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Abstract This paper develops an improved tri-coloured rooted-tree theory for the
order conditions for ERKN methods solving general multi-frequency and multi-
dimensional second-order oscillatory systems. The bottleneck of the original tri-
coloured rooted-tree theory is the existence of numerous redundant trees. In light of
the fact that the sum of the products of the symmetries and the elementary differen-
tials is meaningful, this paper naturally introduces the so-called extended elementary
differential mappings. Then, the new improved tri-coloured rooted tree theory is
established based on a subset of the original tri-coloured rooted-tree set. This new
theory makes all redundant trees disappear, and thus, the order conditions of ERKN
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methods for general multi-frequency and multidimensional second-order oscillatory
systems are reduced greatly. Furthermore, with this new theory, we present some new
ERKN methods of order up to four. Numerical experiments are implemented and the
results show that ERKN methods can be competitive with other existing methods in
the scientific literature, especially when comparatively large stepsizes are used.

Keywords Multi-frequency and multidimensional perturbed oscillators - General
ERKN methods - Order conditions - B-series

Mathematics Subject Classification (2010) 65105 - 65L06

1 Introduction

In this paper, we pay our attention to the rooted-tree theory and B-series for extended
Runge-Kutta-Nystrom (abbr. ERKN) methods solving general multi-frequency and
multidimensional oscillatory second-order initial value problems (abbr. IVPs) of the
form

{ YO +Myt)=f(y®),y®), 1€l Tl 0

y(to) = yo. ¥ (t0) = yp.
where M is a d x d constant matrix implicitly containing the dominant frequencies of
the system, y € R?,and f : R? x R? — R¢, with the position y and the velocity y’

as arguments. In the special case where the right-hand side of (1) does not depend on
the velocity y’, (1) reduces to the following special second-order oscillatory system

Y +Myn)=fy®), tel,Tl, @
y(t0) = yo. ¥ (o) = yg.
Furthermore, if M is symmetric and positive semi-definite and f(gq) = —VU(q),
then, with ¢ = y, p = y’, (2) becomes identical to a multi-frequency and
multidimensional oscillatory Hamiltonian system
p'=-V4H(p,q), p(x0) = py, 3)
q'=VpH(p,q), q(x0) = 9o,
with the Hamiltonian
[ [
Hip.q)=5p'p+59"Mq +U(q), “)

where U(q) is a smooth potential function. For solving the multi-frequency and
multi-dimensional oscillatory system (3), a large number of studies have been made
(see e.g. [1-3]). The methods for problems (1) and (2) are especially important when
M has large positive eigenvalues as in the case where the wave equations is semi-
discretised in space (see e.g. [4—8]). Such problems arise in a wide range of fields
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such as astronomy, molecular dynamics, classical mechanics, quantum mechanics,
chemistry, biology, and engineering.

ERKN methods were proposed originally in paper [9, 10] to solve the special oscil-
latory system (2). ERKN methods show their great charming in practical numerical
simulation since they are specially designed to be adapted to the structure of the
underlying oscillatory system and do not depend on the decomposition of the matrix
M . ERKN methods have been widely investigated and used in numerous applications
in the fields of science and engineering; for example, the idea of ERKN methods
has been extended to two-step hybrid methods (see e.g. [11, 12]), to Falkner-type
methods (see e.g. [13]), to Stromer-Verlet methods (see e.g. [14]), to energy-
preserving methods (see e.g. [7, 15, 16]), and to symplectic and multi-symplectic
methods (see e.g. [4, 17-19]). Meanwhile, the further research of ARKN meth-
ods, including the symplectic conditions and symmetry, has been conducted as well
(see e.g. [20-24]).

In a recent paper [25], ERKN methods were extended to the general oscillatory
system (1), and a tri-coloured tree theory called extended Nystrom tree theory (abbr.
EN-T theory) was analysed for the order conditions. Unfortunately, however, the EN-
T theory is not completely satisfactory due to the existence of disastrous redundant
trees. For example, there are seven redundant trees out of 16 trees for third order
ERKN methods. In practice, in order to gain the order conditions for a specific ERKN
method of order r, one has to draw all graphs first, and then select and delete about
half of the redundant trees. It will be a great waste of time and effort. As a result,
it is not convenient nor efficient for the use of the EN-T theory to achieve the order
conditions for ERKN methods.

Hence, in this paper, we will present an improved theory to eliminate all these
redundant trees. Similarly to what we have done for the special oscillatory system
(2) in [26], the extended elementary differentials are required and will be analysed in
detail.

This paper is organized as follows. We first summarize the ERKN method for the
general oscillatory system (1) in Section 2, and then in Section 3, we illustrate that
the EN-T theory proposed in [25] works weakly. In Section 4, we investigate the set
of improved extended-Nystrom trees and show the relations to some other tree sets in
the literature. Section 5 focuses on the B-series associated with the ERKN method
for the general oscillatory system (1), and Section 6 analyses the corresponding order
conditions for the ERKN methods when applied to the general oscillatory system
(1). In Section 7, we derive some ERKN methods of order up to four. The numerical
experiments are made in Section 8. The last section is concerned with conclusions
and discussions.

2 ERKN methods

To begin with, we summarize the following ERKN method using the matrix-
variation-of-constants formula (see [10]) and quadrature formulae.
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Definition 2.1 (See [25]) An s-stage extended Runge-Kutta-Nystrom (abbr. ERKN)
method for the numerical integration of the IVP (1) is defined by the following
scheme

N
Yi = ¢o(cIV)y, + cidi (T VOhy, + B2 ai(V)f (YY),  i=1...s
j=1

N
hY] = =c; Vi (e} V)y,+ ¢o(ci VIhy,+ h* Y aij(V)F (Y}, YD), i=1,....s,
j=1

Yus1 =G0y, + o1 (Vhy, + 1> Y b (V) (Y, Y)),

i=1

hyn ==V (V)y, + ¢o(Vhy, + 0> bi(V) f (i, ¥),

i=1

_ ®)
where ¢o(V), #1(V), a;;j(V), a;j;(V), bj(V), and b;(V) for i,j = 1,...,s are
matrix-valued functions of V = h%M, and are assumed to have the following series
expansions

+00 520 +o0 420 o0 5K

= _ i ko _ ij k 7. _ i k

alj(V) = Z (2k)'V s alj(v) = Z (Zk)'V , bi(V) = Z (2k)‘V s
k=0 k=0 k=0
+00 1 (2K) ) +00 (— 1)k )

bi(V) = L V¥ ¢ (V) = — VvV

) ,gek)! w) §(2k+i)!
with real coefficients Ezi(]?k), ai(fk), Elgzk), bfzk) fork=0,1,2,....

This ERKN method (5) in Definitions 2.1 can also be represented briefly in
Butcher’s tableau of coefficients [28]

crjan(V) an(V) - ais(V)|aii(V) aip(V) -+ ais(V)
c2|az1 (V) axn(V) -+ ax(V)|ax (V) an(V) --- ax(V)
3 T SV S S ©)
cs|as1(V) aga(V) -+ ag(V)|as1 (V) axp(V) -+ ag (V)

| 01(V) ba(V) -+ bs(V) [ b1(V) ba(V) -+ by(V)

In essence, ERKN methods incorporate the particular structure of the oscillatory
system (1) into both the internal stages and the updates. Throughout this paper, we

call methods for the general oscillatory system (1) as general methods, and standard
methods for the special case (2).

3 The failure and the reduction of the EN-T theory

The EN-T theory for general ERKN methods was presented in the recent paper [25]
in which some tri-coloured trees are supplemented to the classical Nystrom trees
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Table 1 Two EN-Ts which have the same elementary differentials F(7)(y, y')

EN-Ts P y d; o F

0 2
@) 4 4 c,.z Zjai(j) 3 f(yy)/(*My,f)
{( 4 8 ay;ay 3 fO =My, )

(abbr. N-Ts). The idea of the EN-T theory comes from the fact that the numbers of the
N-Ts and of the elementary differentials are completely different. The paper [25] tries
to eliminate the difference and then to make one elementary differential corresponds
to one tree uniquely. Unfortunately, however, the paper [25] cannot succeed in this
point at all. For example, the two different trees shown in Table 1 have the same
elementary differentials F(t)(y, y).

Moreover, the great limitation of the EN-T theory is the existence of great number
of redundant trees that cause trouble in applications. For example, in Table 2 (left),
there are seven EN-Ts but five of them are redundant since their order p(t), density
y (1), weight ®; (1), and the consequent order conditions can be implied by others
for the general ERKN methods (5).

Here, it should be pointed out that one tree one elementary differential is not
necessary. In other words, one tree may correspond to a set of elementary differ-
entials. For example, just as shown in Table 2, the sum of the products of the
symmetries () and the elementary differentials F(7)(y, y’) is meaningful. In fact,
we have

POV + £ M) = D ($0t M)y + $1 (B MIRY, oMY — kM1 (2 M)y)

Table 2 Some EN-Ts and the redundance

EN-Ts p y & o F EN-Ts p y & o F

l 22 G 1 gDy l 2 2 o 1 fOy

! 202 o 1 fOmy +f5 (=My)

Y oos s 1 fRG.Y) Y o5 1 fRG.Y)

Y s 2 (—Myy) +210 (~My, y)
Y o33 2 19, (~My, —my) +, (—My, —My)
i 33 & 1 fOmy +f (—=My)

i 303 G 1 £ (-my) +f (—My')
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namely, f (1) "+ f (1)( My) is the first-order derivative of function f with respect
toh,ath =0, Where the function f is evaluated at point (3, y ) with

§ = ¢o(W*M)y + 1(R*M)hy', (7)
5 = ¢o(B>M)y — hM¢ (h*M)y. 8)

Thus, in Table 2, we can choose these two bi-coloured trees to represent the sums
respectively and omit all trees with meagre vertices. In this way, we can get rid of
redundance as shown in Table 2 (right).

On the other hand, although almost all tri-coloured trees are redundant, there
indeed exist tri-coloured trees which are absolutely necessary in the research of order
conditions for the general ERKN methods (5). For example, the fifth tree which is
tri-coloured in the fifth line in the table 2 in [25] undoubtedly works in the order
conditions. In a word, the theory for the general ERKN methods (5) is exactly a
tri-coloured tree theory but it is on the basis of the subset of the EN-T set.

It is natural that this paper starts from the N-th derivative of the function

f (meyr,,, 6.5 with respect to 4, at A = 0. For details about multivariate Taylor series
3.y

expansions and some related knowledge, readers are referred to [26, 27]. In what

follows, we will denote this derivative as DN f (’,",,+”).

Remark 3.1 The dimension of the matrix DY f“"}’,’,’ isd x d™™ Ifzisad™™ x 1

matrix, the dimension of DN f (m+ 2 Zisd x 1.

Remark 3.2 If the matrix M is null,

N (m+n) (m+n+N)
th "y f m+N m ylv""y/’z s
—_—
N fold
(m=+n+N) . . , .
where f N yn is evaluated at the point (y, y'), and (-, --- ,-) is the Kronecker

inner product (see [26]).

Remark 3.3 In the special case (2) where the function f is independent of y’,
DNf('fflJr")z is exactly DY £z in [26].

In the end of this section, we give the following first three results of D) f (mn)
which work significantly in the understanding of the extended elementary differen-
tials (see Definition 4.2 in Section 4).

- +n+1 +n+1

Dy f s z=F i (v 2) + ot (=My, 2),
2 1 2

D} F U= FU D 0y o) D My o) 4 2 f U My, 9

4D My My, z)+f(’"+,’,‘:})( My',z),

ym y/n +2
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+ +n+3 +n+3
Dy fomn's = Foiis (0¥ ¥ 2) 43 5000 (v Y —My.2)
3
_}_3]‘(7’:'11_1"""/_’1*)_2 (y ) _Mya _Mya z)

FfOED My, My, —My, z)+3f('f’ni§’7,,2)(y ~My,z2)

ym y/n+3

3 (~My, —My. )

m+1 ym+1
+n+2 +n+2
+3f(",i+1” 2 (v, My, Z)+3f('fi " (~My, My, z)

+f(r,'fif'+l) (—My'. z) + f(y'f'f;ﬁfll) ((—M)2y, z) :

4 The set of improved extended-Nystrom trees

In the study of order conditions for second order differential equations, there are
four theory systems listed in Table 3, where the abbreviation “SSEN-T” comes from
the expression of simplified special extended Nystrom-tree [26], and here the word
“compact” should be interpreted as that any order condition derived by a tree from
the underlining rooted tree set cannot be obtained by others from the same rooted
tree set.

The first two theory systems are much famous in the numerical analysis for ODEs,
where the second is the special case of the first one. The rooted tree sets in these two
theory systems are all bi-coloured tree sets with the white vertex and the black vertex.
The last two theory systems are constructed on tri-coloured rooted tree sets by adding
the meagre vertex to the graph of bi-coloured trees. Similarly, the last system is the
special case of the third.

Moreover, when the matrix M is null, the third theory is identity to the first theory,
and the fourth is the second. In a word, the last two theory systems are the exten-
sions of the first two theory systems respectively. However, the extension of the first
theory system is not satisfied yet, since the last section in this paper states that the
third theory system is not compact. In order to make the extension better, a com-
pact theory will be built to replace the third one, by introducing a completely new
tri-coloured rooted tree set and six mappings on it. In this section, we will define
the new tree set and study the relationships with the N-T set, the EN-T set and the
SSEN-T set.

Table 3 Four theory systems for second order differential equations

IVPs Methods Trees (graphs) Compact (T/F)
1 Y =rf() General RKN methods N-Ts T
2 y' = f(y Standard RKN methods SN-Ts T
3 Y +My=f(y.y) General ERKN methods EN-Ts F
4 Y +My=f(y) Standard ERKN methods SSEN-Ts T
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4.1 The IEN-T set and the related mappings

In this subsection, we will recursively define a new set named the improved extended-
Nystrom tree set and define six mappings on it.

Definition 4.1 The improved extended-Nystrom tree (abbr. IEN-T) set is recursively
defined as follows:

(a) o, l belong to the IEN-T set.

(b) If t belongs to the IEN-T set, then the graph obtained by grafting the root
of tree T to a new black fat node and then to a new meagre node, --- (p
times), and then to a new black fat node and then last to a new white node,
denoted by W, B, (byB;)P(t) (see Table 4), belongs to the IEN-T set for

Vp=0,1,2,....
(c) If T belongs to the IEN-T set, then the graph obtained by grafting the root of
tree T to a new black fat node and then to a new meagre node, - -- (p times),

then last to a new white node, denoted by W, (b4 B4 )P () (see Table 4) belongs
to the IEN-T setforVp =0, 1,2, .. ..

(d Ifry, ---, 74 belong to the IEN-T set, then 7 x - - - x 7, belongs to the IEN-T
set, where “x’” is the merging product [28].

Each tree 7 in the IEN-T set can be denoted by

T i= Ty X -+ X Ty X (W+B+(b+B+)p‘(n)) X - X (W+B+(b+B+)p”' (rm))
—_—  —
N —fold
X (Wa(by B (tng1)) X -+ X (Wi (b4 BT (Tgn)) )

where 1, = l Figure 1 gives the mode of the trees in the IEN-T set.
From Definition 4.1, the following rules for forming a tree 7 in the IEN-T set can
be obtained straightforwardly:

(i) The root of a tree is always a fat white vertex.
(ii)) A white vertex has fat black children, or white children, or meagre children.
(iii)) A fat black vertex has at most one child which can be white or meagre child.
(iv) A meagre vertex must have one fat black vertex as its child and must have a
white vertex as its descendant.

Table 4 Tree W, B4 (b4 B+)P () (left) and tree W, (b4 B4+ )? () (right) in Definition 4.1

T T
P P

- 4
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71

Fig. 1 The mode of the trees in the IEN-T set

Definition 4.2 The order p(7), the extended elementary differential F(z)(y, y’), the
symmetry «(7), the weight ®; (), the density y (), and the sign S(z) on the [EN-T
set are recursively defined as follows.

1. pl)=1,F0©) = f,a()=1,d;(c)=1,y()=1and S(o) = 1.
For T € IEN-T denoted by (9),

* p(m=1 +N+Z<1 +2pi 4 @) + Y Cgi + p(tnsi)),
i=1
e F(r)= DNf(m+3Z) ((— M)Plf(n) (= M)Pm+nf(rm+n>),

where py4i = qi, i = 1,---,n,and (-, ---,-) is the Kronecker inner
product (see [26]),
« wn) = (O - D o ﬁ( ) )
Nt A 2pi 4 p(m)!
1_[( o (1) ) 1
i1 \2gi + p(Tn+i))! Jitoapr
where Ji, - - -, J; count the same branches,
m N
o o =c"]] Z 2P (1) -1"[ Za“’% (Tns0) |
k=1 j=1 k=1
m
(I +2p;i + p(T)ly (m)
e y(1) = p(t)y - (
1_[ Zpi)lp(zi)!

i=1

ﬁ ((qu + ,O(Tm+l'))!)/(1—m+i))
i=1 (2gi)!p(Tim+i)! ’

o S =[[(=DPS@) []((=D¥S@mi)).

i=1 i=1

0 0
where ). =0and [] = 1.
k=1 k=1
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Definition 4.3 The set IEN-T,, is defined as

IEN-T,, = {t: p(r) =m, t € IEN-T}.
Remark 4.1 The order p(t) is the number of the tree t’s vertices.

Remark 4.2 The extended elementary differential F(t) is a product of (—M)? (p
is the number of meagre vertices between a white vertex and the next coming white
vertex), and D,’lv f (",:”y',’,’,) (N is the number of end vertices from the white vertex, m
is the number of tfvle non-ending black vertices from the white vertex, and n is the
number of the meagre vertices from the white vertex). We will see that the extended
elementary differential is not only one function but a weighted sum of the traditional
elementary differential.

Remark 4.3 One IEN-T corresponds to one extended elementary differential F (7).

Remark 4.4 The symmetry o(r) is the number of possible different monotonic
labeling of 7.

Remark 4.5 The weight ®;(tr) is a sum over the indices of all white vertices
and of all end vertices. The general term of the sum is a product of &i(fp ) for
WiB4+(byB4)P(7),of ai(j?p) for Wy (b4 B4)? (t) (p is the number of the meagre ver-
tices between the white vertices i and j) and of cf” (m is the number of end vertices
from the white vertex i).

Remark 4.6 One IEN-T corresponds to one weight ®;(7) .

Remark 4.7 The density y(t) is a product of the density of a tree by overlooking
the differences between vertices and of (2+D)! (p is the number of the meagre vertices
between two white vertices).

Remark 4.8 The sign S(7) is 1 if the number of the meagre vertices is even, and —1
if the number of the meagre vertices is odd.

Table 5 presents the corresponding mappings: the order p, the sign S, the density
y, the weight ®;, the symmetry «, and the extended elementary differential F for
each 7 in the IEN-T set of order up to four.

4.2 The IEN-T set and the N-T set

In this subsection, we can see that with the disappearance of meagre vertices the
IEN-T set is exactly the N-T set. In fact, in this case, each tree t in the IEN-T set
has the mode shown in Fig. 2, and the rules to form the tree set are straightforwardly
reduced to:

(1) The root of a tree is always a fat white vertex.

@ Springer
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Table 5 IEN-Ts and mappings of order up to four and the corresponding elementary differentials on the

N-T set
No. IEN-Ts y P, o F JF on the N-T set
1 o 11 L f f
] - ')y iy
0 1
3 i 2 Yia I I f
4 V 30 ¢ 1 Dif WO
5 cg 3 Ci Z} a(o) 1 Dhlfy/f f)”vr(y/,f)
0) (0
6 v 3 ijaz(/)az(k) 1 fy’y’(fv h v,./fy/(fy D)
7 { 6 ¥;a) L0 ff
8 Cg 6 X;afe I Iy by
0) (O 1 1
9 { I I A
0 N 4 & I Dif Oy Y
%/ 0 1 3
11 4 22; a( ) 3 Dl%f(y/)f f;"y)y(f’ Yy
3)
PR 4 aYala) 3 DS QLG
0) (0) (O 3 3
13 AV 4y aaal 1 O L FO S
14 Q 8 ay;a) 3 DifVf s )
0) (0 2
15 G) 8 Y, alal) 3 FO D Sy (£ )
16 {[ 8 aXialay) 3 DI fyf IO f )
0) (0) (0 1
17 {P 8 Yialalal) 3 fOFEH fl D
18 (if 8 ) a(o)c 3 D} f;l,)D,if T (¥ ¥
0) (O
19 {(O 8 Yjxaalck 30 fOLEDVD fBY )
20 § 14y a0 1 fbif LY
21 § % ¥, alal I B f
0) - (0 1
2 § 214 % aal) I A i f
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Table 5 (continued)

No. IEN-Ts p S Y D; o F JF on the N-T set
23 § 4 1 24 Y adle (I AV A0S S Y A0

0) (0) (O 1 1 1
24 § 4 1 24 % alaQa) v FUFYEY
25 § 4 -1 12 Y;a? LM s -
26 Y 41 12 el 1 Vs £ B Gy

0 .

27 Xf 41 12 Y aea) 2 fODLOf LG )

0) (0) (O 1 2 ,
28 Y 41 2y, aVdQd) 1 VS

(ii)) A white vertex has fat black children or white children.
(iii) A fat black vertex has at most one child which must be white.

In this case, from Remark 4.1 to Remark 4.7, the order p(t), the symmetry o (7)
and the density y (t) are exactly the same as the ones on the N-T set respectively. If
M is null, the weight ®; (7) and the extended elementary differential 7(7)(y, y) on
the IEN-T set are exactly the same as the ones on the N-T set respectively, too. In fact,
from Definition 4.2, with the disappearing of meagre vertices, these two mappings
are recursively defined respectively, for T denoted by Fig. 2, as follows:

n

m s s
(1) = [T D aueio |- [T ai®i@m |-
k=1 \ j=I

k=1 \j=I

F@) = DY fii) (F@), -+, Ftmin))

Fig. 2 The mode of the trees with meagre vertices disappearing
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Table 6 Tri-coloured Trees which are appended to the set N-T5 to form the set IEN-T

i

Clearly, the IEN-T set is really an extension of the N-T set (see, Table 14.3 on
p-292 in [28]). It can also be seen from Tables 5 and 6 that one 4th-order tree and six
Sth-order trees are appended to the N-T set to form the IEN-T set. All these special
and new appended trees have a meagre vertex (or some vertices) which correspond
to nothing in the N-T set. In fact, the weights ®; in Table 6 are all functions of Ezi(jZk)
i

and a
to h.

, the functions of higher-order derivatives of a;; (V') and a;; (V') with respect

4.3 The IEN-T set and the EN-T set

First of all, it should be pointed out that there are just five mappings defined on the
EN-T set in the paper [25] while six mappings on the IEN-T set in this paper. In
the paper [25], the authors introduced the signed density y (), but in this paper, we
replace y (t) by the product of the two mappings, the density y (t) and the sign S(7).

The IEN-T set is a subset of the EN-T set, once one overlooks the (extended)
elementary differential (t) on them.

4.4 The IEN-T set and the SSEN-T set

From the rules of the IEN-T set and of the SSEN-T set (see [26]), if the function f
in the system is independent of y’, the IEN-T set is exactly the SSEN-T set.

5 B-series for the general ERKN method

In Section 4, we have presented the IEN-T set and on which six mappings are defined.
With all these preliminaries, motivated by the concept of B-series, we will give a
totally different approach from the one described in [25] to deriving the theory of
order conditions for the general ERKN method.

The main results of the theory of B-series have their origins in the profound paper
[29] of Butcher in 1972 and then be introduced by Hairer and Wanner [30] in 1974.
In what follows, we present the following two elementary theorems.

Theorem 5.1 With Definition 4.2, f(y(t + h), y'(t + h)) is a B-series

pp(m-1
(D F (), y).

FOu+h),ye+m= ) @ =1

telEN-T
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A A/

Proof First, we expand f(y(t + h), ¥'(¢t + h)) at point (y, y'), with the denotations
(7) and (8).

fOa+n. Y+ = Y Py | 5.5y G = 57" @ (1) - )"
(m+ n)' 3.5
m=>0,n>0
10
where the second term f (m+") . ., in this series is the matrix-valued function of A.
Y

Definition 4.2 ensures that f(y@+h),y (t+h))isaB-series. In fact, if f(y( +
h), y'(t + h)) is a B-series, from the matrix-variation-of-constants formula with u =
1, (see [25]), and from the properties of the ¢-functions (see e.g. [2]), we have

1
ye+h -3y =h2f0 (1 = 2)¢1((1 — 2)*V) f(y(t + hz), y'(t + hz))dz
1 7P(@—1

= 1 — 1—2)2v 7(1 e+ F Y
IGIXEI:\I-T 0 (o= )( (r)— ! ( a(t)F(o)(y }’))
= 2 $n () He@F@G.5)
T€lEN-T

(—1Pve
- — 7 e+l F .
IE§V.T[§(P(T)+I+2P)! a(T)F(t)(y,y)

(11)

and (—1)aVe
y+n -3 Y "D F O3 12
r%:W — (00 +29)! (12)

Taking the Taylor series of f (yrfln;f,?

at h = 0, and from (11) and (12), the

equation (10) becomes
fOG+n.ya+m) = Y >
N,n,m t€lEN-T
((*M)P‘a(n)]:(n)(y) (=M)Pma () F (Tm)(y)
(p(x) +1+2p)! 7777 (0 (tm) + 1+ 2pm)!
(M) o (T4 1) F (Tm41)(¥) (—M)q"ot(f;n+n)f(fm+n)(y))

hS

Nf(n+m)
N!(m + n)!

m

(P (Tm+1) +2q1)! (0 (Tmtn) + 2qn)!
(13)
m n
where s = N+ > Qpr + () + 1)+ D (2gx + p(tm+x)). By Definition 4.2, the
k=1 k=1
proof is complete. O

Theorem 5.2 Given a general ERKN method (5), by Definition 4.2, each f(Y;,Y/)

is a series of the form
pr@—1

fXL Y=Y ——ai(r),

!
TelEN-T p()!
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where a;(t) = ®;(t) - y () - S(v) - () - F(O)(¥,, ¥))-

~ ~/

Proof Similarly to the proof of Theorem 5.1, we expand f(Y;, Y) at (y,y)
for the general ERKN method (5), where y = ¢O(C, )y, + &1 (cl V)cihy),
and i/ = qbo(ci2 V)y, — cihM@, (cl.zV) y,, and obtain the Taylor series expansion
as follows:

1
(m + n)!

fLyh=3y"

m,n>0

+
Fo

Qm ®n
55 (hzzau(")f( i /) ®(hzau<")f( s /) '

J
(14)

m-+n) _, is the function of c;h. Then, the Taylor series
b

where the second term f (m v |-
y

expansion of f ,,l+") .., at h = 0 s given by
Y
(m~+n) 1 N m+n)
Pyl = Z LR R (15)
N_O
Definition 4.2 ensures that each f(Y;, Yi’) fori = 1,...,s is a B-series. In fact,

the third and fourth terms in the equation (14) are given by

Z a(2p)

hZZa,](V)f(YJ,Y) =Y YL oy, (16

| |
T€lEN-T p>0 p()! (2p)

and

(29)
Z“ Ve
hza”(V)f(Y/»Y) - Z Z p()! 2g)!

TeIEN-T ¢>0

hp(f)aj(r). a7

We then obtain

ar agrm
f,YH= Z Z L f(m+n) j ! MP .. Z MPm M
) Wi+ St ot T i

N,n,m telEN-T

Za(2¢11) Za(zq,

M1 n
(fm+1)' (qu)' 1( Tnt1) s (2qn)!aj(rm+n) , (18)

(fern)'

where s = N + Z Cpr+po(t)+ 1)+ Z (2qr + p(tm+k)). By Definition 4.2, we
k=1 k=1
complete the proof. O
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6 The order conditions for the general ERKN method

Theorem 6.1 The scheme (5) for the general multi-frequency and multidimensional
oscillatory second-order initial value problems (1) has order r if and only if the
following conditions

S

S B (V)S@Y @ ®i(@) = p(0 by 1+ 0K D), Vre [EN-Tyyy m < r—1,
i=1

(19)
D bi(NS@Y (O®i(T) = p(D)ppiry + O PO V1 € [EN-T,y, m <,
i=1

(20)

are satisfied.

Proof 1t follows from the matrix-variation-of-constants formula, Theorem 5.1 and
Theorem 5.2 that

pPm+1 S

o 2 NSOy e F @ 3. @D
Toi=l

Yns1 = 90(V)y,ther(V)y,+ 3
TelEN-T

1
Ya+h) = gy +hpr(V)y' + Y hﬂ“’“a(r)f(r)(y,y)/ (1-2)
T€lEN-T 0
7P~

Xm¢l((l —2)V)dz. (22)

Comparing the equations (21) with (22) and using the properties of the ¢-functions,
we obtain the first result of Theorem 6.1. Likewise, we can get the second result of
this theorem. O

Theorem 6.1 in this paper and the theorem 4.1 in [25] share the same expression.
However, it should be noticed that there exist redundant order conditions in [25].
While any order condition in this paper cannot be replaced by others provided the
entries a;; (V), a;;(V), b;(V), and l;,-(V) in the general ERKN method (5) are inde-
pendent. Obviously, the disappearing of redundant order conditions can make the
construction of high-order general ERKN methods (5) much clearer and simpler.

It is easy to see that Theorem 6.1 implies the order conditions for the standard
ERKN methods in [10, 26] once the right-hand side function f does not depend on
y’. Ttis noted that, if the matrix M is null, Theorem 6.1 reduces to that for the classical
general RKN method when applied to y” = f(y, y'), since the IEN-T set is exactly
the N-T set in this special case.

7 The construction of general ERKN methods
In this section, using Theorem 6.1, we present some general ERKN methods (5) of

order up to four. The approach to constructing new methods in this section is different
from that described in [25].
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7.1 Second-order general ERKN methods
From Theorem 6.1 and the three IEN-Ts with order no more than two which are listed

in Table 5, for an s-stage general ERKN method (5) expressed in the Butcher tableau
(6), we have the second-order conditions as follows:

Y bi(V) =¢2(V) + O(h), Zb,m =¢1(V) + O(h?),

S bV = 6a(V) + O, Zb Va) = ¢2(V) + 0(h).

i=1

Comparing the coefficients of 2° and &, we obtain four equations:

N N S

3 ~o) _ 1 ) ©) 3 ©) Z O (0>
bi = 5, bi = l, bi Ci = b

i=1 i=1 i=1

It can be observed that all these equations are exactly the second-order conditions for
the following general RKN method

N
Vi =y by, + 1Y al) (O vp = MY;). i=1 s,
j=1
S
Y=y +h Y al (PO -MY;),  i=1s,
j=1

N
(0
Yup1 = Yo +hy, + 02D B0 (YY) = MY;),
i=1

S
0
Vo1 = Yo +h Y b (f(¥;.Y)) = MY;), (23)
i=1
when applied to the initial value problems (1), with the Butcher tableau
~(0) ~(0) —(0) © () )

1) a(O) (0) 1 a%(%) %

2 “21 Qpy =+ Gyg |Gyy Ay "'“23
. oo (24)

—(0) =(0 -0 0 0 0

¢ la () () as(,s) “s(l) “s(z) aﬁ?

b<0> b(O) QI PXONSCRIG

This means that we can easily solve (c,, (O), l(;)), bl(o) b(o)

general RKN method. For example, from the explicit 2 stage 2nd-order general RKN
method with the Buthcher tableau

) in terms of a classical

; (25)
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we can yield the 2 stage 2nd-order explicit general ERKN methods. Two examples
are given below.

Example 1 The first 2 stage 2nd-order explicit general ERKN method (5) has its
Butcher tableau

0
2 lo 3 %1 _ (26)
BREUREY
Example 2: The Butcher tableau of the second one is
0
il 0 2p0(3V) : 27

[ 501(V) 3¢1(5V)| Joo(V) oo(5V)
7.2 Third-order general ERKN methods

From Theorem 6.1 and 9 trees in the set of IEN-T,,, (m < 3) in Table 5, for an s-
stage general ERKN method (5) expressed in the Butcher tableau (6), we have the
third-order conditions as follows:

Zéim =p(V)+0H), D bi(Viei = ¢3(V) + O(h),

ZZb Va = ¢3(vV) + 0(h),

i=1 j=1

Zb,m =p(V)+0M), Y bi(V)e; = ¢a(V) + O(h),

Z Zb (V)a = ¢a(V) + 0(hD),

i=1 j=1

D bi(V)el = 2¢3(V) + O(h), Z Zb V)cial) =2¢3(V) + O(h),

i=1 i=1j=1

Z Z Z bi(V)aal) =2¢3(V) + O(h),

i=1 j=1k=1

Zb V)a) = ¢3(V) + O(h). Z Zb (V)acj = ¢3(V) + O(h),

i=1 j=I

Z Z Z bi(V)alaly) = ¢3(V) + O(h).

i=1 j=1 k=1
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Comparing the coefficients of the power of &, we obtain 13 equations, where 12
equations are exactly the third-order conditions for the classical general RKN method
(23) with the Butcher tableau (24)

N
S 6y (@i(r) = ;, Vr € N-T,,, m <2, (28)
P p(t) +1
N
Y by @@i(r) =1, V1 €N-T,, m <3, (29)
i=1
together with the last equation Z b(z) l . We can solve (c,, al(jo), l(]O) b(o) b(o))

from the equations (28) and (29) via a classical general RKN method. We then can
solve b} ) from the last equation. In such kind of approach, we complete the construc-
tion of the general ERKN methods of order three. For example, from the explicit 3
stage 3rd-order general RKN method with the Buthcher tableau

—l= O

1
2 (30)

IS Ne)

1
05 56

A= = O
IES N\

we can construct the 3 stage 3rd-order explicit general ERKN methods straightfor-
wardly. The three examples are listed below.

Example 3 The first 3 stage 3rd-order explicit general ERKN method (5) is expressed
in the Butcher tableau

0

1 1

1o 1y

2 2

1171 0 .y 21 (D
1 2 1 9 4 3 1 1

(61 3105 — V) U —5V) U+ V)

Example 4 The Butcher tableau of the second 3 stage 3rd-order explicit general
ERKN method (5) is given by

1
51
1 0 —1 21

[§U = §V) §U =5 V) 0gU = 3V) 5 —gV) ¢!

(32)

Example 5 The third 3 stage 3rd-order explicit general ERKN method (5) is denoted
by the Butcher tableau

0 1oo(GV)
$1(V) 0 —po(V) 2¢0(3V)
1501 (V) 201(GV) O] 2d0(V) 2¢0(zV) ¢l

—_—= O

(33)
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7.3 Fourth-order general ERKN methods

From Theorem 6.1 and Table 5, comparing the coefficients of the power of &
of (19) and (20), for an s-stage general ERKN method (5) with the coefficient
(@ij(V), aij(V), bi(V), b;j(V)) displayed in the Butcher tableau (6), we can obtain
41 fourth-order conditions, in which 36 conditions are listed as follows:

N

_ 1
§ :bgo)y(f)cpl.(f) =——+—, V7T eN-T,, m<3, (34)
P p(t)+1

N
Y by @@i(r) =1, V1 €N-T,, m <4, (35)
i=1

and the other five conditions are given below

N 1 N 1
ZZW @ — 12, Zbi@) =-3. 2 bla=—5.

i= 1] 1 i=1 i=1

N
@4 <0> o _ 1

i=1j=1 i=1
For each specific classical general RKN method of order 4, we can solve

(c,-, Ezl.(j(.)), l(j(», b(o) b(o)) from (34) and (35), since these 36 conditions are exactly
the order conditions for the classical general RKN method (23) with the Butcher

1(12), bl(z) b(2)) from conditions (36). In this way,

we construct the general ERKN methods (5) of order 4.

In what follows, we will gain explicit 4 stage 4th-order general ERKN methods
from the following explicit 4 stage 4th-order classical general RKN method (23) with
the Butcher tableau

tableau (24). Then, we can solve (a

0
1L 1
i) 0 1
30 |03 37)
11004 001
TTToIz21
6 6 6 6 6 6 6

Some general ERKN methods of order four constructed in this approach are shown
below.

Example 6 The Butcher tableau of the first explicit 4 stage 4th-order general ERKN
method (5) is given by

(l) 1 1

t Ej 0 201 1y

2 8 2

1 0 31 0 0 I—3v
50 - % s —1V) U= V) 0[gU —3V) §U—gV) §U —gV) ¢l
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Example 7 The second explicit 4 stage 4th-order general ERKN method is expressed
in the Butcher tableau

§1 1 —3iv 1
0 0 31 0 0 -3V
TT—Iwvy Ta= L TT—Ivy Za—Ivy Za Iy I
V) g =5 V) g = 5V) 0‘6(1_ V) sU =3gV) g —35V) 5l
(39)

—_ == O

o
—~
~
|
o

Example 8 The third explicit 4 stage 4th-order general ERKN method (5) has the
Butcher tableau as follows:

0
3o GY) 10GY)

JgeiGv) 0 0 2l - @0
1l 0 0 ledv) 0 0 ¢o(3V)

| §01(V) 501GV) 561GGV) O g0(V) Zdo(zV) 2h0(GV) g1
7.4 An effective approach to constructing the general ERKN methods

In the paper [25], in order to construct fourth-order general ERKN methods for the
systems (1), the authors first considered all 62 graphs of the EN-Ts (see Tables 1 and
2 in [25]), and then selected and deleted 34 redundant trees. Finally, they obtained
28 non-redundant EN-Ts (see Tables 3 and 4 in [25]). With these 28 EN-Ts, the
authors in [25] achieved special fourth-order conditions, and then the authors derived
an fourth-order ERKN method under two auxiliary simplifying assumptions.

Obviously, as shown in paper [25], more than half of the time and effort spent on
drawing the redundant trees. In a word, the process described in paper [25] is difficult
to follow since the number of the redundant trees in the EN-T set is much huge.

However, in this paper, these 28 trees can be directly obtained since 27 of them
are exactly the classical N-Ts as shown in Section 4.2. In this way, it becomes quite
easy to get the fourth-order conditions for the general ERKN method (5). Then using
the expansions of these order conditions with respect to the power of /2, we can check
that some are exactly the order conditions for the classical general RKN method (23).
This approach to constructing the general ERKN integrators is very effective and
efficient in practice as shown in the previous subsections where second-, third- and
fourth-order general ERKN methods are constructed as examples.

8 Numerical experiments
In this section, some numerical experiments are implemented to illustrate that the

general ERKN methods (5) are competitive in comparison with the others in the lit-
erature. The criterion used in the numerical comparisons is the base-10 logarithm of
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the maximum global error (logo |[MGE]||) versus the base-2 logarithm of the step-
sizes (log,(h)). The following 11 methods are used to solve the general system (1)
for the comparison:

RKN2: The 2 stage 2nd-order general RKN method (25).
ERKN?2a: The first 2 stage 2nd-order general ERKN method (26) given in
Section 7 of this paper.

e ERKN2b: The second 2 stage 2nd-order general ERKN method (27) given in
Section 7 of this paper.
RKN3: The 3 stage 3rd-order general RKN method (30).
ERKN3a: The first 3 stage 3rd-order general ERKN method (31) given in
Section 7 of this paper.

e ERKN3b: The second 3 stage 3rd-order general ERKN method (32) given in
Section 7 of this paper.

e ERKN3c: The third 3 stage 3rd-order general ERKN method (33) given in
Section 7 of this paper.
RKN4: The 4 stage 4th-order general RKN method (37).
ERKN4a: The first 4 stage 4th-order general ERKN method (38) given in
Section 7 of this paper.

e ERKN4b: The second 4 stage 4th-order general ERKN method (39) given in
Section 7 of this paper.

e ERKN4c: The third 4 stage 4th-order general ERKN method (40) given in
Section 7 of this paper.

Problem I We consider the damped equation
my” +by +ky =0,

as one of the test problems. When the damping constant b is small, we would expect
the system to still oscillate, but with decreasing amplitude as its energy is converted
to heat. In this numerical test, the problem is integrated on the interval [0, 300] with
m = 1,b = 0.01, k = 3 and the initial conditions (y(0), y'(0)) = (1,0). The
analytic solution to the problem is given by

om,< («/12—0.01%) 001 («/12—0.01%))
COS .

y()=e 2 + sin
2 V12 -0.012 2
The numerical results are displayed in Fig. 3, where the small stepsizes for the
methods are h = 2% for j = 3,...,8 and the big stepsizes are h = é for

j=2....,6.

Problem 2 'We consider the initial value problem
" 13 —12 126 (3 2, 2 % sin(t) + 24 sin(5t)

Z sin(r) — 365in(51)
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Problem 1: Efficiency curves with small
T T T T T T T

logq [|MGE||

—7-— ERKN2a

—%— ERKN2b 4

&+ RKN3
—-¢-— ERKN3a
— & —ERKN3b

—<— ERKN3c | |

%+ RKN4
—-%-— ERKN4a
— % — ERKN4b
—¥— ERKN4c

L L
5.5 -5 -4.5

log, h

-6.5 -6

-4 -3.5

Fig. 3 Problem [ integrated on [0, 300]

-3

log,q [|[MGE||

65—

Problem 1: Efficiency curves with big
T T T T

v RKN2
—¥-— ERKN2a
—%— ERKN2b

O RKN3
—¢ -~ ERKN3a
— & — ERKN3b
—&— ERKN3c

% RKN4
— %~ ERKN4a
— % — ERKN4b
—¥— ERKN4c

n n

with the initial values y(0) = (¢, &)T and y’(0) = (—4, 6)T. The analytic solution is

given by

y() = (

sin(t) — sin(5¢t) + € cos(t)
sin(t) + sin(5t) + € cos(5¢)

).

In the numerical experiment, we choose the parameter value ¢ = 10~ and integrate
this problem on the interval [0, 300]. The numerical results are displayed in Fig. 4.

. 1 .
The small stepsizes are h = > forj=3,...

o 2: Effici curves with small
T T T T
v <
A\ & *
2t 1
4 *

logyo [ MGE|

V- RKN2
=¥ — ERKN2a
—%— ERKN2b
&+ RKN3,
—-&-— ERKN3a
— & —ERKN3b
—<4— ERKN3c
* - RKN4
—-%-— ERKN4a
— % — ERKN4b
—%— ERKN4c

log, h

-4

Fig. 4 Problem 2 integrated on [0, 300]

, 8 and the big stepsizes are h = % for

Problem 2: Efficiency curves with big stepsizes
T T T T T T T

IGE|

—¥"~ ERKN2a
—<—ERKN2b| |
&+ RKN3
—-& -~ ERKN3a
— & —ERKN3b |
—<— ERKN3c
* - RKN4
—-%-— ERKN4a | -
— % — ERKN4b
—k— ERKNdc

-5.5

L
-1.2 -1 -0.8 -0.6 -0.4

logy h
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j =2,...,6.In this numerical test with the big stepsizes, the classical general RKN
methods (RKN2, RKN3 and RKN4) give disappointed numerical results. Thus, we
do not depict the corresponding points in Fig. 4.

Problem 3 Consider the damped wave equation with periodic conditions (wave
propagation in a medium, see e.g. Weinberger [31])

3u du  9%u
ﬁJ”SE:ﬁ_f(u)’ —-l<x<l1,1t>0,
u(—=1,1) =u(l, 1),

where f(u) = —sinu,the damped sine Gordon equation, and § = 1. A semi-
discretization in the spatial variable by second-order symmetric differences leads to
the following system of second-order ODE:s in time

U+MU=FU,U), 0<t<tog,

where U (t) = (u(t), - ,un(@®))T with u; (t) ~ u(x;,t), i=1,..., N,
2 —1 -1
-1 2 -1
:A_.xj2 . .. .. 3
-1 2 -1
-1 -1 2
Ax =2/N,x; = =1 +iAx and F(U, U) = (f(uy) —éuy, -+, fluny) —dupn)T.

Following the paper [32], we take the initial conditions as

T
U@©)=(r,---,m)7, U0 =«/N<0.01 + sin (%”) .-+, 0.01+sin (27;,]\’)) ,
with N = 64 and integrate the problem on the interval [0, 300] with small stepsizes
h = 21_/ for j = 5,...,8 and with big stepsizes h = ﬁ for j = 5,6,8, 10. The
numerical results are displayed in Fig. 5. In this numerical test for the big stepsizes,
the classical general RKN methods (RKN2, RKN3 and RKN4) all behave badly, with
€normous errors.
It can be observed from Figs. 3, 4 and 5 that

e The general ERKN methods perform more efficiently than the classical general
RKN methods.
The higher order general ERKN methods are more efficient than the lower ones.
As the stepsize decreases, the difference among the general ERKN methods of
the same order becomes negligible.

e The general ERKN methods behave perfectly for the large stepsizes.
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Problem 3: Efficiency curves with small Problem 3: Efficiency curves with big
T T T T T T T T

5 5
O o
S S
= s E
& E
g g, |
6
7 v RKN2 || 5 - V- RKN2 |
- ¥~ ERKN2a -7~ ERKN2a
—¥— ERKN2b ERKN2b
&+ RKN3 O+ RKN3
N ~-&— ERKN3a | | —-6-— ERKN3a
— & —ERKN3b
- — ERKN3b
) G s —o—ERkNze|
9 ¥ RKNA [ - RKNG
e ERKNga — %~ ERKN4a
— % — ERKN4b
— % — ERKNb
—— ERKNdc ERKNdc
. . . i

-8 -7.5 -7 -6.5 -6 -5.5 -5 -4.8 -4.6 -4.4 -4.2 -4 -3.8 -3.6

log, h log, h

Fig. 5 Problem 3 integrated on [0, 300]

9 Conclusions and discussions

As stated above, in this paper, we have established an improved theory for the order
conditions for the general ERKN methods designed specially for solving multi-
frequency oscillatory system (1). The original tri-coloured tree theory and the order
conditions for the general ERKN methods presented in the paper [25] are not satis-
fied yet due to the existence of enormous number of redundant trees. This paper has
succeeded in the simplification by defining the IEN-T set and on which some special
mappings (especially the extended elementary differential mapping) are introduced.

This simplification of the order conditions for the general ERKN methods when
applied to the oscillatory system (1) is of great importance. The new tri-coloured
tree theory and the B-series theory for the general ERKN methods solving the gen-
eral system (1) reduce to those for standard ERKN methods solving special system
(2), where the right-hand side vector-valued function f does not depend on y’
(see [10, 26]).

This successful simplification makes the construction of the general ERKN meth-
ods much simpler and more efficient for the system (1). In light of the reduced tree
theory analysed in this paper, almost one half of algebraic conditions in the paper [25]
can be reduced. Furthermore, in this paper, from the relation between the theories of
order conditions for the general RKN method and for the general ERKN method, we
propose a simple approach to constructing the new integrators. The numerical results
show that the general ERKN methods are more suitable for long-term integration
with a large stepsize in comparison with the RKN methods in the literature.
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