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ABSTRACT

Co-simulation requires the ability to represent systems in a modular form, while guaranteeing that simulation
algorithms rely exclusively on model external interface. These conditions enable models to be composed
without exposing their internal state, a requisite needed for the co-simulation of cyber-physical systems.
In this paper we provide a modular representation of geometric integrators, a type of integrator essential
to the simulation of 2"%-order energy preserving systems. These integrators offer an alternative to the
conventional decomposition of systems into 1%-order Ordinary Differential Equations (ODEs). This latter
approach, although commonly used in nowadays M&S software, is not acceptable when long simulation
runs are needed. Geometric integrators are represented in the Hybrid Systems Specification (HYFLOW),
a modeling formalism to represent hybrid modular dynamic topology systems. We show that HYFLoOwW
enables the composition of geometrical solvers, allowing the co-simulation of complex 2"-order energy
preserving systems.

1 INTRODUCTION

Modular models play a fundamental role in the representation of complex systems. Modularity enables the
decomposition of systems into small units that can be independently developed and tested, promoting model
reuse. Complex models can also be created by the composition of other models available in model libraries,
enabling a faster model development. Additionally, there has been a growing interest in co-simulation
approaches (Enge-Rosenblatt et al. 2011). Co-simulation enables the interoperability of models that are
only known through their interface, requiring the use of both modular models and simulators. A key
advantage of co-simulation approaches is the interoperability of binary models that can hide model internal
information leveraging, for example, intellectual property protection (Bastian et al. 2011). The concept
of modular simulator was introduced in (Zeigler 1984) for discrete event systems. This concept has been
extend by the Hybrid Flow System Specification (HYFLOW) formalism (Barros 2003), (Barros 2016b), to
enable the co-simulation of hybrid systems.

HYFLOW can provide a direct representation to a large variety of systems while guaranteeing their
composition. These systems include digital controllers (Barros 2005b), digital filters (Barros 2005a),
1%t-order ordinary differential equations (ODEs) integrators (Barros 2015a) and fluid stochastic Petri nets
(Barros 2015b).

In this paper we show HYFLOW ability to co-simulate complex systems described by the composition
of 2"-order (geometric) numerical integrators. These integrators have the remarkable characteristic of
energy conservation, making them ideal for modeling some classes of 2"-order physical systems. The
co-simulation of conventional 1%-order integrators has been described in (Zeigler and Lee 1998). However,
this type of approach requires mapping all ODEs into 1%'-order ODEs. This solution, while very common
(Fritzson 2015), does not guarantee energy preservation and it cannot be used for long simulation runs,
like those required, for example, in celestial mechanics (Gladman et al. 1991), where simulation times of
thousands of years can be required.
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In this paper we provide a modular description of geometric integrators based on the HYFLOW formalism.
Our approach is demonstrated through several examples that include a series of planar pendulum and a
simplified model of the solar system for studying Moon trajectory. To the best of our knowledge, HYFLow
has provided the first modular description of geometric integrators, enabling a new approach for the
co-simulation of energy preserving systems (Barros 2016a).

2 THE HYFLOW FORMALISM

The Hybrid Flow System Specification (HYFLOW) is a formalism for representing hybrid systems with
a time-variant topology (Barros 2003). HYFLOW achieves the representation of continuous variables
using the concept of multi-sampling (Barros 2002), while the representation of discrete events is based
on the Discrete Event System Specification (DEVS) (Zeigler et al. 2000). HYFLOW can also represent
dense outputs, providing a framework for describing arbitrary continuous function on a digital computer.
HYFLOW defines two types of models: basic and network. Basic models provide state representation and
state transition functions for describing model dynamic behavior. Network models are a composition of
basic models and/or other network models. Given this definition, a network provides an abstraction for
representing hierarchical systems.

2.1 HyFlow Basic Model

A HYFLOW basic model associated with name B is defined by
MB = (X7Y7RPO7P=w757A07;Ld)

where

X = X, x X; is the set of input flow values
X, is the set of continuous input flow values
X, is the set of discrete input flow values
Y =Y. x Y, is the set of output flow values
Y. is the set of continuous output flow values
Y; is the set of discrete output flow values
P is the set of partial states (p-states)
Py is the set of (valid) initial p-states
p : P — H{ is the time-to-input function
w:P— Hg is the time-to-output function
S={(p,e)|lp e P,0<e<v(p)} is the state set
with v(p) = min{p(p), ®(p)}, the time-to-transition function
8:85xX? — P is the transition function
where X? = X, x (X;U{¢})
and ¢ is the null value (absence of value)
A; 1 S — Y. is the continuous output function
Aa : P — Y, is the discrete output function

HYFLOW time base is the set of hyperreals numbers H = {x+z€|x € R,z € Z}, where € is an infinitesimal
(infinitely small) number, such that € > 0 and € < % forn=1,2,3,... (Goldblatt 1998). The set of positive
hyperreals is defined by H = {h € H|h > 0}. The discrete output of a component described by a HYFLOW
basic model is constrained to be null (¢) when in states (s,e) with e # ®(p).
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Figure 1 depicts the typical trajectories of a HYFLOW component. At time #; the component in p-state
po samples its input since its elapsed time reaches p(po) = e. The component changes its p-state to
p1=0((po,p(po)), (x1,9)), where x is the sampled value and no discrete flow is present.

X o Xd
X1 X3
S| P p1=8l(po.Apa)). (x1, #))
p=8l(p1.e1).(x2.x4)
Po
T . P3
Alpi1)
e @(py) 1
gl P e ote

Y MM/W
A

t t, t3 H

Figure 1: Basic HYFLOW component trajectories.

Attimet, the discrete flow x, is received by the component that changes to p-state p» = 3 ((p1,e1), (x2,%4) ),
where x; is the continuous flow at #,. At time 3 the component reaches the time-to-output time limit and
it changes to p-state p3 = 0((p2, @(p2)), (x3,9)). At this time the discrete flow y; = A4(p2) is produced.
Additionally, component continuous output flow is always present and given by A.(p,e). A detailed
description of HYFLOW semantics with the corresponding modular co-simulators is given in (Barros 2008).
The use of hyperreals numbers is also shown to be fundamental for obtaining deterministic models (Barros
2008).

2.2 Example: Continuous Flow Generator

In many systems, entities can be described by known functions. For example, the path of a aircraft can be
planned to follow some trajectory. The representation of this type of dynamic behavior can be achieved
by the continuous function generator f : R — R represented by the HYFLOW model:

Mf = (X7Y7P7P07p’w767A677Ld)

where

X={}x{}Y=Rx{g)
P=PR=1{}

P(9) = 0(¢) =0, 5((¢,€),(9,9)) = ¢
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Ac(¢,e) = f(esa), where ey is the standard part of the hyperreal e

(@)= ¢

This model can represent arbitrary continuous functions. For example, a trigonometric signal can be
described by f(t) = Acos(®@t+ ¢). The generator is a passive component with no autonomous behavior,
where all information can be retrieved through sampling. This model produces an exact output since no
approximations is used. This contrasts with other modeling approaches that limit continuous signals to be
represented by piecewise constant segments (Tripakis et al. 2013).

2.3 HyFlow Network Model
HyFlow network models are compositions of HYFLOW models (basic or other HYFLOW network models).
A HYFLOW network model associated with name N is defined by

My = (X,Y,n)

where

N is the network name
X =X, x X; is the set of network input flows
X, is the set of network continuous input flows
X, is the set of network discrete input flows
Y =Y. x Yy is the set of network output flows
Y, is the set of network continuous output flows
Y; is the set of network discrete output flows
7 is the name of the dynamic topology network executive

The model of the executive is a modified HYFLOW basic model, defined by
My = Xy, Yn, P, Po,p, ®,8,Ac, Mg, 2,7)
where

T is the set of network topologies

Y:P— T is the topology function
The network topology X, € T, corresponding to the p-state py € P, is given by

Lo =Y(Pa) = (Cas{liat Uilna:Iva}t, {Fiat U{Fya: Fyal)

where

C,, is the set of names associated with the executive state py
forallie CoU{n}
I; o is the sequence of influencers of i
F; o is the input function of i
Iy o 1s the sequence of network influencers
Fy o is the network output function
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For all i € Cy

M; = (X,Y,P,Py,p,0,8,A;,Aq); if i is a basic model
M; = (X,Y,n); if i is a network model

The topology of a network is defined by its executive through the topology function 7, that maps
executive p-state into network composition and coupling. Thus, topology adaption can be achieved by
changing executive p-state.

Contrarily to other modeling formalisms (Zeigler et al. 2000), HYFLOW uses the set of influencers and
not the set of influencees to describe model interaction. This choice enables the interoperability and reuse
of models having different interfaces, since model input function, defined at composition time, enables the
adaptation between arbitrary influencers interfaces and the model. Thus, influencers enable a model to be
be (re)used without modification in any context. In this paper we exploit the ability to combine several
output values into a single value required by integrators, making them reusable since they are independent
of the set of influencers. HYFLOW networks are used in the next section to describe examples of model
interoperability.

3 GEOMETRIC INTEGRATORS

The prevalent rule in most common modeling and simulation tools is to map the set of arbitrary order
ODE:s into a system of 1%-order ODEs (Fritzson 2015). This is not acceptable for simulating long periods
in systems, like many Hamiltonian systems, where solutions have properties that can only be observable
after long intervals. For example, in systems involving celestial mechanics, properties like the precession
of planets, may require the simulation of hundreds of years to be characterized. The traditional methods
based on decomposition are not acceptable in these cases, and a direct representation of higher order ODEs
have been proposed (Hairer et al. 2005). We introduce now the HYFLOW representation for geometric
ODEs. Given the 2"-order ODE

y' = f(x(t),y) with y(0) =0,y (0) = v

and using the variable v =/, a fixed stepsize T, 2"9-order ODE, 2"%-degree polynomial approximation,
geometric integrator is described by the equations (Swope et al. 1982):

1
Yn+1 = Yn +hvn + Ehan
h
Vil = Vp+ E(fn +fn+1)

Considering y” = f(x(t)), the HYFLOW model of the geometric integrator is given by:

MF: (X7Y7RPO7p7w757AL'7A'd)

where
X=Rx¢
Y=Rx¢

P= {(avyn>vnvfn)|aaynavnafn S R}
Py ={(0,Yn,Vn, fu) € P}
p(aaymvnafn) =o

w(aaynyvnafn) =
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8((0,n Vs )1 €), (Xesxa)) = (T, ¥ns1,Vn + 3esua(fu+ fat1), fus1)
With Ypi1 = Y + €avn + 35, fu and fup1 = f(xc)

Ac((C 0, Vi [1),€) = Y+ estavn + 3€% 4 fr

Ad (O, Y0, Vs ) = @

The recurrences are computed by the transition function § and the sampling period T is specified by
function p. The initial sampling period is set to O so the associated component can read the input and
compute the value of f,,. The output flow is given by the 2"4-degree polynomial provided by function A..
Given that sampling rate can be adjusted by the p function, HYFLOW can also represent variable sampling
geometric integrators (Hairer and Soderlind 2005).

3.1 Example: Simple Harmonic Oscillator

As a first example showing the application of a geometric integrator we simulate the simple oscillator
composed by a mass m, and a spring with elasticity K and unstretched length L depicted in Figure 2. The
acceleration obeys equation:

x”:—g(x—L) (1)

m
The HYFLOW network describing the oscillator is depicted in Figure 3 and defined by:

C={M},Iy={M} I, ={}

F(xevia) = (- (5~ 1), 0)

where M is a geometric integrator that computes mass position and velocity. A network description is
required for the oscillator since we have chosen the 2" derivative to be given as the input to the geometric
integrator. This choice simplifies the composition of oscillators as shown in the next example.

e i
Q
Y
Figure 2: Horizontal oscillator. Figure 3: HYFLOW network model for the oscillator.

Mass position and velocity are represented in Figure 4. Results were obtained with a fixed sampling
interval of 0.01s, m =4 kg, L=1.0 m and K = 500 N/m, xo = 0.5 m, vy = 0, and a simulation time of 10
s. The plot of x vs. v =x' is depicted in Figure 5.

For executing the simulation we have used HYFLOW++, an implementation of HYFLOW in the C++
language. HYFLOW++ definition of the oscillator network is described in Figure 6. Class Executive
is the base class for all network executives. Mass M is added in Line 8, as an instance of the
Geometric<double> class. The input function is set in Line 9 according to Equation (1). Inte-
grator sampling time is set to 1072 s (Line 9). The Geometric class can be parameterized with 3D
vectors so it can be reused to describe 3D models, like planets, in Section 3.3.

A distinctive feature of the geometrical integrator is energy conservation.Conventional integrators, on
the other hand, do not exhibit the energy conservation property, making them unsuitable for long simulation
runs (Hairer et al. 2005).
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Figure 4: Pendulum position x and velocity v. Figure 5: x x v plot.

class Oscillator: public Executive {
private:
const double K = 500.0;//N m-1
const double L. = 1.0;//m
const double M = 4.0;//kg
public:
Oscillator(const std::string& name): Executive(name) {
add (new Geometric<double> ("M", 1.5, 0.0, 1.0e-2));
influencers("™M", {"M"}, [&] (const std::vector<double>& x) {return -K/Mx (x[0] -L);});

© ® N U AW =

—
~
- o

Figure 6: HYFLOW++ oscillator network topology.

3.2 Example: Composition of Vertical Pendula
Geometric integrators can be combined to model more complex systems. We consider now the 3-pendulum
system represented in Figure 7. Each pendulum is described by the equation:
Tz
n_ Li
61' - m L27

i=1,2,3

where torque is given by
’1—;' - Ri X (F;',i—l +E7i+1 + (07 —mg,O)),

with R; the position of pendulum (mass) i, and 7’|z the z-component of the torque 7. Forces Fj;_; and
F; ;11 are excerpted by the left and right neighbor springs, respectively. Spring forces between positions
pi and p; are given by:

Fj=—K((pi—pj) — Lui ;) 2)

where u; ; is the unit vector of p; — p; and L represents the unstretchable spring length. We consider
that pendulum are equally spaced distance 2L. Positions py = (0,L,0) and ps = (8L,0,L) are the left and
right ground positions, respectively. Each pendulum can be modeled by the geometric integrator described
before. HYFLOW enables the seamless composition of models and the system can be represented the
HYFLOW network given in Figure 8.
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Figure 8: HYFLOW representation of the pendula system.

The network has a topology described by:

C= {P(),P],Pz,P3,P4},In =Ip=1Ip = {}
Ip, = {P(),P],Pz},lp2 = {P],Pz,Pg,},Ip3 = {PQ,P3,P4}
p1 X (Fio+Fi2+(0,—mg,0))

Fr (0. 0). (p1,9), (2.0)) = = : )
sz((p17¢))7 (P2,¢), (p3c7¢)) _ (pZ X (F271 +F2,:r3l; (07_mg70))‘z7¢)
Fp,((p2,9),(p3,0),(ps,0)) = (p3 X (F3,2 +F3’:11; (0, 7mg’0))’1,¢)

where forces Fi,F12,F2.1,F3,F3 2 and F3 4 are computed by Equation (2).

Components Fy and P, provide the two ground locations for the first an last spring, respectively. They
are modeled by the HYFLOW generator described of Section 2.1. For example, Py continuous output
function is given by A.(¢,e) = (0,L,0), representing the point where the first spring is anchored to. The
system was simulated during a period of 10 s using a fixed stepsize of 1073 s, with parameters: L = 0.5m,
K =100 N/m, m =1 kg, 60,1 = /2,002 =7/4,603 =7/2, 6y ; = 2,65, =0,6; 3 = —2. The plots 6 x 6’
for pendula Py and P, are depicted in Figures 9 and 10, respec’tively. Aithough the total system energy of
should remain constant, since there are no dissipative elements, the energy is transfered between pendula,
making the phase plot departing from the ellipse obtained for the simple oscillator of the previous example.

The x x y trajectories of the 3 pendula is plotted in Figure 11. HYFLOW enables the composition of
modular geometric integrators to model complex systems. To the best of our knowledge, HYFLOW is the
only modeling formalism to allow the co-simulation of geometric integrators. Given its modular definition,
HYFLOW also enables the composition of these integrators with other models already described in the
formalism (Barros 2003).

3.3 Example: Earth/Moon System

We describe next an abridged model of the solar system intended to study the Moon motion around the
Earth. In this model only the Sun, Earth, Moon and Jupiter are represented. The acceleration of a body i
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Figure 11: Position of pendula P;, P, and Ps.

can be computed under Newton classical gravity by:

mid:
Y =_G J4ji
’ L il

JETi

where r; is the set of bodies that have a relevant influence over 7, and dj; is the distance between bodies
j and i. In reality, all bodies affect each other, but in this simplified model we have discarded, for example,
the influence of Moon in Sun or Jupiter motion. For defining the HYFLOW network of the solar system
the following set of influencers have been considered:

Isun = {Sun, Jupiter}, lupier = {Sun, Jupiter}
Igarih = {Sun, Earth, Moon, Jupiter}, Ivoon = {Sun, Earth, Moon, Jupiter}

Likewise in the previews examples, we have considered that body i belongs to its set of influencers
so we can computer its relative distance to the other bodies. Moon trajectory, taken Earth as the center, is
depicted in Figure 12 for a 1-year simulation time.

0.2

2[108 m] "uy[msml
A

2
3

-4

*[108 m]

Figure 12: Moon trajectory viewed from Earth.
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HYFLOW modularity has enabled the representation of each planet/star as an independent unit that
is co-simulated individually. Given the HYFLOW definition of geometric integrators, only composition
is required to simulate the (abridged) solar system. HYFLOW++ reflects integrator modular definition by
enabling the same implementation of the integrators to be used in all the examples described in this paper.

4 RELATED WORK

Most of continuous simulation tools impose the representation of ODEs into a set of 1%-order differential
equations. This is the case of state-of-the art M&S environments like Modelica (Fritzson 2015), where the
language supports operators for expressing first derivatives, being user responsibility to map higher order
ODE:s into 1%-order ODEs. Other tools like PowerDEVS (Bergero and Kofman 2011), based on the discrete
event paradigm, provide only support for 1%-order ODEs. Modeling formalisms like DEV&DESS (Priehofer
1991), provide also only support for 1%'-order ODEs. Formalisms like Hybrid Automata (Henzinger 1996),
DEV&DESS (Praehofer 1991), and Fluid Stochastic Petri Nets (Ciardo et al. 1999), for example, are
closed and do not support higher order ODEs, requiring major changes in their representation to support
new models. We consider that, in some cases, the user should have more control over the integration
algorithms. For example, although mapping a 2"%-order ODE into a system of two 2"-order ODEs can
be automatically generated by the simulation tool, this mapping can lead to erroneous results and the user
should be allowed to choose the most appropriate numerical methods.

The explicitrepresentation of 1%'-order ODE numerical solvers in a modeling formalism was introduced by
quantized DEVS (Zeigler and Lee 1998) and ituses in QSS (Migoni etal. 2013), the polynomial representation
introduced in (Giambiasi et al. 2001), to achieve a better accuracy through higher degree approximating
polynomials. This work provides a discrete event description of 1%'-order numerical solvers opening new
perspectives in model interoperability and in the representation of hybrid systems. QSS relies on the local
estimation of the error and on the transmission of polynomial coefficients to achieve the representation of
continuous signals. QSS provides the conventional decomposition of the 2"-order ODE: y” = f(x(t),y), into
the 1*'-order system: y, = f(x(r),y1) andy| = y». QSS integrators are asynchronous DEVS models producing
discrete event outputs based on their internal quantization-based behavior. Unfortunately, conventional error
control procedures cannot be used for setting the time step in geometric integrators (Calvo and Sanz-Serna
1993), preventing discrete event schemes, like QSS, to be used for supporting these integrators.

Multi-paradigm modeling and model transformation have been proposed as solutions for representing
cyber-physical systems (Vangheluwe 2000). However, as shown before, the interoperability of geometric
integrators is a complex problem by itself, although it is intended to couple models within the same (ODE)
paradigm. We consider multi-paradigm modeling to be orthogonal to co-simulation, being the challenge
the quest for a unifying formalism that can guarantee the interoperability of the large variety of numerical
methods used for representing hybrid systems. As shown here, model transformation is also orthogonal to
co-simulation, since no transformations were required to enable HYFLOW-based numerical integrators to
interoperate. The mapping of 2"4-order ODEs into a modeling formalism could be achieved through model
transformation. However, this is only meaningful/useful if that formalism can support the basic constructs
that guarantee component interoperability.

Conceptual approaches for modeling and simulation has been proposed (Tolk et al. 2018), (Saiku et al.
2013). However, these solutions lack an explicit representation for sampling and dense output that were
used here to represent numerical integrators.To the best of our knowledge we have developed the first
modular representation of geometric integrators that can be seamlessly combined with other families of
hybrid models (Barros 2016a).

5 CONCLUSION

Geometric integrators play a key role in simulating 2"-order energy preserving systems. These integrators
enable long simulation times while keeping accurate results. In this paper we have shown that the HYFLOwW
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formalism enables a modular representation of geometric integrators being able to represent complex
systems by composing these solvers. HYFLOW departs from conventional approaches that require all
ODE:s to be mapped into a system of 1%-order ODEs. Given that geometric integrators are specific models
in the HYFLOW formalism, other numerical methods can be described in HYFLOW without requiring the
modification of the formalism, while guaranteeing model interoperability.
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