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Abstract A new class of two-step Runge-Kutta methods for the numerical
solution of ordinary differential equations is proposed. These methods are ob-
tained using the collocation approach by relaxing some of the collocation con-
ditions to obtain methods with desirable stability properties. Local error esti-
mation for these methods is also discussed.
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1 Introduction

It is the purpose of this paper to discuss the construction of highly stable two-
step collocation methods for the numerical solution of initial value problem
for the system of ordinary differential equations (ODEs)

{y’(t) = f(y(t)), t € [to, T, (1.1)

y(to) = Yo-
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Here, f : R?* — R? is assumed to be sufficiently smooth, and yy € R? is a
given initial value. Let h > 0 be a constant stepsize and define the grid

th, =to+nh, n=0,1,..., N,

where Nh = T — ty. Assume that the continuous approximation of sufficiently
high order P(to+ sh) to the solution y(to+sh) of (1.1) is already computed for
s € [0,1] which corresponds to the initial interval [tg,t1]. Then the two-step
continuous approximation to the solution of (1.1) is defined by

P(tn +ih) = 00(8)Yn—1 + 1(5)Yn
+ hz (Xj(S)f(P(tnfl +¢;h)) + () f(P(tn + th))), (1.2)
Yn+1 :J_P(thrl)a

s€(0,1,n=1,2,...,N—1.Here, c = [c1,...,cm|" is the abscissa vector and
wo(s), p1(s), x;(s), and ¥;(s), j = 1,2,...,m, are polynomials which define
the method. This formula defines the polynomial P(t) on the current step
from t, to t,41, while P(t,—1 + c;h) corresponds to the polynomial values
computed in the previous step from t,_1 to t,. This method requires the
starting procedure to compute the approximate solution on the initial interval
[to, t1]. For this purpose we can use, for example, the continuous Runge-Kutta
methods constructed by Owren and Zennaro [21], [22], [23].
Putting

Yj[nil] = P(tn—1+cjh), }/j[n] =P(tn+cjh), j=12,....m,

the method (1.2) corresponding to s = ¢;, ¢ = 1,2,...,m, can be written as
two-step Runge-Kutta (TSRK) method of the form

e = s O h 3 (13107 s ),
" (1.3)
Yi["] = UiYn—1 + UilYn + hz (aijf(Yj["fl]) + bz‘jf(Yj[n])),

j=1

i=1,2,....m,n=1,2,...,N —1, with

0=po(l), 0=pi(l), v;=x;(1), w;=v;(1),
u; = po(ci), Uy = @1(ci), aij = x;5(ci), bij = ;(ci).

This general class of TSRK methods was introduced by Jackiewicz and Tracogna
[16] and further investigated in [1], [3], [9], [10], [11], [14], [18], [28], and [29].
The special case of collocation methods (1.2) provide continuous approxima-
tion to the solution y(t) of (1.1) on the whole interval of integration, and not
only at the gridpoints {t,} as is the case for the methods defined by (1.3).
Different approach to the construction of continuous two-step Runge-Kutta
methods is presented in [17], [4] and [6]. Continuous two-step Runge-Kutta



methods for delay differential equations are considered in [2], [5] and for
Volterra integral equations in [12].

The organization of this paper is as follows. In Section 2 we derive the order
conditions so that the method (1.2) has uniform order p and stage order ¢ = p.
In Section 3 we derive the recurrence relation which are needed to analyze
linear stability properties of these methods. In Section 4 the estimation of the
principal part of the local error is discussed. The analysis of methods with
m = 1 and m = 2 is given in Sections 5 and 6, where the examples of A-stable
and L-stable methods are also listed. Finally, in Section 7 some concluding
remarks are given and plans for future research are briefly outlined.

2 Order conditions

In this section we derive continuous order conditions for (1.2) assuming that
P(t, + sh) is a uniform approximation to y(t, + sh), s € (0, 1], of order p. As
the result the stage values P(t, + c;h) have (stage) order ¢ = p. To this end
we investigate the local discretization error £(t, + sh) of (1.2) which is defined
as the residuum obtained by replacing P(t, + sh) by y(t, + sh), P(t, + c;jh)

by y(tn +¢jh), 5 =1,2,...,m, yn—1 by y(tn-1) and yn by y(ts), where y(t)
is the solution to (1.1). This leads to

§(tn + sh) = y(tn + sh) — go(s)y(tn — h) — @1(s)y(tn)
- hz (x50 (bn + (&5 = DR) + 05 ()Y (b + 51)), (D

€ (0,1, n=1,2,..., N — 1. We have the following theorem.

Theorem 1 Assume that the function f(y) is sufficiently smooth. Then the
method (1.2) has uniform order p if the following conditions are satisfied

(S)+<P1( ) =1, .
% 1) gl s (2.2)

j=1

s €[0,1], k = 1,2,...,p. Moreover, the local discretization error (2.1) takes
the form

E(tn + sh) = WPH1C(s)y D (1) + O(W7+2), (2.3)

as h — 0, where the error function Cp(s) is defined by

P+l (—=1)ptt i
p'

1)P
Cylo) = o — (o) _Z( @ 65 ). e



Proof . Expanding y(t, + sh), y(t, —h), ¥’ (t + (¢; — 1)h) and y(t, + c;h) into
Taylor series around the point ¢, and collecting terms with the same powers
of h we obtain

§(tn + sh) = (1 — wo(s) — ‘PI(S))y(tn)
p+1 k
+ Z ( L oos ))hky(k>(tn)
p+1 m ) Ckfl
—ZZ(XJ T )

k=1j5=1

+ O(hP+2).
Equating to zero the terms of order k, £ = 0,1,...,p, we obtain order con-
ditions (2.2). Comparing the terms of order p + 1 we obtain (2.3) with error
function Cp(s) defined by (2.4). O

The condition
<P0(S)+<P1(S):1a s e [Oa 1])

is the generalization of preconsistency conditions for TSRK methods (1.3),
compare [15]. This condition implies that 6, 6, u; and @; appearing in (1.3)
satisfy the conditions

9—|—9:1, Uj—Fﬁj:l, j:1,2,...,m

We are mainly interested in methods corresponding to p = m + r, where
r=1,2,...,m+1, and the next theorem examines the solvability of the linear
systems of equations (2.2) corresponding to these orders.

Theorem 2 Assume that ¢; # c;, and ¢; # ¢; — 1 for i # j. Then the system
of continuous order conditions (2.2) corresponding to p = m + r, where r =
1,2,...,m, has a unique solution v1(s), x;(s), j=m—r+1,m—r+2,...,m,
and ¥;i(s), 7 = 1,2,...,m, for any given polynomials vo(s) and x;(s), j =
1,2,...,m —r. The system (2.2) corresponding to p = 2m + 1 has a unique
solution po(s), v1(s), x;(s), and ¥;(s), j =1,2,...,m, which are polynomials
of degree < 2m + 1.

Proof . Observe that the polynomial ¢1(s) is uniquely determined from the
first equation of (2.2). The proof of the first part of the theorem for p = m+r,
r=1,2,...,m, follows from the fact that the matrices of these systems (2.2)

corresponding to x;(s), j = m—r+1,m —r+2,...,m, are Vandermonde
matrices. The second part of the theorem corresponding to p = 2m + 1 is
technically more complicated and the details are given in [13]. O

The next result shows that the polynomials ¢o(s), ¢1(s), x;(s), and ¥;(s),
= 1,2,...,m, corresponding to the methods of order p = 2m + 1 satisfy
some interpolation and collocation conditions.



Theorem 3 Assume that ¢o(s), pi1(s), x;(s), and ¥;(s), 7 = 1,2,...,m,
satisfy (2.2) for p = 2m+ 1. Then these polynomials satisfy the interpolation
conditions

©0(0) =0, ¢1(0)=1, x;(0)=0, ¢;(0)=0,
@o(—1) =1, p1(=1) = 0, x;(=1) = 0, ;(—1) =0, (2.5)
and the collocation conditions
G =b =0 gl =0 B =hy

po(ci —1) =0, pi(e; = 1) =0, xj(ci — 1) = i, 1/)’ (ci —1)
i,7=1,2,...,m. Here, 6;; is the Kronecker delta, i.e., 0;; =1 and 6;; = 0 for
i .

Proof . The conditions (2.5) follow immediately by substituting s = 0 and

s = —1 into (2.2) corresponding to p = 2m + 1. To show (2.6) we differentiate
(2.2) to get

¢ol(s )+<ﬂ’1() -0,

k—1
(= 1 j — 1)’“ L (e _ ST @
+Z o TG ) T oo
k=1,2,...,2m + 1. Substituting s =¢; and s =¢; — 1,7 =1,2,...,m, into
(2.7) we obtain (2.6). O

It follows from (2.5) and (2.6) that the polynomial P(t) defined by (1.2)
satisfies the interpolation conditions

P(tn) = Yn, P(tnfl) = Yn—1,
and the collocation conditions
P/(tn + Clh) = f(P(tn + Cih)), P/(tn,1 + Clh) = f(P(tn,1 + Cih)),

1 =1,2,...,m. It also follows from (2.5) that the methods described in The-
orem 3 satisfy the conditions Cp(—1) = 0 and C,(0) =0

For the methods of order p=m +r, r =1,2,...,m, we will choose py(s)
and x;(s), j =1,2,...,m—r, as polynomials of degree < m + r which satisfy
the interpolation conditions

(/70(0):0, Xj(O):O, j:1,2,...,m—r, (28)

and the collocation conditions

wo(ci) =0, X;—(Ci)zo, i=1L2....om—r. (2.9)
This leads to the polynomials g (s) and x;(s), j =1,2,...,m—r, of the form

wo(s) = S(Qo +qas+---+ qm+r715m+rfl)

3

Xj (S) = S(Tj70 +rjs+---+ ijerTflSerT*l)

3



7=1,2,...,m—r, where

qgo+2q1¢i + -+ (m+ T)qurr,lc;”*T*l =0,

+r—1
rjo+2rjac + -+ (M )] =0,

i=12,....m—r,i=12,...,m. The methods obtained in this way satisfy
some of the interpolation and collocation conditions (2.5) and (2.6). We have
the following theorem.

Theorem 4 Assume that po(s) and x;(s), j =1,2,...,m —r, satisfy (2.8)
and (2.9). Then the solution ¢1(s), x;(s), j=m—-r+1m—r+2,...,m,
and ¥;(s), j=1,2,...,m of (2.2) satisfy the interpolation conditions

©1(0)=1, x,;0)=0, j=m-r+1lm—-r+2,...,m,

P;(0)=0, j=1,2,...,m, (2.10)
and the collocation conditions

() — I(n) — _ - B

i(ci) =0, XJ(Cz) 0, j=m—-r+1lm—-r+2...,m, (2.11)

1/);-(01-) =40, j=12,...,m,

t=1,2,...,m.

Proof . Substituting s = 0 into (2.2) corresponding to p = m + r, r =
1,2,...,m, and taking into account that the solution to (2.2) is unique the
condition (2.10) follows. Differentiating (2.2) with respect to s and substitut-
ing s =¢;, ¢t =1,2,...,m, into the resulting relations for k = 1,2,....m +r,
we obtain (2.11). This completes the proof. O

The formulas obtained by imposing the conditions (2.8) and (2.9) will be
then called two-step almost collocation methods. It follows from Theorem 4
that the polynomial P(t) defined by the method (1.2) of order p = m + r,
r=1,2,...,m, satisfies the interpolation condition

P(tn) = yn
and the collocation conditions at the points ¢, i.e.,
P'(tn 4+ c;h) = f(P(tn + ¢;h)), i=1,2,...,m.
However, in general, these methods do not satisfy the interpolation condition
P(tn-1) = yn—1
and the collocation conditions
P'(ty_1+cih) = f(P(th_1+ch), i=1,2,....,m.

In our search for highly stable methods (A-stability, L-stability) we will
be mainly concerned with methods of order p = 2m and p = 2m — 1. The
advantage of these methods as compared, for example, with methods of low



stage order, consists of the fact that they provide a uniform approximation
P(t) of order p = 2m to the solution y(t) of (1.1) over the entire interval of
integration [tg, T]. As a result these methods do not suffer from the order re-
duction phenomenon [7]. This is in contrast to implicit Runge-Kutta methods
with m stages of order p = 2m, p = 2m — 1, or p = 2m — 2 for which the
continuous approximation to y(t) is only of (stage) order m. This leads to the
reduction of order for stiff systems of ODEs for which the effective order is
equal only to the stage order m.

3 Linear stability analysis

To analyze the stability properties of the methods (1.2) we will use the stan-
dard test equation
y =Xy, t>0, (3.1)

where A is a complex parameter. Applying (1.2) to (3.1) and computing the
resulting expression at the points s =¢;, 1 =1,2,...,m, and s = 1 we obtain

P(tn + Czjj) = @o(ci)yn—1 + ¢1(ci)yn
+ IS (i@ Pty + c3R) + (e Pltn + ;1) ),
j=1
Ynt+1 = <P0(1)yn71 + <P1(1)yn (32)

+ hA i (Xj(l)P(tnfl + th) + 1/)J(1)P(tn + th)),

i=1,2,....,m,n=1,2,..., N — 1. Introducing the notation z = h\,

P(t, 4+ c1h) wolc1) p1(c1)
P(tn + Ch) = ) </70(C) = y Pl (C> = )
P(t, + cmh) ©o(cm) v1(cm)

T =) - ], W = (1) - ()]
and
A=), B=Wye))) -,

(compare also Section 1 for the definition of v, w, A, and B) the relation (3.2)
can be written in a vector form

Pty + ch) = po(A)yn—-1 + p1(c)yn + z(AP(tn,l +ch) + BP(t, + ch)),

Ynt+1 = @o(1) + e1(L)yn + Z(UTP(tnfl +ch) + w P(t, + Ch))a
(3.3)
n=1,2,..., N — 1. Hence,

Pty +ch) = (I—2B) " (<p0(c)yn,1 + 01(C)yn + 2AP(ty_1 + ch)) (3.4)



and substituting this relation into the equation for y, 1 leads to

Ynt1 = (o(1) + 20" (I = 2B) " po(c) Jyn—
+ (e1(1) + 20T = 2B) " 1(c) ) yn (3.5)
+ z(vT + 2wt (I — zB)flA)P(tn,l + ch).

The relations (3.4) and (3.5) are equivalent to

Yn+1 Mi1(z) Mia(z) Mis(z) Yn
UYn = 1 0 0 Yn—1 5 (36)
P(t, + ch) Qei1(c) Quo(c) zQA P(ty—1+ch)

where
My (z) = p1(1) + zw? Qi (c),
Mz (2) = @o(1) + 2w Qpo(c),
Mis(2) = 2(0" + 20" QA),

and

Q=(-zB) teCcm™m.

The matrix appearing in (3.6) is called stability matrix of the method (1.2),
and will be denoted by M(z). We have M(z) € C(m+2)x(m+2) We also define
the stability function of the method (1.2) as

p(w, z) = det (wI - M(z)) (3.7)

We will be mainly interested in methods which are A-stable. This means that
all the roots wi, ws, ..., Wmni2 of the polynomial p(w, z) defined by (3.7) are
in the unit circle for all z € C such that Re(z) < 0. By the maximum principle
this will be the case if the denominator of p(w, z) does not have poles in the
negative half plane C_ and if the roots of P(w,dy) are in the unit circle for
all y € R. This last condition will be investigated using the Schur theorem
[25] (see also [19]). This criterion for a polynomial of any degree k can be
formulated as follows. Consider the polynomial

d(w) = crw® 4 1w - 4w 4+ e,

where ¢; are complex coeflicients, ¢ # 0 and ¢y # 0. ¢(w) is said to be a
Schur polynomial if all its roots w;, t = 1,2, ..., k, are inside of the unit circle.
Define

p(w) = cow® + e + - 4 G w + G,
where ¢; is the complex conjugate of ¢;. Define also the polynomial

61(w) =+ ($0)6(w) ~ H(0)d(w))

w

of degree at most £ — 1. We have the following theorem.



Theorem 5 (Schur [25]). ¢(w) is a Schur polynomial if and only if

|6(0)] > [$(0)]

and ¢1(w) is a Schur polynomial.

We will be also interested in methods which are L-stable, i.e., methods
which are A-stable and all the roots of the stability function p(w, z) given by
(3.7) are equal to zero as z — —oo. Examples of such methods will be given
in Section 5 and in Section 6.

4 Local error estimation

It was demonstrated in Section 2 that the local discretization error at the point
tn4+1 of the m-stage method (1.2) of order p or is given by

Eltnsr) = CoDI P (1,) + O(h7+), (4.1)

where the error constant Cp(1) is defined by (2.4) for s = 1. We will also
consider local error le(t,+1) defined by

le(tnt1) = Co(LIRPH 15D (1) + O(h7+2), (4.2)

where (t) is the so-called local solution, i.e., the solution to the initial-value
problem

g/(t) = f(g(t))a te [tna tn+1]a
~ 4.3

{y(tn) = Yn. (43)
Assuming that the function f(y) appearing in (1.1) and (4.1) satisfies the
Lipschitz condition of the form

1f(y) = FEI < Ly — =],

with a constant L > 0, subtracting the integral forms of (1.1) and (4.1) we
obtain

¢
ly(&) = GO < ly(tn) — ynll + L/t ly(s) —5(s)llds,
t € [tn,tnt1]. Using Gronwall’s lemma (compare for example [27]) yields

ly@®) — g < |ly(tn) — ynHeL(tftn)'

Hence,
ly(t) =gl = O(h?), T € [tn,tnia].

)
Assuming that the function f(y) is sufficiently smooth we have similar con-
clusion for the derivatives of y(t) and g(t)

Iy (&) = gD @) = O("), te ltntar], i=1,2,...,
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compare [20], [26]. Therefore, we can conclude that the principal parts, i.e.,
terms of order p+ 1, of the local discretization error (4.1) and the local error
(4.2) are the same.

In the remainder of this section we will look for estimates of RP+1g(P+1) (¢,,)
of the form

hp+1g(p+1) (tn) = QoYn—1 —+ alyn+
o (4.4)
+ B B F(P(taoy + 1)) + 5 f(P(tn + i) .
j=1
We have the following theorem.

Theorem 6 Assume that the solution §(t) to (4.3) is sufficiently smooth.
Then the constants ag, i, B, and ~v;, § = 1,2,...,m appearing in (4.4)
satisfy the system of equations

ap + a1 =0,

R S T ) N I
7 O‘”; o Yoy ) T
k=1,2,...,p,

(% - Cp(‘”)"‘o + i (51(0];7!1)]0 +w§> =1.

|
=1 P

Proof . Since g(t) = yn, (compare (4.3)), and the method (1.2) is of order p it
is locally of order p + 1 and we have

Yn—1 = Y(tn-1) — Cp(_l)thrlg(erl)(tn) + O(hP*2).
We have also
P(ty + sh) = §(t, + sh) + O(hPT), s € [-1,1].

Substituting these relations and y,, = g(t,) into (4.4) we obtain

W(t) = o (5t — ) = Cp(= DRG0 (1)) + ngilta)

1Y (B (b + (g = D) + 557 (b + 1) ).
j=1

Expanding §(tn—1), §(tn+1), ¥ (tn + (¢; — 1)R), and ¢ (t, + c;h) into Tay-
lor series around the point t, and comparing the terms of order O(h*) for
k=0,1,...,p+ 1 leads to the system (4.5). a0

Observe that (4.5) constitutes a system of p + 2 equations with respect to
2m + 2 unknown coefficients g, a1, B4, and 4, j = 1,2,...,m. We have the
following theorem.
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Theorem 7 Assume that ¢; # ¢; and ¢; # ¢j — 1 for i # j. Then the system
(4.5) corresponding to p = m + r, where r = 1,2,...,m, has a family of
solutions depending on m — r free parameters which may be chosen as, for
example, Bri1,Br42s-««sBm O Yrg1sVrd2s- -+ Ym- In particular, if r = m
then the solution to the system (4.5) is unique. This system does not have
solutions if r = m+ 1.

Proof . The proof is similar to that of Theorem 2 and is therefore omitted.
The interested reader can find complete details in [13]. O

Other choices of free parameters than those indicated in Theorem 7 are
also possible. For example, if r = m — 1 > 1 there is one free parameter which
may be chosen as «aq, if r = m — 2 > 1 there are two free parameters which
may be chosen as o and «ay, if r = m — 3 > 1 there are three free parameters
which may be chosen as ai, ag, and fy or 1, and if r =m -k > 1, k > 3,
there are k free parameters which may be chosen as ai, ap, and 3; or 7;,
i=12,.... k—2.

5 Analysis of methods with m =1

Consider first the methods (1.2) of order p = 2m + 1 = 3. Solving the order
conditions (2.2) corrsponding to m = 1 and p = 3 we obtain a one parameter
family of two-step methods depending on the abscissa c. The coefficients of
these methods are

_s(6e(c—1) +3(1 — 2¢)s + 25%)

Po(s) = o2 ,
o1(s) = — (1+ s)(6¢2 —11:5(012— 6c)s + 252),
X(s) = _s(1+5)(2c 1+_3¢6202— (1+2c)s) ,
b(s) = s(1+s)(1 — 410ng022 + (1 —2¢)s) |

and the error constant Cs(1) is given by

1—3c—3c?+12¢% — 6¢*
03(1) = 6(1 _ 602) ’

with ¢ # +£1/6/6. To investigate stability properties of (1.2) it is more conve-
nient to work with the polynomial obtained by multipying the stability func-
tion (3.7) by its denominator. The resulting polynomial, which will be denoted
by the same symbol p(w, z), for this family of methods takes the form

p(w, 2) = p3(2)w® + pa(2)w? + p1(2)w + po(2), (5.1)
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where the polynomials p;(z), i = 0, 1,2, 3, assume the form
po(2) = —(c — 1)%c?z,
p1(2) =5 — 12c+ 6¢% + (2 — 5+ 6¢% — 6% + 3¢t)z,
p2(2) = =44 12¢ — 12¢% + (4 — 8¢ — 3¢% + 6¢3 — 3¢z,

and
p3(2) = —14+6¢% + (1 — 2¢ — 2¢* + ?)ez.

We will investigate next if there exist A-stable methods in this class of two-step
formulas of order p = 3. Let

i)(wa y) = p(wa iy),

where p(w, z) is the stability polynonial (5.1). We compute next the constant
polynomial with respect to w, which will be denoted by po(y), using the re-
cursive procedure described at the end of Section 3. This polynomial takes the
form

po(y) = alo)y" + Ble)y® +1(c)y®,
where a(c), 5(c) and y(c) are polynomials with respect to the abscissa c. It
follows from the Schur criterion in Theorem 5 that the condition

po(y) >0, forall y>0,

is the necessary condition for A-stability. However, it can be verified that the
polynomials a(c), B(c) and ~(c) are not simultaneously greater or equal to
zero for any c. This proves that A-stable methods do not exist in this class
of methods of order p = 3. In fact the region of stability of such methods is
bounded. This is illustrated in Fig. 1 for m = 1 and p = 3, where we have
plotted, in the (¢, z)-plane, the stability interval of the methods corresponding
to each value of ¢, considering ¢ > % in order to be —1 < # < 1 for zero-
stability.

Consider next the methods (1.2) of order p = 2m = 2. We choose the
polynomial ¢g(s) of degree less than or equal to two which satisfies the inter-
polation condition (2.8) and collocation condition (2.9), i.e., the conditions

©0o(0) =0 and ¢y(c) =0.

This leads to the polynomial ¢g(s) of the form

po(s) = qos(l - %s) (5.2)

where qo is a real parameter. Solving the order conditions (2.2) corresponding
tom =1 and p = 2, where ¢(s) is given by (5.2), we obtain a two-parameter
family of two-step methods depending on the parameter gy and the abscissa
c. The coeflicients of these formulas are given by

p1(s) =1 —qos + @52,
2c
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Fig. 1 Region of stability in the (c, z)-plane for the two-step methods (1.2) with m =1
and p = 3.

_ (] (Lt @)
x(s) = (c+ 5 +CQO)S (2+ 5 +4c)5 :
1
Y(s) = (1 —c+ %0 —qoc>s+ (5 + (]2_0 — %)52,
and the error constant Cy(1) takes the form

~ 10c— 24¢? 4 12¢ + qo — 2qoc — 6qoc? + 12qpc3

C2(1) 2c

The stability polynomial of this family of methods is
p(w, 2) = w(p2(2)w? + p1(z)w + po(2)), (5.3)
where the polynomials po(z), p1(z) and p2(z) are now given by
po(2) = 2q0 — 4qoc + (2¢ — 4¢® + 2¢° + qo — 2qoc — qoc® + 2qoc’)z,

p1(2) = —4c — 2q0 + 4qoc — (6¢ — 8% + 4¢® — qo + 2q0¢ — 2qoc® + 4qoc?)z,

and
pa(2) = 4e — (4 — 2¢ + qo — 2qoc)2.
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-2.5 -2 =-1.5 -1 -0.5% 0 0.5 1

g

Fig. 2 Region of A-stability in the (qo, ¢)-plane for the two-step methods (1.2) with m =1
and p = 2.

We have performed a computer search based on the Schur criterion using
the polynomial p(w, z) given by (5.3) with po(z), p1(2) and p2(z) defined above.
This search was performed in the parameter space (qo,c) and the results are
presented in Fig. 2 for —3 < ¢p < 1 and 0 < ¢ < 2, where the shaded region
corresponds to the A-stable formulas. Choosing, for example, gg = —1 and
c= % we obtain the A-stable two-step method with coefficients given by

25 —3)s 3+ 3s — 2s?
po(s) = Qoo p1(s) = ———,
3 3
(25 — 3)s (254 3)s

X(s) = S () =

For this method the stability polynomial p(w, z) is given by

p(w,z) = w<<3 — f—gz)w2 — (4—1— gz)w—i- (1 + 1—562')),

the error constant Cy(1) = —11774 and the constants ag, g, = 1 and v =
appearing in the estimator of h3§®) (t,,) are
288 288 72 72

aO:—— alz

05 % T T
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We will look next for L-stable methods, i.e., methods for which all roots of the

polynomial p(w, z)/p2(z)), where p(w, z) is given by (5.3), are equal to zero as

z — —o0. Such methods correspond to the solutions of the nonlinear system
of equations

po(2) —0 p1(z)

zZ—>—00 p2(z) ’ zZ—>—00 p2(z)

It can be verified that this system takes the form

(c—1)(2¢ —2c¢% + qo — qoc — 2qoc?) = 0,
6c — 8c? 4+ 4c® — qo + 2qoc — 2qoc? + 4qoc® = 0,

=0.

and has solutions

=—c =1 d =—= =2.
qo 3’ c an qo 9’ c
The coefficients of the method corresponding to the first set of the above
parameters are

s—2)s 3+ 25 — 52 s+ 1)s
po(s) = E2 o = 2ER DT =0, e = B
3 3 3
and the constants ag, a1, § and y assume the values
12 12 18 6

040:—3, 04123, 5:—3, ”Y:g-

The coefficients of the method corresponding to the second set of the param-
eters qo and c are

_ s(s—4) 944s— 2  2(s—4)s _(s=1)s
<P0(5) - 9 ) <P1(5) - #a X(S) - Ta 1/’(5) - 9 )
and the constants ag, a1, 8 and v have the values
_ws s s e
T MT I YT 72w 7T I

It can be verified that for s = 1 both of the above methods reduce to backward
differentiation method of order p = 2, compare [19], [8].

6 Analysis of methods with m = 2

We consider first the methods (1.2) of order p = 2m + 1 = 5. Solving the
order conditions (2.2) corresponding to m = 2 and p = 5 we obtain a family
of methods depending on the components of the abscissa vector ¢; and cs.
We have plotted in Fig. 1 the contour plots of error constant C5(1) of these
formulas for 0 < ¢; < 1 and 0 < ¢ < 1. Choosing, for example, ¢; = % and
ca = 1 we obtain two-step formula of uniform order p = 5 with coefficients
given by
(15 — 10s — 3052 + 2453)s?
¥o (S) = - 29 ’
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Fig. 1 Contour plots of error constant C5(1) for 0 < c¢; <1 and 0 <cg < 1.

(14 5)(29 — 295 + 445% — 5453 + 245%)

<p1(s) = 29 )
s2(1+ s)(89 — 187s + 96s?%)
Xl(S) = - 87 )
s(1 +8)(29 — 31s — 1652 + 205>
ol = M0 s )
s2(1+ 8)(19 + 7s — 16s?
o) = L0 )
s2(1+8)(7 —2s — 125%)
va(s) = - 87 '
The error constant of this method is C5(1) = gz2a5.

The stability polynomial of two parameter family of methods takes the
form

p(w, 2) = pa(2)w? + ps(2)w® + pa(2)w® + pr(2)w + po(2),

where p;(2), i = 0,1, 2,3, 4 are quadratic polynomials with respect to z. These
polynomials depend also on ¢; and co. We have performed an extensive com-
puter search based on Schur criterion in the two dimensional space (c1,c2)
looking for methods with good stability properties but so far we were not able
to find methods which are A-stable, because the region of stability of such
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methods is bounded, as it is illustrated in Fig. 2 for m = 2 and p = 5, where
we have plotted, in the (¢1, z)-plane, the stability interval of the methods cor-
responding to each value of ¢1, considering c; = 1 and taking ¢; > 75%3/%
in order to satisfy the zero-stability requirement. We suspect that A-stable
methods do not exist in the class of formulas with m = 2 and p = 5, also with

respect to other values of cs.

3

Fig. 2 Region of stability in the (c1, z)-plane for the two-step methods (1.2) with m = 2,
p=>5and ca =1.

We consider next the methods of order p = 2m = 4. We choose the poly-
nomial ¢g(s) which satisfies the interpolation condition (2.8) and collocation
conditions (2.9), i.e., conditions of the form

00(0)=0 and ¢y(c;) =0, i=1,2.
This leads to the polynomial of the form
@o(s) = s(qo + qus + q2s” + g35”),
where g2 and g3 are given by

_Tq0 + 6¢1 _ 340 +2q

q2 = 3 a3 B
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Choosing, for example, ¢; = %, ca =1, gqo = g1 = —1, we obtain the method
with coefficients given by

s(27 4 27s — 7952 + 39s3)

27 + 27s + 27s% — 79s% + 39s*
¥1 (S) = 27 )
(s) = ~ 2s(783 +1026s — 2669s? + 1293s°)
X1 - 405 ’
s(783 + 7565 — 2249s% + 1113s3)
XQ(S) = )
162
25(27 + 18s — 97s? + 5753
pals) = -2 !
5(837 + 5945 — 288152 + 185753
n(s) = ( )
810
The error constant of this method is C4(1) = 59525 and the constants g, o,

B, and ~;, i = 1,2, appearing in the estimator of h%j(%®)(t,,) and obtained by
the solution of the system (4.5) corresponding to m = 2 and p = 4 are

1244160 1244160 4810752
o) = —/———— O] = ——F/———F— > 1= Q7745
21127 21127 21127
5 4769280 2488320 1285632
2T T ome7 0 T Tonner 0 T T Terier

The stability polynomial of the four parameter family of methods of order
p = 4 takes the form

p(w, z) = w(ps(2)w® + pa(2)w? + p1(2)w + po(z)),

where p;(z), ¢ = 0,1, 2,3 are quadratic polynomials with respect to z. These
polynomials depend also on the parameters qg, q1, ¢1, and co. We have per-
formed an extensive computer search based on the Schur criterion in the four
dimensional space (qo, q1, ¢1, ¢2) but so far we were not able to find methods
which are A-stable. We suspect again that such methods do not exist in this
class of formulas with m = 2 and p = 4.

Finally, consider the methods of order p = m + 1 = 3. We choose the
polynomials ¢g(s) and x1(s) of degree less than or equal to three which satisfy
conditions (2.8) and (2.9), i.e.,

©0(0) =0, x1(0) =0, ¢p(ci) =0, Xi(e;)=0, i=12
These polynomials take the form
po(s) = s(q0 + q15 + q25°),  x1(s) = s(ro + 715+ r28%),

where
(1 + e2)q0 B o
201 (6]

qr =71 = —
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Fig. 3 Region of A-stability in the (go, ro)-plane for the two-step methods (1.2) with m = 2
and p = 3.

Solving the order conditions (2.2) corresponding to m = 2 and p = 3 we obtain
a four parameter family of methods (1.2) depending on qq, 79, ¢1 and ¢o. The
stability polynomial of this family of methods is given by

p(w, 2) = w2 (po(2)w? + p1(2)w + po(2)),

where p;(2), i = 0,1,2, are polynomials of degree less than or equal to two
with respect to z. These polynomials depend also on g, 79, ¢1 and co. We have
performed again an extensive computer search looking for methods which are

A-stable. We have found such methods only if both components of the abscissa
vector are ouside of the interval [0,1]. The results of this search for ¢; = 2
and ¢y = % are presented in Fig. 3 for —0.4 < g9 < 0.1 and 0 < ry < 1, where
the shaded region corresponds to A-stable methods. The coefficients of the

resulting methods with m = 2 and p = 3 are given by ¢ = [g, %],

(s) = q0s(135 — 425 + 45?) (s) = 135 — 135qos + 42qps* — 4qos®
wols) = 135 ’ w1(s) = 135 )

705(135 — 425 + 45?)
xals) = 135 !

(135 + 181gg — 3670) (135 — 425 + 45%)s
xa(s) = - 1620 !
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63 241 1687 14 1 241 4
2 ) = d
ls) = (8 T 37"0) ( a0 ¢ 15”)) +(6+810qo 15 0>S

35 145 3 203 14 9 1 29 4 3
Ya(s) = g‘i‘ﬂ%—ro 5— +—QO 70 |s"+ | =+ —=qo— =570 |5”.

The error constant Cs(1) is

4494825 + 6019723g0 — 12291841
77760 '

C3(1) =

For these methods there is a one parameter family of solutions to the system
(4.5) which define coefficients ag, a1, §8; and ~;, ¢ = 1,2. The solution to this
system such that v; = 72 takes the form

77760
9019485 + 11232679q0 — 22936327

ao = —al =

155520

b= 9019485 + 11232679q0 — 22936327

706320

P2 = 5019485 1 11232679q0 — 22936327’

314280
9019485 + 11232679q9 — 22936327

M =72=

We have also found methods in this class which are L-stable. Such methods
correspond to solutions of the nonlinear system

im P g g 2B g
ZzZ——00 p2 Z) ZzZ——00 p2 Z)
One such solution is
21225809 113887980
N —— 2 4, ~ ——— 0. 4
90~ ~rgaroso 0273364 T~ Tensgere  0-098405,

and the resulting method is A-stable and L-stable. A faster damping of errors
can be possibly achieved by the stronger property of stiff accuracy, considered
in H. Podhaisky, B.A. Schmitt and R. Weiner [24]. However, this issue is not
investigated in this paper.
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7 Concluding remarks

We proposed a new class of continuous two-step m-stage methods for the
numerical solution of ordinary differential equations. These methods are of
uniform order p and stage order ¢ = p and as a result they do not suffer from
order reduction phenomenon persistent with methods of low stage order. They
are constructed using the collocation approach but by relaxing some of the
collocation conditions to obtain methods with desirable stability properties.
Local error estimation for these methods is also discussed. Examples of A-
stable and L-stable methods are given with m =1 and p = 2 and m = 2 and
p=3.

The construction of high order methods which are A-stable and L-stable
is a highly nontrivial task. Future work will address the construction of such
methods with p = m. The future work will also address various implementation
issues such as the choice of appropriate starting procedures, stepsize and order
changing strategy, solving nonlinear systems of equations by modified Newton
methods and local error estimation for large stepsizes. We hope these methods
will constitute building blocks of modern software for stiff differential systems.
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