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Abstract. We consider a general family of two step collocation methods for the numerical integration of Ordinary Ditferential
Equations, which depends on the stage values at two consecutive step points. We describe two constructive techniques, discuss
the order of the resulting methods, compute the nodes to obtain superconvergence and analyze their linear stability properties.
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INTRODUCTION

We are concerned with an extension of multistep collocation methods for the numerical integration of an Initial Value
Problem

V(x) = Jfx,y(x)

y(x0) = yo.

We assume that x € 1 := [xo,X], f: IxQCR? = R Let I = {x; : xo <x1 <... <xy =X} be an uniform grid on 7,
where i = £ e

Our aim is to derive a general class of multistep methods, which depends on the stage values at two consecutive step
points, with the aim of higthen the order of the methods without increasing the computational cost.

The idea of collocation is old and well known in Numerical Analysis [1, 2, 3]. In order to advance from x, to x,+1,
a collocation function is computed, usually an algebraic polynomial P(x), which interpolates the numerical solution
in the step point x,, and satisfies the ODEs in the points x, + ¢;4, where {c1, ¢z, ...,Cn } are m real numbers (typically
between 0 and 1), called collocation abscissas, that is

P(xXn) = Yn ey
Px,+cih) =[xy +cih, P(xy +cih)), i=1,2,..,m. )

A mumerical method arises, which takes the solution in x,+1 by

Yn+1 :P(xn+1)~ (3)

It is known that one step collocation methods are a subset of implicit Runge-Kutta methods, which can be repre-
sented by the Butcher array

C1 ap;  di2 Alm
(&) az; A Aom
Cm am1 am2 Amm
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where

Cj 1
aij:/o Li(tydt, i=1,2,...,m Z)]-:/OL]-(Z)Q’Z7 j=1,2,...m

and L;(t), j = 1,...,m, are fundamental Lagrange polynomials. Moreover the maximum attainable order is at most 2m,
and it’s obtained by using Gaussian collocation points [1, 2].

Guillou & Soulé introduced multistep collocation methods [4], by adding interpolation conditions in the previous k
step points, so that the collocation polynomial is defined by

P(‘Xn“v’i) :yn+i l:07177k_17 (4)
P(xni1 i) = g1+ Py g1 +cih))  j=1,..,m. (5)

The numerical solution is then
Yotk = P(xn+k) (6)

In [3] it is proved that the method is equivalent to a multistep Runge—Kutta method, and the points which guarantee
the superconvergence are called Radau points. Lie and Norsett analyzed the order of the resulting methods [5].

In this paper we extend the idea of multistep collocations methods, by considering the case of k= 2, and by adding
some extra collocation conditions, so that the resulting methods depend on stage values at two consecutive step points.
More in details, the collocation polynomial is then defined by the following conditions:

P(xn) = Yn, P(Xn+1) = Y1 (7)
P(xp_1+cih) = fxa_1 +cih, P(x,_1 +¢ih)), i=1,2,...,m (8)
P (xy 4 cih) = f(xn +cih, P(xy 4 cih)), i=1,2,...,m. 9)

The previous problem constitutes a Hermite interpolation problem with incomplete data. Then the collocation polyno-
mials takes the form

P+ 55) = Gos)yn 1+ 1 () ”‘i )1 Gy )+ W) FP G -0 (10)
pa

withs €[0,1], n=1,2,..,N—1.

CONSTRUCTION OF THE METHOD

Introducing the dimensionless coordinate 1 = ==L, the expression of the basis functions ¢;(¢) (i = 0,1), y;(r) and
x;(t)in (10) (j = 1,2,...m) can be obtained by applying the conditions (7), (8), (9) of interpolation and collocation,
ie.

o(t;)) = &  i,j=0,1
¢/(c;i=1) = 0, 0/(c;)=0 i=0,1, j=1,..,m
%l(l]) = 0 l*17 ,m, ]:071
Xl =1) = &y, Lile)=0  ij=1,.,m
llli(l]) = O l*17 7m7 ]*071
Wz((cj_l) = 0, lI/i/(Cj):&'j Lhj=1,...m (1)

where fo = —1,1 =0.
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From the previous conditions some linear systems arise, whose unknowns are the coefficients of the polynomials of
the generalized Lagrange basis. These linear systems can be solved (apart from some exceptional values for collocation
abscissa), giving the expressions of the collocation poylnomial P(x).

It is possible to prove that P(x) provides a uniform approximation to the solution of order 2m + 1 for any choice of
the collocation abscissas {¢1,¢2;...,Cm }-

Theorem 1.
The method above defined is equivalent to a General Two—Step Runge—Kutta (GTSRK) method [6, 7]

m
Y,,]+k = U Va2 U 2Vnk—1 T Y [ (k2 + Coh Y ) D (k1 + Csh Yo,
s=1
m
Ynrke = elyn+k72+92yn+k71+h2[vjf(xn+k72+cjh7Yn+k 2)+ij(xn+k71+cjh7Yn+k 1)
i=1
(12)
where
91 d)l(l)? l:1727 ]:17 '7m;

u]J - d)l(cj)? ]73{*17 , M,

djs = %]'(CS)7 J,8 17 , M,

bjs = Wj(cs)7 j7s 17 T,

vi = xi(1), j=1,.,m;

&
Butcher’s array of the new method is
| ann a2 am | b1 b1z Dim
uy | ax  axn Wm | b b Dom
|4 B
| v ~

Um a1 a2 Umm bml me bmm
o | v w Vm | Wi oWy W

where ¢ = (A +B)e—u,ande = [1,..., 1] € R™.

The GTSRK method can also be regarded as a General Linear Method [8, 9].

T he reason of interest in methods GTSRK lies in the fact that, advancing from x; to x;11 we only have to compute

Y/ .. because ¥/ . | have alreay been evaluated in the previous step. Therefore the computational cost of the method
depends on the matrix B = (b;;), while the matrix 4 = (a;;) adds extra degrees of freedom, without need for extra
function evaluation. TSRK methods based on algebraic and trigonometric polynomials have been considered in [10];
the extension of TSRK methods for v = f{x,y) have been introduced in [11].

The method can be derived by extending the technique used by Hairer and Wanner [3], and by Lie and Norsett
[5]. Moreover, following the technique described in [5], we can compute the so—called Radau nodes, to obtain
superconvergence.
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LINEAR STABILITY ANALYSIS
By applying the method to the test equation y’ = Ay, Re(A) < 0, the following recurrence arises
P(xytcih) = Qldo(c;)yn1+¢1(c;)yn+2z4AP(xy 1 +cjh)]

Vi1 (9o(1) +2w" Qpo(c))ya—1 + (@1 (1) +2w" O@o(c))vn + 20" + 2w QA)P(ty1 +ch)
where 4 = [x;(c)]}_y, B=[w;(e)]],_y, z=hA, Q= (I—zB)~.

Yn+1 Yn
EA
Px, +th) P(xy—1 +th)

where the expression of the stability matrix is given by

In compact form,

o1(1)+2wl Qpi(c)  @o(1)+2w! Qgo(c)  z(v" +zw’ 04)
M(z)= 1 0 0
Opi(c) O@o(c) 204

The method is A—stable if the eigenvalues of the stability matrix are less 1 for Re(A) < 0.

We didn’t find A—stable methods within this class, but wide stability regions exist, so that the methods are suitable
for the numerical integration of stiff system.

The knowledge of the collocation polynomial, which provides a continuous approximation of the solution, allows a
cheap variable stepsize implementation. In [12] we introduce a modification in the technique, by relaxing some of the
collocation conditions, in order to have free parameters in the method, to be used to get A-stability.
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