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Abstract. In this paper, a symplectic model reduction technique, proper symplectic decompo-
sition (PSD) with symplectic Galerkin projection, is proposed to save the computational cost for the
simplification of large-scale Hamiltonian systems while preserving the symplectic structure. As an
analogy to the classical proper orthogonal decomposition (POD)-Galerkin approach, PSD is designed
to build a symplectic subspace to fit empirical data, while the symplectic Galerkin projection con-
structs a reduced Hamiltonian system on the symplectic subspace. For practical use, we introduce
three algorithms for PSD, which are based upon the cotangent lift, complex singular value decom-
position, and nonlinear programming. The proposed technique has been proven to preserve system
energy and stability. Moreover, PSD can be combined with the discrete empirical interpolation
method to reduce the computational cost for nonlinear Hamiltonian systems. Owing to these prop-
erties, the proposed technique is better suited than the classical POD-Galerkin approach for model
reduction of Hamiltonian systems, especially when long-time integration is required. The stability,
accuracy, and efficiency of the proposed technique are illustrated through numerical simulations of
linear and nonlinear wave equations.
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1. Introduction. To save computational costs, model reduction seeks to ap-
proximate high-dimensional dynamical systems using simpler, lower-order ones that
can capture the dominant dynamic properties. The need for model reduction arises
because, in many cases, direct numerical simulations are often so computationally
intensive that they either cannot be performed as often as needed or are performed
only in special circumstances. See [2] for a survey on the available model reduction
techniques.

Among these techniques, the proper orthogonal decomposition (POD) with
Galerkin projection, which was first introduced by Moore [24], has wide applica-
tions in many fields of science and engineering, such as electric circuit analysis [25],
structural dynamics [1], and fluid mechanics [17, 29], to list a few. As an empirical
model reduction technique, the POD-Galerkin approach (or POD for short) involves
an offline-online splitting methodology. In the offline stage, empirical data is gener-
ated by direct numerical simulations of the original system. If the original system is
represented by a PDE, a discretized high-dimensional model can be derived by the
finite difference, finite element, and finite volume methods. The POD can be applied
to compute an optimal subspace to fit the empirical data. A reduced system is then
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constructed by projecting the high-dimensional system to this subspace. In the online
stage, one can solve the reduced system in the low-dimensional subspace. Recently,
many variants of POD-Galerkin have been developed to reduce the complexity of
evaluating the nonlinear term of the vector field, such as trajectory piecewise linear
approximation [28], missing point estimation [3], gappy POD [6, 32, 7], empirical in-
terpolation [4, 13], and the discrete empirical interpolation method (DEIM) [9, 10].
Thanks to these methods, the computational complexity during the online stage is
independent of the dimension of the high-dimensional model.

Generally, the classical POD method is not guaranteed to yield a stable reduced
system, even if the original system is stable [27, 26]. The instability of a reduced
system is often accompanied by blowup of system energy and flow volume. There-
fore, when the original large-scale system is conservative, it is preferable to construct
a low-dimensional reduced system that preserves the geometric structure and allows
symplectic integrators. However, much less effort has been expended in the field of
geometric model reduction. In the context of lagrangian systems, Lall, Krysl, and
Marsden showed that performing a Galerkin projection on the configuration space
and lifting the projection to the phase space lead to reduced systems that preserve
the original Lagrangian structure [18]. In order to reduce the complexity of non-
linear Lagrangian systems, Carlberg, Tuminaro, and Boggs combined Lall’s method
with the gappy POD to derive reduced nonlinear Lagrangian systems [8]. In the con-
trol community, the balanced truncation [16], moment matching [30], and tangential
interpolation [14] approaches were used to preserve the port-Hamiltonian structure.

In this paper, we propose a new model reduction technique, proper symplectic
decomposition (PSD), that preserves the symplectic structure underlying the Hamil-
tonian mechanics. Our main focus is to develop a basic framework behind symplectic
model reduction, which allows us to derive energy preservation and stability preser-
vation. The proposed technique yields reduced Hamiltonian systems which are ap-
plicable to long-time integration. Compared with other empirical model reduction
algorithms that preserve system energy, the PSD is easier for applications; the com-
putation complexity can be the same magnitude as the original POD and DEIM for
both offline and online stages. The PSD also increases the flexibility to construct
an optimal subspace that can yield a more accurate solution for the same subspace
dimension.

The remainder of this paper is organized as follows. Preliminaries of Hamilto-
nian systems and symplectic integrators are briefly reviewed in section 2. Section 3
presents the symplectic projection, which constructs reduced Hamiltonian systems. In
section 4, three different PSD algorithms are proposed to construct a symplectic ma-
trix, including the cotangent lift, complex singular value decomposition (SVD), and
nonlinear programming (NLP). In section 5, the symplectic discrete empirical interpo-
lation method (SDEIM) is developed in order to reduce the complexity of evaluating
the nonlinear vector term. Sections 3, 4, and 5 are respectively analogous to the clas-
sical Galerkin projection, POD, and DEIM. In section 6, the stability, accuracy, and
efficiency of the proposed technique are illustrated through numerical simulations of
linear and nonlinear wave equations. Finally, conclusions are offered in section 7.

2. Hamiltonian system and symplectic integrator. Let V be a vector space
of dimension 2n. A symplectic form on V is a nondegenerate and alternating bilinear
form, Q: VxV — R. The pair (V,Q) is called a symplectic vector space. Assigning
a symplectic form Q to V is referred to as giving V a symplectic structure. With
canonical coordinates on V denoted by (¢1,...,qn,P1,.-.,Pn), 2 takes a canonical
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form, Q = Z?:l dg; N\ dp;. Throughout this paper, we implicitly assume that V is
defined over the field R, which means V 22 R?". Moreover, for all vi,vs € V, Q is
represented by the Poisson matrix Jo,, i.e.,

0, I,
Q(v1,v9) = v{ Janva, Jon = [ ] ;

_In On

where I, is the n X n identity matrix. It is easy to verify that JgnJg;Z = J;Jgn = Iy,
and Ja,Jon, = JL JL = —1Iy,, where the superscript T represents the transpose of a
matrix.

Let H : V — R denote a smooth Hamiltonian function. The time evolution of an
autonomous Hamiltonian system is given by

where ¢ = [q1;...;q,) € R™, and p = [p1;...;pn] € R™. We abstract this formulation
by introducing the phase space variable = [g;p]' and the abstract Hamiltonian
differential equation

(2.2) T = XH(QJ),

where Xy (x) := J2, Vi H(z) is the Hamiltonian vector field. The flow ¥, of Xp is
a symplectomorphism, meaning that it conserves the symplectic form €2, the system
Hamiltonian H, and the volume of flow © [20].

Symplectic integrators are numerical schemes for solving a Hamiltonian system
while preserving the underlying symplectic structure. If the symplectic structure
is preserved, then the flow volume and system energy are automatically conserved
during time integration. By virtue of these advantages, symplectic integrators have
been widely applied to long-time integrations of molecular dynamics, discrete element
methods, accelerator physics, and celestial mechanics [15].

Let 0t denote the unit step for time integration. The symplectic Euler methods

¢ =¢ + 0tV H (¢t p) or ¢t = ¢ + 5tV H (g, /)
P =p =0tV H(¢Tp) P =p =0tV H(¢,p )

are symplectic integrators of order one. They are implicit for general Hamiltonian
systems. For separable H(q,p) = T'(p) + U(q), however, both variants turn out to be
explicit [15]. If the implicit midpoint rule is applied, then a second-order scheme is
obtained:

) . J+1 J
(2.3) 2 = 2 4 §tXy (u) .

2

In section 6, we will use the implicit midpoint rule for time integration. When X is a
Hamiltonian vector field, (2.3) gives a symplectic scheme, and the sympletic structure
is preserved at each step. When Xy is not a Hamiltonian vector field, (2.3) can still
be used for time integration, but the energy and stability are not preserved in general.

Most of the usual numerical methods, such as the primitive Euler scheme and
the classical Runge-Kutta scheme, are not symplectic integrators. A comprehensive
review of symplectic integrators and their applications for Hamiltonian ODEs can be
found in [15, 21]; the extension for Hamiltonian PDEs can be found in [5], where some
structure-preserving discretization methods are discussed to transform Hamiltonian
PDEs into Hamiltonian ODEs.

I The notations [q,p] and [q; p] are the same as the corresponding functions in MATLAB.
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3. Symplectic projection. The symplectic projection takes advantage of em-
pirical data to construct a reduced system while simultaneously preserving the un-
derlying symplectic structure. In other words, if the original system is Hamiltonian,
the reduced system remains Hamiltonian, but with significantly fewer dimensions.

3.1. Definitions of symplectic projection. Let (V,) and (W,w) be two
symplectic vector spaces; dim(V) = 2n, dim(W) = 2k, and k < n.

DEFINITION 3.1. A symplectic lift is a linear mapping o : W — V that preserves
the symplectic structure

(3.1) w(z,w) = Q(o(2), 0(w))

for all z,w e W.
Let z € W and « € V. Using canonical coordinates, a symplectic lift o : z — =

can be written as z = Az,

where A € R?"*?% and satisfies
(3.2) AT Jon A = Jop,.

A matrix that satisfies (3.2) for some k and n with k < n is called a symplectic matrix.
The set of all 2n x 2k symplectic matrices is the symplectic Stiefel manifold, denoted
by Sp(2k,R?™). Moreover, since J2, and Joi, are nonsingular, (3.2) itself requires that
k <n and rank(A4) = 2k.

DEFINITION 3.2. The symplectic inverse of a real matriz A € R*"*2k denoted
as A", is defined by
(3.3) At = JL AT o,
Although A% is not equal to the Moore—Penrose pseudoinverse (AT A)~1 AT in gen-
eral, AT has several interesting properties, as stated in the following two lemmas.

Using the definition of AT it is straightforward to verify Lemma 3.3.
LEMMA 3.3. Suppose A € R?"*%F and A% is the symplectic inverse of A. Then,

(3.4) A= (AT,
(3.5) A= (((AHHHT,
(3.6) At Ty, = Jop AT

LEMMA 3.4. Suppose A € R**2k and A% is the symplectic inverse of A. Then
the following are equivalent:

(a) A€ Sp(2k,R?").
(b) (AT)T € Sp(2k,R*").
(C) A+A = I2k~
Proof. (a) = (b). Replacing At by (3.3) and using AT Jo, A = Jo, yield
AT Jan (AN = (T3 AT Jan) Jon (T3 Ada) = Jo (AT Jon A) Jai = Joy..
Since ((AT)T)T = AT, we have (AT)T € Sp(2k, R?").
(b) = (c). Since (AT)T € Sp(2k,R?"), we have A+ Jo, (AT)T = Jo. Substituting
A by (3.5) and simplifying the expression yield
ATA = AT (AN = AT (I3, (AT) )T Jan) T = AT (S5 AT J2n) T
= AT JL (AN Ty, = (AT Jon (AT Jop = —Jop Jor, = Iog.
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(¢c) = (a). Replacing A* by (3.3) and plugging it into ATA = I, we ob-
tain JL AT Jo, A = Io,. Left multiplying Jox on both sides of this equation yields
AT JopA = Jo,. 0O

DEFINITION 3.5. Suppose 0 : W — V is a symplectic lift. Then the adjoint of o
is the linear mapping ©:V — W satisfying

(3.7) w(w,m(x)) = Qo(w), )

for allw e W and x € V. We say w is the symplectic projection induced by o.
Since a symplectic projection is linear, 7 : z + z has the form z = Bz, where
B € R?*27_ Using canonical coordinates, (3.7) yields

w? Jo,Bx = (Aw)TJgnx =wl AT oz,

where A is the symplectic matrix that represents o. Since w and x are arbitrary, we
must have Jor, B = AT .J,,. It follows that B = AT, and the symplectic projection
T :x — z can be written as

(3.8) 2= Atz

Since A* A = Iy, mo o is the identity map on W.

Remark 3.6. If we generalize (W,Q) and (V,w) to two symplectic manifolds
and consider nonlinear transformations, the symplectic lift and symplectic projection
respectively correspond to the symplectic embedding and symplectic submersion in
symplectic geometry. Since this paper focuses on providing efficient numerical algo-
rithms for practical applications, we consider only linear transformations between two
vector spaces, although both the original and reduced systems can be nonlinear.

Now suppose A”.J5, A = Joi, and z(t) € Range(A) for all t. Then, x(t) = Az(t).
Using the chain rule, we obtain V,H(Az) = ATV, H (z). Taking the time derivative
of (3.8) and using (2.2) and (3.6), the time evolution of z is given by

3=AYd = AT 15, Vo H(z) = Jo, ATV H(x) = Jo, V. H(Az),

where the last expression is a Hamiltonian vector field. Even if x(¢) ¢ Range(A) for
some t, the last expression is still well-defined. Thus, we can define the symplectic
Galerkin projection.

DEFINITION 3.7. The symplectic Galerkin projection, or symplectic projection,
of a 2n-dimensional Hamiltonian system & = Jo, Vi H(x) with an initial condition
x(0) = zg is given by a 2k-dimensional (k < n) system

(3.9) i = Jou V. H(z); 20 = At g,

where H := HoA is the reduced Hamiltonian function, A € Sp(2k, R?") is a symplectic
matriz, and A* = JL AT Ja, is the symplectic inverse of A.

Remark 3.8. Some Hamiltonian systems, such as the Burgers equation and the
KdV equation, have nontrivial symplectic structures [20], which can be written in the
form

(3.10) &= JV.H(x),

where J € R?"%2" is a nonsingular skew-symmetric matrix. When J # Ja,, (3.10)
does not denote a standard Hamiltonian system. Nevertheless, for any nonsingu-
lar skew-symmetric matrix J, there exists a congruent transformation such that
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QJQT = Jo, [11], where Q is a nonsingular matrix. Let y = Qx, then V, H(z) =
QTV,H(Q y). It follows that

U= Qi=QJV,.H(x) = Jon(Q )V, H(x) = J2n, V, H(Q 'y).

The last equation indicates that a Hamiltonian equation with a nontrivial symplectic
structure can be transformed to the canonical form and therefore can be simplified
by the symplectic projection.

3.2. Linear Hamiltonian systems. A Hamiltonian system is linear if H(z) =
%xTLx, where L is a 2n x 2n real symmetric matrix. Let K := Js,L; the linear
Hamiltonian system can be written as

(3.11) t = Jop Lo = Kx.

A matrix of the form K = Js,, L, where L is symmetric, is called a Hamiltonian matrix.
In addition, the set of all 2n x 2n Hamiltonian matrices, denoted by sp(R?"), is a Lie
algebra [22]. The fundamental matrix solution to (3.11) is given by

(3.12) z(t) = eXlxy.

Since (exp(Kt))T Jop, exp(Kt) = Ja,, we have exp(tK) € Sp(2n, R*"), which means
that the matrix exponential of a Hamiltonian matrix is symplectic. Conversely, the
logarithm of a square symplectic matrix is Hamiltonian [23].

Plugging the H(z) = H(Az) = (A2)TL(A?) into (3.9) yields a reduced system,

(3.13) i = JyLz =Kz,

where I ;== ATLA and K := Jo,L. Since L is symmetric, we have K € sp(R?¥),
which implies that the reduced linear system (3.13) is also Hamiltonian.

Since the reduced system constructed by the symplectic projection is always
Hamiltonian, energy and stability are preserved during the time evolution.

3.3. Energy preservation. Let AH(t) := H(z(t)) — H(z(t)) denote the energy
discrepancy between the state z(t) and its approximation, Az(t), derived from a
reduced system. Since both the original and reduced systems are Hamiltonian, the
system energy is conserved during time evolution. Moreover, H = H o A by the
definition. Thus, AH (¢) is determined by the initial condition zy and the basis matrix
A for all t, i.e.,

(3.14) AH(t) = H(2(0)) — H(2(0)) = H(zo) — H(AA xy).

If 2y € Range(A), we have AATxy = z(, which implies AH (t) = 0 for all ¢; we say
that the reduced system is energy preserving.

If 2y ¢ Range(A), we can always extend A to a larger symplectic matrix Aeys such
that the reduced system remains energy preserving. Specifically, suppose A = [A,, Ap)
for A,, A, € R27%k  Since xo ¢ Range(A), we must have rg := xg — AATzy # 0.
Thus, the unit vector, 7o := ro/||ro]|, is well-defined. One possible extension of A is
given by

(315) Aext = [AqafbaApan;L’ﬁo]'

It is straightforward to verify that AL Jo,Acxt = Jopio and zg — AcxtA;;ta:g = 0.
The last equation means that zo € Range(Aext), and therefore, AH(t) = H(zo) —
H(Aext Al 0) = 0 for all ¢,
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3.4. Stability preservation. In this subsection, we assume that the reduced
system is constructed by the symplectic Galerkin projection. We also assume xy €
Range(A), and the initial condition of the reduced system is given by zg = Atxg.
The following two theorems imply that energy preservation is a strong indicator for
preserving stability.

THEOREM 3.9. Consider the Hamiltonian system (2.2) with the initial condition
xo € R?". If there erists a bounded neighborhood U of xq in R?"™ such that H(xg) <
H(z), or H(zo) > H(x), for all x on the boundary of U, then both the original system
and the reduced system constructed by the symplectic projection are uniformly bounded
for all t.

Proof. We first assume that H(xg) < H(zx) for all x € U, where OU denotes
the boundary of U. Since U is bounded, so is 0U. Because OU is also closed, oU
is compact. Since H : R?® — R is continuous, by the extreme value theorem, there
exists a point z; of OU such that H(xz) > H(z1) for all z € OU. Since H(zo) < H(z)
for all x € OU, H(xo) < H(z1). Because the system energy is conserved during time
evolution, we have H(x(t)) = H(xzg) < H(x1) for all ¢. Tt follows that x(t) € U for
all ¢, because if not, there is a time t; when z(¢t1) € OU, and H(xz(t1)) > H(x1), a
contradiction.

Let Us = U N Range(A). Since U is a bounded open set in V, Uy is also open
in Range(A) and bounded. Let OUy4 be the boundary of Us in Range(A), OUs C
0U N Range(A). Thus, H(xzo) < H(x) for all z € Uy. By the argument in the last
paragraph, we have Az(t) € Uy for all ¢t.

Finally, if H(zo) < H(z) is replaced by H(zo) > H(z), we can define H(z) =
—H(z). Then, H(zo) < H(z) for all z € U. Thus, the conclusion still holds. O

An equilibrium point z, of system (2.2) is Lyapunov stable if for every € > 0, there
exists a 6 > 0 such that ||z(¢) — x.|| < € for all ¢ > 0 whenever ||z¢g — z.|| < §. When
(2.2) is linear and uniformly bounded, it is marginally stable in the sense of Lyapunov.
In section 3.2, we show that when the original Hamiltonian system is linear, then the
reduced system constructed by the symplectic projection is also linear. Thus, if the
assumption of Theorem 3.9 holds, both the original and reduced systems are Lyapunov
stable.

THEOREM 3.10. If x. € Range(A) is a strict local minimum or mazimum of
H, then x. is a stable equilibrium for both the original Hamiltonian system and the
reduced system constructed by the symplectic projection.

Proof. We first assume that x, is a strict local minimum of H. Then, there
is an n > 0 such that H(z,) < H(z) for all z satisfying 0 < ||z — x| < 7. Let
k = min(e,n) and S = {z € R* : ||z — z.|| < k}. Since 95 is compact, by the
extreme value theorem, there exists a point x1 of S such that H(z) > H(x;) for
all z € 8S. Since z; € 8S, H(x,) < H(x1). Because H : R?® — R is continuous,
there is a ¢ > 0 such that H(x) < H(z1) for ||z — x| < 6. If ||zo — x|| < §, then
H(zo) < H(z1) < H(z) for all x € 0S. By Theorem 3.9, z(t) € S for all t. Thus, z,
is a stable equilibrium for (2.2).

Suppose U is a neighborhood of z,, and z, is the minimum of H in U. It imme-
diately follows that x, is also the minimum of H in Ua, where U4 = U N Range(A).
Thus, by the argument in the last paragraph, x, is also the stable equilibrium of the
reduced Hamiltonian system.

Finally, if z, is a strict local maximum of H, x, is a strict local minimum of H ,
where H(x) = —H (z) . Therefore, the conclusion still holds. [
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The symplectic projection is analogous to the Galerkin projection, both of which
construct reduced equations in some low-dimensional subspaces. However, the sym-
plectic projection yields a reduced symplectic system by (3.9), while the Galerkin
projection generally destroys the symplectic structure. Evolving the system (3.9) by
a symplectic integrator preserves system energy and stability. By contrast, even if
the POD subspace can provide an accurate representation of the empirical data, the
reduced system constructed by the Galerkin projection may not be able to preserve
these properties of the dynamics. In the next section, we shall discuss some PSD
algorithms to construct a symplectic matrix A. This approach is an analogy to POD
that constructs an orthonormal basis matrix.

4. Proper symplectic decomposition. Let z(t;) = [q(t;);p(t;)] € R?" (i =

1,...,N) denote N data points. Define a snapshot matrix

(4.1) M, = [z(t), ..., z(ty)).

The symplectic projection of M, onto a low-dimensional subspace is given by M, =
At M,, where A € Sp(2k,R*™), M, = [2(t1),...,2(tn)] € R**N and z2(t;) =
A*z(t;). The same projection of M, in the original coordinates is given by AM,,
or AATM,.

The Frobenius norm || - || can be used to measure the error between M, and its
projection M,. Suppose a symplectic matrix A minimizes the projection error in a
least squares sense. Then, A is a solution of the following optimization problem:

minimize || M, — AATM,||F

4.2
(4.2) subject to AT Jon A = Jop.

Since the objective function has a fourth-order term in A after an expansion, (4.2)
can be solved only iteratively. Because matrix A has 4nk elements, directly solving
(4.2) is very expensive if n > 1. For this reason, we propose three efficient algorithms
to construct an approximated optimal solution for the symplectic matrix A: these are
the cotangent lift, complex SVD, and NLP.

4.1. Cotangent lift. In this section, an SVD-based algorithm is proposed to
construct a symplectic matrix directly. The idea is to search the optimal matrix, A,
in a subset of Sp(2k, R?"), such that all the empirical data approximately lies on the
range of A;. In particular, we define a set M (2n, 2k) by

(4.3) M (2n, 2k) := Sp(2k, R*™) N { [C(I)’ g] ‘ d e R”X’“} .

If Ay € My(2n,2k), A; = diag(®,®) for some ® € R"**. Then, AT J5, A1 = Jos
if and only if ®7® = I, which implies that ® is an element of the Stiefel manifold
Vi (R™). It follows that

(4.4) My (2n, 2k) — { B’ g] ‘ B Vk(R")} .

Let R and @ denote two vector spaces; dim(R) = k, dim(Q) = n, and k < n.
Then, TR = R X R (resp., TQ = @ x Q) gives the tangent bundle of R (resp., Q).
Suppose f: R — @ and 7 : Q — R are linear mappings satisfying w o f = idg. Then,
a tangent lift f. : TR — TQ of f can be defined by (r,w) — (f(r), f(w)), and a
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tangent lift 7, : TQ — TR of m can be defined by (q,u) — (7(q),7(u)). The f and
the tangent lift 7, induce a cotangent lift 7* of =.

DEFINITION 4.1. Let R* (resp., Q*) be the dual space of R (resp., Q), and let
(w)p = R*xR = R (resp., <-,->Q = Q" X Q — R) be the duality paring. Let
W =T*R~ R x R* (resp., V=T*"Q = Q x Q) denote the cotangent bundle of R
(resp., Q). The cotangent lift, 7* : W — V. of 7 is defined by a linear mapping

(4.5) (r,s) = (f(r),0(s)),

where r € R, s € R*, and o : R* — Q% is the adjoint of m satisfying
(4.6) (o(s),u)g = (s,7(u)

for all u € Q.

Given bases in R and @, the linear mappings f and 7w can be represented by
matrices ® and ¥7 for ®, U € R"*%. The constraint 7 o f = idr requires that
UT® = ;. By choosing dual bases in R* and Q*, (4.6) yields o(s) = Us. Thus, the
cotangent lift 7* can be written as

x=7n"(z) = Bz

for z € W and z € V, where B := diag(®, ¥). Since BTB = Iy, Lemma 3.4 yields
that B € Sp(2k,R*").

Especially when ® = ¥, B degenerates to A;, and the constraint ¥7® = I,
becomes ®7® = I,. In this scenario, the range of ® should approximately fit for
both ¢(¢) and p(t). As Algorithm 1 indicates, & can be computed by the SVD of an
extended snapshot matrix M; € R"*2N | which is defined by

(4.7) My = [q(t1),...,q(tn),yp(t1), ..., yp(tn)],

where 7 represents a weighting coefficient that balances the SVD truncation error of
q(t;) with p(t;). Let ¢(t) and p(t) denote approximating solutions obtained from a
reduced system. If the goal is to minimize ||[G(¢);5(¢)] — [¢(¢); p(¢)]]|2, we can choose
v =1 so that ¢(¢) and p(t) have the same status in the SVD truncation. If the goal

is to minimize ||§(t) — q(t)||2, we can simply choose v = 0.2

ALCGORITHM 1. COTANGENT LIFT.
Require: An empirical data ensemble {q(t;), p(t;)}}¥ ;.
Ensure: A symplectic matrix A; in block-diagonal form.
1: Construct an extended snapshot matrix My as (4.7).
2: Compute the SVD of M; to obtain a POD basis matrix ®.
3: Construct the symplectic matrix A; = diag(®, ).

THEOREM 4.2. Suppose M, € R2"*N s the snapshot matriz defined by (4.1). If
we select v =1 in (4.7), the symplectic matriz Ay constructed by Algorithm 1 is the
optimal solution in My (2n,2k) that minimizes the error in the projection of M, onto
the column space.

2However, if the Hamiltonian has the form H(q,p) = %pr — V(q), where V : R® — R denotes
the potential function, one may consider q(t;) =+ dtp(t;) to also be a snapshot of the trajectory of
q(t). Thus, if the goal is to minimize ||G(t) — ¢(t)||2, we can also choose v = §t for this special case.
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Proof. Similar to (4.2), we can express the optimization problem as

minimize  ||M, — A AT M,||r

(4.8) _
subject to A; € M;(2n, 2k).

Let M, := [q(t1),...,q(tn)] and M, = [p(t1),...,p(tn)]. By definition, M, =
[My; M,). Since A; = diag(®,®) and ®T® = I, we have AT = diag(®T, ®7T).
Moreover, v = 1 implies that My = [M,, M,]. Then, the objective function becomes

M & o] [T 0] [M
_ + — q| _ q
It AlAlelF—H[ 115 @Ho o] [
(I, — @7 M,
1 —q>q>T -
= ||[(I, — <I><I>T)Mq, (I, — ®dT)M,)]

= ||(In - (I)(I)T)[Mqv MZD]HF
= [|M; — 2" My

F

I

I

Thus, ® can be directly solved by the truncated SVD of My,
(4.9) M ~ oxUT,

where the matrix ¥ is a k x k diagonal matrix with nonnegative real numbers on
the diagonal; ® and ¥ are real matrices and satisfy ®7® = ¥7W¥ = . Thus, the
symplectic matrix A; constructed by Algorithm 1 is the optimal solution for the
optimization problem (4.8). O

It should be mentioned that in [18], a tangent lift method is used to construct a
reduced Euler-Lagrange equation to preserve the Lagrangian structure of the original
system. Specifically, a POD basis matrix ® € R"** can be constructed by the SVD
of a snapshot matrix [g(t1),...,q(tn)] for ¢(t) € Q. Then, the original Lagrangian
L(q,q) in the tangent bundle T'Q is approximated by f/(r, 7) = L(®r,®r7) in TR,
where r(t) € R. Thus, a reduced system for (r,7") can be given by the Euler-Lagrange
equation of L(r,7).

By the Legendre transformation, the reduced Lagrangian system can be trans-
formed into a reduced Hamiltonian system. Meanwhile, the proposed cotangent lift
method can yield another reduced Hamiltonian system. However, the two reduced
systems are not equal in general, in two aspects.

First, the two reduced systems reside on different subspaces. In either case, the
subspace can be presented as the column space of A; = diag(®, @), where ® is a POD
basis matrix for the generalized coordinates. In [18], the tangent lift constructs ® from
a snapshot ensemble of ¢(¢). In this paper, the proposed cotangent lift constructs ®
from a snapshot ensemble of ¢(¢) and p(t), as (4.7) indicates.

Second, the two reduced systems give different trajectories on R?*. Consider
a Lagrangian of the form L(q,q) = 24" Mg — V(q), where the mass matrix M €
R™*™ is nonsingular and the potential function V : R®™ — R is smooth. Then, the
reduced Lagrangian is given by L(r,7) = %TTMT — V(®r), where M = ®TM® ¢
R**k_ Suppose M is also nonsingular; the Legendre transform produces the reduced
momentum by s = M7 and the corresponding Hamiltonian by

- 1 .-
H(r,s) = s'i — L(r,7) = §STM*15 + V(Pr).
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On the other hand, with p = M, the original Hamiltonian in R?" is H(q,p) =
%pTM 1+ V(q). Then, the reduced Hamiltonian constructed by the cotangent lift
method on R?* is given by

H(r,s) = H(®r, &s) = %ST(@TM_l‘:I))S + V(®r).

Unless M = I,,, 8" M ~'® = M~ does not hold in general; thus H (r, s) and H;(r, s)
can determine two different trajectories on R?*.

4.2. Complex singular value decomposition. This section proposes an SVD-
based algorithm to construct a symplectic basis matrix, such that the off-diagonal
blocks are nonzero submatrices. If we use ¢(t) + ¢p(t) to describe the solution tra-
jectory in the phase space (1 = v/—1), we can construct a complex snapshot matrix
My € cnN by

(4.10) My = [q(t1) + wp(t1), ..., q(tn), +ep(tn)].

By definition, we have My = M +.M,,. Suppose a unitary matrix U € C™** minimizes
the error in the projection of My onto the column space. Then, U can be obtained
from the following optimization problem:

minimize ||M2 —UUH M,
subject to UHU = I,

(4.11) B

where U is the conjugate transpose of U. The optimal value of U can also be
obtained by the truncated SVD of My,

(4.12) My~ USVH,

where the matrix ¥ is a k x k diagonal matrix with nonnegative real numbers on the
diagonal, and U and V are complex matrices and satisfy UPU = VHEV = I,..

Let Vi (C™) denote a complex Stiefel manifold. Then, its element U € Vj,(C™) has
the form U = ®+4.¥, where ®, ¥ € R"**¥, We define a mapping <7 : V;,(C") — R2n*2k
by the formula

(4.13) o (U) = [‘I’ _‘I’} .

v o

LEMMA 4.3. The mapping <7 is injective. The image of < is equal to Ma(2n, 2k),
where

(4.14) My (2n, 2k) := Sp(2k, R*™) N { [i _dﬂ ‘ RS R”X’“} :

Proof. Tt follows from &’s definition that it is injective. If ® 419 € Vi (C"), then
(® + 0 U)H(® + W) = I}, which is equivalent to

(4.15) Te + 0TV =1, TV =00

Let Ay = o/ (® +1¥). Using (4.15), it is easy to verify that Al Ja, Ay = Jop. Thus,
As € My(2n, 2k), ie., o (Vi(C™)) C Ma(2n,2k).
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Conversely, if Ay € My(2n, 2k), then AL J5, Ay = Joi. Plugging Ay = [@, —V; U,
®] into AL Js, Az = Joi, gives (4.15). Tt follows that (® + U)H(® +,¥) = I;. Asa
result, ® + ¥ € V,(C"), and & ~1(M2(2n, 2k)) C Vi (C"). O

Lemma 4.3 implies that the function &/’ : Vi (C") — Ma(2n,2k) obtained by
restricting the range of <7 is bijective. A topology on Vi (C") (resp., Ma(2n,2k))
can be set as the subspace topology of C"** (resp., R?"*2¥) that is induced by a
matrix norm. It is easy to show that both &/’ and («’)~! are continuous mappings
in terms of the subspace topology. Thus, &/” is a homeomorphism, and My (2n, 2k) is a
submanifold of Sp(2k, R?"). Consequently, a symplectic matrix A, can be constructed
through the mapping /. Algorithm 2 outlines the procedure.

ALGORITHM 2. COMPLEX SINGULAR VALUE DECOMPOSITION.
Require: An empirical data ensemble {q(t;), p(t;)}}¥,.
Ensure: A symplectic matrix As in block form.

1: Construct a complex snapshot matrix My as (4.10).

2: Compute the SVD of M5 to obtain a basis matrix ® + V.

3: Construct the symplectic matrix A = [®, —U; ¥, P].

Matrices in M (2n,2k) are not only symplectic but also orthonormal. To see
this, we can substitute Ay = [®, ¥; —¥, @] into (3.3) and obtain AF = JL AL Jy, =
AT Tt follows that Al Ay = A;_Ag = Iy, ie., Ay € Vor(R?"). Conversely, for
any Ay = [®,¥;—W, ®] that belongs to Vo, (R*"), (4.15) holds, which means that
As € Sp(2k,R?"). Therefore, M (2n, 2k) can also be defined by

P —\If}

(4.16) M (2n, 2k) = Var (R*") “{ {\1} )

RS R"Xk} .

The following lemma gives the other equivalent definition of My (2n, 2k).
LEMMA 4.4. Suppose My(2n,2k) is the matriz manifold of R?>"*2F defined by
(4.14). Then,

(4.17) My (2n, 2k) = Sp(2k, R?™) N Vo, (R*™).

Proof. By (4.14) and (4.16), My(2n,2k) C Sp(2k, R*™) N Vo (R?™). Conversely,
let Ay = [Ag, Ap] € Sp(2k,R?*™) N Vo (R?"), where A, = [&1,...,&] € R?™F and
Ay =[G, -+, C) € R7F . Orthonormality of A requires that ||&]| = ||¢;]| = 1 for any
i€{l,...,k}. It follows that || JZ & = 1. Thus, ||J4,&] = [|¢i]|- On the other hand,
symplecticity of Ay requires that Q(&;,(;) = 1, which implies that <J27;1§i,g> = 1.
The Cauchy-Schwarz inequality states that (J3,&,G) < [|J3,&] - [|Gll, and two sides
are equal if and only if JI & and (; are parallel. The combination of orthonormality
and symplecticity gives JI & = (. It follows that As must have the block form
[Ag, JE A, or [@,—W; ¥, @] if A, is written as [®; U] for &, ¥ € R™"*F. Therefore,
A € Ma(2n,2k). Since Az is arbitrary, Sp(2k, R?"™) N Vo, (R?") C My (2n, 2k). O

Since &’ is a homeomorphism, (4.16) and (4.17) yield

Vi (C™) & My (20, 2k) = Vo (R2™) { [‘I’ —‘I’] } 5.0 e Rnxk}

v P
(4.18) = Sp(2k, R*™) N Var (R?™).
Specifically, when ¥ = 0, we obtain
(4.19) Vi (R™) 22 M (2n, 2k) = Var, (R*™) N { B) ((I))] ‘ NS R”Xk} .
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Moreover, & also preserves algebraic structures, as one can easily verify the
following lemma.

LEMMA 4.5. Let C € C"*" gnd D € C"*"s. Then, we have &/ (C)</ (D) =
o (CD) and o (CH) = (o7 (C))T.

THEOREM 4.6. Suppose M, € R**N s the snapshot matriz defined by (4.1). The
symplectic matriz As constructed by Algorithm 2 is an optimal solution in My (2n, 2k)
that minimizes the error in the projection of [M, JL M,] onto the column space.

Proof. By Lemma 4.5, the truncated SVD of My given by (4.12) yields

(4.20) o (M) = o (U)ot (2)e (V) = o7 (U) e (D) (e (V)T
Since UFU = I, by Lemma 4.5, we have
(U)o (U) = (U (U) = o/ (UTV) = o (It) = Loy,

Similarly, (&7 (V))T.«/ (V) = I holds due to VEV = I;,. Moreover, &/ (%) is a real
diagonal matrix that contains the largest 2k singular values of &/ (Ma2). Thus, the
right-hand side of (4.20) provides a truncated SVD for o7 (Ms).

In Algorithm 2, the symplectic matrix is constructed by Ay = o7 (U). Meanwhile,
using the definition of My and M,, we have

M‘I _MP

] — (M, JEM,].
Thus, Ay is a POD basis matrix of [M,, 2, M,]. Consequently, A is an optimal
matrix in R?"*2% (more than just in My (2n,2k)) that minimizes the projection error
of [M,, JEM,]). O

Theorem 4.6 implies that the complex SVD is designed to fit [M,,
JI M,], rather than M, itself. As a result, Algorithm 2 can only construct a near
optimal matrix in M.

4.3. Nonlinear programming. Although it is often too expensive to solve the
optimization problem (4.2) directly, one can search a near optimal solution over a
subset of Sp(2k,R?"). The proposed NLP algorithm here is analogous to the opti-
mization algorithm in [12], where an optimal POD basis matrix is constructed from
a linear transformation of a snapshot matrix.

In particular, if we have a prespecified basis matrix A; € M;(2n,2r) or Ay €
Mo (2n,2r), with & < r < n, we may assume that the near optimal solution Az €
Sp(2k,R?™) is a linear transformation of A; or Ay. Now suppose the cotangent lift
yields a symplectic matrix Ay in My (2n, 2r). If Range(As) C Range(A;), we have

(4.21) As = A, - C,

where C' € R?7*2F ig the coefficient matrix of As with respect to the basis vectors of
A;. Plugging (4.21) into AL J5, A3 = Joi, and using AT Jo, A1 = Ja, give

(422) CTJ2TC = J2/€7

which implies C' € Sp(2k,R?"). Since (A;C)*t = O+ AT, the original optimization
problem (4.2) reduces to
minimize ||M, — A,CCtT AT M, || r

4.23
( ) subject to  CT Jp,.C' = Joy.
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Let A; = diag(®,®), where & € R™*". The initial value for (4.2) can be A3z =
diag(®’, ®'), where &’ denotes the first k& columns of ®. Correspondingly, the initial
value for (4.23) is given by C = diag(l,xk, Irxk), where I, denotes the first k
columns of the identity matrix I,.. When r < n, the size of C is much smaller than
the size of As, and thus the computational cost of (4.23) is significantly lower than
the original optimization problem (4.2).

ALGORITHM 3. NONLINEAR PROGRAMMING.

Require: An empirical data ensemble {q(t;), p(t;)}},.

Ensure: A symplectic matrix Az € Sp(2k, R?").
1: Construct a symplectic matrix A; € M (2n, 2r) with r >k by the cotangent lift.
2: Solve (4.23) and obtain a coefficient matrix C' € Sp(2k, R?").
3: Construct the symplectic matrix A5 = Ay - C.

So far, three different PSD algorithms have been proposed to construct a sym-
plectic basis matrix. Corresponding to three manifolds with the inclusion maps,

Vi(R™) < Vi (C") <% Sp(2k, R2"),

we propose the cotangent lift, complex SVD, and NLP. The cotangent lift and com-
plex SVD algorithms are faster and more easily implemented in offline computation;
their computational costs only involve the SVD. However, both algorithms search
optimal basis matrices in submanifolds of Sp(2k, R?"?), rather than in Sp(2k, R?")
itself. Therefore, they sacrifice certain accuracy to fit the empirical data in order to
reduce costs. By contrast, the NLP is more expensive in offline computation, since
it requires solving an optimization problem in Sp(2k,R?") based on a prespecified
basis matrix constructed by another algorithm. However, the NLP can result in a
symplectic matrix to fit the empirical data with less projection error.

For the cotangent lift, we have a parameter « in (4.7) to balance the truncation
error of ¢(t) and p(t). At first glance, the other two algorithms do not have a similar
weighting option. However, we can always construct a linear transformation from
x = [g;p] to z, = [¢; py] by py = vp and then solve the rescaled Hamiltonian equation
based on H (¢,py) := H(q,py/7v). The fully resolved rescaled Hamiltonian system
is equivalent to the original one; depending on the subspace on which the reduced
system lives, however, the reduced models for the original and rescaled systems are
not equivalent in general. A weighted data ensemble for the rescaled system can be
defined as

(4.24) M, = [z (t1),...,24(tN)].

Then, a symplectic subspace can be constructed to fit M, by any of the aforemen-
tioned PSD algorithms. Thus, the complex SVD and NLP can also flexibly balance
the truncation error of p(t) and ¢(t) by choosing a suitable value of .

5. Symplectic model reduction of nonlinear Hamiltonian systems. As
an approximation of the symplectic Galerkin projection, SDEIM is developed in this
section. The motivation of SDEIM is to reduce the computational complexity of a
nonlinear Hamiltonian system while simultaneously preserving the symplectic struc-
ture. Before introducing SDEIM, we will give a review of the classical DEIM.
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5.1. Discrete empirical interpolation method. Let x € R™ denote the state
variable in the original space and let f : R™ — R™ denote the discretized vector field.
The full-order dynamical system can be described by an initial value problem

(5.1) &= f(z) =Lz + fn(z); =(0) = o,

where the original vector field f(x) is split into a linear part Lz with L € R™*™ and
a nonlinear part fy(z) with fry : R” — R™.

Let ® € R™** denote a POD basis matrix. Then, the Galerkin projection can be
used to obtain a reduced system on the column space of P,

(5.2) 5 =0T f(®2) = Lz 4 0T fy(D2); 29 = ®T o,

where z(t) € R* is the reduced state, and L = ®TL® € R**¥ is the reduced linear
operator.

According to some previous studies [9, 27], the POD-Galerkin approach can
achieve computational savings only when the analytical formula of the nonlinear vec-
tor term ®7 fx (®2) can be simplified, especially if fy(z) is a low-order polynomial in
x. Otherwise, one usually needs to compute the state variable z := ®z in the original
coordinate system, evaluate the nonlinear vector field fy(x), and then project fn ()
back to the column space of ®. In this scenario, solving the POD reduced system can
be more expensive than solving the original full-order system.

DEIM focuses on approximating fy(x) so that a certain coefficient matrix can be
precomputed and, as a result, the complexity in evaluating fx(z) becomes propor-

tional to the small number of selected spatial indices [9]. Let 8 = [B1;...;0m] € R™
be an index vector, and let 3; € {1,...,n} be an index. Define an n X m matrix
(5.3) P:=les,,...,eg,],

where eg, is the §;th column of the identity matrix I5,. Then, left multiplication of
fn(x) with PT projects fn(x) onto m elements corresponding to the index vector 3.
Now suppose fy(z) resides approximately on the range of an n X m matrix ¥; then
there exists a corresponding coefficient vector 7 € R™ such that fy(z) = Ur. The
coefficient vector 7 can be determined by matching the fy(z) at selected m spatial
indices, i.e., PT fy(z) = PTWUr. Suppose PT fx(x) is nonsingular. Then, we have
7 = (PTW)~'PT fn(x). Thus, the approximation fy(z) of the nonlinear vector term
fn(z) becomes

(5.4) fn(@) =07 = O(PTO) 1P fy(a),
and the reduced system (5.2) can be approximated as
(5.5) i =Lz +Wg(z),

where W = ®TU(PTW)~! and g(z) = PT fx(®z). Notice that W is calculated only
once at the offline stage. At the online stage, g(z) is evaluated on m spatial indices
of fn(®z). Therefore, the complexity of the DEIM-reduced system (5.5) can be
independent of the dimension of the original system.

In order to construct (5.5), the SVD can be applied to construct a POD basis
matrix ® based on an empirical data ensemble [z(t1),...,2z(tx)] and the collateral
POD basis matrix ¥ based on another data ensemble [fn(x(t1)),..., fn(z(tn))] for
the nonlinear vector term. Moreover, a greedy algorithm can be applied to construct
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ALGORITHM 4. GREEDY ALGORITHM TO CONSTRUCT AN INDEX VECTOR ﬁ

Require: A basis matrix ¥ = [¢)q,...,1,,] € R™*™,
Ensure: An index vector 8 = [f1;...; 8m] € R™.
1: Select the first interpolation index [p, 31] = max{|t1|}.
2: Initialize U = [¢)1], B8 = 1.
for i =2 to m do
3: Solve the coefficient vector 7 to match vy;, U(S, )T = 1;(8).
4: Calculate the residual r = ¢; — UT.
5: Select the interpolation index corresponding to the largest magnitude of the
residual r, [p, ;] = max{|r|}.
6: Update U = [U, ¥;], B =[B; Bi].

end for

the index vector 3 [9], as listed in Algorithm 4.3 Initially, we select the first inter-
polation index 81 € {1,...,n} corresponding to the first basis function ; with the
largest magnitude. The remaining interpolation indices, §; for ¢ = 2,...,m, respec-
tively correspond to the largest magnitude of the residual r, where r is the residual
between the input basis 1; and its projection onto the column space of U. In step 5,
[p, Bi] = max{|r|} means p = |r(B;)| = max;—i . ,|r(j)|- In step 6, we add a column
vector 1; (and an element ;) to a matrix U (and a vector ). It has been proven
that p # 0 implies that PT A is nonsingular [9]. Thus, the DEIM approximation of
the nonlinear vector term fy(z) in (5.4) is well-defined.

5.2. Symplectic discrete empirical interpolation method. In this section,
we present a method that combines the idea of symplectic Galerkin projection with
the use of DEIM. Similar to (5.1), the original Hamiltonian can also be split into a
linear part and a nonlinear part, i.e., H(z) = Hy(x)+ Hz(x), such that V,Hq(z) = Lz
for a real symmetric matrix L, and V,Ha(z) = fy(z) for a nonlinear function fy.
Thus, the original Hamiltonian system is given by

(5.6) i = JonVoH(z) = Kz + Jan f (),

where K = Jo, L € sp(R?"). Analogous to (5.2), the symplectic Galerkin projection
yields the following reduced Hamiltonian system:

(5.7) b= At 1o,V H(Az) = Kz + Jo AT fn(Az),

where A € Sp(2k,R?*"), L = ATLA, and K = ATKA = Jo,L. Thus, unless
AT fx(Az) can be analytically simplified, the computational complexity of (5.7) still
depends on 2n. In order to save the computational cost, one can use the DEIM ap-
proximation (5.4) to approximate the nonlinear vector term fy(z). Let ¥ € R2"x™
denote the collateral POD basis for fy (), and let P € R?2"*™ denote the projection
matrix with the form (5.3). Then, (5.7) can be approximated as

(5.8) =Kz + JuWg(2),
where W = ATU(PTU)~! and g(z) = PT fn(Az).

3The MATLAB notations B(f,:) and a;(8) are used here to represent the operation of selecting
rows out of a matrix (or a vector).
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_ THEOREM 5.1. Let 2(t) be the solution of (5.8) with z(0) = z. Let E(t) =
H(z(t)) be the corresponding system energy. Then, the time derivative of E(t) equals

(5.9) E(t) = (VoH(2))" Jor AT (fn(A2) = fn(A2)),
where fy is given by (5.4). Moreover, an upper bound to E(t) is given by
(5.10) IE@® < CIIV-H )| - [(I - weT) fa(Az2)],

where C' = ||(PTW)~!| is a constant. .
Proof. Taking the time derivative of £(t) and using the chain rule gives E(t) =
(V.H(z))T 2. Replacing # by (5.8) yields

E(t) = (V.H(2)  Jor(Lz + Wg(2)).
Because Joy is skew-symmetric, we have (Vzﬁ(z))TJngzH(z) = 0. It follows that
E(t) = (V.H(2)  Jor(Lz + Wy(z) — V.H(2)).

Thus, (5.9) can be obtained by inserting Wg(z) = AT fx(Az) and V. H(z) = Lz +
AT fn(Az) into the above equation.
Equation (5.9) yields

(5.11) IE@)] < [(V-H )T ekl - AT - | fa (Az) = fu(A2)]].

By Lemma 3.2 in [9], there exists a constant C' = ||(PTW¥)~!|| such that the DEIM
approximation error for fy is bounded by

(5.12) I fn = full < CIT — BT fu ],

where P is the DEIM projection matrix given by (5.3), and V¥ is the collateral POD
basis matrix for fn. Inequalities (5.11) and (5.12) yield

(5.13) IE@)I < 1(VH @) 2kl - AT O~ wT) fuv .

Since A € Sp(R?",2k), we have ||A|| = 1. Plugging |AT|| = 1, ||Jox|| = 1, and
(V. H)T| = ||[V.H(2)| into (5.13), (5.10) follows. 0O

Strictly speaking, (5.8) is not necessarily Hamiltonian. However, when ||(I —
WUT) fn(Az)|| = 0, Theorem 5.1 implies that ||[E(t)|| — 0. In contrast, since the
classical DEIM method is devolved to approximate a POD reduced system, the cor-
responding energy can quickly blow up. Thus, we define SDEIM to be the method
that applies DEIM to approximate the symplectic Galerkin projection. In particular,
for a nonlinear Hamiltonian system & = J3,V,H(z) or & = Kz + Jo, fn(z), with
z(0) = zg, the SDEIM reduced system is given by (5.8), where the initial condition
of the reduced system is given by 2o = At xo.

Both the cotangent lift (in section 4.1) and the complex SVD (in section 4.2) can
be used to construct a symplectic matrix A € Ma(2n, 2k) based on an empirical data
ensemble. Moreover, (4.16) implies that My (2n, 2k) C Vo (R?"). Thus, if we choose
¥ such that

(5.14) A =T e M,(2n,2k),

then AT = I,,. It follows that W = (PTA)~!. Since z(t) € V and V,Ha(z) =
Iy (@), [2(t); fv(x(t))] is a trajectory in T*V 2 V x V*. By assuming A = ¥ in (5.14),
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TABLE 1
The POD-Galerkin approach versus the symplectic model reduction approach.

POD-Galerkin Symplectic model reduction
Original system | # = f(z) with z € R™ & = J2n Vo H(z) with € R?"

Orthogonal projection: Symplectic projection:
Reduced state 2 — oTy c RF 2 — Atz c R2K

Galerkin projection: Symplectic Galerkin projection:
Reduced system 2 — o7 f(®2) 2= Jop V. H(Az)

Properties of
reduced system

Basis matrix Orthonormal: ®7T® = I, Symplectic: AT Jo, A = Jok

Energy preservation

No stability guarantee Stability preservation

Ez;?;arl;lagix Stiefel manifold Vi (R™) zirz;il’e&tzls)Stlefel manifold
PSD

Constructing POD (a) Cotangent lift

basis matrix (b) Complex SVD
(c) NLP

Simplifying DEIM: equation (5.5) SDEIM: equation (5.8)

nonlinear terms

we actually construct a cotangent lift mapping from T#W to T*V via a 4n x 4k matrix,
diag(A, A). Using a similar idea from section 4.1, A can be constructed by an extended
data ensemble,

(5.15) Ms = [z(t1),...,z(tnN), fn(z(tr)),. .., fn(z(tN))],

that contains both the state z(¢;) and the nonlinear term fn(z(¢;)).

Regarding the computational complexity of SDEIM, K and W are calculated only
once at the beginning. For each step in the online stage, the nonlinear vector term
g(z) is evaluated only on selected 2k spatial indices of fn(Az). Thus, the complexity
of the SDEIM reduced system (5.8) is also O(1) when k and m' are fixed. Here m/
denotes the number of elements of Az that are required to compute the 2k spatial
indices of PT fx(Az).

Table 1 compares the POD-Galerkin approach with the proposed symplectic
model reduction approach; it serves as a short summary of sections 3-5.

6. Numerical examples. In this section, the performance of symplectic model
reduction is illustrated in numerical simulation of wave equations. After deriving the
Hamiltonian form of general wave equations, we first study a linear wave equation
to demonstrate that PSD can deliver stability-preserving reduced systems. Then
we study the nonlinear sine-Gordon equation to demonstrate that SDEIM can yield
stability-preserving reduced systems with significant speedups.

6.1. Hamiltonian formulation for wave equations. Let u = u(t,z). Con-
sider the one-dimensional semilinear wave equation with constant moving speed ¢ and
a nonlinear vector term g(u),

(6.1) Upp = Clyy — g(u),

on space z € [0,{]. With the generalized coordinates ¢ = u and the generalized
momenta p = u, the Hamiltonian PDE associated with (6.1) is given by
_ 0H . 0H

2 . 04 __of
(6.2) i=55 P 5q
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where the Hamiltonian is defined as

1
1 1
03 Hen) = [ d|gtegee ). o=
0

A fully resolved model of (6.2) can be constructed by a structure-preserving finite
difference discretization [5]. With n equally spaced grid points, the spatial discretized
Hamiltonian is given by
A (qip1 — Qi)z (g — Qi—l)z

1,
oPi + 472 + A2 +Gla)),

(6.4)  Ha(y) = ZAx

where g; = u(t, i), pi := we(t, i), y = [qu;- .3 qnip1;- .- pn], and z; = tAz. In
the limit Az — 0 and nAxz = [, (6.4) converges to (6.3). Now, the full model is
represented by a Hamiltonian ODE system,

dy JZn

(6.5) ar JaVyHyg, Ja Ar

Let D,, € R™*™ denote the three-point central difference approximation for the
spatial derivative 0,,. We define a Hamiltonian matrix by

On In
a0 =[]

Then, (6.5) can be written in the form

(6.7) 9= Ky+ Janfn(y),

where the nonlinear vector term fy(y) is a vector in R?" with zeros in the last n
elements. Time discretization of (6.7) can be achieved by using the implicit symplectic
integrator scheme (2.3).

6.2. Linear wave equation. For our numerical experiments, we first study a
linear system with G(u) = g(u) = 0 and with periodic boundary conditions. Let
s(x) =10 x |z — |, and let h(s) be a cubic spline function:

1-3s2+3s if 0<s<1,
h(s) = 1(2—s)3 if 1<s<2,
0 it s>2.

The initial condition is provided by
(6.8) q(0) = [A(s(z1)); s h(s(zn))],  P(0) = Onxa,

which gives rise to a periodic system with wave propagating in both directions of z
in a periodic domain. The full model (reference benchmark solver) is computed using
the following parameter set:

Space interval || [ =1
Number of grid points || n = 500
Space discretization step || Az =1/n = 0.002
Time interval || T =50
Time discretization step || dt = 0.01
Speed of the wave || ¢=0.1
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Regarding reduced systems, we compare all the proposed PSD algorithms (the
cotangent lift, complex SVD, and NLP with r = 100) with the tangent lift in [18],
as well as with POD. Both the Hamiltonian approach (PSD algorithms) and the
Lagrangian approach (the tangent lift) are geometric algorithms, as they preserve
the Hamiltonian or Lagrangian structures. The criterion for the comparison is the
L? error between the generalized coordinate q(t) of the benchmark solution and its
approximations computed by reduced systems. For the Hamiltonian approach, PSD
algorithms are used to construct symplectic matrices to fit the weighted data ensemble
(4.24) with v = dt. For the Lagrangian approach, the basis matrix is constructed from
a data ensemble of ¢(¢) in the configuration space. Thus, PSD reduced systems and
the reduced system constructed by tangent lift reside on different subspaces of R?".
Nevertheless, because ¢(t) = p(t) holds for the wave equation, symplectic integrators
of [q(t);p(t)] can also be used for the time integration of [¢(t);¢(t)] for the fully
resolved Lagrangian system. Moreover, the reduced Lagrangian system constructed
by the tangent lift also has the form (6.7) if we let y(¢) = [q(t); ¢(¢)]-

Figure 1(a) shows the solution profile at ¢t = 0, t = 2.5, and ¢t = 5. The empiri-
cal data ensemble takes 101 snapshots from the benchmark solution trajectory with
uniform interval (At = 0.5). We first compare POD with the cotangent lift. When
t = 2.5, both approaches can obtain good results by taking the first 20 modes; but
when ¢t = 5, the POD reduced system significantly deviates from the full model.

In Figure 1(b), the blue line represents the singular values of the snapshot matrix
M, for POD. Suppose {A1,..., At} denote the singular values of the snapshot matrix
M, (or My) of the cotangent lift (or complex SVD). The red (or black) line represents
the singular values {A\1, A1,..., Ak, A} corresponding to the symplectic basis matrix
Ay = diag(®,®) (or As = [@,T; —T, P]). A fast decay of singular values indicates
that a few modes can fit the data with good accuracy. This is a necessary (but not
sufficient) condition for a low-dimensional reduced model to approximate the original
system with good accuracy. Moreover, we notice that an arbitrary subspace of R2"
can be represented by an orthonormal basis matrix. However, unless this subspace
is also symplectic, we cannot represent it by a symplectic basis matrix. Since PSD
algorithms can only construct subspaces with the symplectic constraint, both the
cotangent lift and complex SVD cannot fit the empirical data as well as POD for the
same subspace dimension.

Using more modes, one may expect that both POD and PSD can produce more
accurate solutions. However, as Figure 2(a) indicates, the POD reduced system blows
up when it has 20 or 40 modes. In addition, the POD reduced system with 40
modes blows up faster than the system with 20 modes. This result verifies that the
POD-Galerkin approach can yield unstable reduced systems, even though the original
system is stable. By contrast, errors in PSD reduced systems grow slowly in time.
Figure 2(b) demonstrates that all the geometric algorithms preserve the system energy
E, while the energy of POD reduced systems quickly grows to infinity. Here, F equals
the discretized Hamiltonian Hy(y). Let go = gn; (6.4) yields

n

(6.9) Ha) = 2230+ S5 (g gi)?
. a\y) = D) i:1pi AL qi —qi—1) -

i=1

Figure 3 indicates that the L? norm of the total error of a POD reduced system
is bounded in the interested time domain [0, 50] only when the subspace dimension
k is 10 for the cases tested with 10,20, ...,80. While reduced systems constructed
by geometric algorithms show some numerical error, this error can be systematically
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= = =initial condition (=0) —&— POD
= full model (1=2.5) | 1 ) t t lift
I ‘v A POD (:=2.5) ) 10 VD ]
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If v full model (1=5) » 10° J
0.8 b —4— POD (1=5) g 10
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> \ 5
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X Order of modes

(a) (b)

Fic. 1. (Color online.) (a) The solution u(t,x) att =0, t = 2.5, and t =5 of the linear wave
equation. We plot the results from the full model, POD, and cotangent lift. (b) The first 80 singular
values corresponding to the first 80 POD (or PSD) modes that are used in different reduced systems.

-1
10 < ; ; : . 1 : .
1 - ¢ - POD (k=20) ! - ¢ - POD (k=20)
—A— POD (k=40) + —A— POD (k=40)
{ ® cotangent lift (k=40) 0.8 1 ® cotangent lift (k=40) ||
1072 M complex SVD (k=40) || . u f\;’Ln;IJ(':X“%\)/D (k=40)
= NLP (k=40) -
» tagent lift (k=40) 0.6 : P tagent lift (k=40)
pr— . 1
T 10 ¢
- . plg_ _EEEy :
[ Bt | : ‘mm b
*

10° ‘ ‘ ‘ ‘
0 10 20 30 40 50
t
(a)
Fig. 2. (Color online.) (a) The evolution of instant L? error, |le(t)| := ||a(t) — u(t)|, between

the benchmark solution w(t) and approzimating solutions 4(t) of the linear wave equation. (b) The
evolution of the energy E(t) of different reduced systems.

1

10 : :
A POD
@® cotangent lift
100 —#— complex SVD ||
= NLP
< tagent lift

10 20 30 40 50 60 70 80

FiG. 3. (Color online.) The L? norm of the total error ||e||2 := \/fOT lle@®)|I?dt of different

reduced systems for the linear wave equation. For the POD reduced system, we only compute |lel|2
with 10 modes; when the subspace dimension k is greater than 20, the reduced system blows up in
the interested time domasn [0, 50] and ||e||2 becomes infinite.
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reduced by using more modes. In terms of numerical accuracy, the cotangent lift and
NLP are slightly better than the tangent lift of [18], while the complex SVD is slightly
worse than the tangent lift. NLP yields the most accurate results, but for each k,
we observe only a maximum of 0.028% improvement compared with cotangent lift in
terms of the relative percentage error.

Stability preservation of symplectic model reduction. To explain our observations
mentioned above, we study the stability of the linear wave equation. According to
[19], the eigenvalues 3; (i = 1,...,n) of the discretized spatial derivative D, with
periodic boundary conditions are given by

2 211
=g |- (7).

and the corresponding eigenvectors are given by

1
Vn
It follows that the eigenvalues of the Hamiltonian matrix K in (6.6) are given by

2n pure imaginary numbers £{¢v;}? ;, where v; = ¢\/—p;, and the corresponding
eigenvectors are given by

w; = |:e—27'rLi/n’ o ,8—27“1'(11—1)/11’ 1:| )

v = (ot e W
VI A? ] IRVAEr R e

Since &, = ¢, = ﬁ [15,x1; 0nx1] by the above definition, we can redefine ¢, to be ¢, =

ﬁ [0rx1; 1x1]- Thus, we can construct an nonsingular matrix @ := [£1, (1, - -+, &n, G

such that K is transformed to a Jordan form,

) ' 0 1
Q 1KQ:d1ag{b71,—b71,---,Wn—lv_wn—l’ [0 0]}

Although K contains an unstable mode (,, the projection coefficient of initial condi-
tion (6.8) onto this mode vanishes, i.e., (Tyo = 0. Thus, the original system evolves
on a stable subspace of R?".

Next, we consider the reduced system constructed by the symplectic projection.
By (6.9), we have Hy(y) > 0, and the equality holds if and only if y is parallel to
&n. If €, ¢ Range(A), the origin of R?" is the only solution that satisfies Hy(y) = 0
for all y € Range(A4). As a consequence, the original is the strict minimum of Hy in
Range(A). In our numerical simulations, we do observe that AT, # 0, where A is
constructed by the cotangent lift, complex SVD, or NLP. Then, Theorem 3.10 implies
that the origin is a stable equilibrium for the reduced Hamiltonian system.

Instability of POD-Galerkin. Since POD does not preserve the system energy,
there are no mechanisms similar to the Hamiltonian and Lagrangian approaches that
limit the solution trajectory in a bounded region. As a result, the reduced system may
blow up with time evolution. To corroborate this claim, let A\, denote the eigenvalue
of T K ® with the maximal real part and let &, denote the corresponding eigenvector
with unit length. Then, a. = £yo gives the projection coefficient of yo onto &,.
Table 2 indicates that for each subspace dimension k, a POD reduced system has
Re(A«) > 0 and a4 # 0. Since the solution of a linear system has an exponential term
ax exp(A.t)&, the POD reduced system is always unstable for long-time integration.
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TABLE 2
The eigenvalue A« and coefficient ax of a POD unstable mode ax exp(A«t)E« for different sub-
space dimension k.

k| 10 20 30 40 50 60 70 80
A« [0.0338 | 0.659 | 13.74 | 14.39 | 14.50 5.33 10.42 13.05 + 5.09 ¢
ax | 0.929 |0.0184|0.0263 | 0.0498 | -0.0200 | 0.0718 | 7.55e-3 | -0.0068 - 0.0142.

Assume that @5, and @y, respectively contain the first k1 and ks dominant modes.
If ky < ko, then ®f K®;, is a submatrix of &7 K®y,, and || @] K&y, || < [|PL K Py, ||
holds. As Re(\.) < || < |®T K ®||, the matrix norm of ® K ® provides an upper
bound to Re(A«). Thus, the upper bound to Re()\.) is a monotonically increasing
function of the subspace dimension k. Table 2 also shows that Re(\,) with 40 modes
is much larger than Re(\.) with 20 modes, which explains why the POD reduced
system with 40 modes blows up faster than the system with 20 modes in Figure 2.
Although for £ = 10, the POD reduced system can produce accurate solution for a
short time domain [0, 2.5], we can still observe that this system blows up for a large
enough integration time, say, ¢t > 10.

6.3. Sine-Gordon equation. Next, we consider a special nonlinear wave equa-
tion with G(u) = 1 — cos(u), g(u) = sin(u), and ¢ = 1, which corresponds to the
sine-Gordon equation. This equation, which was first studied in the 1970s, appears in
a number of physical applications, including relativistic field theory, Josephson junc-
tions, and mechanical transmission lines [31]. One can show that the sine-Gordon
equation admits a localized solitary wave solution,

(6.10) u(t,x) = 4arctan [exp (im&%’t)} ,
which travels with the speed |v| < 1. The + signs correspond to localized solutions
which are called kink and antikink, respectively [31].

In our simulations, the full model is solved for the kink case with Dirichlet bound-
ary conditions (u(t,0) = 0,u(t,1) = 27) using the following parameter set:

Space interval || I = 50
Number of grid points || n = 2000
Space discretization step || Az =1/n = 0.025
Time interval || T' = 150
Time discretization step || dt = 0.0125
Speed of the wave || v = 0.2

The L? error for the state variable y(t) is studied for the full model and reduced
models constructed by POD, cotangent lift, complex SVD, DEIM, and SDEIM. All the
basis matrices are constructed to fit the data ensemble (4.24) with v = 1. For SDEIM,
the cotangent lift is used to construct a symplectic basis matrix A; = ¥ = diag(®, @)
to fit both the state variable y(t) and the nonlinear vector fy(y(t)), where ® is a POD
basis matrix for the extended snapshot matrix that contains ¢(t), p(t), and fn(q(t))
in its column vectors.

Figure 4(a) shows the kink solution profile at ¢t = 0, t = 25, and ¢t = 75. The
data ensemble takes 1201 snapshots from the solution trajectory, solved by the full
model with uniform interval (At = 0.125). We first compare POD with the cotangent
lift. For short-time integration, both approaches can obtain very accurate results by
taking the first 60 modes. In Figure 4(b), we study the singular values corresponding
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Fic. 4. (Color online.) (a) The solution u(t,x) at t = 0, t = 25, and t = 75 of the sine-
Gordon equation. We plot the results from the full model, POD, and cotangent lift. (b) The first
200 singular values corresponding to the first 200 POD (or DEIM, PSD, SDEIM) modes that are
used in different reduced systems.
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FIG. 5. (Color online.) (a) The evolution of instant L? error, |le(t)| := ||§(t) — y(t)||, between

the analytic solution y(t) in the phase space and approximating solutions §(t) of the sine-Gordon
equation for t € [0,150]. (b) The instant L? error ||e(t)|| for t € [0,5].

to the POD basis matrix, the PSD basis matrices constructed by the cotangent lift
and complex SVD, the nonlinear term basis matrix for DEIM, and the symplectic
matrix for SDEIM. This figure demonstrates that POD is better to fit empirical
state variables than the cotangent lift and complex SVD, while DEIM is better to fit
empirical nonlinear vectors than SDEIM.

Figure 5 illustrates that all symplectic schemes (including the cotangent lift, com-
plex SVD, and SDEIM) yield low computational errors with appropriate subspace
dimension, while nonsymplectic schemes (including the POD and DEIM) can yield
unbounded numerical error with 140 modes. In Figure 6, all symplectic schemes can
effectively preserve the system energy E. By contrast, both POD and DEIM reduced
systems can achieve infinite energy with 140 modes. Here, E equals the discretized
Hamiltonian Hg(y). With G(u) = 1 —cos(u) and Dirichlet boundary conditions, (6.4)
gives

n n

n 2 _om)2
(6.11) Hy(y) = 42 ;pf + Az __21[1 —cos(¢;)] + 75 + 51— ;(Qi — gio1)? + 2

Figure 7(a) indicates that by using more modes, all symplectic reduced models
can obtain better accuracy and finally converge to the full model. By contrast, POD
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Fi1c. 6. (Color online.) (a) The evolution of the system energy E(t) of the sine-Gordon equation
for t € [0,150]. (b) The evolution of the system energy E(t) for t € [0, 5].
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Fig. 7. (Color online.) (a) The L? norm of the total error |le||2 := \/fOT lle@®)||1?dt of the full
model and different reduced models for the sine-Gordon equation. For the POD and DEIM reduced
systems, we only compute |le||2 for k = 40 and k = 60; when k > 80, the reduced systems blow
up in the interested time domain [0,150] and |le(t)||2 becomes infinite. (b) The running time of
different model reduction techniques with different k. All the data come from the average value of
ten independent runs.

and DEIM can yield unbounded reduced systems in the interested time domain [0,
150] when the subspace dimension k is greater than 80 for the cases tested with
40,60, ...,200. Furthermore, by the analysis in section 5, we know that a direct use
of POD or PSD is not able to obtain any speedups for the sine-Gordon equation, since
it contains a nonlinear vector term sin(u). Numerical results in Figure 7(b) also verify
this point. Especially, the running time for POD, the cotangent lift, and complex
SVD is even larger than the running time for the full model. On the contrary, both
the DEIM and SDEIM approximations can significantly improve the computational
efficiency and reduce the running time of POD or PSD by three orders of magnitude.

The boundedness of Hamiltonian systems can be derived by their energy conser-
vation property. If y(¢) denotes the solution trajectory, we have H4(y(t)) = E for a
constant E. Since each term on the right-hand side of (6.11) is nonnegative, we must
have |p;| < \/2E/Az, |¢1| < 2V EAz, and |¢;| < |gi—1]| + V2EAz for i > 2. In other
words, there exists a positive number M, for any state y € R?", as long as ||y|| = M,
we have Hy(y) > E. Therefore, by Theorem 3.9 both the original system and reduced
systems constructed by the symplectic projection are bounded for all t.
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7. Conclusion. In this paper, we proposed a symplectic model reduction tech-
nique for the reduced-order modeling of large-scale Hamiltonian systems. We first
defined the symplectic projection, which can yield reduced systems that remain Hamil-
tonian. Several PSD algorithms, such as the cotangent lift, complex SVD, and NLP,
were developed to generate a symplectic matrix that spans a low-dimensional sym-
plectic subspace.

Because the symplectic model reduction preserves the symplectic structure, it
also preserves the system energy and stability. Thus, the proposed technique is very
suited for long-time integration, especially when the original systems are conservative
and do not have any natural dissipative mechanism to stabilize them. Since the
symplectic projection can only speed up linear and quadratic problems, the PSD was
also combined with DEIM, effectively reducing the complexity of the nonlinear vector
term. Because the complexity of the SDEIM does not depend on the dimension of
the original system, a significant speedup can be obtained for a general nonlinear
problem. We demonstrated the capability of the symplectic model reduction to solve
a large-scale system with high accuracy, good efficiency, and stability preservation via
linear and nonlinear wave equations.
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