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Abstract

In this paper new one-step methods that combine Runge—Kutta
(RK) formulae with a suitable projection after the step are proposed
for the numerical solution of Initial Value Problems. The aim of this
projection is to preserve some first integral in the numerical integra-
tion. In contrast with standard orthogonal projection, the direction of
the projection at each step is obtained from another suitable embedded
formula so that the overall method is affine invariant. A study of the
local errors of these projection methods is carried out, showing that by
choosing proper embedded formulae the order can be increased for the
harmonic oscillator. Particular embedded formulae for the third order
method by Bogacki and Shampine (BS3) are provided. Some criteria
to get appropriate dynamical directions for general problems as well
as sufficient conditions that ensure the existence of RK methods em-
bedded in BS3 according to them are given. Finally, some numerical
experiments to test the behaviour of the new projection methods are
presented.
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1 Introduction.

We consider autonomous systems of ordinary differential equations

y'(t) = fy(1), (1)

with a sufficiently smooth N-dimensional vector field f: D C RV — RV,
having a scalar invariant G(y).

As it is well known [16, pp. 93], a scalar function G: D C RY — R of

class CV(D), D C D, is a first integral in D (also called strong invariant or
conserved quantity) of (1) iff

VG(y)- f(y) =0, Vy € D,
which implies that every solution y(¢) contained in D of (1) satisfies
Gly(D) = Gly(t) V.

In this case, for all yo € D, the solution y = y(t) of (1) satisfying y(to) = yo
is contained in the hypersurface

My, = {y e RV |G(y) = G(wo)}- (2)

For problems possessing a first integral, it is natural to ask whether or
not a numerical method provides approximate solutions that stay in the
hypersurface as the true solution does.

Energy-preserving Runge-Kutta methods for polynomial Hamiltonian dy-
namical systems were given in [21] and [19]. Hamiltonian Boundary Value
Methods [4, 5] and the methods presented in [20] preserve the energy also
for polynomial Hamiltonians. In [10], [15] and [23], energy preserving meth-
ods for general Hamiltonian systems were proposed. The preservation of the
energy for Poisson systems was studied also in [2] and [11].

Quispel and Capel [22] proposed discrete algorithms to preserve exactly
general first integrals. On the other hand, Line Integral Methods, where the
key idea of imposing energy conservation through a line integral has been
extended to any invariant and to any conservative problem, were introduced
in [3].

All these preserving methods are in general implicit. Explicit RK methods
are able to preserve only linear first integrals even though quadratic invariants
can be approximated very accurately by pseudo symplectic methods [8]. A
natural way to obtain one-step numerical methods that preserve a given
invariant based on explicit methods is to start with a standard scheme and
add a suitable projection. Projection methods can also be used to preserve
monotonicity of Lyapunov functions [9, 14].

Let y(t) be the solution of (1) satisfying y(tg) = yo. In order to obtain
numerical methods that preserve first integrals of (1), projection methods
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provide, with a step size h, approximations y, to y(t,), with t,, = to + nh, of
the form
Ynt1 = Ynt1 + AnWn, n=0,1,2,. .. (3)

where

® y,.1 is the numerical approximation to y(¢,.1) given by a standard
(non-preserving) method.

e w, € RY is the vector (depending on y, and the step size h) that
defines the direction of the projection.

e )\, is a real parameter which, once determined the direction vector w,,,
will be calculated so that 1,1 is the projection of g, onto the variety
(2). So, denoting g(y) := G(y) — G(yo), An Will be computed at each
step so that

I(Wnt1) = 9(Uns1 + Anwy) = 0.

In this paper we will focus on projection methods applied to Runge-Kutta
(RK) schemes. This means that ¥, is the approximation provided by an
s-stage explicit RK method with coefficients (A,b), with A = (a;;) € R***,
and b = (b;) € R®.

Standard orthogonal projection methods [16, p. 106] are of the form (3)
with w, = Vg(y,11). In [16], this vector w, is replaced by w, = Vg(¥ni1)
to reduce the computational cost. One drawback of these projection tech-
niques is that, whereas RK methods preserve linear first integrals [12], after
applying either standard or simplified orthogonal projection, this does not
hold. Another inconvenience is that the projected method obtained with
orthogonal projections is not affine invariant like the basic RK formula is.
Thus, the behaviour of the numerical method integrating linear differential
systems ¢y’ = Ly, with L diagonalizable, is not equivalent to the behaviour
when the diagonal system is integrated.

In [7], the authors propose to search for a dynamical direction w,, at each
step so that the projected method is also a RK method. In order to do that,
they take

Wn, = /y\n+1 - §n+1, (4)

where 7,1 is given by an explicit RK method with coefficients (A,A), b=

o~

(b;) € R*, embedded to the RK method that gives the approximation %, .
Then,

Yn4+1 = (1 - )\n)gn+1 + )\n@\nJrla (5)

and y,.1 is a convex linear combination of RK approximations and so, it is
also a RK method. Such a projected RK method y,,,1 with direction vector
based on an embedded RK pair preserves all linear first integrals and it is
also affine invariant [7].
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The best way to choose the embedded method (A, b) is, to our knowledge,
an open question, and this paper tries to gain some insight into this problem.
The orthogonal projection chooses the direction looking for the approxima-
tion into the manifold y,41 € M, closest to the approximation ¥, that
is, it minimizes the distance ||g,+1 — yns1||. However, this criterion, which is
usual in projection techniques, might not be the best one in our problem. It
would be more convenient to minimize the distance with respect to the true
solution [|y(tn+1) — Ynt1||. Unfortunately, the true solution is not known.

In section 2 we give some results about the order that the projected
method (5) achieves depending on how the direction w,, given in (4) is chosen.
Section 3 is focused on oscillatory problems, showing that it is possible to
get zero-dissipative RK projected methods with high order for the harmonic
oscillator. In particular, the orders of some projection methods based on the
third order Bogacki-Shampine RK method (BS3) are studied. In Section 4 we
establish some criteria to get appropriate directions w,, for general problems,
and we give some conditions under which those criteria are satisfied when BS3
is projected. Finally, in Section 5 we present some numerical experiments to
check the theoretical results and to show the efficiency of the new projection
methods.

2 The local error of RK projection methods

The properties of the projected solution y,1 in (3) depend on the direction
w,, and in the case of a Runge—Kutta projection this direction vector depends
on the embedded method 7, 1. We are interested in the best way of choosing

the free coefficients b; so that the projected solution is as close to the true
solution as possible.

One can ask if it is possible to select the free parameters of the embedded
method so that the projected solution increases the order with respect to
the non-projected solution, or it has at least a leading term with smaller
coefficients. Let us first analyze the local error of the projected solution.

Let us suppose that the non-projected method has order p and the em-
bedded method has order ¢ < p, and their local errors admit expansions

y(tn + h; tm yn) - gn—i—l - hp+1§5p+l (yn) + hp+2&p+2(yn) + O(hp-i—B)’
y(tn + h; tnv yn) - Z/\nJrl = hq—’—l@qul (yn) + hq+2@q+2(yn> + O<hQ+3)7

where y(t;t,,y,) represents the local solution of the differential system that
satisfies Y(tn; tn, Yn) = Un-

The direction of projection w, = Up11—Uni1 = O(h41) admits an asymp-
totic expansion

Wy = hQ+1Q/Jq+1 -+ hq+21/1q+2 -+ O(h/q+3>,

with ¢g41 = —@g11.



We can state the following

Theorem 2.1. Let y,,1 be the approximation provided by a one-step method
of order p and leading term of the local error W?T' ¢, 1. Let us suppose that we
are computing a projected solution using a direction w, = h™ 1,1 +O(h1+?)
with ¢ < p and VG(yy) - Vg1 # 0. Then, the projected solution y,41 =
Unt1 + AWy, with N\, such that G(yn+1) = G(yn) has order > p + 1 if and
only if the vectors ¢,41 and 1,41 are parallel.

Proof. By Theorem 4.1 of [7], there exists a unique A, such that G(yn+1) =
G(Uns1 + Mwy,) = G(y,) with A\, = 0, WP~ + 0, o AP7IT + O(hP~972).
Therefore, the expansion of the local error of the projected solution will be
given by

Y(tn + Bito, Yn) = Yo = Yt + Bitn, Yn) = (Ynr1 + Antn)
= thrl&p—i-l + hp+2&p+2 + O(hp+3)
—~(0p— PP~ + oy gt BP ) (R g 4 W20 1) + O(WPH?)
= WP Ppr1 — 0pg¥g11)
+hp+2(95p+2 — Op—q¥qt2 — Op—gt1¥g+1) + O(hp+3)-

On the other hand

0= G(Yns1) —Gyn) = G(Z/(tn+1§ tny Un) + Ynt1 — Y(tns1; tn, yn)) — G(yn)
= G(y<tn+1; tna yn)) - G(yn> - hp—HVG(y(thrl; tna yn))'(&;ﬁwl - Opququl) + O(hp-i-?)
_thVG(yn)-(Szp—i-l - Up—qd’q-&-l) + O(hp+2)>

which means that
VG(ZJn)-(SOpH - Up*qqurl) = 0.

Denoting by u = VG(y,,), we can decompose 11 = au+0 and 9,11 = fu+v
with v and v vectors orthogonal to u and § # 0. Therefore

Op—q =a/p,

and Qp11 — 0p_g¥gr1 = U — (a/f)v. Now, since 9,41 and 1,41 are parallel if
and only if v = (a/f)v = 0y, Ppi1 — Op—qg+1 vanishes if and only if @,
and 1,1 are parallel. O]

Notice that the above result depends neither on how the direction w,, is
obtained nor on the order ¢ (¢ < p). Then if we had an asymptotically correct
estimation of the direction of the leading error term ¢, of the solution of
order p, we could construct a projection method that provides a higher order
approximation.

On the other hand, the vectors must be parallel for all n, that is at
any step. This makes this property very dependent on the problem being
integrated and it is unlikely to find projectors that gain an order. A simple
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example of such a problem is the harmonic oscillator 2” = —w?z. It can be
expressed as the linear system of first order

; - 0 1
Y =wly, J—(_l O)'

and it has the first integral G(y) = y? + v3 = yTy, with y = (y1, y2)7.

For this problem it is easy to see that all the elementary differentials
vanish except those corresponding to the one-branch trees, and they have
the form f’--- f'f(y). Therefore, for any Runge-Kutta method of order p
the vector ¢,11(y,) will be parallel to the vector y, if p is odd, and parallel
to the vector Jy, if p is even.

Then we have the following

Corollary 2.1. Let us consider a Runge—Kutta method of odd order p. For
the harmonic oscillator we have:

e The order of the simplified orthogonal projection is at least p + 1.

e The order of the RK projected solution is at least p + 1 if and only if
the embedded method has order q odd (q < p).

Proof. The gradient of the invariant is VG(y) = 2y”. Therefore, if the non-
projected solution is 4,11, the direction vector for the simplified orthogonal
projection is VG(¥n41)T = 2y, + O(h) which is asymptotically parallel to
the vector y,,. Since p is odd, the vector ¢, is parallel to the vector y,,, and
therefore the projected solution will have order at least p + 1.

For a Runge—Kutta projection, based on a embedded formula, the vector
w, will be parallel to y, if ¢ is odd and in this case the order of the projected
solution will be at least p + 1.

However, if ¢ is even, w,, will be asymptotically parallel to Jy,, that is,
orthogonal to y,, which is the direction of ¢,;1, and according to Theorem
2.1, the order of the projected solution is at most p. Notice that in this case,
the order p can not be guaranteed. O]

From Theorem 2.1 it is also seen that the leading term of the local error
of the projected approximation of order p depends only on the vector ¢, 1
and the direction determined by 1,41 and not on the magnitude of this last
vector. Notice that the vector coefficient of the leading term of the local error
is (Pp41 — Op—qqs1). But if we scale the vector 1,41 by a factor k # 0, then
the scalar o,_, will be scaled by 1/k. Therefore, all the embedded methods
that give the same direction 1), provide projected approximations with the
same leading term. This allows us to give the following

Theorem 2.2. All the RK projection methods based on a RK formula of
order p and an embedded formula of order ¢ = 1, have the same leading
term of the local error, assumed that it has order p, but not (p +1). If the
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embedded formula has order q > 1, there is at most an (r — 1)-parameter
family of projected methods with different leading terms of the local error, r
being the number of elementary differentials of order (¢ + 1).

Proof. 1f the embedded method has order ¢ = 1,
2

~ h ,
Gnr = Tnir = = (1= 2070) ' (yn) + O(h?).

Then, the vector 1, is always parallel to the elementary differential f’f and
the leading term of the local error of the projected solution is always the

same.
If the embedded method has order ¢ = 2 < p,

3
o =T = = [(1=3F7 )1 (F, ) + (1= 6574 1'F ()] +O(IY),

In this case, the possible directions for the vector 3 are those obtained by
a linear combination of the two elementary differentials of order 3, that are

of the form f'f"f(yn) or f"(f, f)(yn) +vf"f f(yn), with v as free parameter.
The generalization for order ¢ < p is straightforward. O]

3 RK projection methods for oscillatory prob-
lems

The harmonic oscillator is the simplest test problem when solving oscillatory
problems. From Corollary 2.1 we know that for RK projected methods ap-
plied to these linear equations, the order of the approximation is p + 1 if p
and ¢ are odd. Next, we will see that the order can be higher if the embedded
formula is chosen appropriately.

For this class of problems it is usual to decompose the error of the numer-
ical methods in two parts: the dissipation and the dispersion errors. Thus,
we consider the complex scalar test equation

y' =iwy, y(0) =y €C,
where ¢ = y/—1, and w is a real constant. The solution is the complex

exponential y(t) = yoe™!, and it has the invariant G(y) = |y|?.
The numerical solution provided by a RK method (A, b) satisfies

Yny1 = R(Zy)ym (6)

where v = hw, and

R(iv) =1+ ivb" (I —ivA) e,
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with e = (1,...,1)T € R®. Thus, a comparison of (6) with y(¢,+1) = e”y(t,),
leads to decompose the error into the dispersion and dissipation errors, de-
fined [6, 17, 18] as the errors in phase and modulus respectively

¢@yzy_mgmw»=v—ﬂﬁw<%%¥%g’
d(v) :== 1 —|R(iv)].

In addition, if the dispersion (resp. dissipation) error is O(r"*1), the RK
method is said to be dispersive (resp. dissipative) of order r. In the following,
to simplify calculations, we will refer to the dissipation error as d(v) :=
1 — |R(iv)|*>. This last definition is equivalent to the previous one in the
sense that it leads to the same dissipation order.

Let us suppose that we are using a RK formula of order p with stability
function R(z) as the main integrator and another scheme of order ¢ < p with
stability function R(z). The projected method will have as stability function

R(z) = (1= A\y)R(2) + M\ R(2), where the coefficient A, is computed so that
|R(iv)[* = [(1 = M) R(iv) + M R()]* = 1, (7)

This implies that for any direction w, the projected method is zero dis-
sipative, and the error reduces to the dispersion error. Next, we will study
the order of projection methods based on the third order scheme of Bogacki
and Shampine.

3.1 Projection method based on Bogacki—-Shampine RK
method

Let us take as basic method the 3-stage RK method of order 3 derived by
Bogacki and Shampine in [1], with coefficients (A, b”). This is a well known
explicit RK formula used in the Matlab ODE suite package [24]. To get
the projected solution we have to choose the coefficients b;, ¢ = 1,2, of
Un+1, consistent RK method embedded to ¥, 1. Thus, the coefficients of this
embedded RK pair are given by the Butcher’s tableau:

0
el A 1/2 | 1/2
o —  3/4] 0 3/4 (8)
[ 2/9 1/3 4/9
by by 1—b— by




For the Bogacki-Shampine method,

~ 2 .3
R(z) = 1+Z+§+E’ (z =iv),
Iy _ 1 5 1 7 9
Bv) = —o50 5T+ 00,

~ 1 1

d - 4  — 6

v) 127 " 36"

so it is dispersive of order 4 and dissipative of order 3.

3.1.1 Embedded formulas of order one

The 3-stage method 7,1 embedded to ¥, 1, has strict order one if —1 —1—331 +
by # 0. In this case

~ 1 PO 3 .~
R(z) = 1+z+1(3—3b1—bg)z2+§(1—bl—b2)23, (z = iv),

~ 1 . N

Qb(V) = ﬂ<_1 + 9b1 — 3b2)V3 + O<V5),

~ 1 o~ o~ 1 ~ ~ ~

dv) = 5(1=38b = bp)v* + =(3+6b — 9b% — Gby — 6byby — b2)1/* —
9

a(l —/b\l — /b\2>2V6.

Solving (7) in A, and taking the solution that gives rise to the lowest
dispersion error for the projected approximation y, 1 given in (5), we obtain:

19 — 27b;, — 39%.
d(v) = L 51007,
720(—1 + 3by + by)

So, since —1 + 3/6\1 —1—/52 # 0, the approximation vy, is dispersive of order
four, and this order is six if and only if

19 — 27b; — 39y = 0,

and in this case,
1

) = 3600
We have therefore a one-parameter family of embedded methods of order
one that give a projected zero-dissipative solution of dispersion order six, and
consequently of order six for the linear test equation. Nevertheless, according
to Theorem 2.2, since ¢ = 1, all these methods give projected solutions with
the same leading local error term for general problems. Consequently, all of

v+ 0.
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them are asymptotically equivalent. Even more, for these embedded methods
the expansion of w, = Yn11 — Yns1 18

ot = Tnpr = 5(2 = 9b0)R2f" f(yn) /T8 +
(2= 90)R3[3F"(f. ) (yn) + 2f'f' ()] /156 + O(R)

and not only the direction of v is the same for all the methods of the family,
but also the direction of the vector 5.

3.1.2 Embedded formulas of order two

The 3-stage method 7,1 embedded to ¥, 1, has order two if —1—1—331 —I—gg =0
and by # 2/9. It results

. 1 -

R(z) = 1+z+ 522 + Zblz?’, (z = iv),
- 1 ~

o(v) = E(gbl 28 +O(v°),

~ 1 ~ 9

d(V) = 1(661 — 1)V4 — E/b?yﬁ

Solving (7) in A, and taking the solution that gives rise to the lowest
dispersion error for the projected approximation y,.1, we obtain:

Loy 5
B(v) =~ +00).
So, the value y,,,1 is dispersive of order 2. Note that in this case, the gradient
of the invariant VG(y,), and the vector w,, are orthogonal, and this is the
reason why the projected approximation loses an order with respect to the
underlying RK scheme for the harmonic oscillator.

We have therefore a one-parameter family of embedded methods of order
two that give a projected solution of order three in general, but of order two
for the linear test equation. In addition, for these embedded methods the
expansion of w, = Yni1 — Yny1 1S

Un+1 — Uns1 = (931 - 2) [f/,<f7 f)(yn) + 4f/f/f(yn)}h3/48 + O(h4>
and the direction of 13 is the same for all the methods of the family. Ac-

cording to Theorem 2.1, all these methods give the same leading term of the
local error for general problems. All of them are asymptotically equivalent.
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4 RK projection methods for general prob-
lems

For general problems we will consider, for small enough stepsize h, the fol-
lowing two criteria:

(C1) If yne1 advances the phase with respect to y(tni1;tn, Yn), then y,.q
must delay it, and conversely.

(C2) g(Ynt1) and g(¥n41) have opposite signs.

The idea is on one side to ensure the existence of the scalar parameter \,
in each step, since by (Cy) there exists A,, 0 < A, < 1, such that g(y,+1) = 0.
On the other hand, (C}) together with (Cs) may contribute to reduce the
global errors |y(t,) — y,| of the projected method.

We assume for ¢, the consistence condition, so b = (by, by, ..., bs_1,1—

S /Z;i)T, and we have s — 1 free parameters.
Note that for the linear test equation condition (C}) reduces to

6(v) o(v) <0, (9)
for v € R small enough, whereas condition (C3) means
d(v)d(v) < 0. (10)

In relation with (Cy), our first task is how to approximate g(¥,.1). If
Un+1 and 7,41 have orders p and ¢, respectively, p > ¢, we can write

9Gns1) = 9Gnir + o1 = Gnsr))
= 9Unt1) + V9@nr1) - Tnr1 — Gnrr) + O(RFTD).

Since ¢(Yni1) = O™ and Vg(Uns1) * (Uns1 — Uns1) = O(h4T), the domi-
nant term in g(y,11) is

Vg(gn+1) (yn+1 ynJrl - hz Vg 3/n+1 - h Z

where ¢g; = f(y, + h 23 1@ij9;), 1 =1,2,... s, are the stages of the embed-
ded pair, and we have introduced the scalars

klzzv.g(gn—i-l)gla 121778 (11)

Since g(Yn41) is known, we will approximate
9Gni1) = GGns1) 7= 9@Gusr) + 0> (b — bk
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and we will choose in each step appropriate coefficients Ez so that

g(gn—i-l) /g\(@\n—&-l) < 0. (12)

Obviously, (Cy) can be applied if g(gn41) # 0. If g(yns1) = 0, we do not
need to project and we will simply take v,,1 = y,.1. In addition, because of
the consistency of both methods, we have

and so, if k; = k; Vi # j, which is unlikely, then (C3) represented by (12)
does not make any sense since, in this case, §(Un+1) = 9(Un+1)-

Regarding condition (C;), we must fix the meaning of “advance the
phase”. A possibility is to consider the angle formed by the vectors y, and
Yns+1- We can say that the numerical solution advances the phase if it is
greater than the angle formed by v, and the local solution y(t, + h;t,, yn),
that is,

yrz;yn—i-l ygy(tn + h; tm yn)
> .
Y gl Mynlllly (En + hi s o)

Assuming that ||y(t,41)]] = ||yns1]], this condition can be approximated by

YL (Y1 — y(tn + Bitn, yn)) >0

If we had a good estimation of the direction of the local error y, 11 — y(t, +
h;tn, yn), we could estimate the above condition, but in general, this is not
possible. In the following, we will consider the phase determined by the linear
test equation.

4.1 Projection method based on Bogacki—-Shampine RK
method

In this section we will study how to get appropriate embedded RK methods

~

(A, b) with coefficients given in (8) according to the ideas exposed before.
For that purpose, in what follows we will assume that we are looking for
approximations 7, of order one, which are dispersive of order two and
dissipative of order one, according to section 3.1.1.

The next result establishes conditions to get approximations 4,1 satisfy-
ing (C) for the harmonic oscillator, (Cy) for general problems and such that
the projected method is zero dissipative with the highest dispersion order
possible.

Theorem 4.1. There exist embedded RK methods (A,BT) given in (8), sat-
isfying (9), (10) and (12), such that the projected solution y,41 obtained
according to (5) has order 6 for the harmonic oscillator, if and only if
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sign g(gn+1> = —Slgn(]_?)kfl - 9]€2 - 4]{33>,
with k;, i = 1,2,3 given in (11). In such a case, the coefficients of the
embedded methods must satisfy

~ 2 139(Js1) ~ 19 9
by > = — by = — — —by.
Y79 h(13ky — Ok, — 4ks) '

Proof. Let ¥,41 be the approximation provided by the embedded method.

From section 3.1.1 we know that, if 7,1 has order one, i.e., —1 —1—331 +/l;2 # 0,
the projected solution is dispersive of order 6 if and only if

19 — 27b; — 39by = 0,

that is,
~ 19 9~
by = — — —b 1
2739 13V (13)

and, under this condition, (9)—(10) are equivalent to

~ 2
by > § (14)

After substituting the value for by obtained in (13) and the coefficients by,
i=1,2,3, into §(Yns1), it is obtained that

i ~ h  ~

9Wn+1) = 9(Gn1) + 777 (901 — 2)(13ky — Oz — k),
where 9/b\1 —2 > 0. Then, if either 13k; —9ky — 4k3 = 0 or else sign g(Yn+1) =
sign (13k; — 9ky — 4kj3), it is clear that (12) is not satisfied. Otherwise, i.e.
if sign g(Yn+1) = —sign (13k; — ks — 4k;3), the values for by satisfying (12)
are given by

~ 2 139(yn 2
b > 2 — 9(Yn+1) > 2
9  h(13ky —9ky —4ks) = 9
which completes the proof. O]

In particular, if k; = ko = k3 and so, condition (12) can not be satisfied,

we will choose the coefficients by, by according to (13) and (14), i.e. satisfying
the rest of conditions imposed in the previous theorem.

Theorem 4.1 shows that it is not always possible to find 4, satisfying
all the conditions imposed there. Next, we are going to weaken them so that
the attainment of appropriate approximations ¥, 1 is always assured. Thus,
concerning the criterium (C5), and more specifically, the condition (12), we
have
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Theorem 4.2. The RK method (A,/b\T) whose coefficients are given in (8),
satisfies (12) if and only if one of these four situations holds:

a)
sigh g(Un+1) = sign (ko — ka),
31 arbitrary, 32 < 04(61),

b)
{ sign g(Yn+1) = —sign(ky — k3),

/l;l arbitrary, 32 > oz(/b\l),

ko = ks, sign g(Yny1) = sign(ky — ks3),
/b\l < B, 32 arbitrary,

d)

ko = k3, sign g(Yn+1) = —sign(ky — k),
31 > 0, 32 arbitrary,

where ki, i =1,2,3 are given in (11), and

~ ks — ki~ 2k + 3k — 5k3 9(Ynt1)
b) = - ky # k
) = T T T O k) Ak ke 27K,

. 2 g<gn+1)
5—§_m, (]ﬁ?ék:s)'

(15)

Proof. The substitution of the coefficients b, i=1,2,3, according to (8) into
G(Yns1) gives rise to

2]{31 + Sk’g — 5k’3]

G Gns1) = 9@nr) + h| (kr — Es)by + (ky — k3)by — 9

If k1 = ko = k3, then clearly (12) is not satisfied. Otherwise, §(¥n+1) <0
is equivalent to

/62 < Oé(/b\l), if ko — k?g > O,
by > Oé(bl), if ko — k’g < 0,
b1<5, lfkgzk?g&kl—k3>0,

b > B, if ko = ky & ki — kg < 0;

14



and g(¥n+1) > 0 is equivalent to

/52 < CY(/b\1>, if k’g — k’g < 0;
by > Oé(bl), if ko — k3 > O,
b1<ﬁ, ifkgzkg&k’l—k'3<0;

b > B, if ko = ky & ky — ky > 0;

The proof follows from the above inequalities. O]

Therefore, for the embedded RK pair constructed from the Bogacki-
Shampine method, if (Cy) can be applied, i.e. if g(y,.+1) # 0, there always

exist coefficients by, by satisfying (12) unless k; = ky = k3, in which case (12)
does not make any sense as commented before.

Next, we will study when the combination of the criterium (Cj) for the
harmonic oscillator and (Cy) is possible.

Theorem 4.3. The RK method y,1 with coefficients (A,/b\T) given in (8)
satisfies (9) and also (12) if and only if one of these four situations happens:

a)

sigh g(Yn+1) = sign(ky — k3),
- ~ 1 o~
by arbitrary, by < min{ — — + 3by, a(bl)}.
3
b)
sign g(Yn+1) = —sign(ke — k),

74 < if sign (ko — k3)=—sign (ki + 3ko — 4k3),
"1 >, ifsign (ky — ks)=sign (k; + 3ky — 4ks),

N . 1 -
by > Cl{(bl) < by < —g + 3b1.

ko = ks, Sigﬂg@nﬂ) = Sign(/ﬁ - k?3),

~ 1 ~ 1 by -~
b —= b —+—=<b )
g < 3+36, 1 D 9+3< 1<B

d)
]{32 = kg, Signg(ﬂnH) = —Sigl'l(kl — k’g),

~ ~ 1 b
by arbitrary, by > max{p, 9 + 32}

15



~

where k;, 1 =1,2,3 are given in (11), a(by) and B in (15) and

_ 2 g(?jnJrl)
=5 )
0 (k1 + 3ks — 4k

(k1 4 3ky — 4ks # 0).
Proof. Taking into account the principal term of the dispersion error 5(1/)
and ¢(v), condition (9) is equivalent to

—1 4 9b; — 3by > 0. (16)

Item a) is a direct consequence of (16) and item @) in Theorem 4.2. Condition
(16) together with item b) in Theorem 4.2 lead to coefficients by, by satisfying

. 1 -
Oé(bl) < by < —g + 3b;.

In particular, by must be such that a(/b\l) < —% + 331, which is equivalent to

k‘l + 3]{72 — 4]{33 -~ 2(/{31 + 3k2 - 4k3) g(@n—kl)

> — .
ey — ks 9(ky — ks) h(ky — ks)

Here, ki + 3ky — 4ks # 0, since otherwise the above expression would be
equivalent to % > 0, which is not true in this case. So, from that
expression we obtain item b).

Condition (16) and the restriction for by in item ¢) in Theorem 4.2 conduce
to

1 by~

—+ - <bh <

9 + 3 1 ﬁ?
and so we have the actual item c). Finally, it is clear that (16) together with
item d) in Theorem 4.2 give rise to item d) in the present Theorem. O

Therefore, if (Cy) can be applied (i.e. ¢(¥n+1) # 0) and its application
from (12) makes sense (i.e. k; = ko = k3 does not happen), we have proved

that there always exist coefficients by, by for the RK method 7,41 given in
(8) satisfying both criteria (C}) and (Cy), unless in this case:

SigIl 9(§n+1) = —sign (]{72 — ]{73), (kz 7£ k’g), kl + 3]§72 - 4]{33 = 0.

If these two conditions are satisfied, which is quite unlikely, we wonder if
there exist coefficients by, by of 7,41, dispersive of order 2, satisfying

~

S()d(v) > 0, (v —0), (17)
g(gn-i-l)g(:/l/\nﬁ—l) > 0. (18)
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From (17) we obtain 32 > —% + 3/51. After substituting k; = 4k3 — 3ky into
9(Yn+1), we have

PR - ~ o~ 1
I Ynt1) = 9(Uns1) + (ke — ks)( — 3b1 + by + §>,

and since sign ¢(yn41) = —sign (ko — k3), condition (18) conduces to
> 9(Yn+1)
by <3by — - — ———"—.
23 h(ky — k)

Therefore, /b\Q must be such that

1~ - 9(Yn+1)
——4+3b; <by <3by — - — ——.

3T g kg — k)
There is no restriction now for 31

In practice, if a parameter is lower (resp greater) than a given value,

eg. by <7 (resp. by > ), we will take by = v — € (resp. by =7+ €) for
some € > 0. In addition, if a parameter must be between two given values,
we will take it as the average of both values. Thus, taking into account the
previous results, we are going to give an algorithm to obtain in each step an
appropriate approximation ¥, ,; embedded to the Bogacki-Shampine method
Uns1. The algorithm procedes as follows:

Algorithm to obtain b; and b, in (8)
1. If (Y1) = 0, then we do not project, and we take y,11 = Yni1-

2. If k’l = k2 = 1{73, then:

-2 ~ 19 9.
b = = by — — — 2%
1=g e 2= ge g

3. Else if sign ¢(yny1) = —sign(13k; — 9ke — 4kj3), then:

2 139(Fni1) ~ 19 9~
b= — by = — — 2.
LT T W13k — Ok —dly) O 2T 39 13

We have in this case a projection method that satisfies (9), (10) and
(12), and it has order 6 for the harmonic oscillator.

4. Else if sign g(yn41) = sign (ko — k3), then:

~ ~ 1 o~
by arbitrary, by = min{ —3 + 3by, a(bl)} -
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5. Else if sign ¢(yn41) = —sign(ke — k3) = sign (k1 + 3ks — 4k3), then:

~ ~ a(b 1 3~
blz’y—G, bgz%—g‘i‘ébl

6. Else if sign ¢(ynt1) = —sign(ke — k3) = —sign (ky + 3k — 4k3), then:

-~ ~ alb) 1 3~
blz")/+€, b2:a(21) _6+§bl

7. Else if (ko = k3) and sign ¢(yn41) = sign(k; — k3), then:

~ 1 ~ €
bo=—>+436—¢ bi=pf—-
2 3+ﬁ €, 1 6 6

8. Else if (ke = k3) and sign g(yn+1) = —sign(k; — k3), then:

- - 1 b
by arbitrary, b; = max {B, 3 + 32} + e

9. Else if (k1 + 3ky — 4k3 = 0) and sign ¢(¢n41) = —sign(ky — k3), then:

~ ~ 1~ 9(Yn+1)
b, arbit by = —= by — ———2—.
1 arbitrary, 5 3+3 1 o1k — y)

Once obtained 9,1, we will obtain the direction of the projection (4),
and then, we will calculate the projected approximation v, according to

(3).

5 Numerical experiments

In this section, we are going to check the behaviour of the numerical method
obtained in this paper projecting the 3rd-order Bogacki and Shampine RK
method. We will apply it, together with the non projected method and the
simplified standard projection, to some test problems. Thus:

e BS3 will denote the 3-stage 3rd-order RK method derived by Bogacki
and Shampine, whose coefficients (A, bT) are given in (8).

e pstBS3 will represent the projection method (3) obtained from the
numerical solution y,,1 provided by BS3 by using simplified standard
projection [16], which takes w,, = Vg(y,+1) as direction vector.
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e pBS3 will denote the projection method (3) obtained from BS3 by
following the results obtained in this paper. The direction of the pro-
jection w,, is taken according to (4), where the coefficients of the RK
method 7,,,1, embedded to ¥, 1, are calculated following the algorithm
listed in the previous section. The free parameters in that algorithm
have been taken equal to zero, and € = 0.1.

We have implemented these three methods with fixed step size. For the
projection methods, the real parameter )\, in (3) has been calculated by
applying Newton iteration to the non linear equation

g@vn+1 + )‘nwn) =0,

where ¢g(y) := G(y) — G(yo), and G(y) is a first integral of the differential
system. All the figures in this paper are represented in a log-log scale.

First of all, we consider the harmonic oscillator, with frequency w = 1,
to show numerically that, according to sections 3.1.1 and 3.1.2, the method
obtained projecting BS3 has order 6 or order 2 depending on the order of
the embedded method is ¢ = 1 or ¢ = 2, respectively. We have taken as
coefficients of the embedded method of order ¢ = 1 those given in item 3 of
the algorithm described in section 4, and we have integrated the problem in
the interval [0,624]. For the embedded method of order ¢ = 2, we have taken

by = 0 and b, = 1. Figure 1 shows clearly that the non projected method BS3
has order 3, whereas the projection pstBS3 has order 4, in agreement with
the results in Corollary 2.1. On the other side, when the embedded method
of order ¢ = 2 is used in the projection, only order 2 is obtained, whereas
the projection based on the first order embedded method attains order 6, as
expected. Straight reference lines with slopes 6, 4, 3 and 2 have been drawn
to make clear these results.

Next, we consider the Euler problem, which describes the evolution in
time of the angular momentum y = (yy, ¥, y3)? of a free rigid body (see e.g.

[16, pp. 95]):

PR 0 C3Y3  —CaY2 (0
% Y2 = —C3Y3 0 C1Y1 Y2 ) (19)
Y3 CYa —C11 0 Ys

where cj’1 =1; >0, j =1,2,3, are the principal momenta of inertia. This is
a Poisson system which has two first integrals

{ E(y) = (g + c2y3 + csy3) /2 (Kinetic energy), (20)

L(y)? =y? +vy3 +y2 (Modulus of angular momentum).

By supposing that ¢; > ¢ > ¢3, and given an initial value y(0) = o,
the system (19) has a periodic solution with period 7" depending on the two
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Harmonic Oscillator, t ([0,624] = 99.31 periods
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Figure 1: Harmonic oscillator, global error against step size, log-log scale

quadratic first integrals (20). More precisely, it is given by the elliptic integral

T— %K(/{) _ (21)

é/ dt
0 Jo \/1—k2sin2t’

(c1 —c2) (2E(y0 — c3L(yo) )
(Cz - 03)(01L( - 2E yo )

6 = [(c2 — e3)(e1L(yo)* — 2E(y )}1/2

In our numerical experiments we haven taken ¢; = 1/0.345, ¢co = 1/0.653,
c3 = 1, which correspond to the water molecule, as considered in [13] and
[25], together with the initial conditions y(0) = (0.5,0.2,4/1 — 0.52 — 0.22).
We have applied the projection techniques for this problem so that the
function period given in (21) is preserved by the numerical solution. Figure 2
shows the global error obtained integrating over the interval [0, 1208] against
the step size for the Euler equations. Clearly, the two projection methods
perform better than the basic formula BS3, being our new method pBS3 the
most efficient of the three compared methods. It can be observed that, even
though it has order three, it behaves as a 4th-order method, whereas the other
two methods behave, as expected, as 3rd-order methods. Straight dash-dot
lines with slopes 4 and 3 have been drawn there to show that behaviour.

with

k=
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Euler equations, t J[0,1208] = 99.30 periods
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Figure 2: Euler equations, global error against step size, log-log scale

Our last test problem is the non forced Duffing equation [16]:
y'(t) +w?y(t) = ky(t)®, k> 0.
The energy function
H(y.y') =w’y* +y* —ky'/2,

is a first integral of this system, and we will only consider periodic solutions.
For this case, it is known that the period depends only on the energy H. For
a periodic motion, we solve for the smallest values in absolute value on the
trajectory with ¢/ = 0, i.e., H(y,0) = cte., obtaining y© > 0 and y~ = —y™,
and the expression for the period is given by

yT 1
T = 2/ du.
v VUL — P2+ kut/A)

In our numerical experiments we have taken the initial conditions y(0) = 0
and y'(0) = @ = \J/w? — k/2, with the parameters w = 5, k = 0.1 and an
integration interval [0, 125]. With these values, the period is

[ 5 1
T =28 199 elK <@) = 1.258526506204981 . . .,
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where elK(m) is the complete elliptic integral of the first kind. For this
problem, projections have been done preserving this first integral H.

Figure 3 shows the superior efficiency of the projected methods with re-
spect to the basic formula from which they come from. It can be observed in
the figure that the projected methods perform as 4th-order methods for this
problem. As in previous figures, discontinuous straight lines with slopes 3
and 4 have been drawn to make clear the order of the studied methods. The
best behaviour corresponds again to our projected method pBS3 that pro-
vides a much smaller global error, due to its special properties for oscillatory
problems.

Duffing equation, tOJ [0,125] = 99.32 periods
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=10""} R
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-10
10k = )
107 107 10"

Figure 3: Duffing equation, global error against step size, log-log scale

6 Conclusions

In this paper we have analyzed the properties of the projections techniques
in connection with Runge-Kutta methods when the direction of projection is
obtained from suitable embedded Runge-Kutta schemes. We have obtained
conditions on the projection so that the projected approximation attains
higher order than the non projected solution. We have proved that by choos-
ing properly the embedded formulae, the order can be highly increased for the
harmonic oscillator. We have also given some criteria to select the embedded
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scheme for general, non linear, problems and we have obtained particular
projections for the third order method of Bogacki and Shampine. We have
finally shown by means of several numerical experiments that the new pro-
posed projection techniques are much more efficient than the standard, non
projected schemes, and even than the orthogonal projection, mainly when
problems with oscillatory behaviour are integrated.
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