show first that the set of equivalence classes PH,,/ ~gys
(resp. O¢H, / ~«) is the orbit space ©pp, /Gy (resp. Ocm, /Hn) of a groupoid G, = Opq,,
(resp. H, = Ocpy,) which we construct in the following paragraphs. In a second step
we show that the statement in Theorem 22 is equivalent to saying that the orbit spaces
PH,/ ~sys and Ocp, /M, of the two groupoids coincide.

Definition 23

1. Let G, :={(L,(Q,B))|L € GL(2n,R),(Q, B) € Oppy, such that
(i) JT LIQL™Yis symmetric positive-definite (i) B = JT LT JLB}.

2. Let the target and source maps o, 3 : G, — Opn,, be defined as

(L, (Q,B)) := JT'LIQL™, LB) and B(L,(Q, B)) := (Q, B).

3. Define the set of composable pairs as

Y= {((L1,(Q1,B1)), (L2, (Q2, B2))) | B((L1,(Q1, B1))) = a((La, (Qa, B2)))}-

4. Let the multiplication map m : g,(f) — G, be defined as
m((L1, (Q1, B1)) (L2, (Q2, B2))) = (L1La, (Q2, B2)).
5. Let the identity section € : Opp, — Gy, be defined as €(Q, B) := (Iap, (Q, B)).

6. Let the inversion map i : G, — Gy, be defined as i(L,(Q, B)) := (L', JTLIQL™!, LB)).

Proposition 24 The definition above determines a Lie groupoid G, = Opp, with G, the
total space, © py,, the base space, and structure maps o, 3, m,€,i. We refer to G, = Opp,,
as the port-Hamiltonian groupoid. The orbit space of this groupoid © py, /Gy coincides with
PHn/ ~sys

Definition 25
1. Let Hy := { (P5, A4),(d,v)) |P, € M, is a permutation matriz, A € GL(2n,R),
D 0 D 0
) AT
(d,v) € ©cq,,, such that (i) A 0 D] Av [O D] v, and
g D 0 D 0
(ii) AJ [O D] J [ ] A, where D = diag(d)}.

2. Let the target and source maps o, 3 : Hy, = Ocp,, be defined as

a((Py, A),(d,v)) :=(d,v) and B((Py, A),(d,Vv)) := (P,d, PAv), where P = [1; Ig ]

3. Deﬁne the set of composable pairs as

= {(((Pr,1, A1), (d1,v1)), (P2, A2), (d2, v2))) |
/6((PU,2’A2) (dg,Vg)) - a((PU,l’Al)’ (dlavl))}'

4. Let the multiplication map m : Hg) — H,, be defined as

m(((Po,1, A1), (d1,v1)), ((Pr2, A2), (da, v2)))
= ((Pr2Ps1, PL A2 Py 1 Ay), (dr, v1).
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5. Let the identity section € : Ocy, — Hy be defined as e(d,v) = ((In,I2y), (d, v)).

6. Let the inversion map i : Hy — H, be defined as
i((P,, A),(d,v)) = (PT,P,A7'PT),(P,d, PAv)).

Proposition 26 The definition above determines a Lie groupoid H, = Ocm, with H,
the total space, ©cp, the base space, and structure maps o, B,m,e,i. We refer to H, =
Ocm, as the reduced port-Hamiltonian groupoid. The orbit space of this groupoid ©cm,, /Hn
coincides with Oc,, /| ~x.

Theorem 22 can now be restated in terms of the elements that we just introduced.

Theorem 27 The orbit spaces of the Lie groupoids G, = ©Opy, and H, = Ocpy, are
isomorphic.

4.4 Characterization of canonical port-Hamiltonian systems

In Subsections 4.2 and 4.3 we have provided a characterization of PH,/ ~gs in terms
of O¢cp,/ ~« and groupoid orbit spaces. Recall from Subsection 4.1 that the difficulty of
the unique identifiability of filters in PH, comes from two parts: the possible presence
of non-canonical systems, and the possible initialization inconsistency. We have shown in
Subsection 4.1 that, by restricting to canonical systems, the filters induced by controllable
Hamiltonian representations CHS*" can be uniquely identified, even though we still cannot
do the same for PH *". Hence, it is worth studying what the quotient spaces above look
like when restricted to the subset that contains only canonical port-Hamiltonian systems.
In this section, we take a step in that direction.

Recall that a port-Hamiltonian system in PH,, of the form (5) is controllable (or equiv-
alently, observable/canonical) if and only if

det ([B |IQB | ... | JQ)*"~'B]) #0. (16)

Using the Williamson decomposition of ) into D and S, and v := S - B, this is equivalent
N D 0 D o]\

(| [3[5 o] v] | G2 o) ]) 20 )

can

By definition, we have that PH "™ (respectively, ©O¢}; ) is a subset of PH,, (respectively,
Ocn, ) made of systems that satisfy (16) (respectively, (17)). We now characterize the space
of pairs (d,v) € ©¢p, that correspond to canonical port-Hamiltonian systems in normal
form. The calculation of the determinant in (17) yields ([[_; d;)-( [li<jcr<n(d; +dy)*(dj—
di)?) - (TT7=1 (v} +v2,,)) up to the sign. Therefore,

&h ={(d,v) € Ocm, | entries of d are distinct and vf +v2,, >0forl € {1,...,n}}.

We shall refer to the statement on the entries of d being all different as the non-resonance
condition and to v? + UZH > 0 for all | € {1,...,n} as the nondegeneracy condition.
There might be a concern about whether different choices of the matrix S lead to different

vectors v and hence the notion of nondegeneracy would be ill-defined. This is indeed not a
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problem since, as we show in Remark 28 below, once the non-resonance condition is assumed,
different vectors v are obtained by rotating the planes spanned by each and every pair of
[-th and n + [-th entries, which preserves the value of 7)12 + ”721 4~ Thus, the nondegeneracy
condition is actually based on the non-resonance condition.

Remark 28 (Williamson’s decomposition in the canonical case) We have mention-
ed in Theorem 3 (iii) that two symplectic matrices S and S’ that Williamson decompose
the same @ differ by a unitary matrix. We now note that for an element ) that satisfies
the non-resonance condition, S and S’ do not only differ by an arbitrary U € U(n), (see
(11) for the definition of U(n)) but by a special one R that has the form

[ cos 01 0 —sin 6 0 1
o O cos 0, 0 —siné, (18)
sin 64 0 cos 01 0
i O sin 6, O cos 0,

This fact accounts for part of the symmetry that we shall spell out later on. The proof
of this fact is purely computational: the assumption that the diagonal entries of D are all

positive and distinct, the fact that U satisfies the equation U [lg 10)] UT = [g 10)] and,

at the same time, U € U(n) = SO(2n,R) N Sp(2n,R), guarantees the claim.

Remark 29 (Being canonical is a generic property) It is well-known that the set of
canonical systems, as a subset of all linear systems, corresponds to a Zariski open set, which
is open and dense in the usual topology (Tcho (1983)). In particular, this also holds for
linear port-Hamiltonian systems. Therefore, PH;"" is open and dense in PH,,. On the
other hand, using the characterization provided above, it is clear that ©¢y; is also open

and dense in O¢gq,,.

The isomorphism in Theorem 22 naturally restricts to canonical subsets, that is, PH;™/ ~gys
= ‘é’}}n/ ~y. On the other hand, we will see below another isomorphism result involving
PH ™/ ~sys-

Proposition 30 (Characterization of PH"/ ~g,s as OFf [ ~sys)

The map ® : O | ~sys— PH" [ ~gsys defined by ®([d, v]sys) = HIOD 10)] aV] ; where
sys
D = diag(d), is an isomorphism.

We just proved that both O / ~, and OFf / ~sys are isomorphic to PH™/ ~gys,

and even via the same ismorphism ®. Therefore, the equivalence relations ~, and ~gys

coincide when restricted to ©g'; . To summarize, we have proved in this subsection that

can ~J can ~J can
PHn /Nsys = CHn/ ~x = CH, /| ~sys -

In the next subsection, we continue the investigation of the above chain of isomorphisms.
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4.5 The unique identifiability space for canonical port-Hamiltonian systems as
a group orbit space

In Subsection 4.3, it is proved that the quotient space PH,/ ~gys can be treated as a Lie
groupoid orbit space. We now show that the restricted quotient space to canonical port-
Hamiltonian systems, that is, PHS*/ ~gys, is isomorphic to the orbit space of a certain
group action on ©¢y; , where the group is a semi-direct product of the n-permutation group
and the n-torus, that is, S,, x4 T™. The intuition behind this fact is that restricting to the
subset of canonical systems PH*" removes the degeneracies in PH,,, which allows to reduce
the symmetry of the Lie groupoid G,, = ©pp, to that of the Lie group S, x4 T".

We start by defining the group action. First, let the permutation group S,, act on R”
by permuting the entries d; of the vector d € R™. For each i € {1,...,n} the circle S! acts
on the plane spanned by the i-th and (n + ¢)-th entries of v by rotations. More precisely,
we define the action of S,, on elements d and v as

FU((dla s 7dn)T) = (da(l)a cee 7d0(n))T =Fs- (dlv s adn)T
where P, is the corresponding permutation matrix and

P, 0
FU((vl, R ,’Ugn)T) = (’Ug(l), -y Us(n)s Unto(1)s -« - ,Un+o(n))T = [ 0 P0:| : (Uh s 7U2n)T7

respectively. Then the o-action on a pair (d, v) is understood as acting on d and v simul-
taneously. We also define the action of the i-th circle of the torus T" as the planar rotation
of the space spanned by the i-th and (n +¢)-th entries of v. This torus action is understood
to leave d invariant. More concretely, it is the action

T
Lo, ((d1,...,dn,v1,...,v20)" )
= (dy,...,dn, 1, .., 0i—1,c080;0; — $INO;Vp1i, Vit1,- -, Un,

- T
Unt1s- -« Untio1, SINO;0; + €080;Un1iy Untit1s .- V2p)" -

With these actions of the groups S, and T" on ©cp, we define the map I'¢; 9, . 4,7 :
(R? x R?") — (R x R?") as

Lio,01,.0,)7)(d,v) =T, 0+ 0L, oTy(d,v)
= (Py-d,Ty, o---oF9n< [f())a ]g:| V>) =(P,-d,RP-v), (19)

which constitutes an action of the semi-direct product group S, x4 T", where ¢ : S;, —
Aut(T") is given by the permutation ¢(o)((61,...,0,)T) = Py-(61,...,60,)T. Note that the
matrix of I'g, o---0oI'g is given by R in (18), P, is the permutation matrix that corresponds

P, 0
tanSn,andP—[O P,,]'

Proposition 31 The map ', g, o,y7) defined as (19) for o € S, and (61, ... ,0,)T e T
is a left group action of (S, x4 T") on OcH, -
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Using the definition of the (S, x4 T")-action on ©cp,, two elements (di,vy), (d2,v2) €
OcH,, are in the same orbit if and only if the following conditions hold true for some o € Sj,:

(1) d2i = di43)
(ii) U%,i + U%,n—i—i — U%,O’(i) + Uin—i—a(i)’ Z — ]., e o ,’I’L.

By Proposition 18 (I) parts (i) and (ii), it can be seen that there could be a close relation
between the (S, x4 T")-action and the equivalence relation ~g,s on ©cpy,. The next
proposition demonstrates that the orbit spaces of the (S, x4 T")-action coincide with the

equivalence classes of the relation ~g,s when we restrict our attention to the subset %‘ﬁn

Proposition 32 (Characterization of O} / ~sys as O¢ /(Sn x4 T")) Given (di,v1)
and (d2,va) in Oy , then (di,v1) ~sys (d2,v2) if and only if (d1,v1) and (dz2, va) lie in
the same orbit of the (S, x4 T™)-action.

4.6 Global Euclidean coordinates for the unique identifiability space of
canonical port-Hamiltonian systems

Recall from Section 4.4 that ©F}; contains pairs (d,v) where d € R’} and v € R2" are
such that the entries d;’s are all distinct and vlz —l—vf1 4 > 0foralll =1,...,n. We define for
convenience a function R : R?™ — RZ as R((v1,...,v2)7) = (v + 02 4,..., 02 + v%n)T.
Now observe that the quotient space O} /(Sn x4 T") naturally has a smooth manifold
structure. We briefly prove this in the following lines. Note that the torus T" is a connected
abelian compact Lie group. The symmetry group S, is a finite group, and hence compact
as well. Thus, it is easy to see that the semi-direct product S,, x4 T™" is also a compact

Lie group, and hence its action on O¢; is automatically proper. On the other hand, since

can

1, is the space of (d, v) pairs satisfying that d contains distinct entries and R(v)V >0
for I = 1,...,n, it necessarily holds that the only element in S,, x4 T" that possibly keep

any element in Oy invariant is the identity, which implies the (S, x4 T™)-action on

can

G, s free. Classical results in Lie theory (Ortega and Ratiu, 2004, Proposition 2.3.8)
guarantee that OFF /(Sn X T") admits a unique smooth structure such that the quotient
map 7 : OF; — O /(Sn X T") is a submersion. With this as a motivation, we try to
find the quotient space explicitly in the following.

For a fixed d, we denote by d; the reordered vector constructed out of d by placing the
entries in increasing order. Denote by R?LT the set of d € R} with distinct positive entries
in increasing order. We have then the following proposition that explicitly characterizes the
quotient space O /(Sp xg T™).

Proposition 33 (Global Euclidean coordinates for orbit space O¢}; /(Sn x4 T"))
The map f: OFg /(S ¥ T") — R x R defined by f([d, v]) = (d4, R(I'c(v))), where

o € Sy is the unique permutation such that I'x(d) = d4, is an isomorphism.

5. Linear port-Hamiltonian systems in normal form are restrictions of
higher dimensional ones

In this section, we prove a theorem (Theorem 34), inspired by the classical Kalman Decom-
position (Jacob and Zwart (2012)), which says the filter induced by any (@, B) € PH,, can
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be regarded as that induced by some (Q’, B') € PH,,, where m can be any integer that
is at least n. The motivation for these considerations is given by the fact that in many
practical situations in which an input/ouput system has to be learned, the dimension of the
underlying state-space system is not known. In that situation, we may want to have the
flexibility of considering the actual system that needs to be learned as a lower-dimensional
restriction of a much larger-dimensional one that we have picked for the learning task.

We shall carry this out by producing an explicit injective system morphism between
the state space of (@, B) and that of (Q', B') in our next Theorem 34. In Proposition 35,
we show that the quotient space PH,,/ ~sys can be characterized as PHp, / ~sys, Where
PH,, , C PH,, is the space containing all the systems of the form (Q’, B"). Motivated by
the developments in Section 4, we then characterize the pair (d’,v’) that corresponds to
(Q', B') in Proposition 36. Eventually, in Proposition 37, we show that the isomorphism
PH,/ ~gs = OcmH,/ ~« can be lifted to high dimension as well. We shall comment
further at the end of this section on the significance of the above-mentioned results in the
context of machine learning.

The following theorem states that the filter induced by (Q, B) € PH,, can be reproduced
using systems in an arbitrarily higher dimension.
Theorem 34 Given any system (Q, B) € PH,, then
(i) For any m > n, there exists an orthogonal matrix O € O(2m,R) such that the filter
induced by (Q',B') = (O [Q 0 ] o', 0 [B} ) € PH,, coincides with that induced
0 ]I2m—2n 0
by (Q, B).

(ii) The map f : R*™ — R?*™ defined by f(z) = O [Hén] -7 18 an injective system morphism

between the state spaces of (Q, B) and (Q', B').

As it can be seen in the proof (included in Appendix 9.10), the matrix O € O(2m,R)
above is constructed so that

n 0 T _
ol .0 Jor =3, -

From now on, we denote by PH,,, C PH,, the space of linear port-Hamiltonian sys-
Q 0 T B

0 H2m_2n] o', 0 [0} ), where O €
O(2m,R) satisfies (20), and equip it with the system automorphism relation ~,, defined
on PH,,. The following proposition states that, up to system isomorphism, PH,, is indeed
the same as PH,, . This means that, with appropriate initialization, we can exactly re-
produce the input/output dynamics of 2n-dimensional port-Hamiltonian systems in higher
dimension by simply considering the elements (Q’, B') in PH,, .

Proposition 35 The function f: PH,/ ~es— PHy,pn/ ~sys defined by
0 B
e ofg .2 o]
sys

0 H?m—Qn

tems parametrized by pairs (Q', B') of the form (O [

is an isomorphism, where O € O(2m,R) is as in Theorem 34 and hence satisfies (20).
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Recall that for a system (Q,B) € PH,, we derive the corresponding object (d,v) €
b O}S and v = 5§ - B. We have seen
0 D

that (Q',B’) € PH,,, C PH,, is also a linear port-Hamiltonian system in normal form.
Therefore, it makes sense to investigate the relation between (d,v) and the element (d’,v')
which corresponds to (Q', B'). The following proposition asserts that d’ can be obtained
from d by padding it with ones and, similarly, v/ can be obtained by splitting v and padding
each segment with zeros.

Ocp, from Williamson’s decomposition () = ST [

Proposition 36 (Symplectic eigenvalues of the higher dimensional system) Let

(Q,B) and (Q', B) be as in Theorem 34, and let d and d’ be their corresponding symplectic
eigenvalues. Then, up to reordering, d'= (dy,--- ,d,,1,1,...,1)T. Even though v and v’
are not uniquely determined (See Remark 8), there exists a choice of v' that is related to

_ T ,.;
V= (U1, ", Up, Upt1,- - ,V2)" Vi

! T
v = (’l)l’-.. 7’1)7“0,-.. 70,'1)n+1’~.- 71)27“0 0) .

m—n m—=n
From the above proposition, we call d’ the extended symplectic eigenvalues and v’ the
extended vector. Now we define the space ©¢,, ,, as the set of all pairs of the form (d’, v')
and equip ©cp,, ,, with the equivalence relation ~ as in Definition 20 but in dimension m
instead of n. Recall that we proved ©cp,,/ ~« = PH,/ ~ss. Now we proceed to show
that the above isomorphism in dimension 2n can be lifted to dimension 2m by considering
only the restricted parameter spaces with vectors of the form (d’,v’) and (@', B).

Proposition 37 The function f : Ocm,, .,/ ~«— PHpn/ ~sys defined by

D 0
raavia= |0 ol
sys
where D' = diag(d’), is an isomorphism.

Note that in general d’ contains repeated symplectic eigenvalues because of all the ones used
in the extension and that v? + v/2 41 = 0 for I > n. Therefore, it is impossible that O¢p,, ,,
contains canonical systems for m > n. In other words, lifting PH,, to PH,, , introduces
degeneracies that exclude the possibility of the systems being canonical.

We emphasize that the above-mentioned series of results are crucial in machine learning
applications. Very often in practice, the dimension 2n of the underlying data-generating
process, that is, the latent port-Hamiltonian system (5), is not known, causing a problem
when choosing the dimension of the controllable/observable Hamiltonian representation for
learning. This issue can be solved by composing the morphism in Theorem 34 (ii) (which is
injective) and the one in Theorem 7 (not necessarily injective). The composition of system
morphisms is still a system morphism, this time between the underlying system 0pp, (Q, B)
and the observable Hamiltonian representation in an arbitrarily higher dimension 2m > 2n.
In this way, the observable Hamiltonian representations in dimension 2m still have full ex-
pressive power to represent any 2n-dimensional system in PH,,, and hence can be used for
learning. Practically, one can choose a sufficiently large m, and parameterize the observ-
able Hamiltonian representation using (d,v) (we use the notation (d,v) instead of (d’,v’)
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because practically we do not know what n is) and then estimate them. We emphasize that
the higher-dimensional port-Hamiltonian systems are in general not canonical, hence the
(d, v)-pair that corresponds to the data-generating process is not guaranteed to be unique.
Still, we always know there is at least one choice of (d,v) that works no matter how large
an m we choose, and which is constructed using the recipe in Proposition 36.

6. Practical implementation of the results

We start with a diagram that summarizes the results that we have proved.

Theorem 38 The following diagram holds true using the isomorphisms explicitly con-
structed in all the preceding results. We denote the inclusion between one set and the
other by a one-directional arrow.

@CHm,n/ N <;> PHm,n/ ~sys

o o

@CHn/Hn (L) @CHn/ % (;) PHn/ ~sys ;) 6PHn/gn

4 4

E‘}?In/ ~x — PH?L(m/ ~sys

o o

can n = can = can
CH, (S ¥ T") +—— @CHH/ ~sys > OCH, [ ~rilter

o

N

R?, x R%

We now comment on how to use the results contained in the diagram above depending on
the different learning situations that we may encounter. Indeed, we can use our statements
to tackle three different learning scenarios:

e Case 1: The target port-Hamiltonian system (the data generating process that we want to
learn) is canonical and its state-space dimension is known, that is, Opy, (Q, B) € PH{™
with n known. This is the most favorable situation in the sense that we can exactly rep-
resent the system 6pp, (Q, B) by either the controllable or the observable Hamiltonian
representations, which are both isomorphic to the original system. Furthermore, since, in
this case, the input/output map can be uniquely identified by properly setting up the ini-
tialization, it can be learned by estimating an initial state condition of the representation
used and the unique parameters in R’fm x R

e Case 2: The target port-Hamiltonian system is not guaranteed to be canonical but its
dimension is known, that is, Opy, (Q,B) € PH, with n known. In this case, there is
a trade-off between the controllable Hamiltonian representation and the observable one.
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As mentioned before, the controllable one will be structure-preserving but its expressive
power depends on the controllability of the target system 6pg, (Q, B). On the other hand,
the observable one always possesses full expressive power but does not always guarantee
the port-Hamiltonian structure of the induced filter.

e Case 3: We are agnostic about the dimension of the target port-Hamiltonian system,
that is, given Opp, (Q,B) € PH,, with n unknown. In this case, we need to choose a
sufficiently large m so that m > n, then based on composition of system morphisms, it
suffices to learn some (d,v) € O¢p,, and use the 2m-dimensional observable Hamiltonian
representation to reproduce the input-output dynamics of (@), B). Due to the loss of the
canonical property, such a (d,v) pair may not be unique. Additionally, we do not know
the dimension 2n of the data generating process, and hence we are ignorant of how many
ones should be padded into d (and similarly, how many zeros are padded into the vector
v). However, we do know that an element (d,v) exists in some Ocp,,,, C Ocg,, that
captures the input/output dynamics, given by Proposition 36.

An important special case is when there is no input to the port-Hamiltonian system,
that is, u(t) = 0. In this case, the port-Hamiltonian system reduces to a linear Hamiltonian
system with an arbitrary linear readout matrix. We emphasize that the observable Hamil-
tonian representation in a higher dimension is totally independent of B since it is simply
given by

{s = () s, o

y:(oaoa'”aoal)'sa

In other words, Hamiltonian systems with linear readout can be learned by adjusting
the initial state sgp and symplectic eigenvalues d;, without even knowing the linear readout
function that yields the observations.

7. Numerical illustrations

In this section, we present two numerical examples to demonstrate the effectiveness of our
representation results from a learning point of view.

7.1 Non-dissipative circuit

Similar to an example in Medianu and Lefevre (2021), we consider a circuit consisting of
a power source with voltage V' = wu(t), together with five parallelizations, each of them
containing a capacitor C; with charge @); and an inductor L; with magnetic flux linkage
¢; for i = 1,...,5 (see Figure 1). Using Kirchhoff laws, we obtain the following port-
Hamiltonian system in normal form (22) and (23), where the Hamiltonian of the system
is

@ QF ¢l &

(Qlu 7Q57¢17 7¢5) 201 + 205 + 2L1 + —+ 2L5
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FA rOH~
Q1 Q1 0
Q5 o 0 ]I5 % 0
y _[—Hs o]' an + 1| (22)
| &5 o | L]
OH 0H OH
e —, 23
961+ 96 95 (23)
\%
fg\
\J
0000/
Ly o
0000/
Lo o
| |
&QQQJL | |
5 C5

Figure 1: Lossless circuit port-Hamiltonian system

This port-Hamiltonian system treats the power supply V = u as input and the current
through the power supply, that is y, as output. One verifies that such a system is non-
canonical. Our purpose is to learn the input-output behavior of this system without any
access to the internal physical state and train only with input-output observations.

In our implementation, we choose for simplicity C; =1 and L; =1fori=1,...,5. We
choose to learn with a 10-dimensional observable Hamiltonian representation to show that
the dynamics can be captured even in the non-canonical case. (Indeed, with our choice of
Ci’s and L;’s, the system is readily checked to be noncanonical). We randomly generate
an initial condition for the ground-truth system and integrate it using Euler’s method
(see Appendix 9.14 for more sophisticated structure-preserving integration methods) with
a discretization step of 0.01 for 1000 time steps. The input is chosen as u(t) = sin(¢). The
1000 pairs of input and output data will be used as training data. During the training
phase, we estimate the initial state x € R0 as well as the parameters d € Ri and v € R0,
This is carried out via gradient descent using a learning rate of A = 0.1 for 500 epochs. At
each gradient descent iteration we integrate the state-space equations corresponding to the
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current parameter values over 1000 times steps with Euler’s method and then we compute
the squared error with respect to the training set.

We set a testing period of 4000 time steps and demonstrate the robustness of our ap-
proach by not only testing our trained model on the original input u(¢) = sin(¢) but evalu-
ating on other three commonly used input signals (see Figure 2, 3, 4 and 5). The numerical
experiments provide a strong indication that the underlying system is learned independently
of the input signal and is robust with respect to various forms of inputs.
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Training Phase

0.75 100 s Testing Phase
0.50
50

T 025 §
3 £
$ o000 e o
- 3
3 o
g-025 5
£ O -50

-0.50

075 -100

-1.00

0 10 20 30 40 50 0 10 20 30 40 50
Time Time
(a) Input signal wu(t) (b) output y(¢)

Figure 2: Training and testing on a sinusoidal signal.
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0 10 20 30 40 50 0 10 20 30 40 50
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Figure 3: Testing on a constant signal. The training had been carried out using a sinusoidal
signal. See Figure 2.

7.2 Positive definite Frenkel-Kontorova model

As a second example, we consider a modification of the well-known Frenkel-Kontorova model
such that it becomes a linear port-Hamiltonian system with a positive-definite Hamiltonian
function. Recall that the general form of Frenkel-Kontorova model describes the motion of
classical particles with nearest neighbor interactions using periodic potentials. The Hamil-
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Figure 4: Testing on a square signal. The training had been carried out using a sinusoidal
signal. See Figure 2.
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Figure 5: Testing on a ramp signal. The training had been carried out using a sinusoidal
signal. See Figure 2.

tonian function can be written as
N 1
H=Y 5 (1 costn 50 (nr — 40— a0 |

Since we are dealing with linear systems, we remove the periodic potential and rescale the
potential coefficient. By fixing ag = 0, we obtain the Hamiltonian

N
H=_- Z (02 + (gnt1 — an)?] -

n=1

N —

In order to consider a Hamiltonian that is strictly positive definite, we add a term %q%
to the Hamiltonian, which carries the physical meaning that the particle ¢; interacts with
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the origin via a spring. In summary, our model of interest now has the positive-definite
Hamiltonian

N
1
H = -;[pi+(qn+1—qn)2] +§-q%

DO | =

3 1
Z (@2 + (gnt1 — an)?] + §q% _

n=1

| =

For the sake of simplicity, we consider in the above, a Hamiltonian system with N = 2
unit mass particles (so that p; = ¢;) and an external force F' = u that is imposed on the
first particle. This gives a linear port-Hamiltonian system in normal form as below with
the output being the velocity of the first particle.

oOH

dq1
OH

i 0 Iy g2
_[—H2 o] om |+

Op1
OH
Op2
_OH
op1’
In contrast to the first example, this system is canonical. Therefore, based on our
theoretical results, any input-output dynamics can be captured by either a controllable
or an observable Hamiltonian representation, and furthermore, it is possible to uniquely
identify the system by learning an initial condition, and the parameters in the quotient
space ]R%rT X Ri.

O = O O

y (25)

For the sake of numerical illustration, we choose the initial state condition x = (2,1, —3, —3)T
for the ground-truth system and integrate it 1000 time steps times using Euler’s method
with step of 0.01 (see Appendix 9.14 for more sophisticated structure-preserving integration
methods), where the input is chosen as u(t) = sin(¢). The 1000 pairs of input and output
data are then used as training data.

As motivated above, we apply two different training mechanisms in which we learn
the initial state condition and the parameter values of the model using both the natural
parameters from Opp,, of the observable Hamiltonian representation and those in the unique
identifiability space RQH X Ri. As in the previous example, we carry out the training using
gradient descent with a learning rate of A = 0.02 over 1500 epochs out of randomly chosen
initial values for the initial state condition and the model parameters in ©¢p, and R?H X Ri.

We record the validation error during the 1500 gradient descent iterations of both train-
ing mechanisms to compare their convergence rates. Heuristically, it should be expected
that the rate of convergence is faster when the models are trained using the coordinates that
provide unique identifiability. This is empirically confirmed in Figure 6 (indeed, unique iden-
tifiability provides exponentially faster convergence). After 1500 iterations, the prediction
accuracy when training was carried out using the unique identifiability space significantly
outperforms the other setting, as can be seen in Figure 7. Moreover, we found that the
learned parameters d € R?FT are exactly the same as the eigenvalues of the Hamiltonian ma-
trix, which is theoretically guaranteed by the unique identifiability. It is worth emphasizing
that, despite the difference in the convergence rates, both mechanisms eventually lead to
perfect path continuations of the input-output dynamics after enough training iterations.
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Figure 6: Logarithm of validation errors of the two training mechanisms based on using the
natural parameters of the observable representation and the unique identifiability space
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Figure 7: Training and testing performance of the two training mechanisms after 1500
gradient descent iterations based on using the natural parameters of the observable repre-
sentation (pane (a)) and the unique identifiability space (pane (b))

8. Conclusions

In this paper, we have introduced a complete structure-preserving learning scheme for single-
input/single-output (SISO) linear port-Hamiltonian systems. The construction is based on
the solution, when possible, of the unique identification problem for these systems, in ways
that reveal fundamental relationships between classical notions in control theory and crucial
properties in the machine learning context, like structure-preservation and expressive power.

The main building block in our construction is a representation result that we intro-
duced for linear port-Hamiltonian systems in normal form that provides two subfamilies
of linear systems that are by construction controllable and observable (Definition 5). We
showed that morphisms can be established between the elements in these families and those
in the category of normal form port-Hamiltonian systems. The existence of these mor-
phisms immediately guarantees that the complexity of a generic subset of the family of
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port-Hamiltonian filters is actually not O(n?), as it could be guessed from the standard
parametrization of this family, but O(n). We showed that the expressive power of our pro-
posed representations is limited for non-canonical port-Hamiltonian systems. Indeed, we
saw that the observable representation is guaranteed to capture all possible input-output
dynamics of port-Hamiltonian systems (full expressive power), but it does not always pro-
duce port-Hamiltonian dynamics (fails to be structure-preserving). In the controllable case,
structure preservation is guaranteed, but there is, in general, no full expressive power. For
canonical port-Hamiltonian systems, these representations are both structure-preserving
and have full expressive power.

We saw that even in the canonical situation, the availability of the controllable/observable
representations did not yet provide a well-specified learning problem for this category since
the invariance of these systems under system automorphisms implies the existence of sym-
metries (or degeneracies) in those parametrizations. We tackled this problem by solving the
unique identifiability of input-output dynamics of linear port-Hamiltonian systems in normal
form up to initializations by characterizing the quotient space by system automorphisms as
a Lie groupoid orbit space. Moreover, we showed that in the canonical case the correspond-
ing quotient spaces can be characterized as orbit spaces with respect to an explicit group
action and can be explicitly endowed with a smooth manifold structure that has global
Euclidean coordinates that can be used at the time of constructing estimation algorithms.
Consequently, we showed that canonical port-Hamiltonian dynamics can be identified fully
and explicitly in either the controllable or the observable Hamiltonian representations and
learned by estimating an initial state condition and a unique set of parameters in a smooth
manifold obtained as a group orbit space. Additionally, we complemented this learning
scheme with results that allow us to extend it to situations where we remain agnostic re-
garding the dimension of the underlying data-generating port-Hamiltonian system.

We concluded the paper with some numerical examples that illustrate the viability of
the method we propose in systems with various levels of complexity and dimensions and
the computational advantages associated with using the parameter space in which unique
identification is guaranteed.
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Glossary of Symbols

OCH.n The space of parameters (d’,v') for PH, 1

R% 4 The set of n-tuples of distinct positive real numbers in increasing order
™ The n-torus

CHn/OHn The space of filters induced by CH,,/OH,

Gn = Opm, Port-Hamiltonian groupoid, see Proposition 24
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9. Appendices

9.1 Proof of Theorem 7 (i)
Let (d,v) € O¢cH,, and let

26

Y= ggtr(dv V) 'S, ( )

be the corresponding linear controllable state-space system. In the following paragraphs, we construct for
every S € Sp(2n,R), a linear system morphism ffqd’v) : R?*" — R?" between (26) and the port-Hamiltonian
system (Q, B) = ¢s(0cm, (d,v)) € PH, in the statement. Notice, first of all that @ is by construction

symmetric and positive-definite. Let now L € My, be the matrix implementing the linear map féd’v), that

{é:gf"(d)-s—i—(0,0,-u 0, )7 -,

is, éd’v)(s) = Ls, s € R?". We now explicitly construct L and prove that it provides a system morphism.
D 0

We start by denoting A :=J, {0 D

} , and define for each k =1,...,2n, a matrix L, € M*" as

Lon—k = A" + agn_1- A"V 4 agn_y - Lon.

In particular, L2, = I,. Then, L is constructed as L’ := [le Lov --- Lgnv], and L := S~ 'L
We now check that féd’v)(s) = Ls is indeed a system morphism between (26) and the port-Hamiltonian

system (5) with Q@ = ST {g g} S and B = S™'v. This amounts to checking that

(i) L-gi"(d) =J.QL
(ii) L-(0,0,---,0,1)" =B
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(iii) ¢5"(d,v) = BTQL.

We note that (ii) trivially holds. Now, (i) is equivalent to
=157 ctr _ T D 0 177 _ o—-1 D 0 —1 47
ST Lgi"(d) =JnS {0 D]SS L'=S J"{O D]SS L
ctr D
= rat@=1. [0 plv

0 1 0 0
0 0 1 0
< [le Lov LQnV] : . : : =A [L1V Lov LGv]
0 0 0 1
—Gop —air —az2 —Q2n—1

We compare the k-th columns of the left and the right-hand sides in this equality. When k = 1, the difference

between the first columns in the left and the right-hand side is
AL1V + apgv = A(Azn_l =+ azn—1 * AQn_Q +---4ar- H)V + aov
= (A2n+a2n71A2n—1 +---+a1A+ao)V=0. (27)

The last equality holds as a consequence of the Cayley-Hamilton theorem. Indeed, by the definition of the
.,a2n—1} we have that the characteristic polynomial of A is

det (Alon — A) = det <Aﬂzn - [—OD ISD = det ([Az]la XHD D

— det (Alay,) - det (AH% — (D) (%]In) D)

=W HdD)W +dy) . (N Hdn) =T+ ) as A

entries {ao, a1, ..

i=0

Consequently, since by the Cayley-Hamilton theorem, A solves its characteristic polynomial, we can conclude
that A%™ + agn_1A>" "' 4+ ... 4+ a1 A 4+ ap = 0 and hence (27) follows. When 1 < k < 2n, the difference

between the k-th columns in the left and the right-hand side is

(kalv — ak,1v) — ALkV = (kal — ak,ﬂlzn — ALk)V = 07

since
Ly 1 —ag_1lon — AL = (A* " fag, 1 - A2 F 4o bapy Top) —ag_1 - Ion

- A(Azn_lC +agm_1- AP gy I>,) = 0.

We have hence proved that (i) holds. We now proceed to check (iii). This amounts to computing
Ty (a-1.Tar |[D 0 1, _ .7 |D 0],
B'QL=(S"v) S [O D]SS L' =v {0 D}L

D 0
=vT {0 D} {le Lov --- LGv} . (28)
Let us denote
BTQL = [an Con—1 C2n—2 ... C2 Cl] . (29)
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Then we observe that for k =1,...,n,
_r[D 0] I
Cok =V _O D_ 2n—2k+1V
- - 2k—1 2k—2 T
D 0 D 0 D 0
=v’ 0 D [(Jn [O D]) + azn-1 <Jn [O D]) + - t+azn—2k+1 - lon |V

She!

r B D 2k—1 D 2k—-3 —D
= VT g- |:<Jn |:0 g]) + az2n—2 (Jn |:O g]) + -+ a2n—2k+2 (Jn 0 g:|> v

2k 2k—2 42
_ D 0 - D 0 D 0
=vT |2t {0 D} +azn—o - T30 [O D] + -t azn—2kt2 - In - [O D ]VZO,

The last equation follows from the fact that each summand is a skew-symmetric matrix. On the other hand,
fork=0,...,n—1,

0
Coby1 =V" 0 D Lap_2rv
D 0] D o0]\* D 0]\* !
—VT 0 D |:(Jn |:O D:|> + a2n—1 (Jn |:O D:|> +"'+a2n—2k:']12n v

o

_ - 2k 2k—2
D D 0 D 0
- VT 0 D_ |:(Jn [0 D:|) + azn—2 (Jn [O D:|) + -+ asn—2k 'HZn:| v

:|2k:+1 D 0

2k—1
D 0 _ D 0
-|-6l2n72'(—1)lC 1. [0 D] + -4 agm—ok - {0 DH V.

_JT | q\k .
=v |(-1) [ 0 D
Substitute the values of coefficients a2k as expressions in terms of d;’s, we obtain that

Czk+1:VT Fk 0 v,
0 Fi

for k=0,...,n—1, and
o

roo 0
fn

with fi=di-Y ji..a (djd; "'djk)27 l=1,...,n. This is exactly how we define ¢5""(d, v). Hence,
1<j1 < <jp<n
(iii) is also verified.

F =

9.2 Proof of Theorem 7 (ii)

Let (Q,B) € PH,. Obtain d and v from (Q, B) as in the statement of the theorem. We aim to construct a
linear system morphism féQ’B) : R®™ — R?" between the port-Hamiltonian system (Q, B) € PH,, and the
observable Hamiltonian representation associated to (d,v) € Oom,,, that is,

§=g7""(d)-s+¢5"(d,v) - u, (30)
Y= (anv 30)1)'5'

Denote by L € Ma,, the matrix implementing the linear map féQ’B), that is, féQ’B)(s) = Ls, s € R™,
. . . e D
We now construct a L which yields a system morphism. We start by writing A := J,, [O g] and define,
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for each k =1,...,2n, a matrix L, € M?" as

Lop_i = (JnQ)k + azn-1 - (JnQ)k_l + -+ aon—k - lon
= (S_IAS)k + asn_1 - (5_1145)]%1 + -+ a2n—k - l2n
= S_I(Ak +agn-1- A" 4 agn g - Ion) - S.
BTQL,
BTQL,
In particular, Lo, = l2,,. Then, define L is as L := .
BTQL2" 2nX2n

We now check that féQ’B)(s) = Ls is indeed a system morphism between the port-Hamiltonian system

D O] S and B = S~'v. This

(5) and the observable Hamiltonian representation (30) with Q = S” {0 D

amounts to checking that
(i) 97"*(d)- L =LI.Q
(i) LB = g5"(d,v)

We note that (iii) is straightforward. Now, (i) is equivalent to

0 0 ... 0 —ao
10 ... 0 —a B"QL: BTQL,
) BTQL, BTQL,
01 . 0 —a . = . .S7TAS.
BTQLan BTQL2,
1 —azn-1

Compare now the k-th rows of the left and the right-hand sides of this equality. When k& = 1, the
difference between the first rows in the left and the right-hand sides are

BTQL1S™'AS 4+ aoBTQLan = BTQ(L1S™AS + aolzn)
=BTQS (A + a9, 1 A" 4+ +aAtao-10,)S =BTQ-0=0.

The last equality follows, as in the proof of Theorem 7, from the Cayley-Hamilton theorem.
When 1 < k < 2n, the difference between the k-th rows in the left and the right-hand sides are:

BTQLy 1 —ar_1B"QLyy — BTQLrS 'AS = BT"Q(Lix_1 — ax_1 - la, — LS~ 'AS)

=BTQs™! (Azn_]C~H +agm1- A" ap - Ion) — ap—1 - lon

_ (AQn—k + agm_1 . ARl 4+ 4 ag ~]12n)A S =0,

which shows that (i) holds. We now proceed to check (ii). This is equivalent to computing

BTQL,
BTQL,
LB = .
BTQLa,
Let us denote LB = [can Can—1 Con-2 ... C2 cl}T. Then we have, for k=1,...,2n,

con—k41 = BTQLyB = (S7'v)" ST ﬁ; g} SSTHA™ T fann—1 - AT 4 g 12n)SST Y

T[D 0

0 D] (A" a1 - AT b Do),
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which coincides exactly with the expression of c2n,—k+1 in the equations (28) and (29) that we provided

in the controllable Hamiltonian case. Thus, for (iii) to hold, we simply need to require that g5°*(d,v) =

(g5 (d, V)"

9.3 Proof of Proposition 18

Proof of part (i). We have that (d1,v1) ~sys (d2,v2) implies the existence of an invertible matrix L such
that

L-gi"(di) =gi"(d2) - L

L- (0707 1071)T = (0707 1071)T

95" (d1,v1) = g5 (d2, v2) - L

The first condition implies that det(Al — g% (d1)) = det(Al — gf*"(d2)), meaning that
(N +diy) ... (N +di) = (N +dsy)... (N +d3,).

Therefore, (i) is clear. With the symmetry in (i), it is clear that gf*"(di1) = g¢f*"(d2). Note that the

second condition says the last column of L is (0,0,---,0, l)T. Bring both facts into the first condition

L- g5 (d1) = ¢{""(dz) - L and compare both sides. This will deduce L can only be the identity. Thus the
ctr

third condition becomes g5'"(d1,v1) = g5 (d2, v2), which is exactly (ii).
Conversely, with (i) and (ii) hold, we can check L being identity works. Thus, (di,v1) ~sys (d2, v2).

Proof of part (ii). Since Ocw,, (di, vs) (i = 1,2) are linear systems, we can explicitly write down the filters
as ,
(90,201 = g5 (i) [ e 0,0, ,0,1)T u(s)ds + 657 (diywi)e 9,
0
We consider two special cases. In the first case, we take time ¢ = 0, then (y:(u), Zo)o = g5 (ds, v;) - zo. Since
zo can be arbitrary, the two filters coincide if and only if ¢;(d1,v1) = ¢;j(d2,v2) for all 5 = 1,...,n. In the
second case, we take zo = 0, then

(i (), 0): = g (d;,vi) / [ﬂ +ge ()t — s) + (g8 ()2 L=

St -(0,0,---,0,1)" u(s)ds.

By differentiating the above with respect to ¢, and using the fact that the input u(t) is arbitrary (and hence
can choose u(0) arbitrarily), we see that y; and y» coincide as filters if and only if g5 (d1, v1)(g5™" (d1))" -
0,0,---,0,1)" = g5 (d2,va) (g5 (d2))* - (0,0,---,0,1)" for all k € N. Moreover, one verifies that
g5t (d, v)(g5*" (d))* - (0,0,---,0,1)" = 0 for odd k. Thus, if we define e;(d,v) = g5 (d, v)(g5"" (d))* -
(0,0,--- ,O,I)T, then y1 = y2 is equivalent to e;(di,vi) = ei(d2,vz) for all ¢ € N. Now, one finds a
recursion in the values of e;’s, that is,, for all m <n

em(d,v) = —azn—2 - em-1(d,v) — azn—1 - €m—2(d,v) — -+ —az - e1(d,v) — ao - em—n(d, V).
More precisely, it can be checked that the following recursion holds true

€1 = C1
€2 = €3 — G2n—2 €1

€3 =C5 — A2n—2 €2 — A2n—4 * €1

€n = C2n—1 — G2n—2 " €n—-1 — A2n—4 " €n—-2 — *+* — A2 " €1.

On the other hand, (a2n—2,...,a2,a0) happens to be the coefficients of the characteristic polynomial of
9§'"(d, v), therefore, by Cayley-Hamilton Theorem, e, (d,v) = 0 for all m > n.

In conclusion, by combining the two special cases, we see that 6cp,, (di,v1) and Ocm,, (d2, v2) induce
the same filter if and only if ¢;(d1,vi) = ¢i(d2, v2) and e;(d1,v1) = ei(d2,v2) forall 0 <7 <n—1,
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9.4 Proof of Theorem 22

ps o Ocm, is compatible with ~, and ~,y. Fix a choice of S € Sp(2n,R). We need to show that
(d1,v1) ~x (dz2, v2) if and only if

b 0 - D 0 _
(5[ p)557w) = @B~ @uBny = (77 p|557v).
This means there exists an invertible L such that (14) holds. We claim that L = S™'PAS does the job,

where P and A are given by Definition 20.
The first condition is

LIQ1 = JQ2L
< LIQ1L™' =]Q2

«— S7'pASIST [l())l gl} SstatpTts = 8T RZ 132] S
— §57'pASIST [%1 lgj AT'PTlS =871] [1(7)2 132] S
< PAJ Bl 1(7)1] ATlpTl=7 {% 32]

— AJ [%1 gl] A= pPTy {% 32] P

— AJ [%1 gl] =7J [%1 I())J A

The second condition is true by construction, namely

LB1 =By < S 'PASS 'vi =S 'vy < v, = PAv.

The third condition is

Bl Q1 =B; Q2L

D, O

0 Di|°

— vIgTgT [

=vig TgT [D2 DOJ SST1pPAS

0
= vi %l 31 =v, %2 gz} PA
N e T
= vi DOI 31 =viA” [DOI 31} A.

Based on the compatibility result above, we know that pg0fcw, induces a unique map ®s : Ocm,, / ~—

PH,, | ~sys defined as ®s([d, v].) = [ST {g g S, S_lv} . We now verify that ®s does not depend on
J sys

the choice of S € Sp(2n,R).

ds is independent of S. It suffices to check that, for Si # S2, we have (SlT {g 10)} 51,51_1V> =

(Q1, BY) ~sys (Q4, BY) := <S§ [10) lO)] Sa, Sz_lv>, which again goes back to checking (14) holds for some
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invertible L. We claim that L = 5271.5'1 does the job. The first condition is

LIQT = JQ5L
— LIQ\L™' =JQh

_ D 0 _ D 0
— 5751757 {0 D} 518718, = IS8T [0 D] Sa
D 0] _[D o0
= lo p|~ |0 bD|

The second condition is

LBy =B} < S,'8:15]'v=58'v <= v=v.

The third condition is
BI" Q1= By Q4L

_ D 0
— vIisrTsy [0 D] S1

— T8, TST [10) 10)] $2551,
+[D 0] +[D 0
— v [o D] —v {O D}.

Since ®s does not depend on S € Sp(2n,R), we may as well choose S = J,, and call it ®. Then ® has the

expression ®([d,v].) = HD 0

0 D} ,v] . We now verify that ® is injective and surjective, and hence an
sYs

isomorphism.

® is surjective. For an arbitrary choice [Q, B]sys of equivalence class, we take a representative @ and B.
Since Q is symmetric positive-definite, by Williamson’s theorem, Q = ST {g g} S for some S € Sp(2n,R)

and the diagonal entries of D are nonnegative and can be identified with d. Let v =S - B. Then we have
®s([d, v]s) = [@, Blsys- Given that &5 = @ for any S, it holds that ®([d, v].) = [@, B]sys. This concludes
® being surjective.

® is injective. For Dy 0 , V1| ~ays D, 0 ,Va |, it means there exists some invertible L such
0 Dy 0 D

that the conditions in (14) are all satisfied. We aim to show that (di,v1) ~« (d2,v2). The first condition
gives

D D Dy 0 D2

D, 0 _ Do 0
:det()dl—,]]{o Dl])—det()\]I—J[O DJ)

= (W Hdin) . (W din) = (W dEa) . (W ).

Dy 0] _ _[D: © Dl 0],.1_ .[D: 0
wly pl=s ple=ull pler-a g

Therefore, {d1;|i = 1,...,n} is the same as {d2;|i = 1,...,n} as a set, and this implies the existence of
some o € Sp such that d2; = dy 5(;) for i = 1,...,n. In other words, there exists some permutation matrix
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P, such that P {Dl 0 ] PT = [D2 0 } Thus, (i) of Definition 20 holds. Further, we have

0 D 0 D,
Dy 0] Do 0
LJ[O DJ—J[O DJL
Dy 0] D, 0 T
(:)LJ[O DJ—JP[O DJPL

Dy 0] Dy 0 T
<:>LJ[O DJ_PJ[O DJP L

Dl 0 D1

D, 0 Dy 0
@AJ{O Dl]_J{O DJA’

— PTLJ[%I 0} :J{Dl O]PTL

if we denote A := PTL. Thus, (iii) of Definition 20 holds true. The second condition of (14) says ve =
Lvy = PAvy. Thus, (iv) of Definition 20 holds true. Lastly, the third condition implies

[P 0] _ r[D2 07,
Y10 Dy 2|0 D,

= vi {Dl 0] = (PAvy)" (P [Dl 0 } PT> (PA)

0 D 0 D
T Dl 0 _ LT AT D1 0
<:>V1|:0 Dl]*le {0 Dl]A’

Thus, (ii) in Definition 20 holds. We conclude that ® is injective.

® is a homeomorphism with respect to the quotient topology. Before we prove this statement, we
first quote a lemma (see, for instance, Abraham et al. (1988)).

Lemma 39 Let X and Y be sets equipped with equivalence relations ~x and ~y respectively. If p : X — 'Y
is a map such that, for any x1, T2 € X, x1 ~x x2 if and only if ¢p(x1) ~y &(x2), then ¢ projects to a
unique map ¢ : X/ ~x— Y/ ~y between the quotient spaces given by ¢([x]~y) = [¢(2)]~y, and such that
the following diagram commutes. In particular, if ¢ is a homeomorphism between two topological spaces X
and 'Y, then (;3 is also a homeomorphism.

X% .y

[ s
X/ ~XxX L Y/ ~y
We now proceed with the proof.

(i) If (Q1,B1) and (Q2, B2) € PH,, are linked by some linear symplectic map S € Sp(2n,R) by (Q2, B2) =
(S7TQ157*,8By), then (Q1, B1) ~sys (Qz, Bs). Therefore, as an immediate consequence of Williamson’s
normal form, we have PH,,/ ~sys= PHfL“‘g/ ~sys, Where

PHY9 .— {({’03 g} ,v) ’D = diag(d),d; > 0,v € RQ"} )

0 D
fore, by identifying PH,/ ~sys with PH‘ff“g/ ~sys, the induced map of ¢ on the quotients is exactly ®.
By Lemma 39, ® is also a homeomorphism.

(ii) There is an obvious homeomorphism ¢ : Ocy, — PH given by ¢(d,v) = ([D 0] ,v>. There-

To summarize, we have that the following diagram commutes.

psobcH,

OcH,, PH,,

J/ﬂ'* J/ﬂ'sys

@C'Hn/ ~x ﬁ PHn/ ~sys
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9.5 Proof of Proposition 24

The axioms of being a groupoid mostly follow from the definition. Here, we only check the closure of the
multiplication operation m, that is, (L1Ls, (Q2, B2)) € G,. Note that

IN(L1L2)JQ2(LaLo) ™" = T LiJ(3T LaJQo Ly )Ly = T LaJQu Ly !
is symmetric positive-definite. On the other hand, we have
JT(L1L2)TJ](L1L2)B2 =1Ly LTI LoBy = JT LY LT IL, By
=J"L3I(I LTI B1) = J"L3IB1 = J" L] JL2Bs = Bs.

Thus, closure of multiplication is proved. We also need to show that o and 8 are submersions. Indeed, for
(L,(Q, B)) € Gn and (N, (P,C)) € T(1,(q,B))Fn, it holds that

d
Tz @.enaN, (P,C)) = o
t=0

= "NJQL™ +J'LIPL™' —J"LIQL™'NL™',LC + NB).

<JIT(L +tN)J(Q + tP)(L+tN)™", (L +tN)(B + tC))

Obviously, LC' 4+ N B can traverse R?" with varying N € GL(2n,R) and C € R®*". For the first component,
we can take N = L such that it becomes JT LJPL™'. Since the tangent space of an open submanifold can
be identified with the tangent space of the whole manifold, plus the fact that the tangent space of a vector
space can be identified with itself, we naturally conclude that Tz (g, sy« is surjective and hence « is a
submersion. Similarly, one check that 8 is a submersion.

Then, the orbit of the groupoid containing (Q, B) is given by

a(ﬂ_l(Q,B)) = a({(L, (Q, B))|L satisfies 1.(i) and 1.(ii) in Definition 23 })
= {(JTLJQLA,LBHL satisfies 1.(i) and 1.(ii) in Definition 23 }
={(@Q,B(Q',B') ~sys (@, B)}

9.6 Proof of Proposition 30

f is well-defined. If (di,v1) ~sys (d2, v2), then there exists an invertible matrix Lo such that
Lo - g7 (d1) = gi""(d2) - Lo
Lo~ (0,0,---,0,1)" = (0,0,---,0,1)"
95" (d1,v1) = g5 (dz2, v2) - Lo

Since we are restricting on canonical systems, we apply the representation theorem to deduce the existence
of some invertible matrices L;, i = 1,2 such that

Li- g7 (di) = JQ: - L

L;-(0,0,---,0,1)" =B,

95" (di,vi) = B{ Qi - L;
Now, check L = LzLoLl_1 is invertible and satisfies

LIQ:1 =JQ2L
LBy = B>
BIQ, = BYQ,L.
Therefore, (Q1, B1) ~sys (Q2, B2).

f is surjective. This is obvious, see the proof above.

f is injective. Given all the matrices are invertible, this can be shown by essentially reversing the proof of
f being well-defined.
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9.7 Proof of Proposition 31
We directly verify that

Lo (01,...00)T)0(5,(81,....8,)T) (d, V)

=T (05,(01,..00)T+ Py -(01,....0,)T) (A V)

= (Po-& : d’l-\(alvu,en)T ° FPO"(éhuwgn)T

VR
| —— |
ol
Q
T o
QI
—_
<
N———
N

= (P,P5 - d,
[ cos 50(1) O - sinéa(l) O ]
I . 0 08 0,(n) O —sinf, () [Pa 0 ] [P;, 0 ] v)
01,...,00)T — = -
@ ) sin (1) cos 0,(1) 0 K0 Fs
L O sin éo(n) O cos ga(n)
P, O P 0
= (PoPE : d;F(()l,..A,Q")T |: 0 Pa:| F(él,A.A,@n)T [ 0 P5:| V)

=T 01,0m7) To,@1,...,0,)7) (d; V).

9.8 Proof of Proposition 32

Recall that (di,vi) and (d2,vz) lie in the same (S, x4 T")-orbit if and only if for some o € S, and
(01,...,0,) € T".

(i) doi =dio@y, i=1,...,n.
.o 2 2 2 2
(i) V2 +V3nti = V1o3) + Vlntot)

Clearly, (i) above is equivalent to Proposition 18 (i). Moreover, Proposition 18 (ii) implies that for k£ =
0,...,n—1,

v |Fie O T T [Pk 0 T
Vi { 0 FI’J vi = (P v2) { 0 FI,IJ P vy

n
= Y P+ i)
=1

_ (4) 2 2
= Z‘Fllk : (’U2,0*1(i) + v2,n+o’*1(i))
i=1
Now, let Ry = (Ru,1,...,R1,n)", where R1; = vi, + v, ;. Let Ro = (Ro1,...,R2n)”, where Ro; =
vg o—1(i) —H)g nto—1(i)" Identify the diagonal matrix Fi i as a row vector in R™. Then, the above is equivalent

to saying that the inner product of Fi j with R; and R, are the same for all k = 0,...,n — 1. Rewrite these
inner products as matrix multiplication gives

Fipo
Fyy _

: -(R1—R2)=0.
Fl,n—l

The determinant of this ma,_trix is_ (HZL:1 di) . (H1§j<k§n d? — di) Since there are no repeated symplectic
eigenvalues, we must have R; = Rz, namely vii + vinﬂ- = v%}o_l(i) + “§,n+a—1(i) foralli =1,...,n. Thus,
(ii) holds by inversing the permutation o. The converse is clearly true.
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9.9 Proof of Proposition 33

f is well-defined. Let (di,v1) and (d2,v2) be in the same orbit of the (S, x4 T™)-action. This means
there exists o € S, and ® € T" such that I'v(d1) = d2 and I'e('s(v1)) = v2. This immediately implies
(d1)r = (d2)1, as well as R(vz) = R(I's(v1)). Moreover, let o; € S, be the unique permutation such that
I's,(di) = (di)4, ¢ = 1,2. Then we have,
d2 =T, -1((d2)1) =T, -1 ((d1)1)
= (l"%_l ol )(d1)

= F0'2_10‘1 (dl).

Since all the entries of d are distinct, we necessarily have ¢ = o5 'g1. We want to show R(['5, (v1)) =
R(Toy(v2)), but since R and I'; commutes for any o € S, this is equivalent to
Loy (R(v1)) = Toy (R(v2))
= Ty (R(v1)) = Loy (R(T(v1)))
& Ty (R(v1)) = Loz (R(T, 1, (V1))
)

— I'y, (R(Vl =R(ls,(v1)),

which is clearly true.

f is surjective. This is obvious.

f is injective. Now suppose ((di)+, R(I's,(v1))) = ((d2)+, R(T's,(v2))). This immediately implies the
existence of some o € S, such that T'c(d1) = d2. On the other hand, since d; = T'_-1(d:)1,i = 1,2,
we have 0 = o, ‘01 and hence ds = Fa;101 (d1). On the other hand, R(T's, (v1)) - R(Loy(v2)) im-
plies ’R(l"ogla1 (vi)) = R(vz), which further implies the existence of some ® € T" such that vy =
F@(Fagll71 (v1)). This concludes that (di,vi) and (d2, v2) lie in the same orbit.

9.10 Proof of Theorem 34

Proof of part (i). Say we are given a latent system

z = JnQz + Bu
T (31)
y =B Qz,
where J,, = [—(])I HS] , B € R*™ and Q a 2n by 2n symmetric, positive-definite matrix. Consider the matrix
0 I, 0 0
n 0 |-, 0 0 0
0 Jmm] | O 0 0 In—n
0 0 —In_»n 0

There exists a conjugate transform by an orthogonal matrix that turns this matrix into J,,, since only
elementary row(column) permutation matrices are involved, and these elementary matrices are themselves

orthogonal. That is, there exists 00T = 0TO = I,, such that O [J J 0 ] o7 = I Now, consider the

following linear port-Hamiltonian system in normal form
L I 0 ] 7 Q 0 T - B
i=(ofy 50 ]o") (0§ L0, 0" )arolg]w
. Q 0 T =~ B
=Jm (O [O Loy —an O |z+0 N

~(o[3]) ([} wlu]or)s

=[B"Q 0]0"z
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with the change of variable z = Oz, which is equivalent to
. [ IeQ 0 B
SOk
y=[B"Q 0]z

which, restricted to the upper subspace, coinsides with (31). Moreover, the matrix O [%2 I 0 ] o7 is
2m—2n

again symmetric positive-definite by construction.
Proof of part (ii). According to the system morphism conditions, we just need to check

LJnQZJmO{Q 0 ]OTL

0 H2m72n
B
w=olf

B'Q=[B"Q 0]O"L.

The first condition is

. Q 0 IS
q=3.03 0 |[%]

T _ 7T Q 0 ]IZn
<~ O L],Q =0"1,0 [0 H2m_2n] [O]

Lo I, 0 1@ 0 Ian,
el R G| e )
IO _ [In@Q
= [O}JnQ—[ 0 ]

The second and third conditions are clear with L = O [HB"]

9.11 Proof of Proposition 35

f is well-defined. Given (Q1,B1) ~sys (Q2, B2), there exists an invertible L € R*™ such that (14) is

satisfied. Let L' = O {8 I O | OT. Check that I/ satisfies the conditions (14) together with (Q}, B})
2m—2n

and (Q2, B3). Therefore, (Q1, B1) ~sys (Q2, Ba).

f is surjective. This is clear from definition of (Q’, B').

[ is injective. Given (Q}, Bl) ~sys (Q%, B}), it means there exists an invertible L’ € R*™ such that L'
satisfies the conditions in (14) together with (Q%, B}) and (Q%, B5). Write the matrix OTL’O in the form
[é; éﬂ , where L, € R?™. Then check L; satisfies the conditions (14) together with (Q1, B1) and (Q2, B2).
Therefore, (Q1, B1) ~sys (Q2, B2).
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9.12 Proof of Proposition 36

As before, we have

(N +d?) - (N +d2)
= det ()\Hzm — |: (;),

:det()\]lgm— ()" [ ,

= det )\I[Qm —

= det

o)

= det ()\]Igm T (ST [13 lg,_ s')

10 Q) -
=det (3an-3,0[3 7 ")
()\ + 1,0 Cg HQmO_Zn: OTJZ;>
(A +JmO Cg HQMO_ZR: (.]]mO)_1>
(umormao+[3 4, ])
()\O 7,0 + _%2 112,”0_2"_)
(PL AJS n] * {%2 Hzmofzn])

= (A2 +1)™7" - det(Al2y,

)\Jm n+]12m 2n) det()\Jn+Q)

- I.Q)
(A +dy)

If we fixed the order of symplectic eigenvalues d’ according to d’ =

(dy,. ..,
0 T
H2m72n
D 0
0 D]S 0 ot
0 I[Zm—Qn
D 0
0 "O D’ O S 0 oT
0 I[m n
D 0
0 oT "O T—n O -‘O S 0
JT_, D 0 0 Jm-n
0 I[m—n

ds1,. ..,

1), then

/
Clearly, Q' is also symmetric and positive-definite. Thus, again by Williamson’s theorem, Q' = (S")T [D

0

0
D’
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Now, we check the matrix O [g J 0

CHPEIRECI LY

} OT is symplectic, that is,

st o T S 0 T
=0 0 Jﬁﬂj (0" I 0) {0 Jm—n] (@]
_o[sT o w0 1[S 01 .
=910 Jﬁ_n} [0 Jm_n] [0 Jn)
_ol» 0 ]pr_
=0 0 Jm—n:| O =Jn.
S 0 T . . s . ;e - ,
Therefore, O 0 J O~ is a symplectic matrix diagonalizing @ in Williamson’s theorem. Then, we

deduce

/_//_SO TB_ SB_V
vesz-of5 0 Joro[f]-o[] -o]t.

9.13 Proof of Proposition 37

Similar to the proof of Theorem 22, simply replace Q with O [g I 0 } OT, B with O [g], S with
2m—2n

0] [g J]mo_n] O, D with [g Hmo—n:|, v = {37:5::] with v = [vfppw Om—n V%wer Om—n]T

9.14 A note on the design of discrete integrators on the transformed space

Even though we used just a simple Euler integration scheme in the numerical illustration, structure-
preserving integration algorithms could have been used. In particular, we could have used an implicit
midpoint rule which is symplectic (see Marsden and West (2001)), that is, it preserves the symplectic form
dq A dp. Recall that if Lr.g(q,q) is the Lagrangian function of the system of interest, then the midpoint
integrator is obtained by using the discrete Lagrangian

L3 (@0, a1, ) = hlLiag((1 — 0)a0 +oqy, L)

with a = % to approximate the exact discrete Lagrangian

h
LE (qo, a1, h) = / Lo (o1 (£), o1 () dt.
0

Explicitly, the midpoint integrator for a linear autonomous Hamiltonian system is

Zn+1 + Zn)
2 b

which in terms of the controllable Hamiltonian representation reads

zn+1—zn:h~JQ(

h ho o cr
L(Sn—H - Sn) = EJQL(STI-H + S’ﬂ) = §L : glt (d)(Sn+1 + Sn)7 (32)
where the second equality holds by the construction of L in the proof of Theorem 7 part (i).

Thus, for the symplectic structure to be preserved in the original space, we can merely integrate by

requiring Sn+1 — Sn = %gf” (d)(Sn+1 + sn), where gf"(d) as we have seen, takes the form

0 1 0 0
0 0 1 0
0 0 0 1
—ao —ai1 —a2 —Q2m-11, o
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Therefore, the integrator is given by

R ctr, o h ctr
snt1 = (l2n — _glt (d)) 1(]I2n + aglt

; () sn.

where the matrix inverse is well-defined for sufficiently small time step h. Indeed, the integrator can be
defined on the quotient space of L, since by (32), we may as well choose s,+1 such that

h cir
Sn+1 = Sn = 501" (d)(Snt1 +8n) + Sker
for an arbitrary sge, € ker(L).

By a similar argument, the midpoint rule in terms of observable Hamiltonian representation reads

h h obs
Sn+4+1 — Sp = L(Zn+l - zn) = §LJQ(ZTL+1 + Zn) = 5916 (d)(sn+1 + Sn)7 (33)
where the last equality holds by construction of L from Theorem 7 Part (ii).
Therefore, the integrator is

Sni1 = (oo — 28 ()7 (Tan + 292" () 50
In the case of port-Hamiltonian system, if the system is driven by some fiber-preserving external force
fu, that is, some input as in our case, then the discrete Lagrange-d’Alembert Principle can be used to
construct variational integrators so that all the correspondence relationships and error analysis of standard
variational integrators still hold (see Marsden and West (2001)). For example, the midpoint rule applied to
the controllable Hamiltonian representation becomes

Zn+1—zn:h~JQ(W) +

0
fH (zn+;n+l)
h ctr 0
=L(snt1 —8n) = §L g1 (d)(sn41 +sn) + fu (L(Sn+l+5n)) :
2

Note that this structure-preserving integrator is not explicit in general.
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