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Abstract. The article presents the implementation of one of the approaches to the
integration of dynamical systems, which preserves algebraic integrals in the original
fdm for Sage system . This approach, which goes back to the paper by del Buono and
Mastroserio, makes it possible, based on any two explicit difference schemes, including
any two explicit Runge—Kutta schemes, to construct a new numerical algorithm for
integrating a dynamical system that preserves the given integral. This approach
has been implemented and tested in the original fdm for Sage system. Details and
implementation difficulties are discussed. For testing, two Runge-Kutta schemes were
taken having the same order, but different Butcher tables, which does not complicate
the method due to paralleling. Two examples are considered — a linear oscillator
and a Jacobi oscillator with two quadratic integrals. The second example shows that
the preservation of one integral of motion does not lead to the conservation of the
other. Moreover, this method allows us to propose a practical application of the
well-known ambiguity in the definition of Butcher tables.
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1. Introduction

Many dynamical systems have algebraic integrals of motion [1], but stan-
dard numerical methods do not allow preserving these integrals exactly on
the approximate solution [2]. This means that the approximate solution sat-
isfies such fundamental laws of nature as the law of conservation of energy
also approximately, and, in view of the importance of this law itself, this
circumstance is always striking.

Consider the dynamical system

dx m
= J), weR™, (1)
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whose right side is a rational function with rational coefficients. Since differ-
ence schemes are described by algebraic equations, there are no obstacles to
the case that among these schemes there be those that preserve all the alge-
braic integrals of this system. Linear integrals of motion are preserved by
almost all schemes used. In the late 1980s, among the Runge-Kutta schemes,
a subclass of schemes was discovered that preserves not only linear, but also
quadratic integrals of motion. This class is called Runge-Kutta symplectic
schemes [2]. These schemes make it possible, for example, to preserve all
algebraic integrals in the top rotation problem, with the exception of the Ko-
valevskaya case [3]. In the 1990s, Greenspan constructed the first difference
scheme for the many-body problem that preserves all algebraic integrals of
this problem [4-7], using the principle of energy quadratization; such schemes
can be constructed for the many-body problem based on any Runge-Kutta
symplectic scheme |8, 9].

The main disadvantage of symplectic Runge-Kutta schemes is their implicit
nature: in calculations using these schemes, a system of nonlinear equations
has to be solved at each step, which significantly complicates the calculations
compared to the commonly used explicit schemes. Unfortunately, in any case,
there are no such schemes among Runge-Kutta schemes, which became clear
at the dawn of the theory of symplectic Runge-Kutta schemes [2].

In the paper by del Buono and Mastroserio [10] an approach to constructing
conservative difference schemes was proposed, which can be described as
follows. Let the dynamical system (1) have an integral g and let there be
two difference schemes. Let the step of the first scheme be described as
T = ¢(x,dt), and the step of the second scheme as & = i(z,dt). Consider
the composite scheme

T = ¢(x,dt) + pp(x, dt).

We use the parameter i in such a way that the given integral g be preserved
on the approximate solution found exactly by the composite scheme.

To do this, we will describe the transition from n to n 4+ 1 as follows: x,, is
given, and the next value z, . is found from the system of equations

LTpt1 = ¢5(1‘n, dt) + NnJrl?v[J(xnv dt>a g(xn+1> = g(:tn),

whose solution reduces to solving one equation

g((b('rm dt) + Mn+1¢(l‘m dt)) = g(.’L’n)

with respect to p,, ;.

Such an approach, of course, does not avoid the main difficulty that arises
when using implicit difference schemes: at each step, you still have to solve
a nonlinear algebraic equation. But this is only one equation and its degree
coincides with the degree of the integral g. Therefore, the pioneers called it
the explicit conservative Runge-Kutta method.

In fact, this method certainly does not belong to the Runge-Kutta family
of methods. In terms of difference schemes, it can be written as follows. One
more variable u is added to the variables x and the transition from (z, i) to
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(z, i) is described by a system of algebraic equations
7= o(a,dt) + fib(a,dt),  g(F) = g(x).

It should be noted that this system is not a difference scheme for any
dynamical system in the variables (z, ). Here we are dealing with a certain
generalization of the very concept of a difference scheme.

In Ref. [11] it was proposed to use as 1 the Runge-Kutta scheme nested in
the ¢ scheme and having a smaller order. Such an approach was fully justified
then, since it promised to reduce the cost of calculating ). However, now
that multi-core processors have come into general use, it seems superfluous to
impose such a restriction: it is easier to calculate ¢(z,,,dt) and ¥(z,,,dt) at
each step in parallel.

In fact, the described approach, which we will call del Buono and Mastroserio
approach, makes it possible on the basis of any two explicit difference schemes,
including any two explicit Runge-Kutta difference schemes, to construct a new
numerical algorithm for integrating a dynamical system that preserves the
integral g. There is some arbitrariness [12] when calculating explicit Butcher
tables, which give the highest possible order of approximation for a fixed
number of stages. Therefore, two Runge-Kutta schemes of the same order,
but with different Butcher tables, can be taken as two schemes.

We have implemented del Buono and Mastroserio’s approach in the Sage
computer algebra system, and in a series of computer experiments we have
seen that it does indeed preserve the integrals of motion [13]|. Since then,
a number of our developments related to the solution of ordinary differential
equations using the finite difference method was compiled into the fdm for
Sage package presented at ITTMM’2022 [14]. In this article, we want to
discuss the details of the implementation of del Buono and Mastroserio’s
approach in our package. Since it has built-in tools for working with Butcher
tables and estimating the approximation error, we will further evaluate
the possibility of using two Runge—Kutta schemes of the same order, but
with different Butcher tables. The implementation itself is available at
https://github.com/malykhmd/fdm.

2. Implementation of del Buono and Mastroserio’s
approach

Let a dynamical system (1) be given, its integral of motion g, which will be
preserved in the numerical solution, and two explicit Runge—Kutta difference
schemes T = ¢(z,dt) and & = ¢(x,dt), which are given using two Butcher
tables. Our implementation of the del Buono and Mastroserio approach in
fdm for Sage supports any pair of Butcher tables.

With two stages, the highest order of approximation that Runge-Kutta
schemes can have is 2. In this case, one parameter of the Butcher table
remains undefined. Therefore, in our experiments, schemes with Butcher
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tables were taken as two initial schemes

1 and 2

1 2
11 3 1
2 2 1 1
To calculate an approximate solution of the Cauchy problem

= f(z), xlug=m

on the segment 0 < t < T, we divide this segment into N equal parts with
the step dt = T/N. Then, in a loop over n = 1,2,..., N, we calculate
Ty, %y, .... At each step in n, we first calculate the values z,_, = ¢(z,,,dt)
and z,_; = ¥(x,,dt) by these schemes in parallel, then we calculate the root
of the equation

9@y +pay ) = 9(z,) (2)
relative to p. Then we find

7 ”
Tyl = Tpyq T HTpq-

In this case, a certain arbitrariness arises in the choice of the method for
solving the algebraic equation (2). When applying implicit Runge-Kutta
methods, iterative methods are used, since there is a natural approximation
to the desired root [7]. In this case, however, we do not know a good
approximation to u, and the equation itself has a small degree and, at least
in the examples considered below, admits a solution in radicals. We tried
different methods for solving this equation, in particular, explicitly expresses
the solution in radicals, but this did not give any noticeable increase in
comparison with the standard method of finding the roots of polynomials
R[p], implemented in Sage.

3. Test examples

As a first test case, we took a linear oscillator

d d
{%"” BT (3)
z(0) =0, y(0)=1

in the segment 0 < ¢ < 10.

In figure 1, it is clearly seen that the quadratic integral of motion x2 + 3?2 is
preserved on the approximate solution found by the composite scheme, which
favorably distinguishes this scheme from the usual explicit Runge-Kutta
scheme. The slope of the Richardson diagram (figure 2) [15] shows that the
order of approximation of the composite circuit is equal to the order of the
original ones, that is, 2, as expected from theoretical considerations. It should
also be noted that the value of u did not change from step to step.
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Figure 1. Variation of integral x2 + y? on the approximate solutions of the problem (4):
the explicit Runge-Kutta scheme (dotted line) and the composite scheme (solid line)
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Figure 2. Richardson diagram for the value of x at t = 9 in the example (4)

As a second test case, we took the Jacobi oscillator:

d d d 1

E =qr, Eq = —pr, ET = _leqa (4)

p(0) =0, ¢(0)=1, r(0)=1

in the segment 0 < ¢ < 10. This system admits two independent quadratic
integrals, we took p? + ¢? as g.

In figure 3, it is clearly seen that this integral of motion p? 4 ¢ is preserved
on the approximate solution found by the composite scheme. However, the
second integral p?/4+1? is not preserved in this case (see figure 4). According
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to the Richardson diagram (figure 5), it can be seen that in this case, too,
the order of approximation of the composite circuit is equal to that of the
original ones. Unlike the linear case, the value of i changed from step to step,

and very smoothly (figure 6).
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Figure 3. Variation of the integral 2 + y2 on approximate solutions of the problem (3)
explicit Runge-Kutta scheme (dotted line) and composite scheme
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Figure 4. Variation of the integral 2 4+ y? on approximate solutions of the problem (3):
explicit Runge—Kutta scheme (dotted line) and composite scheme (solid line)

4. Conclusion

The performed experiments confirm that the approach, which goes back

to the article by del Buono and Mastroserio [10], can also be used with
a non-standard choice of initial schemes. Moreover, this method allows us to
offer a practical application of the well-known ambiguity in the definition of

Butcher tables.
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Figure 5. Richardson diagram for value = at ¢ = 9 for example (3)
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Figure 6. Dependence of parameter p on time ¢ for example (3)

However, we should admit that the main problem of all known conservative
schemes, the necessity to solve nonlinear equations at each step, has not been
completely eliminated. The gain that the described method gives can be
described as follows. If only one integral of motion of a dynamical system
with n unknowns needs to be preserved, the Runge-Kutta symplectic method
leads to the solution of a system of n algebraic equations at each step, and
the method under discussion only one equation with one unknown. It is well
known that numerical methods for solving one equation with one unknown are
much simpler and more reliable than methods for solving systems [16]. The
smoothness of changing the values of the parameter y noted above suggests
that iterative algorithms, for example, Newton’s method, can be used to
calculate it.

Unfortunately, as was seen in the second test case, the inheritance of one
integral of motion does not entail the inheritance of the second. The del
Buono and Mastroserio approach has already been generalized to the case
of several integrals of motion [11] and in this case leads to the solution of
a system of nonlinear equations at each step with respect to several auxiliary
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parameters. Thus, we return to the difficulty typical of the symplectic Runge—
Kutta methods. The study of the gain that the del Buono and Mastroserio
approach gives, when applied to systems with several algebraic integrals of
motion, in comparison with classical implicit methods requires further study.

It is no less interesting how the del Buono and Mastroserio approach will
show itself in solving the many-body problem, in which the approach of
bodies significantly worsens the convergence of iterative methods used to solve
nonlinear systems that arise when using the implicit Runge-Kutta methods.
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KOHCGpBaTI/IBHbIe KOHEYIYHO-PA3HOCTHbBbIE CX€eMbI
AJIAd INMHAMNMYEeCKNUX CUCTEM

FOit In, Yxa8b Jly

Vnueepcumem Katiau,
3, Kaiinoanv Poyd, Katiau, 556011, Kumad

Aunorauusi. B crarbe npeacrapieHa peaJim3aliisi OIHOIO U3 MOIXOJOB K HHTE-
IPUPOBAHUIO JUHAMUYECKUX CUCTEM, IIPH KOTOPOM COXPAHSIIOTCs ajiredpandecKue
MHTErpaJibl B OpUTHHAJIBbHON cucTeme fdm for sage. DToT moaxo 1, BOCXOISAIIHA K CTATHE
neib byorno u Macrpocepro, 03BoJIsieT Ha OCHOBE JABYX JIIOOBIX SIBHBIX PA3HOCTHBIX
CXeM, B TOM YHUCJIE JIOOBIX IBYX ABHBIX cxeM PyHre—KyTThl, CKOHCTpYyUpOBATH HO-
BbIfl YUCJICHHBII QJIFOPUTM MHTEIPUPOBAHUA NUHAMUYECKONU CUCTEMbI, COXPAHAIOINAN
3aJIaHHBIH MHTErpajl. DTOT MOIXO0J, PEAJIM30BAH U IPOTECTUPOBAH B OPUTMHAJIBHOMN
cucreme fdm for sage. Ob6cyzKIeHBI JIeTaJ U TPYIHOCTHA peajus3anuu. s recTupo-
BaHWS B KAYECTBE JBYX CXeM B3sThI JiBe cxeMbl PyHre—KyTThI 0IHOrO mOpsiika, HO
¢ pa3HbiME TabjaunamMu ByTdepa, 9TO He MIPUBOANT K YCJIOKHEHUIO METO/1a OJraroaapst
pacmapaJuienBaHnio. PaccMoTpeHo ABa mpuMepa — JIMHEHHBIH OCIUJIIATOP U OC-
muLasTop fKkobu, nMmeromuit 1Ba KBaAPATUIHBIX HHTerpasa. Ha BTropom mpumepe
MMOKa3aHO, YTO COXPAHEHNE OHOI0 MHTErpasia IBUKEHUs HE IMPUBOIUT K COXPaHe-
Huio apyroro. IIpoesianabie SKCIIEPUMEHThI MOITBEPKIAI0T, YTO JAHHBIA ITOIXO.T
MOXKET OBITh MCIIOJIL30BAH M IIPU HECTAHIAPTHOM BhIOOPE MCXOMHBIX cxeM. BoJiee Toro,
9TOT METOJ TO3BOJISIET MPEJIOKATEH MTPAKTUIECKOe TTPUMEHEHNE XOPOIIIO U3BECTHOMN
HEOIHO3HAYHOCTH B ompeeseHun tabsmi ByTaepa.

KroueBbie cioBa: MeTOJ KOHEYHBIX PA3HOCTEMN, TUHAMUYECKUE CUCTEMbI, SBHDBIE
meToanl Pyure—KyTTor



