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Multivalue approximation of second order
differential problems: a review

Angelamaria Cardone, Dajana Conte, Raffacle D’ Ambrosio, Beatrice Paternoster

Abstract—We present a collection of recent results on the numer-
ical approximation of second order differential problems of the type
y" = f(y(t)) by means of family of multivalue numerical methods,
here denoted as generalized Nystrom methods. These methods can
be thought as a general family of formulae for the numerical
approximation of second order problems, which properly include
classical formulae, such as linear multistep methods and Runge-
Kutta-Nystrom methods, but also enable to find new methods which
provide better balances between accuracy and stability demandings.
This is made possible because generalized Nystrom methods rely
on a larger number of degrees of freedom than classical methods,
which can be employed for the mentioned purposes. We provide the
formulation of the family of methods, showing that existing methods
can be regarded according to the new formalism, study the main
properties and give examples of highly stable genuine multivalue
methods whose order is higher than that of existing methods. In
particular, we aim to inherit the best stability properties known in the
literature, i.e. those coming from Gauss-Legendre points leading to P-
stable methods, by introducing generalized Nystrom methods having
with the same stability polynomial of Gauss-Legendre methods but
higher order of convergence. We show that it is possible to obtain
P-stable methods with order 4 relying on one single internal stage (in
the classical case, the maximum attainable order is only 2, requiring
the same computational cost). A numerical experiment shows the
effectiveness of the approach on a periodic stiff problem, also in
comparison with existing methods.

Keywords—Multivalue numerical methods, general linear methods,
second order problems, P-stability

I. FORMALISM OF MULTIVALUE METHODS

Our investigation is here focused on the numerical approxi-
mation of initial value problems based on special second order
ordinary differential equations (ODEs)

yll(t) = f(y(t))’ le [t(laT]a
y(to) = yo € RY, ()
Y (to) = yo € RY,

where the function f : R — R? is smooth enough to ensure
the Hadamard well-posedness of the differential problem.
Though problem (1) admits the equivalent first order formula-
tion, the consequent augmentation of the dimensionality makes
the direct integration of the second order problem favourable.
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In [44], a general framework for the numerical approxima-
tion of (1) has been introduced (also compare [40], [43], [52],
[54]; see [3], [6], [22], [64] and references therein for the
first order case) in order to assess an unifying strategy for the
analysis of accuracy and stability requirements to be asked
for, such as consistency, zero-stability and convergence, when
developing acceptable numerical methods. Such a general
family is of multivalue type, i.e. the approximation of a set of r
solution related and " derivative related values is provided and
inherited from a step point to the following one, generalizing
an approach of Runge-Kutta type. To be more detailes, let
us recall the formulation of these methods which be called,
from now on, generalized Nystrom methods (GNMs). To this
purpose, in correspondence of the fixed stepsize discretization

to<t1 < <Tn=T,

of the interval [tg, T], we define the following supervectors

ygn—l]
[n—1]

[n—1] _ Y2 c RTd,

y7[’n71]

y[[ln—l]

/[n—1]

2 ’

y/[nfl] _ ceR" cl7

The vector y["~!, denoted as input vector of the external

stages, approximates the r solution related values transferred
from the point ¢,,_; to t, of the discretization. Analogously,
the vector 3/~ contains the 7’ derivative related values
computed in ¢,,_1, while the values Yj[n_l], denoted as internal
stage values, provide an approximation to the solution in the
internal points ¢,,_1 +¢;h, 5 =1,2,...,s.

We next introduce the following coefficient matrices A €
Rs*s, P ¢ Rsxr” U € RS*r, C ¢ Rr’xs’ R € erxrl,
W e R*>r B e R™s Q e R*™* 'V e R, collected in
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the following partitioned (s + 7' 4+ 7) X (s 4+ ' 4 r) matrix

A|P|U
C|lR W |, )
B|Q|V

which is the Butcher tableau of GNMs. Correspondingly,
GNMs are formulated as follows

vl = p2(A @) FM 4+ h(P @ I)y/ 1

+ Uyt
hy'™ = 2 (C o )FI" 4 h(R @ T)y' U -
+(W® I)y["71]7
Yy =B o DFM + h(Qa Iyl
+(Vely,
where ® denotes the usual Kronecker tensor prod-

Rdxd

uct, I is the identity matrix in and FIM =

P, ™), T

In absence of dependence on v/l the matrices
P,Q,C,R, W do not contribute to the multivalue numerical
dynamics and, in such a case, the reduced tableau

Biv]

completely characterizes GNMs, which will correspondingly
have the hybrid formulation

n—1]
9

“4)

v = 2 (A @ )FIM + (U eIy, (5)

Yy =p2B e FM +(Veiyh

A. Classical methods recasted as GNMs

The family of GNMs properly contains, as special cases,
many numerical methods for (1) already introduced in the
existing literature, as clarified by the following examples.

1) Linear multistep methods. Linear multistep methods for
second order ODEs [57], [59], defined by

k k
Un = yn—j + 1> B f(yn—j), (6)
Jj=1 j=0

can be regarded as GNMs with r = 2k, s = 1, Y[ = [Yn]s

[ Yn—1 ]
Yn—2

Yn—k
hzf(ynfl) ’
B2 f (yn—2)

Y1 =

L th(yn—k) i

and in correspondence to the reduced tableau (4)
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[ Bo | on ap—1 o P Br-1 B
Bo | o ap—1 ar B .. B B
0 ) 0 0 0o ... 0 0
0 0 1 0 0 0 0 ,
1 0 0 0 0 0 0
0 0 1 0 1 0 0
. O 0o ... 1 0 1 ... 1 0 |

with ¢ = [1]. A famous example of linear multistep method
is the Numerov method (see, for instance, [57], [60])

2

h
Yn = 2yn71 — Yn—2 + E <f(tn7yn)
(7)

+ 10f(tn71» ynfl) + f(tn*Q’ y”2)>’

which is an order four method corresponding to the GNM with
r=4,s=1Y" =[y,],

Yn—1
n—1] _ Yn—2
Y B hzf(ynfl) ’
h2f(yn—2) d
and reduced tableau (4)
1 5 1 -
512 -1 5§ 1
1 5 1
|2 -1 § W&
01 0 0 O
110 0 0 O
00 O 1 0 |

2) Runge-Kutta-Nystrom methods. Runge-Kutta methods of
Nystrom type (see [57])

}/i = Yn—1 + Cih’y%—l + h2 Za’ijf (Y]) 9

j=1
hyp, = hyj_y + B2 Vi f(V5), ®)
j=1
YUn = Yn-1+ hyl_ + 1D bif (V),
j=1

1 =1,...,s, provide an extension to second order ODEs (1)
of Runge—Kutta methods (see, for instance, [5], [66]) which
involves the dependence on the approximation to the first
derivative. Such methods are GNMs (3) with » = 1 and
Butcher tableau (2)

A |cle
pT|1(0 |,
b" |1

where e is the unit vector in R®, and to the input vectors
y[n—l] — [ynfl]» y/[n—l] _ [ylnfl}-
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3) Coleman hybrid methods. We now consider the following
class of two-step hybrid methods

Y; = (1 + ci)yn—l — CiYn—2 + h2 Zaijf (Y}) s

j=1
Yn = 2yn71 — Yn—2 + h2 Zb]f (}/;) )
j=1

i =1,..., s, introduced by Coleman in [24], which are GNMs
corresponding to the reduced tableau (4)

©))

A ‘e—|—c —c
bT| 2 -1
0 1 0

and input vector y" 1 = [y, 1 y,_o]T

4) Two-step Runge-Kutta-Nystrom methods. The following
class of two-step Runge-Kutta-Nystrom methods [28]

Yi[n—l] = Yoo+ ey + B2 Z aijf<}/}[n—1])’

Jj=1

Y;[n] = yn_1+ hciy;,l + 12 Zaijf(y—j[n])’

Jj=1

hy;, =(1- g)hy;zA + 0hy,:172

2 [n—1] 2 [n]
+ Iy f(YVF ) 4 g f(Y),

| (10)
Un = (1= 0)yn_1+0yn_o+hY iyl o
j=1
+h Y Wiyl + 02y u fy )
j=1 j=1
+h2> w f(YM).
j=1

i =1,...,s, depend on two consecutive approximations to

the solution and its first derivative in the grid points, but
also on two consecutive approximations to the stage values
(i.e. the ones related to the points ¢,,_2 + c;h and the ones
corresponding to the points ¢,_1 + ¢ch, ¢ = 1,2,...,5).
Two-step Runge-Kutta-Nystrom methods can be represented
as GNMs (3) with r = s + 2 and r’ = 2 through the tableau
)

[ A c 0 e 0 0 7
w'l(1-6) 0 0 0 v’
0 1 0 0 0 O
wl | w'le Vvie|(1-6) 6 vT
0 0 0 1 0 O

1 0 0 o o o |

in correspondence of the input vectors

Yn—1 ’

Yn—2 yl[nfl] _ |: y?—l :| )
Yn—2

Ry

y[nfl] —
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II. ACCURACY ANALYSIS

GNMs theory developed in [44] allows to provide simple
effective tools for the convergence analysis of methods, which
relies on easy computations related to the their coefficients.
Such simple objects are strictly related to the basic definitions
of consistency, zero-stability and convergence introduced in
[44] which, define, as well known in the literature (refer,
for instance, to the monographs [6], [57], [64]), the minimal
acceptable demandings on accuracy and stability.

Definition 2.1: A GNM (3) is preconsistent if there exist
vectors qg, q; and g} such that

Uqo=¢, Wqo=0, Vqo=qo,
Pq) +Uq: =c¢, Rq)+Wa =q),
Qd| +Vai =qo +qu,

where c is the vector of nodes associated to (3).
Definition 2.2: A preconsistent GNM (3) is consistent if
there exist vectors q2 and g} such that

(an

Ce+ Rdq) +Wqs = q) + q),

q
BB+QQQ+VQ2=?O+Q1+Q2-

Definition 2.3: A GNM (3) is zero-stable if there exist two
real constants C' and D such that

(12)

M| <mC+D, ¥Ym=1,2,..., (13)

being M the block matrix

MOZ[RW]

Q VvV

A criterion equivalent to condition (13) is given in the
following theorem, contained in [44].

Theorem 2.1: The following statements are equivalent:

(i) M, satisfies the bound (13);

(ii) the roots of the minimal polynomial of the matrix Mg
lie on or within the unit circle and the multiplicity of
the zeros on the unit circle is at most two;

there exist a matrix B similar to M such that

(iii)

m>1} <m+1.

oo !

sup {[|B™ ||

As expected, consistency and zero-stability are necessary
and sufficient conditions for the convergence of the method
(for a formal notion of convergence specialized to GNMs (3),
compare [44]). This is proved in the following result.

Theorem 2.2: A GNM method (3) is convergent if and only
if it is consistent and zero-stable.

A. Recovering the convergence of classical methods

Using recalled definitions and results, we can easily recover
the convergence of the classical numerical methods considered
in the previous section. As one can appreciate from the
following analysis, each proof is very simple, highlighting the
power of the introduced theory of GNMs.
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e The Numerov method (7) is consistent with preconsis-
tency and consistency vectors

1 0 0

1 1 1/2
qo = 0 ) q1 = 0 ) q2 = 1

0 0 1

The minimal polynomial associated to the zero-stability
matrix of the Numerov method (7) is

p(A) = XA - 1),

which satisfies the requirement (4:) in Theorem 2.1, i.e.

the Numerov method is zero-stable, hence convergent;
e as regards Runge—Kutta—Nystrom methods (8), precon-

sistency and consistency vectors assume the forms

Qo =[], qr=q2=10],

and the minimal polynomial of the zero-stability matrix
is

PO = (A - 12,

which satisfies the requirement (i7) in Theorem 2.1,
hence the method is convergent;

e Coleman hybrid methods (9) are consistent with precon-
sistency and consistency vectors

=1 1", a=[0 -17, q=[0 1/2".

Moreover, the minimal polynomial associated to their
zero-stability is

P = (A= 1)%

then they provide a family of zero-stable methods;
o two-step Runge—Kutta—Nystrom methods (10) are consis-
tent with preconsistency and consistency vectors

Q=110 0 0]" e R+,
=0 -1 0 0 0" e R*F2,
az=1[0 1/2 1 ... 1 17T eR**?
q’'=01 1", q’=[ —-1]".

The minimal polynomial of their zero-stability matrix is
p(A) =N\ = (1 -0)A—0)

and, therefore, such methods are zero-stable if and only
if —1 < 6 < 1: this restriction on 6 recovers the classical
result on the zero-stability of two-step Runge—Kutta—
Nystrom methods (compare [29], [68]).

III. LINEAR STABILITY ANALYSIS

Let us now analyze the linear stability properties of GNMs
(3), i.e. we analyze the properties of such methods when
applied to scalar linear test equation

Y ==Xy, (14)
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introduced by Lambert and Watson in [67]. Applying GNMs
methods (3) to the test equation (14), we obtain

vl = _\2p2 Ay 4 gyl (15)

Y = —\2p2BY M 4 vyl (16)

We set z = Ah and A = (I+22A)~1, assuming that 2 is small
enough to make the matrix I + 22A invertible. Then (15) is
equivalent to

vl = AUy

and, together with (16), we obtain
y = M(22)yln 1,

where
M(2?) =V — 22BAU € R™".

The matrix M(2z2) is known as stability matrix and
its characteristic polynomial p(w,z?) is the stability
polynomial of GNMs, having degree r with respect to w and
coefficients given by rational functions with respect to z2.
Correspondingly, we can provide the notions of periodicity

interval and P-stability [71] for GNMs.

Definition 3.1: (0, HZ) is a periodicity interval for a GNM
(3) if, Vz? € (0, H?), the stability polynomial p(w, z?) has
two complex conjugate roots of modulus 1, while all the others
have modulus less than 1.

Definition 3.2: A GNM is P-stable if its periodicity interval
is (0, +00).

P-stability is a minimal stability requirement when approx-
imating numerically the solutions of periodic stiff problems as
greatly clarified, for instance, in [70] and references therein.
Periodic stiff problems have a periodic theoretical solution
given by the linear combination of components with dominant
short frequencies and components with large frequencies and
small amplitudes. Accurately computing such solutions im-
poses severe restriction on the stepsize in order to accurately
catch any oscillation. However, this limit can be efficiently
removed when P-stable methods are employed since, for such
methods, the choice of the stepsize is completely independent
from the values of the frequencies, but it only depends on the
desired accuracy [26], [68], [70]. This notion completely par-
allels that of A-stability for first order ODEs, which is highly
relevant for stiff problems, eliminating stepsize restrictions
due to stability reasons (see citebutchO8,hawa and references
therein).

A. Runge-Kutta-Nystrom stability

P-stability is an important requirement in the numerical
approximation of periodic stiff problems. However, it is not
so easy to gain a nice balance between P-stability and high
order of convergence. For instance, P-stable linear multistep
methods (6) can achieve maximum order 2, as proved in
[67]. Moreover, no P-stable one-step symmetric collocation
methods exist [25].
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As regards Runge-Kutta-Nystrom methods (8), many A-
stable methods exist, but P-stability is hard to be achieved.
Indeed, collocation methods among the family (8), i.e. whose
coefficients are given by [57]

aij =
1

bi = /Ll(s)d&
0

B 1

o= [ - sLisds,
0

have only bounded stability intervals and are not P-stable [68].

A better balance between order of convergence and P-
stability can be acquired by inheriting good stability properties
from Runge-Kutta methods for first order ODES, leading
to the so-called family of indirect collocation methods [27],
[71]. Such methods are generated by applying a collocation
Runge-Kutta method (the idea of numerical collocation is
well described in [6], [12]-[14], [30], [32]-[34], [37], [45],
[48], [49], [51], [57] and references therein) to the first order
representation of (1). The properties of indirect collocation
methods are totally inherited by those of the corresponding
reference collocation method [71]. Hence, the maximum at-
tainable order of convergence is 2s, where s is the number
of internal stages, and it is achieved by Gaussian collocation
points; Gaussian methods are also A-stable, while Radau ITA
methods have order 2s — 1 and are L-stable. P-stability is
achieved in correspondence of Gauss-Legendre collocation
points [71]: such methods of order 2s and stage order s have
been for many years, at the best of our knowledge, the family
of P-stable methods with the highest order of convergence.
However, the theory of GNMs has allowed to derive higher
order P-stable methods, as discussed in [52].

A crucial role in developing high order P-stable methods
for (1) has been played by imitating the P-stability properties
of Runge-Kutta-Nystrom methods on Gauss Legendre points,
by enforcing the stability polynomial of a GNM to contain, as
a factor, the stability polynomial of a known P-stable method.
Such an idea has also been exploited in the setting of first
order ODEs, taking into account that Runge-Kutta methods
are excellent starting point to derive accurate and highly stable
methods: this is the basis of the idea of Runge-Kutta stability
(see [1], [2], [6], [9], [64], [72] and references therein), which
can be defined as follows. A multivalue method for first order
ODEs is Runge-Kutta stable if its stability polynomial p(w, z)
takes the form

p(w,2) =W (w — R(2)),

where R(z) is the stability function of a reference Runge-
Kutta method. In order terms, the corresponding multivalue
method shares the same stability properties of the reference
Runge-Kutta method.

Following this idea (also compare [8], [18], [31], [64]),
we have introduced in [52] an analogous notion of stability
for GNMs methods (3), in order to inherit the same stability
properties of a reference Runge-Kutta-Nystrém method.
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Definition 3.3: A GNM method (3) is said to be Runge-
Kutta-Nystrom stable (RKN stable) if its stability polynomial
assumes the form

p(w, 2?) = w2 (qg(z)w2 +q1(z)w+ qo(z)) ,

where g2(2)w? + q1(2)w + qo(2) is the stability polynomial of
a certain reference Runge-Kutta-Nystrom method.

Therefore, the corresponding stability properties only depend
on the polynomial

¢2(2)w? 4+ q1(2)w + qo(2),

which is assumed to be the stability polynomial of a P-stable
method. Therefore RKN stable GNMs on Gauss-Legendre
points are P-stable. Next section shows examples of GNMs
sharing the P-stability of Gauss-Legendre methods.

IV. NORDSIECK GNMs

In the direction of deriving proper examples of highly stable
GNMs (3), we first need to specialize the family of methods,
in order to establish which are the quantities that are involved
in the multivalue dynamics. In other terms, we a-priori fix the
nature of the vector y™ in (3). An effective choice is generally
given by approximating the so-called Nordsieck vector (see
[64] and references therein)

y(tn)
hy/(tn)
(17)

. )

hpyp(tn)
where the component yz[n] approximates the scaled i-th deriva-
tive hiy~Y(t,), i = 0,1,...,p, where p is the order of
convergence of the method. We observe that, since the input
vector and the Nordsieck one respectively have dimensions r
and p + 1, we always assume r = p + 1.

As a consequence, the preconsistency and consistency vec-
tors are given by

1 0 0
0 1 0
qo = 0 ) q1 = 0 ) q2 = 1
0 0 0

i.e. they are the first three vectors e, e, es of the canonical
basis of R". This is a nice property that strongly further
simplifies the analysis of convergence of Nordsieck GNMs,
as described in the following result [52].

Theorem 4.1: A GLN (3) whose input vector 3™ approx-
imates the Nordsieck vector (17) is convergent if and only
if . e

(Z) B€+Vq2 = 5 + ea + €35
(¢) its Butcher tableau has the form
A ‘ e c U

B.el e; + e2

<

323



INTERNATIONAL JOURNAL OF CIRCUITS, SYSTEMS AND SIGNAL PROCESSING

where U € Rs*("=2) and Ve Rsx(r=2).
(#ii) all the eigenvalues of V have modulus strictly less than
1, being V the matrix V' deprived of its first two rows.

Theorem 4.1 suggests that the first two columns of the
matrices U and V play a role in the convergence of a
Nordsieck GNM. The remaining ones dictate the order of
convergence of the method, as stated in the following theorem.

Theorem 4.2: A GLN method (3) in Nordsieck form has
order and stage-order both equal to p if and only if

k _
o) =y ot Bl
| — |’
) N (S )
k—2
w1 _¢ A
G-

k= 2,...,p+ 1, being v**tD and v+ the (k + 1)-st
columns of the matrices U and V, respectively.

‘We observe that order conditions (18) also holds true when the
order p and stage-order q differs by one, i.e. when g =p — 1
(compare [44], [64]).

A. High order P-stable methods

In developing an example of P-stable GNM (3) of Nordsieck
type whose order of convergence is higher than that of an
existing method having the same computational cost, we
suppose that the dimension of the internal stage vector is s = 1
and assume as reference the following Runge-Kutta-Nystrom
of indirect collocation on one single Gauss-Legendre point

2
Y=y, 1+ gyéfl + hZf (Y) ’
h2
hyp, = hy,_q + ?f Y),

Yn = Yn—1 + hy;z,—l + hzf (Y),

whose stability polynomial is

19)

2 (—4 + z2)
4 + 22
hence it is P-stable. As regards its accuracy, the order of

convergence is equal to 2 and the stage order is 1.

As a consequence, we need to look for a one-stage P-stable
GNM of order at least 3, to get a better balance between
stability and accuracy. To this purpose,

q(w,2?) =w? + w41,

« we study convergence through Theorem 4.1;
o we impose order 3 through Theorem 4.1;
« we force the stability polynomial to assume the form

2 (—4+ 22
p(w, 2?) = w2 <w2 + (4+Z2)w + 1) ,

to automatically ensure P-stability.
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Since 7 = p + 1 and we wish order at least equal to 3, we
first assume r = 4. We correspondingly obtain a one-stage
P-stable method of order p = 3 and stage order ¢ = 2, with

c= —2_2‘5 and
r 1 1 2—v2  1-V2  1=/2 ]
1 2 2 6
342v2 | 1 V2 V2
A U 6 3 12
[B v } s R S
2+2\/§ 0 0 _g %
L1 jo 0o -1 2]

If r = 5, we gain a one-stage P-stable method of order
p = 4 and stage order ¢ = 3, with A = [ﬂ,

U:[lc M},

—1+42¢2 1 (30+63) -

4 12 \ 2

r 42—64c+37¢>—10c%+c* 1
24

67—76c+30c> —4c®
24

(=3+c)(—2+c)
2

V3 Vg Vs )

o o O = =

1
0
V=|0
0
0

with
—304+64c—37c24+10c3 —c*

24
—43+76c—30c>+4c°
24
74+55702
2

5

2
-1

V3 =

B 47425+64c2 737C3+1OC4765

2
12—67c+76c%—3003 +4ct

24
2—6c+5c%—c3
2
1— 54 ¢
—C

Vg4 =

r 2—42¢2464¢3—37¢4+10c° —¢F

48
16—67c¢2+76¢> —30c +4c°
48
2—602-5—503 —ct
475cél+2c3

4
2

-

and ¢ ~ 0.3754243604533405 is the only root in (0, 1) of the
polynomial

a(r) = 6 — 21023 + 3202 — 1852° + 502° — 527,

Vg =

having two pairs of complex conjugate roots and two real roots
outside the interval (0,1).
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k lerr(207)|| oo P fe
3 5.86 - 101 480
4 3.99.10"2 3.87 | 959
5 2.53-1073 3.98 | 1916
6 1.59 -10—% 3.99 | 3838
7 9.94.10~6 4.00 | 7670
8 6.21-10"7 4.00 | 15340
TABLE I

NUMERICAL RESULTS FOR GLN4 ON KRAMARZ PROBLEM, WHERE
87‘7‘(2071') IS THE GLOBAL ERROR IN THE ENDPOINT OF THE INTEGRATION,
p IS ESTIMATED ORDER OF CONVERGENCE, fe THE NUMBER OF
FUNCTION EVALUATIONS

V. NUMERICAL EVIDENCE

Above order 4 method (denoted as GNM4) is compared
with the reference Runge-Kutta-Nystrom method (19), denoted
as RKN2. Since they are both one-stage methods, they require
the same computational cost. Such methods are applied on the
periodic stiff Kramarz problem [65]

1" - M—2 2/,&—2

with initial conditions
y(0) =[2,-1]",
The eigenvalues of the Jacobian matrix

w—2 2u—2
1—p 1-2u

] y(t), 1€ [0,20a]

y'(0) =1[0,0]".

are —1 and —pu. Then, the solution of the problem depends
on the two frequencies 1 and ,/u. The high frequency com-
ponent, corresponding to /. when p > 1, is eliminated
by the initial conditions: the exact solution is indeed y(t) =
[2cos(t), — cos(t)] T. Notwithstanding this, its presence in the
general solution of the system dictates restrictions on the
choice of the stepsize, so that the system is stiff.

We show the numerical results with fixed stepsize
s
277
for various integer values of k. The results, reported in Tables I
and II, confirm the theoretical order of convergence and reveal
the superiority of the GNM4 method.

h:

VI. CONCLUSIONS

The paper has reported a selection of novel results on the
numerical approximation of initial value problems based on
second order ODEs (1) by means of multivalue numerical
methods (3) which enables to analyze convergence in an
elegant and effective way and compute new methods achieving
a better balance between order and stability, as shown. Clearly,
this theory opens new paths in different direction, both for
other operators (such as partial differential equations [16],
[19]-[21], [35], [50], [55], conservative problems [7], [41],
[42], [46], [47], integral and fractional equations [4], [10],
[11], [15], [17], [23], [30]) and for the development of methods
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k |lerr(207) || oo P fe
3 4.47-1071 477
4 1.24-10~1 1.98 957
5 2.82-1072 1.99 | 1917
6 7.05-1073 1.99 | 3837
7 1.76 - 103 2.00 | 7677
8 4.41-10~% 2.00 | 15357
TABLE II

NUMERICAL RESULTS FOR RKN2 ON KRAMARZ PROBLEM, WHERE
e'rr(207r) IS THE GLOBAL ERROR IN THE ENDPOINT OF THE INTEGRATION,
p IS ESTIMATED ORDER OF CONVERGENCE, fe THE NUMBER OF
FUNCTION EVALUATIONS

depending on non-constant coefficients and, therefore, useful
for oscillatory problems (as in [36], [38], [53], [56], [62], [63],
[69]).
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