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General linear methods, as multistage multivalue methods, are the natural
generalizations of linear multistep and Runge-Kutta methods. This survey
contains a discussion of the traditional methods and a motivation for the gen-
eral linear type of generalization. The new methods are introduced in terms
of their formulation and the basic properties of consistency, stability and con-
vergence. The order of general linear methods has to be looked at from a new
point of view and it is shown how to use an algebraic structure (equivalent
to B-series) to express conditions for a given order. Linear and non-linear
stability for the new methods brings the theories for the classical methods
into a comprehensive formulation and known results are outlined. Recently a
number of subfamilies have been introduced and some of these are considered
in detail. This applies in particular to methods with the property known as
‘inherent Runge-Kutta stability’. These seem to have prospects of yielding
useful and efficient methods, and some progress towards their practical im-
plementation is outlined. Finally, the relationship between stability functions
and order of methods is discussed in a setting wide enough to include gen-
eral linear methods as well as multiderivative methods, such as Obreshkov
methods. The classical barriers due to Ehle, Daniel-Moore and Dahlquist
(second barrier) all fit into a common pattern and these are explored in a
general setting.
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1. Introduction

The history of numerical methods for initial value problems up to 1965 was
the history of Runge-Kutta methods and linear multistep methods. These
seem to have been completely separate developments with the only meeting
point being the existence of several low-order methods which simultaneously
lie in each of the special classes.

Against this background, it must be asked why a more general type of
method should be considered at all. Two reasons are proposed. First,
the general linear method formulation is often the most natural framework
for analysing the properties, even of traditional methods. Secondly, it is
possible that new and potentially superior methods will arise, which could
not possibly have been found as developments based on classical methods.

In this introductory section we will review the traditional methods, Euler,
linear multistep and Runge-Kutta. Following this section, we will discuss
some of the motivations for looking towards a more general type of method.
In Section 3, we will consider the formulation of general linear methods and
this is followed by a consideration of the meaning and significance of the
order of a method. In the short Section 5 we will review the theories of
linear and non-linear stability; a theme for this section is that the general
linear method formulation is, for many questions, the most natural formu-
lation, even in the case of classical linear multistep methods. The following
two sections deal with some known new classes of methods, with a special
emphasis on methods possessing the inherent Runge—Kutta stability (IRKS)
structure. Finally, in Section 8, we study the interrelation between order
and stability in the context of multivalue-multistage stability functions.

The bibliography is intended to be wider than references to the publica-
tions actually cited in this paper. There is no claim that it includes all work
relevant to the development of general linear methods, but it is a start in
this direction.
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1.1. Initial value problems
The standard initial value problem is written in the form
y'(z) = f(=,y(x)), y(70) = Yo,

where f: R x RY — R¥ although it will sometimes be more convenient to
use an autonomous form of this problem,

y/(x) = f(y(l‘)), y(xo) = Yo, (1'1)

where f : RN — RY. The individual components will sometimes need to
be written out in full:

vi(z) = filyi(@), y2(),...,yn(2)),  wi(zo) =yoi, i=1,2,...,N,

where Y01, Y02, - - ., Yon are the components of yg

Even though many practical problems are conveniently presented in non-
autonomous form, it is a simple matter to rewrite these problems as an
autonomous system, possibly with NV increased to N 4 1. For example, if

y;(x) :fi(xayl(x)ayQ(l‘)a'--ayN(x))v yl(:EO) = Yoi, i:172>"'7N7
then an equivalent autonomous system would be
y/z(x) 271‘@0(33)7?1(33):-"7?N(35))7 yz('r()) = Yoi» 1=0,1,2,...,N,
where
Fo(@o(x), 71 (2), ..., un(x)) =1,
yl(x)7 cee 7?N(‘75)) = fz(@o(x)a§1($)7 o 7@N($))7
__J m, =0,
Yoi = Yoi Z:]_,?,,N
The autonomous form has significant advantages in that the theory of
Runge-Kutta methods is much simpler with this formulation.

It is often convenient to consider an integrated form of the basic initial
value problem, that is,

y(@) = o + / " e y(a) da,

so that the process of numerical solution consists in approximating the in-
tegral appearing in this formulation.

1.2. The Euler method

If an approximation to the solution to an initial value problem is known at
T = xp,_1, then the solution at x, = z,,_1 + h can be written as

) = yen)+ [ flayle)) da. (1.2)
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Figure 1.1. Euler method with various step-sizes and exact solution (----.).

where y(z) is the trajectory defined by the initial data y(zp,—1) = Yn—1.
Approximate the integral by the left Riemann sum

b
[ o@)ds = 0 aola) (13)
and we have the approximation

y(xn) R Yn—1 + hf($n—17yn—1)-

Hence we obtain the basic form of the Euler method,

Yn = Yn—1 + hf(xn—lv yn—l)-

Because of its simplicity, the Euler method is a suitable prototype for dis-
cussing a range of questions which can also be asked about more complicated
methods. Central to these considerations is the question as to when we can
rely on a numerical scheme to provide arbitrarily accurate approximations,
provided that sufficient computational effort is extended. This is the ques-
tion of convergence. There are aspects of stability also associated with the
Euler method which provide insights into corresponding questions for more
general methods.

Discussion of convergence
In the computation shown in Figure 1.1, the problem

y(x)=y—2+5c-22%  y(0)=1,

is solved by the Euler method on the interval [0, 1] using n steps with step-
size h = 1/n, for n = 1,2,4,8. It is seen that the approximations for y(1)
become steadily more accurate as n increases. This phenomenon is known as
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‘convergence’ and is a necessary property for a numerical method to possess
if it is to be used in practical computation. The precise definition and
criteria for convergence is best subsumed under the corresponding theory for
linear multistep methods which will be informally discussed in Section 1.4.
In keeping with the intentions of this paper, we will in turn regard the
linear multistep convergence theory as included in the general linear method
formulation in Section 3.1.

The implicit Fuler method
If instead of the left Riemann sum approximation (1.3) to (1.2), we use the
right Riemann sum,

b
| ot o= (b ajoe),
we arrive at the numerical method

Yn = Yn—1 + hf(l'na yn)

This is émplicit because y, is not given by an explicit formula but is defined
as the solution to this algebraic equation.

1.3. Stability of the Euler and implicit Euler methods

The justification for linear stability analysis is argued along the following
lines. Consider an autonomous differential equation system

y' (@) = f(y(x)), (1.4)

and ask how the introduction of a perturbation into the solution carries
through to later times. This perturbation may be thought of as the result
of computational errors caused by the inaccuracy of a numerical method,
or simply as an imprecision in the initial data for the problem. Suppose the
perturbation is expressed as a function n(z) and that we can assume that
7 takes on sufficiently small values for the approximation

Fly(@) +n(x)) = fy(2) + f'(y(@))n(x)

to be realistic. If y(z) 4+ n(z) is supposed to satisfy the original differen-
tial equation system (1.4), then the development of n(z) as time passes is
approximately as the solution to the problem

1'(x) = f'(y(x))n(z).
If the Jacobian matrix f/(y(z)) has an eigenvalue ¢, assumed to be approxi-

mately constant over a (possibly small) range of x values, then we are faced
with the need to consider the linear differential equation

Yi(z) = q¥ (w), (1.5)

as representing some aspect of the behaviour of the perturbation.
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Figure 1.2. Stability regions of Euler and implicit Euler methods.

A differential equation in which ¢ can be large, with negative real part,
based on a time-scale that might seem appropriate to the numerical mod-
elling of (1.4) may cause serious difficulties, and is described as ‘stiff’. The
exact solution of (1.5) is a multiple of exp(¢gz) and dies away as z increases.
However, the result computed by the Euler method, increases in magnitude
by a factor |1 4+ hg| in each time-step. Write z = hq and refer to 1 + z as
the stability function for the Euler method. The value of h that will permit
stable computations to be carried out by the Euler method must be such
that |1 + z| < 1. On the other hand, if it is somehow possible to compute
a sequence of numerical approximations using the implicit Euler method, a
similar analysis leads to the formula (1 — z)~! for the stability function and
the set of points satisfying |1 — z| > 1 for the stability region.

The stability regions for the Euler and implicit Euler methods are shown
in Figure 1.2. From this figure, we see that solving stiff problems is likely
to be more successful with the implicit Euler than with the Euler method
itself. Generalizations of these methods will need to take this phenomenon
into account.

A method, such as the implicit Euler method, for which the stability
region includes the left half-plane is said to be ‘A-stable’. We will return to
this concept in the context of Runge—Kutta, linear multistep and, of course,
general linear methods.

Because of its good stability properties in handling linear stiff problems,
it might be possible to ask how the implicit Euler methods might be ex-
pected to cope with non-linear stiff problems. We consider a test problem
introduced in Dahlquist (1976) in his study of linear multistep methods. In
this model problem the function f(x,y) is assumed to satisfy the constraint

<u—v,f(x,u)—f(ac,v))§0, .CCER, uvaRN'



GENERAL LINEAR METHODS 163

The significance of this assumption is that two particular solutions, y and
¥, cannot drift apart, because

() — 7)1 = 20u(@) — 5(a), Fla,y(@) — T, §@) <O

A corresponding property for two numerical approximations y, and 7,
would be that

9 — Z//\nHZ < yn—1 — i/\n—luzv
and this is actually the case for the implicit Euler method because

Hyn - 3?71”2 - ||ynfl - ?//\nfl||2+||(yn - :/y\n) - (ynfl - {U\nfl)HQ

= 2(yn ~ Un, (yn - ??n) - (yn—l - 37”—1)>
= 2<yn - f/g\m hf(fEn, yn) - hf(xn’@\n»
<0.

This model problem is the basis for separate studies of non-linear stability
for Runge-Kutta methods, as well as for linear multistep methods. We will
return to this question in Section 5, but in the more comprehensive context
of general linear methods.

1.4. Linear multistep methods

Given existing approximations y; ~ y(zn—i), fi ® ¥ (xn—i), i = 1,2,... k,
a linear k-step method is an algorithm for computing y, and f, so that
fn = f(xn,yn) and

k k
Zaiyn—i = hZﬁifn—z‘- (1.6)
i=0 =0

In this formulation, ag # 0, because we will want to compute the new
approximation value y,, from (1.6). It is possible to rescale by multiplying
(1.6) by an arbitrary nonzero factor, so that we could always assume for
convenience that ag = 1. However, different normalizations often lead to
simplifications and we will keep the scaling of o open.

Introduction of characteristic polynomials

Following the fundamental ideas of Dahlquist (1956), we introduce poly-
nomials

plw) = Z a;wh (1.7)

o(w) = Zﬁiwk_i. (1.8)
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It is customary to identify the polynomial pair (p, o) with the linear multi-
step method it represents. The polynomials p and ¢ will be assumed to have
no common polynomial factor because if p = ¢p and o = ¢7, where ¢ has
nonzero degree k — k, then numerical results computed using (p, ) would
also satisfy results computed using (p, o). In particular we can assume that
oy and (i are not both zero.

Consistency, stability and convergence
A linear multistep method (p, o) is said to be consistent if

p(1) =0, (1.9)
P(1) = o(1). (1.10)

The significance of these assumptions is that for a consistent method, the
method is able to solve any problem of the form y'(z) = 1 exactly over a
single step, assuming that exact values of previous step values are used.

The method (p, o) is said to be stable if p has all its zeros in the closed
unit disc and repeated zeros are in the open unit disc. The significance
of this assumption is that the method can not only solve problems of the
form y/(x) = 0 exactly over many steps but it can do so even with slightly
perturbed initial data. This leads to a main theorem in Dahlquist (1956)
which relates convergence of a method to the method being both consistent
and stable. A precise definition of convergence and further details can be
found in standard textbooks. We will return to these ideas again, in the
context of general linear methods, in Section 3.1.

Order of methods

A method has order p if it is capable of solving any differential equation
exactly if its solution is a polynomial of degree not exceeding p. Put another
way, this means that if the expression

k k
> iyn-i—hY Bifai
=0 i=0

is evaluated, with all ¥ and f values replaced by the quantities they are
supposed to approximate, then its formal Taylor series vanishes up to and
including terms in hP. Evaluate this series, expanding about x,,_, and we
obtain an expression of the form

k k o)
> aiy(@n—i) —h > _ By (an-i) =Y _ Cib'y(2n_y). (1.11)
=0 =0 =0
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From the known Taylor expansions of y(x,—;) and y'(z,—;) we find the
following formulae for Cyp, C1,...:

k
Co=>_aj, (1.12)
=0

k-1 k
Cr=> (k—jo;—> B (1.13)
j=0 j=0
1 k—1 ) k-1 '
Ci= (Z(k — )y =iy (k —j)’_lﬂj>, i=2,3,.... (114)
j=0 J=0

Evaluate (1.11) for the special case y(x) = exp(z(x — z,—x)/h) (so that
y'(z) = (z/h) exp(z(x —2p_)/h)), where z is an arbitrary complex number,
and we find

k k
> aiexp((k—i)z) — 2 _ Biexp((k —i)z) = Co+ Crz + Coz® + -,
i=0 =0

so that
plexp(z)) — zo(exp(z)) = Co + Crz 4+ Coz? + - - - .
This enables us to state a convenient criterion for order.
Theorem 1.1. A linear multistep method (p, o) has order p if and only if
plexp(2)) — zo(exp(z)) = O(7H1). (1.15)
By substituting log(1 + z) = z — 322 + 12% — ... for z in (1.15) and

rearranging we find

mp(l +2)—o(l+2z)=0("),

where, because of consistency, p(1 + z) is a multiple of z. Hence, we have
the following result.

Corollary 1.2. A linear multistep method (p, o) has order p if and only if

1 p(1+ 2)
log(l1+2)/z =2

—o(l+42) = 0O(ZP). (1.16)

Adams and BDF methods
By writing p(z) = 2* —2*~! and defining o to be the degree k— 1 polynomial
satisfying (1.16), with p = k, Adams—Bashforth methods are derived. By
increasing the degree of ¢ to k and p to k + 1, Adams—Moulton methods

are found.
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Table 1.1. Adams methods.

Adams—Bashforth Adams—Moulton
E| B B2 B3 Ba Bo B P2 Bz s
1 1
1 1 5 5
9o | 3 _1 502 _1
2 2 12 3 12
3 23 4 5 3 19 5 1
12 3 12 8 24 24 24
4 55 _ 59 37 _3 251 323 _ 11 53 19
24 24 24 B 720 360 30 360 720
Table 1.2. BDF methods.
k Bo aq Q2 Qa3 Qg
1 1 1
2 4 1
2135 3 —3
3 6 18 9 2
11 11 11 11
4 12 48 36 16 _ 3
25 | 25 25 25 25

The series for z/log(1 + z), occurring in (1.16) is

z

log(1 + 2) B

1 1.2, 1.3 19 .4, 3.5 83 .6, 275 .7 33953 _8
I+352— 152"+ 512" — 7502 + 1602 — Gods0? T 241927 — 36288002 T

)

and we readily find the first few Adams—Bashforth (order k) and Adams—
Moulton (order k 4 1) methods as shown in Table 1.1. In this table the
values of Oy (for the AM method only), 51, B2, ..., Ok, are given, assuming
the scaling ag = —a; = 1.

The ‘backward difference formulae’ (BDF) are approximations to the
derivative of y(z) at z, in terms of the values of y(z,—_;), i = 0,1,...,k.
The corresponding linear multistep methods are referred to as BDF meth-
ods. To derive such methods of order p = k, write o(z) = 2, and find p of
degree k from

p(1+ 2) =log(1 4 2)(1 + 2)* + O(zP1).

For the first few BDF methods, the coefficients are shown in Table 1.2,
scaled so that ag = 1.
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Stability regions and A-stability
For a linear differential equation y' = qy, the difference equation (1.6) sim-

plifies to
k

Z(ai — 2[3i)yn—i = 0,

i=0
where here z = hq. The stability region is the set of points in the com-
plex plane for which this difference equation has only bounded solution
sequences. This means that, for z in the stability region,

pw) — zo(w),

regarded as a polynomial in w, has all its zeros in the closed unit disc and has
all repeated zeros in the interior. Generalizing the discussion in Section 1.3,
we will refer to a method as being A-stable if the stability region includes
the left half-plane.

Dahlquist barriers

The barriers of Dahlquist (1956, 1963) state fundamental limitations on
achievable order for linear multistep methods which satisfy various stability
properties. The second barrier is concerned with A-stability and we will
discuss this in Section 8. The first barrier is stated in the following result.

Theorem 1.3. The order p of a stable k-step method is bounded by

< k+1, k odd,
P>\ k+ 2, k even.

Proof. Substitute log(32) for z in (1.15), to obtain

11—z

p(ijj)_log(ijga(;jj)_ow), (1.17)

r(z) = (1—2)%(1“) :zi%aizi, (1.18)

1—=2

Let

k
s(z)=(1- z)k(f(%) = szzz (1.19)
i=0

If zg is a zero of r, then p((1 4 z0)/(1 — z0)) = 0. Hence, (1 + 29)/(1 — 20)
is in the closed unit disc, implying that zg is in the closed left half-plane.
Because 1 is a zero of p, 0 is a zero of r and hence, ag = 0. However, because
1 is not a repeated zero of p, 0 is not a repeated zero of r. Hence, a1 # 0.
Without loss of generality, assume that a; > 0. Because all zeros of r are
in the left half-plane, and because these are all real or exist in conjugate
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pairs, r is a constant multiplied by products of the form z+ «, where o > 0,
or of the form 2% + az + 3, where a and 3 are each nonnegative. Hence,
no two coefficients in r can have opposite signs and therefore a; > 0, for
1=1,2,...,k.

Multiply (1.17) by (1 — z)* and divide by log(112) and we find

(co+coz? +eazt + - )(ar + apz + - + a2 )

=bo+brz+ - +bp2" +0O(zP), (1.20)

where
(co+0222+04z4+---)(% log(£2£)) = 1. (1.21)
From the known Taylor series for log(112), we see that ¢y = % and co = —%.

We now prove by induction that ¢, < 0 for n > 1. From the 22" and z2n—2

terms in the expansion of (1.21), we find
1

1
_ _ c.. =0 1.22
cont gom—2+ ot 50 =0, (1.22)
;1 PR =0 (1.23)
Con 3627174 o — 1CO = U .
Multiply (1.22) by 2n+1, subtract the result of multiplying (1.23) by 2n—1,
and rearrange to find co, as a positive linear combination of cs, ..., con_2,

completing the proof that co, < 0 for all positive n.

We now need to prove that an order p > k+1 is impossible for k£ odd. If it
were possible, then the coefficient of z**! in (1.20) would be zero. However,
this equals

arpc2 + ap_—2C4 + -+ - + A1Ck41,

which cannot be zero unless all the terms are zero; but this would imply
a1 = 0, which is impossible. If k is even and p > k + 2, then the coefficient

of 2¥*2 in (1.20) would be zero. This implies

ag—1¢4 + ag—3c6 + -+ aicgr2 = 0,

which again would lead to the impossible conclusion that a; = 0. ]

1.5. Runge—-Kutta methods

Formulation of methods

The well-known methods of Runge (1895), Heun (1900) and Kutta (1901),
generalize the classical Euler method by allowing for additional functional
evaluations in each time-step. Write Y7,Y5,...,Y; for the arguments of
these evaluations, and Fi, Fy, ..., Fs for the corresponding derivative ap-
proximations. For explicit methods, as in the cited works, each Y; is a
linear combination of the hF}; values, for j < i added on to the input
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approximation, which we will write as y,_1 for step number n. Once the
s stages and corresponding derivative approximations have been computed,
the output value for the step is computed as a further linear combination
of the hF; values, for i =1,2,...,s.

Putting all this together we formulate the method as

Yi=yn1+hY aFy, F=fY), i=12,..,s (1.24)
7<i
S

Un =Yn-1+h > biF, (1.25)
=1

where the numbers a;;, b; are characteristic of a specific method.

Because we will also want to consider ‘implicit’ methods in which the
sums in (1.24) extend beyond j < i, we will conventionally introduce a
full matrix of a;; coefficients where, for the explicit case we have so far
considered, a;; = 0 if j > i.

This formulation is for an autonomous problem. In the case of a non-
autonomous problem, we need to take account of the point within the step
to which each stage corresponds. Suppose that stage number ¢ evaluates an
approximation at z,,_1+hc;. By considering the simple differential equation
y’ = 1 we can evaluate ¢; as the sum of the elements in row number 7 of the
ai; table of coefficients. That is,

C; — Zaij. (126)
j=t

The modification to (1.24) and (1.25) to handle the non-autonomous case is

Yi=yn1+h> aiFj, Fi=f(zp1+he,Y), i=1,2,...,5 (127)
7<t
S

Un =Yn-1+h Y biF,. (1.28)
i=1

It is customary to write the collection of coefficients a;;, b; and ¢; in a

tableau thus:
0
C2 | G21
€3 | a3l as32

Cs | Gs1 Qg2 -+ Qg1
bi by - bs—1 bs

where we note that ¢; = 0 and that we have omitted those elements of the
a;; array which are necessarily zero.
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Sometimes we will need to introduce the full matrix of coefficients and
we denote this by A. The two vectors b’ and ¢ are also introduced. Later
we will need to consider implicit methods and in this case A will be a full
matrix. Using these notations, the tableau of coefficients will be written as

cl A
bl

Order conditions
Order p linear multistep methods are constructed using approximations to
y(xy,) in terms of y evaluated at x,—;, i = 1,2,...,k and hy' evaluated
at x,_;, ¢ = 0,1,...,k. To achieve the required order, the approximation
must be exactly satisfied whenever y is a polynomial of degree less than
p. If the values on which the approximations are based are themselves
approximations found in previous steps, we can still interpret the current
approximation as having order p, because the total error in y(z,) is made
up from the truncation error in this approximation, together with inherited
errors, all of which can be estimated in terms of O(hPT!).

For Runge-Kutta methods, the situation is more complicated because
even though the approximation (1.28) is based on the integral

1 s
Y(n) = Y(@n1) +h /0 Y (1 +hE) A€~ y(an 1) +h S biy (s + her),
i=1

the values of F; are not accurate approximations to y'(z,—1 + h¢;), i =
1,2,...,s

We deal with this complication by carrying out three steps. First we
find the Taylor expansion of the exact solution; secondly we find the Taylor
expansion for the approximation computed using a Runge-Kutta method.
Finally, by comparing these two Taylor expansions term by term, we arrive
at conditions for the difference between them to equal O(hP*+1).

To commence the first step of finding the formal Taylor expansion of y
satisfying (1.1), we need formulae for the second, third, ..., derivatives for
this function:

y'(x) = fy(z)),
y'(x) = f'(y(2))y (x)
f'(y(@)) fy(x)),
y"(x) = f”(y(w))(f(y(x))yy’(x)) + f'(y(@)) f'(y(2)y (x)
= f"(y()(f(y(2)), fy(@))) + ' (y(@) [ (y(2)) f(y(2)).

This sequence of expressions becomes increasingly complicated as we eval-
uate higher derivatives and we look for a systematic pattern.
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Table 1.3. Tree-like structure of terms appearing in derivative formulae.

y'(z)=f of
f
y'(z) = ff va
, fFa pf
y" (x) = £'(£1) Vi
f
+fff {g

Write f = f(y(x)), f = f'(y(z)), f = f"(y(z)), ... and consider Table 1.3
where the expressions for ¢ and y” and the two terms occurring in 3" are
shown together with their tree-like structures.

Motivated by this structure, we introduce the set of all rooted trees and

the corresponding derivative terms.

Trees and elementary differentials
Let T denote the set of rooted trees:

T:{., v Low v Y [ } (1.29)

It is convenient to introduce some notation, including a tree-building struc-
ture. We will usually omit ‘rooted’” and refer only to trees.

The tree . will be denoted by 7. Given trees t1,to,...,t,, we consider the
tree formed by joining the roots of each of these trees to a new root. This
will be written as [tit2...ty]. Furthermore the notation will be made more
compact by denoting repeated trees within [-] using exponents. Repeated
use of the [-] operation will be denoted using subscripts.

For example the first 8 trees in the sequence, listed in (1.29) are written
in terms of this new notation as follows:

T = {r,[r].[r°], b7le. [7], [7[7]], 272, [57]s, - }-

Trees of the form [7"] are sometimes referred to as ‘bushy trees’ and trees
of the form [, 7], as tall trees.
We can now define the elementary differentials.

Definition 1.4. The elementary differential associated with the tree t, the
function f and the evaluation point g is defined by

F(7)(yo) = f(vo),
F([t1, 2, tm)) (W0) = £ (50) (F(t1) (W), F(t2) Wo): - - -, F(tm) (40)).-
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Table 1.4. Some functions on trees and an example.

Function Name (and meaning) Example Construction
1234
r(¢) order of ¢ (number of vertices) 7 5\0&’
—~
symmetry of ¢ W
o(t) (order of automorphism group) 8 A
~(t) density of ¢ 63 ng'
(number of ways of labelling ¢ r(t)!
o(?) with an ordered set) 10 o (t)y(t)
(number of ways of labelling ¢ r(1)!
Alt) with an unordered set) 630 a(t)
ffff
F(t)(yo) elementary differential (£ (£, 1), £ (£, 1)) f”%ﬁ”
D(t) elementary weight > biai; c?aikci j’{xk

1,5,k=1

Functions on trees
The various functions we will need are summarized in Table 1.4, with a more
detailed explanation available in Butcher (2003). In Table 1.4, t denotes a
typical tree. Also given are examples of these functions based on the tree
t :v, which, in terms of the notation we have introduced, can also be
written as [[72]?].

The function ®(¢) will be explained below. The remaining functions are
easy to compute up to order 4 trees and are shown in Table 1.5.

Taylor expansions and order conditions
The formal Taylor expansion of the solution at xg + h is
(t)hr®

o)
y(@o+h) =yo+ ) ()
teT )

F()(yo)-

Using the known formula for «(t), we can write this as

(1)
Yo+ h) = o+ 30— F (1) ap). (1.30)

2~ o(t)(0)

Our aim will now be to find a corresponding formula for the result computed
by one step of a Runge-Kutta method. By comparing these formulae term
by term, we will obtain conditions for a specific order of accuracy.
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Table 1.5. Various functions on trees.

tlrt) oft) () a@) B1)  F(t) o(t)
111 1 £ S b;
12 1 2 1 2 £ S bic;
vi3 2 3 1 3 D S bic?
s 16 1 6 £ S biasjcs
vi4 6 4 1 4 LS S bic
V41 s 3 24 D Y bicaye
Y4 2 12 1 12 fYED Xbayd

[ 4 1 24 1 24 frff dobiaija ek

We need to evaluate various expressions, known as ‘elementary weights’,
which depend on the tableau for a particular method. First we use the
example tree we have already considered to illustrate the construction of
the elementary weight ®(t) for this tree ¢:

I mn o

t:j k

7

The elementary weight for this tree is

S
d(t) = g bia;jaik;105mAkn ko,

i,3,k,l,m,n,0=1

which can be simplified by summing over [, m,n, o and using (1.26):

s

§ : 2 2

(I)(t) = biaijcjaikck.
ij,k=1

It is now possible to write down the formal Taylor expansion of the solution
at xg + h in the form

r(t)
yi=vo+ %ﬂt)l’(t)(yo)-

teT
Using the known formula for (3(t), this can be re-written as

r(t)
R LOOI) (1.31)
teT
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If the Taylor series (1.31) is to match the Taylor series (1.30), up to h?
terms, we need to ensure that

1
O(t) = —,
)=
for all trees such that
r(t) <p

These are the ‘order conditions’.

Low-order explicit methods

We will attempt to construct methods of order p = s with s stages for
s =1,2,.... We will find that this is possible up to order 4 but not for
p > 5. The usual approach will be to first choose cs,c3,...,cs and then
solve for by,ba,...,bs. After this solve for those of the a;; which can be
found as solutions to linear equations.

Order 2. The order conditions are

b1 +by=1,
1
baca = 3,
with solution, for arbitrary nonzero co,
0
C2 C2
' _ 1 1
2co  2c2

Choose ¢y = % and co = 1, respectively, and we obtain the two well-known
special cases

0 0
sls 1 ‘ 1
[0 1 B
Order 3. The order conditions are
b +b2+b3=1,
baca + bges = 3,

b2c§ + b36§ =

A= Wi N

bzagzaca =
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Three representative special cases are

0 0 0
1 1 212 2 2
2 2 313 3 3
1|-1 2 > 2lo 2 > 0|-1 1
1 2 1 1 3 o 3 1
6 3 6 4 8 4 4
Order 4. The order conditions are
b1 + by + by + by =1, (1.32)
boco + bgeg + bycy = %, (1.33)
bQC% + bgC% + b4ci = %, (1.34)
bsasaco + byagocs + byayzcs = %, (1.35)
bach + bycl + bac = 1, (1.36)
bscsasaco + bycgagocs + bycgayzcs = %, (1.37)
b3a32c§ + b4a4gc% + b4a4gc§ = %, (1.38)
byaszaszaco = i (1.39)

To solve these equations, treat co,cs,cq4 as parameters, and solve for
b1, be, b3, by from (1.32), (1.33), (1.34), (1.36). Now solve for a3z, aq2,ass3
from (1.35), (1.37) and (1.38). Finally, use (1.39) to obtain a consistency
condition on ¢, c3, cq. This consistency condition is found to be ¢4 = 1.

We will prove a stronger result in another way.

Theorem 1.5. If an explicit Runge—Kutta method with s = 4 has order 4,
then

s
Z biaij :bj(l—Cj), j:172a3a4
i=j+1

and, in particular, ¢4 = 1.

Proof. The result ¢4 = 1 is proved in Lemma 1.6 below. Hence, v4 = 0,
where v; = Zf:jﬂ bia;j — bj(1 —¢j), j = 1,2,3,4. Also vz = 0 because
Zj,k vjarck = 0, which we find by expanding and using the order condi-
tions.O Finally, Zj vjc; = 0, implying v = 0, and Zj vj = 0, implyiré;
v1 = U.

Lemma 1.6. If an explicit Runge-Kutta method has order p where s =
p >4, then ¢4 = 1.
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Proof.  Consider the matrix formed as the result of the product

Lo o bl AP—3 1 0
[0 1 —c} b AP—4C [Ac Cec c] 0 1
4 bTAp_4 0 —co

This matrix has rank one because b7 A?~3 and b7 AP~4C — c4bT AP~* are each
zero except for components number 1,2, 3 and because Ac and Cc — coc are
each zero in components 1,2. Hence, multiplying the middle two factors,
we see that the product can be written as

10 0 bl AP—2¢ b AP=3Ce  bT AP 3¢ 1 0
[0 . _C] T AP=4C Ac BT AP=4C2c bTAP=4Cc| |0 1
1 T AP=3c  pTAP=4Cce BT AP4c 0 —cy

Evaluate the second factor by the order conditions and we obtain the result

1 2 ¥
T !
10 o0]l% & % é ?
0 1 —cqgf P P P
p 2 pp-1) 0 —c2
p! p! p!
_ 1 1 2 — pey
T opl [3—pes 6 —2pca — 2pey +p(p — 1)eaeq |

Because this matrix has rank not exceeding 1, its determinant is zero. This
gives the result co(1—c4) = 0. The possibility that c; = 0 has to be rejected
because this would lead to the contradiction
0=0p"AP2c = i
p!
Hence, for any Runge-Kutta method with s = p > 4, ¢4 necessarily equals 1.

OJ

As aresult of Theorem 1.5, the construction of fourth-order Runge-Kutta
methods now becomes straightforward. Kutta (1901) classified all solutions
to the fourth-order conditions.

In particular, we have the famous method:

= N N= O

ol O O N
Wi | O ol
W= | =

D=

An order barrier
We will review what is achievable up to order 8. In Table 1.6, N, is the
number of order conditions to achieve this order. M; = s(s + 1)/2 is the



GENERAL LINEAR METHODS 177

Table 1.6. Minimum number of stages s to achieve order p.

p Np| s DM
1 1] 1 1
2 21 2 3
3 41 3 6
4 8| 4 10
5 17| 6 21
6 37| 7 28
7 115 9 45
8 200 |11 66

number of free parameters to satisfy the order conditions for the required
s stages.

According to Table 1.6, it is suggested that, for p > 5, it is necessary that
s > p. We will now prove this result.

Theorem 1.7. There does not exist an explicit Runge-Kutta method
with order p = s > 5.

Proof. Recall from Lemma 1.6 that ¢4 = 1. If s = p > 5, repeat the
argument but starting from the product

Lo o pT AP—4 1 0
[0 1 _ ] bl AP—5C [Azc ACc Ac] 0 1
1 pTpr-s 0 —co

and we now find that cs = 1. If s = p > 5 and ¢4 = ¢5 = 1, we obtain the
contradiction

0=b"APT5(I — C)A%c = l‘ O
p:

1.6. Algebraic theory and B-series

We will review work first presented in Butcher (1972q); it has since become
known under the name B-series (Hairer and Wanner 1974). A more recent
account is given in Butcher (2003).

As a first step, make a slight generalization to the formulation of Runge—
Kutta methods, by inserting a factor by in the term y,,—1 in (1.25). In such a
generalized Runge-Kutta method, the extra coeflicient can be conveniently
inserted into its tableau:

c| A

: 1.40
oo (o7 (1.40)
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We will conventionally add an additional ‘empty tree’, denoted by (), to the
set of rooted trees to form the augmented set

T# =T U {0}

For the generalized Runge—Kutta tableau (1.40), define the corresponding
elementary weight as

so that, for a standard Runge-Kutta method, ®() = 1.

We will denote by X the set of mappings 7% — R and by X the subset
for which () — 1. Thus, to each Runge-Kutta method, we can associate a
member of X7, such that ¢ — ®(¢).

The order conditions can be written in terms of elementary weights, and it
is natural to ask in what sense the elementary weights characterize a Runge—
Kutta method. The answer is that if two Runge-Kutta methods have the
same sequence of elementary weights, then they are equivalent methods
in a very natural sense. For example, if two methods are equivalent then
they give the same numerical result when applied to the same problem.
Furthermore they are equivalent also in the sense that if unused stages are
eliminated and sets of stages which give identical results are collapsed into
a single stage, then the two methods have equivalent tableaux, except for
the ordering of the stages. For a more detailed explanation of equivalences
amongst Runge-Kutta methods, see, for example, Butcher (1996b).

Given that we can represent equivalence classes of Runge-Kutta meth-
ods using the sequence of elementary weights, we might ask: What is the
significance of the right-hand sides of the order conditions? We will give
an interpretation of these quantities in terms of a limiting type of Runge-
Kutta method which can be thought of as having arbitrarily high order. For
convenience we will consider a step of size h starting from y(xg) = yo.

The exact solution at the end of this step, and at points within the step,
is given by the Picard integral equation

¢
y(xo + h&) = yo + h/o f(y(zo + hn)) dn.

We can regard this as an idealized Runge—Kutta method in which the fi-
nite index set for the stages, {1,2,...,s}, is replaced by an interval [0, 1].
This means that for any ¢ € [0, 1], we can associate a ‘stage value’, Yy =
y(zo + h&), with corresponding stage derivative f(Ye). In this limiting in-
terpretation, the matrix A : R® — R? is replaced by a linear operator on
the set of continuous functions on [0, 1]. At the same time, the vector b”, is
replaced by a linear functional on the continuous functions on [0, 1]. More
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specifically, the idealized A and b are given by

¢ 1
(A)e = /0 by, (b76) = /0 b dn = (Ad)1.

The elementary weights for this idealized method are found from the
formula for ®(¢) and replacing various sums by integrals. For example, for
the example tree used in Table 1.4, the calculation of the limiting elementary
weight is as follows:

1 x 2 1
/ </ 22 dx) dx = / (%x3)2daz = é = ﬁ
0 0 0

The representation of this method as a member of X; will be denoted by E.
Hence, E(t) = 1/7(t).

If we consider equivalence classes of Runge—Kutta method as basic objects
of study, then we might ask: What is the significance of the composition
of two methods, one from each class? If the two methods are denoted by
M; and Ms, with s; and sy stages, respectively, then M; M, will denote
the combined operation of calculating the stages of the first method and
the output value so that it now becomes possible to write the stages of the
second method as though they were additional stages appended to the first
method. Thus M;Ms is also a Runge-Kutta method but the equivalence
class to which it belongs is independent of how the representative methods
My and My were chosen from within their classes. Furthermore we can
compute the elementary weights for the product class directly from those of
the classes containing M; and M.

For convenience, we will write the function on trees to elementary weights
corresponding to two specific methods as « and 8. For tree number 7 we
will write a; = a(t;) and 3; = B(t;). The value of (af3)(t;) will be a function
of the o and (8 values and formulae for these are shown in Table 1.7, up
to order 4 trees. The value of By which appears in this table is equal to
B(0). Restricted to X7 x X7, the operation defined by this table generates a
group. However, X also has a vector space structure and left-multiplication
by a member of X7 is a linear operator on this vector space.

We now discuss an important example of the vector space structure. The
output from the Euler method, starting from initial value y(zg) = yo, gives
a result yo+hy'(xp). Subtract yo from this and we obtain exactly the scaled
derivative hy'(zo) = hf(yo). We will regard the elementary weights for this
scaled derivative as being exactly the same as for the Euler method, but with
0o set equal to zero. We will denote this special generalized Runge-Kutta
method by D so that D(0) =0, D(7) =1, D(t) =0 (r(t) > 1).

It is quite convenient to build up elementary weights, and more compli-
cated objects, using the D operation. If 1 is used to represent the identity
element of the group. We can then write the group elements representing
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Table 1.7. Runge-Kutta group operation, with Gy = 1.

i tioalt) B(t) (aB)(t:)

I . o I3 a1 + B

2 1 B2 azfy + a1f1 + B2

3V a3 B3 a3fo + aify + 201082 + s

VI N Ba aygflo + azfB1 + 182 + B4

5 ¥V as Bs asfo + aif + 303 B2 + 31 B3 + s

6 V o Bs  agfo+ araef + (af + a2)B2 + a1 (Bs + B1) + B6
7Y o B a7fo + asBr + of B2 + 201 84 + 7

8 i as Bs agBo + aufr + aefle + a1 s + Fs

the stages by n;, ¢ = 1,2,...,s which satisfy

s
n; =1+ Z al-jnjD.
=1

The output at the end of a Runge—Kutta method will then be
S
1+ Z bin; D.
i=1

Collocation methods and implicit Runge—Kutta methods
A possible approach to the solution of an initial value problem, on an interval
[x0, o + h], is to assume an approximation of the form

y(xo + &h) = P(S),

and to define the polynomial P, assumed to be of degree s, by the conditions

P(0) = o,
P'(c;) = f(P(c;)), i=1,2,...,s.

In these conditions, the ‘collocation points’ ¢q,ca,...,cs, are distinct and
nonzero. To obtain a step-by-step sequence of approximations, define y; =
P(1), and compute ys in a similar way from y;, as the next step in the
process. An attraction of such methods is the fact that an interpolated
approximation is automatically available between step values.

It was pointed out in Wright (1970) that collocation methods are equiv-
alent to implicit Runge-Kutta methods, with the abscissae identical to
the collocation points. In the implicit Runge-Kutta representation, the
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elements of A and b are defined by
1
Zaijcfflzgcf, k=1,2,...,s, i=1,2,...5s, (1.41)
j=1
1
k—1 _
ijcj T
j=1

For example, if ¢ = [0, 1,1]7, we obtain the method

k=1,2,...,s. (1.42)

0lo 0 0
105 1 _ 1
2 24 3 24
6 3 6
' 12 1
6 3 6

The condition (1.41) expresses the fact that not only does the output from
a step have a specific order but the stage values themselves are computed
to a high precision, as measured in terms of an asymptotic error O(h4t1).
Even for a method which is not based on collocation, the stage order, which
we denote by ¢, can be close to s for implicit methods. This is regarded as
an advantage in terms of the ability of the method to solve stiff problems
reliably (Prothero and Robinson 1974). The next example method has stage
order 2 and order 3:

(1.44)

3
12
3
1
3
1

A-stable Runge—Kutta methods

As for the Euler method and linear multistep methods, the first step in
assessing the stability properties of a Runge—-Kutta method is to investigate
its behaviour with the linear problem 3’ = qy. For this problem, the stages
and final output in a single step are given by

Y = zAY +y,11,
Yn = 'Y + Yn—1,

where z = hq and 1 € R® has every component equal to 1. Eliminate Y and
the result is

Yn = R(2)Yn—1,
where the ‘stability function’ is
R(z) =1+ 2bT (I — zA)7'1.

The set of z values for which |R(z)| < 1 is the ‘stability region’. If this
includes the left half-plane then the method is A-stable. Two examples of
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A-stable methods can be found in (1.43) and (1.44) for which the stability
functions are

1+ 1z 4 122
1—2z+4 427
1—1—%2
1— 224 £2%

R(z) =

R(z) =

respectively. These stability functions are examples of Padé approxima-
tions and proof of the A-stability, in these particular cases, is included in
Theorem 8.8.

Runge—Kutta methods for stiff problems
For stiff problems, it is not satisfactory to use explicit methods, and we need
to consider methods in which A has a more complicated structure. We will
consider five levels of implicitness, in terms of restrictions on the coefficients
in the s x s matrix A and the vector b’:

(i) a;; = 01if j > 1,

(i) ajj =0if j > ;a4 =X, 1=1,2,...,5,

(i) a11 =0; a;; =0, j > 45 a; = A, 1—23 85 as5 =bj, 5 =1,2,...,s,
(Vi o(A) ={A},

i
(v) A an arbitrary full matrix.

The use of fully implicit methods (v) was proposed by Ceschino and
Kuntzmann (1963) and Butcher (1964), with the abscissae based on Gauss—
Legendre integration points. The Gauss methods and related methods based
on other high-order quadrature formulae, have an important role in the
solution of stiff problems. In Butcher (1964) so-called semi-implicit methods
(i) were introduced but without a specific application in mind.

For efficiency reasons, there is also an interest in diagonally implicit (or
DIRK) methods included within the (i) and (iii) families. Finally, singly
implicit (SIRK) methods (Burrage 1978a) were introduced to yield meth-
ods which not only have efficient implementation properties but have high
stage order.

The following example of (i) has order 5; this would have required 6
stages if the method had been explicit. For example, the following method
has order 5:

0
1 1 1
4 8 8
Tl_1 14 3
10 100 25 20
2 5
1 7 0 =
1 32 250 5
14 81 567 54
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An example of (ii) is the following order 3 method:

A A
$(1+ ) $(1-2) A
1 T(—6AZ+16A—1) 1(6A2—20A+5) A°
| L(—6A2+16A—1) 1(6A2—20A+5) A

where A &~ 0.4358665215 satisfies ¢ —3A+3A2—\3 = 0. This method is
A-stable but its stage order is only 1, making it of limited value in the
solution of stiff problems.

The next method is an example of (iv) and has order and stage order 2:

3-2v2[2-32 132
1,1 1
1 — V2.
1
1 Z\/E
The method is A-stable, as are similar methods up to order 8 (with the
exception of 7). Their major disadvantage is the fact that, for s > 2, not
all the abscissae lie in [0, 1].
It is implemented using a transformation which makes it effectively like
DIRK methods, in terms of cost, at least for large problems where the
overheads due to the transformations are relatively insignificant.

Finally, a simple example of (v). This is one of the Gauss—Legendre family
of methods and it has order 4 and stage order 2:

IR

+eV3[1+5V3
I

Similar methods exist for all positive values of s with order 2s and stage

order s. Although they are A-stable, they are difficult to implement
efficiently.

[CO |0 i~

V3

1
2
1
2

el Ll Lo N TN

2. Motivations for general linear methods

We will describe some of the circumstances and events which have led to an
interest in more general methods.

The traditional methods can be regarded as generalizations, in one way or
another, of the Euler method. In the terminology of general linear methods,
this is a one-value (r = 1), one-stage (s = 1) method. Increasing the value
of the integer r leads to linear multistep methods and increasing s leads to
Runge-Kutta methods. It seems natural to consider methods in which both
r > 1 and s > 1 are possible.
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Thus the first motivation for studying general linear methods is that this
generalization is natural and there seems to be no reason for not adopting
it. Indeed even some existing methods are more naturally formulated in a
general linear method ansatz.

We will look at some of the limitations of existing methods to see that the
general linear method generalization is not only natural but also potentially
useful. We will pursue this point of view by looking at some simple mod-
ifications of existing methods and ultimately by attempting to find some
new and potentially efficient methods which do not arise naturally in any
other way.

2.1. Limitations of linear multistep methods

Even though there are 2k 4 1 free parameters in the specification of a linear
k-step method, so that order 2k would seem to be possible, in fact practical
methods are limited in order to k + 2 (if k is even) and k + 1 (if £k is
odd), because of the stability condition. This result, Dahlquist’s first barrier
(Dahlquist 1956), which we reviewed in Theorem 1.3, is coupled with the
second Dahlquist barrier (Dahlquist 1963), which limits the order of A-
stable methods to exactly 2. A proof, using order arrows, of the second
barrier is given in Theorem 8.10. In spite of this barrier, if A(«)-stability,
with a reasonably large angle «, is regarded as acceptable, it is possible to
go to at least order 4.

This applies in particular to BDF methods where we note that BDF4 is
A(0.47)-stable. For any p, it is possible to replace the factor 0.4 by a number
arbitrarily close to 3 (Widlund 1967, Grigorieff and Schroll 1978) but at the
cost of impractically high error constants (Jeltsch and Nevanlinna 1982).

In addition to stability constraints, another type of limitation is the com-
plication associated with change of step-size and change of order. Each of
these requires considerable overheads.

2.2. Limitations of Runge—Kuitta methods

While explicit order p Runge-Kutta methods exist with p stages, for p =
1,2,3,4, no such methods exist for p > 4. Furthermore, if the minimal
number of stages to achieve order p is s(p), then s(p) — p increases steadily
as p increases, as we recall from Table 1.6.

Variable step-size and order are made difficult by the need to estimate
local truncation errors in a reliable way. This is an increasingly expensive
requirement as the order increases.

In the case of implicit methods, the achievable order is exactly 2s, and
methods which achieve this maximum are A-stable. This seems to be a
satisfactory situation but the actual methods have two serious handicaps.
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The first of these is that they suffer from error reduction and the second is
the very high implementation cost.

Even though the global truncation error is asymptotically O(h?), for step-
sizes which often arise in practice, the error behaves more like O(h?), where
q is the stage order.

Solving the non-linear equations defining the stage values involves a pro-
cess based on the Newton method. This is much more expensive than for
implicit linear multistep methods, unless the coefficient matrix A has a spe-
cial structure, such as the DIRK structure. Unfortunately DIRK methods
necessarily have low stage order. In the opinion of this author the only
way to overcome this difficulty is to use SIRK methods, in the modified
form discussed in Butcher and Chen (1998). But there seem to be better
algorithms within the larger family of general linear methods.

2.3. Modifications of linear multistep methods

Many examples are known of modifications to standard methods, which
somehow acquire enhanced properties. For example, by adding one or more
offstep points, it is possible to give a linear multistep method a little closer
to that of Runge-Kutta methods. This can break the Dahlquist barrier by
permitting methods to have order greater than 2k and still remain stable. A
class of methods in this hybrid family takes the idea of predictor—corrector
pairs based on Adams—Bashforth and Adams—Moulton methods further,
by including a single offstep predictor as well as the usual predictor and
corrector at the end of the step. Thus for k = 2 the k-step PECE! method,

Yn = Yn—1+ 3hfu1 — $hfn s,
Yn = Yn—1+ shfs + shfa 1,
generalizes to
Yo 1 =Yno2+ Zhfu1+ Shfn o,
yr =By 1 — 2y, o+ %hf:;_% —4hfp1 — 28 fn s,

Yn = %ynfl - %yan + %hf; + %hf;_% + %hfnfl - %hfan-

3% wl=

Note that in this discussion f; denotes f(x,,y;) and f;_; denotes
2

1 *

Even though the two predictors generate approximations only of order 3,
the overall result has order 5.

! PECE denotes ‘Predict—Evaluate—Correct—Evaluate’.
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‘Hybrid’ methods, as Gear named them, were introduced in Butcher
(1965), Gear (1965) and Gragg and Stetter (1964).

A completely different generalization of linear multistep methods is that
of cyclic composite methods, first proposed by Donelson and Hansen (1971).
If we are given m linear multistep methods

k k
= 0y i+ > Bnfs j=1,m,
i=1 i=0

the idea is to apply them cyclically. That is, in a sequence of m steps, use
method number 1 followed by method number 2 and so on until method
number m has been applied. For steps after this, the cycle is repeated.

We present just two examples. In the first we consider two methods, each
based on open Newton—Cotes quadrature formulae:

Yn = Yn—2 + 2hfrn_1,
Yn = Yn—3 + %hfn—l + %hfn—Q'

Taken alone, each of these methods is ‘weakly stable’. That is, regarded for
convenience as 3-step methods, their zero stability matrices are

0 10 0 01
My=1]1 00 and My= |1 0 0],
0 1 0 010

respectively. For M the eigenvalues are {1,—1,0} and for My the eigen-
values are {1, exp(27i/3), exp(—2mi/3)}. Weak stability is a consequence of
the existence of eigenvalues on the unit disc, in addition to the principal
eigenvalue at 1 in each case. However, when the two methods are used in
alternation then the stability matrix over the pair of steps becomes

010
MoM;= 1|0 1 0],
100

with eigenvalues {1,0,0}.

It is possible to go even further and to construct cycles of explicit methods
which overcome the first Dahlquist barrier. For example, consider the two
methods

Yn = _%yn—l + %%1—2 + %hfn + %hfn—l =+ %hfn—Q - %hfn—i%a
Yn = %yn—l + %yn—Z - %yn—ﬂl + %hfn + %hfn—l - %hfn—2

35
- 7_2hfn73~
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Each of these methods has order 5 and each is unstable, but we will see
that the corresponding cyclic method has perfect stability. To verify this
remark, analyse stability using 3’ = 0:

Yn = —%yn_1 + %—?%-2, (2.1)
Yn = %gyn—l + %yn—Q - %yn—& (2'2)
The difference equation for y,, — yn_1 is
|: Yn — Yn—1 :| - X [yn—l _yn—2:|’
Yn—1 — Yn—2 Yn—2 — Yn-3

where X is

for (2.1), and

209 361
240 240

for (2.2). Neither matrix is power-bounded but their product, corresponding
to the cyclic use of the two methods, is nilpotent.

By applying the cyclic composite idea to implicit methods it is also pos-
sible to overcome the second Dahlquist barrier (Bickart and Picel 1973).

2.4. Modifications of Runge—Kutta methods

The following family of fourth-order methods is one of several such families
found by Kutta:

0
C2 C2
111 _ 1 1
2 2 8co 8co
1 1
1 %0 — 55 2
1 2 1
G 0 5 3
If we substitute co = —1, it is found that
0
-1 -1
1 5 _1
2 8 8
3 1
1|3 12
1 2 1
G 0 3 3§
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re-use method -
Runge-Kutta method -

rescaled re-use method —---

Figure 2.1. Stability region for the re-use method
compared with the classical Runge-Kutta method.

We can interpret the abscissa at —1 as re-use of the derivative found at the
beginning of the previous step. We then have the method

Y1 = Yn-1+ 2hf(yn-1) — §hf (yn—2), Py = f(V1),
Yo =Yn—1— Shf(yn—1) + shf(yn—2) + 2hFY, Fy, = f(Ya2),
Yn = Yn—1+ %hf(ynﬂ) + %hﬂ + %th

Like the Runge-Kutta method on which it is based, this method retains
order 4, even though it evaluates f only 3 times per time-step compared
with 4 for the original method.

We can understand something about the behaviour of the new method by
plotting its stability region. This is shown in Figure 2.1, with the classical
fourth-order method included for comparison. Because s = 3 for the re-use
method, rather than s = 4 for the Runge-Kutta method, a more appropriate
comparison is achieved by the rescaling z — %z in the case of the re-use
method; this is also shown in the figure. Based on this comparison, there
seems to be little advantage in either the Runge—Kutta method or the re-use
method.
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As a general linear method, using a notation we will introduce in Section 3,
the re-use method has the following matrix representation:

|
O O |vI= e O

— o= [l oolaon O

(2.3)

5 vl

Qw|l N O O
Sor|l o O O
O | = =

3. Formulations

In the formulation of general linear methods given in Butcher (1966), a

collection of approximations yz[n], 1 =1,2,...,r, together with derivative
approximations Fi["] =f (yl[n]) is computed at the end of step number n in
terms of the corresponding quantities available as input to the step. Making
use of three matrices of coefficients, A, B, C, which characterize a specific

method, the step n approximations are given by

yz[n] _ Z aijy][nfl] + Z bl]hFj[n] + Z cithj[nfl] )
j=1 j=1 j=1

This method was referred to as (A, B,C'). It is easy to see, by raising the
value of r if necessary, that C' can be removed from the formulation.

An equivalent, but in many ways more convenient, formulation was in-
troduced in Burrage and Butcher (1980) and this is now the standard way
of representing general linear methods.

Denote the output approximations from step number n by yzm,
1,2,...,r, the stage values by Y;, i = 1,2,...,s and the stage derivatives
by F;,1=1,2,...,s.

For convenience, write

7 =

y ! e vi i

[n—1] [n] Y. F

MCSU I LT O | PR G el IR R
_y7[nn— 1] | _y7[nn] | Y, F

It is assumed that Y and F' are related by a differential equation.
The computation of the stages and the output from step number n is
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carried out according to the formulae

S T
J=1 J=1
S T
y'" = > bihFj + Zvijyj['nil]v i=1,2,...,m
J=1 J=1

where the matrices A = [a;;], U = [usj], B = [bj], V = [vi;] are character-
istic of a specific method.
We can write these relations more compactly in the form

[Y]:[A@J U®I} { hF]’

y[”] Bl VI y[”fl]
which we can simplify by making a harmless abuse of notation in the form
Y AU hF
] =[5 V] o) o

An alternative formulation, of the closely related A-methods, is given in
Albrecht (1985).

3.1. Consistency, stability and convergence

An idea that will be developed in Section 4 is that there is always a starting
method associated with each method. For our present purpose it is enough
to ask what quantity the numerical solution is supposed to approximate, at
least to a first-order approximation. As a very basic requirement we ask if
it is possible to approximate the solution to the problem y'(x) = 0, exactly.
This condition has two parts. First, we want to ensure that quantities input
to step number n are capable of remaining unchanged at the end of the
step. Secondly we want to be able to guarantee long-term adherence to this
solution, even if a slight perturbation is introduced. The first requirement
will be written in terms of the existence of a ‘pre-consistency vector’ wu
which is unchanged when acted upon by V and the second that V' is power-
bounded. Note that for the differential equation 3’ = 0, input component
number i is assumed to have the form u;y(x,—1) so that Vu = w is the first
of our conditions. In addition to this property of v we will require that
Uu = 1 so that each stage gives an approximation close to y(x,—_1).

For a pre-consistent stable method, we also want to guarantee that the
solution of the problem 3'(x) = 1 has correctly advanced one step forward.
We summarize these remarks with a series of definitions.

Definition 3.1. A general linear method (A,U, B,V) is ‘stable’ if there
exists a constant C' such that ||[V"| < C for any positive integer n.
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Definition 3.2. A general linear method (A4, U, B, V) is ‘pre-consistent’ if
there exists a ‘pre-consistency vector’ u such that

Vu=u,

Uu=1

Definition 3.3. A general linear method (A, U, B, V) is consistent if it is
pre-consistent with pre-consistency vector u and furthermore, there exists
a vector v such that

Bl+Vv=u+w.

Given the properties embodied in these definitions it is possible to guar-
antee that the approximation computed by a general linear method can be
found arbitrarily close to the exact solution. We express this in terms of a
definition, followed by a theorem, which will not be proved in this survey.

Definition 3.4. Consider an initial value problem

y'(z) = f(z,y(x),  y(zo) = Yo,

where f : [29,Z] x RV — R is continuous in its first variable and satisfies a
Lipschitz condition in its second variable. Let (A,U, B, V') be a consistent,
stable general linear method with pre-consistency and consistency vectors
u and v. Let S(h) denote a starting approximation which depends on h in
such a way that limy_,o S;(h) = wiye, i = 1,2,...,7. Let n(n) denote the
value of yI" | computed using the given method for the given problem, with
starting value defined by y%) = S((Z — 2¢)/n). The method is ‘convergent’
if, for any choice of initial value problem and starting approximation S,
limy, oo mi(n) = wiy(T), i = 1,2,...,7.

Theorem 3.5. Any stable and consistent general linear method is con-
vergent.

This result includes the theories for convergence for special methods, such
as Runge-Kutta and linear multistep methods. In practice, methods will
be designed to have a stage order equal to at least 0 and an order equal to
at least 1. Such order conditions imply consistency so the crucial question
to ask in the search for acceptable methods, is whether the method is or is
not stable.

The proof of Theorem 3.5 is technical and is given in Butcher (2003),
for example.
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3.2. Representation of standard methods

For a linear multistep method with input and output

[ Yn—1 ] [ Yn ]
Yn—2 Yn—1
y[”_l] _ Yn—k y[n] _ Yn—k+1
hf(n-1,Yn-1) ’ hf(Tn, yn) ’
hf(n—2,Yn—2) hf(Tn-1,Yn-1)
L hf(xnflm Yn—k | L hf(wnkarl? Yn—k+1 |

the single stage Y7 will be identical with the first output component, and
we have the method

[ Bo|lew a2 -+ ax1 ar|Bi B - Bro1 Br |
Bolar ao -+ ap—1 o | B P2 - Br—1 B
0 1 o --- 0 ojo O --- 0 0
OO0 O 1 0]0 O 0 0
1 0O O 0 00 O 0 0 (3.2)
OO0 O 0 110 O 0 0
OO0 O 0 0|1 O 0 0
oo o 0 0]0 0 10

3.8. Transformation of methods

Because the data imported at the start of a step and exported at the end of
the step is capable of being repackaged in a different way, we consider two
methods (A,U, B,V) and (A,U, B,V), so related that

AUl [1 o][A UJI o (3:3)
B V| |0 T7'|B V]|0o T| '
where T is an arbitrary r X r non-singular matrix.

If 91" is the output from the transformed method and y™ is the output
from the original method then

gt =@enyt gt =@t eyl

The relationship between the basic properties of the two methods is ex-
pressed in the following result which is proved in a routine way.
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Theorem 3.6. Let (A,U,B,V) and (A, (7, E, ‘7) be two methods related
by (3.3), then if either is consistent, then so is the other, with preconsistency
and consistency vectors related by

)
I

T_lu,
T 1.

<)
Il

Furthermore, if either method is stable, then so is the other.

The significance of transformations predates by many years the intro-
duction of general linear methods. In traditional formulations of Adams
methods, for example, the input data for step number n may consist of
approximations to y(zn—1), hy'(zn-1), by (xn—2),...,hy (xy_k). On the
other hand, an alternative representation, popular in the days of hand com-
putation, is to use y(z,—_1), together with backward differences, from order
0 to k£ — 1, of the derivative information. The use of approximations to
scaled derivatives was proposed by Nordsieck (1962) and promoted in Gear
(1967, 1971).

Given a method (A,ﬁ,ﬁ,f/) with 7 input and output values, it may
happen that a method (A,U, B,V) with » < 7 input and output values
might be related to it by the existence of an r x ¥ matrix T', with rank r,
such that

U=UT, TB=B, TV=VT.
In this case, it might be asked to what extent the method (A,U, B,V)
carries out essentially the same task as the original method (A,U, B,V).

To understand this question, introduce an arbitrary (7 — r) X ¥ matrix T’
whose rows, together with the rows of T', constitute a basis for R”. Now

write

gyl TI ’
where it is assumed that the 7 sequence satisfies the original method. Trans-
form the original ~ method to give the method

It is apparent that the y™ is generated by the method (A, U, B, V), without
any reference to the the §" sequence. Hence, the transformation of methods
can also have the effect of reducing a method to a simpler ‘reduced method’.
Assuming that A has no unused stages, we refer to a method that is not
capable of further reduction as irreducible.
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The most readily available example of a reducible method is for a linear
multistep method written in the form (3.2). Define

ar ay o oo o | B B2 Br—1 Bk
ar a3 -+ o 0 |B2 B3 -+ B O
ap 0 .- 0 0|8 O --- 0 0

which has rank k because |ay| + |Bk| # 0.
Hence, we arrive at the r input method

[ Bo 1 00 0 0
Boar + B a; 1 0 00
AU Bocz + [ as 0 1 00
[B V] = Boaz + B3 as 0 0 00 (3.4)
Boak—1 + PBr—1 |akg—1 0 0 --- 0
L Boa + Bk a 00 -~ 0 0|

4. Order conditions
4.1. General definition of order

In the formulation of a general linear method, there is not always a natural
meaning that can be given to the quantities y[”] output at the end of step
number n. Hence we will introduce a ‘starting method’, to represent the
quantity we are trying to approximate. Write this as a modified type of
general linear method with only a single input but with r outputs. It can
also be thought of as a Runge-Kutta method with multiple outputs.

If the starting method is applied to a given initial value the output can
be used as input to the first step of the main method. If S denotes the
starting method and M the main method then SM will denote the com-
bined operation. Similarly, £ denotes the exact solution evaluated after a
time-step h, the same as the step-size for M and S, and €S denotes the
result of applying S to the exact solution evaluated after a time h.

If we compare the result computed by SM and compare it with the result
of the computation £S, that is, two members of RV we have a measure of
how closely M is able to preserve approximations to & applied to the exact
trajectory. If S can be chosen so that the norm of the difference between
these two results can be estimated in terms of A?T!, then we say that ‘the
method M has order p relative to &’. This enables us to state:

Definition 4.1. The method M has order p if there exists a starting
method S such that M has order p relative to S.
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X, O(hP+1)

&

Figure 4.1. Order of general linear method.

Figure 4.2. Global error.

The relationship between M, S and £ is illustrated in Figure 4.1.

According to this view of order, the method under consideration can-
not be looked at in isolation but will always be related to the starting
method. Looked at another way, the order is related to the interpretation
of the quantities the method is intended to approximate. This is actually
a classical point of view and reflects the fact that multivalue methods typ-
ically input approximations to specific quantities known in advance. The
most well-known example is linear k-step methods in which the data input
to step number n consists of approximations to y(z,—;) and hy'(x,—;) for
1 =1,2,...,k. From the classical point of view, a Runge-Kutta method
treats its single item of input as an approximation to y(z,—1). However,
there is no fundamental reason why we should restrict ourselves to this inter-
pretation and it might be possible to regard S as an arbitrary Runge—Kutta
method. Does this lead to any sort of enhancement of the concept of order,
for Runge—Kutta methods? The answer is yes, as we will see in Section 4.2.

In addition to the mapping S, we postulate the existence of a ‘finishing
method’ F, defined as a right-sided inverse of S. That is, if y[? is found by
applying S to yo, then yo is found by applying F to yl°.

Consider a long term integration consisting of n steps with step-size h =
(T — 20)/n. Once n steps have been carried out to give the result y™, F
is applied to this to obtain an approximation to y(Z). Assuming that the
method is stable, the errors in each of the steps combine to give an overall
error, that is a global error, nO(hP*!) = O(hP). The way this works is
shown in Figure 4.2.
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Table 4.1. Analysis for effective order 5.

ti (VO)(t:i) — (EY)(t:)

.

1 . -1

2 —%

3 v ¢3— 35— 2

4 1 gat+thagy — g — 2

5 v s — 5 — 32— 33

6 V o+ datr — 5 — Shy — 3 — 1y

T Y ¢+ by — 15 — o — 2y

8 | G5+ d10utdoto— 31— $o—

9 W gg— & — dihy — Bipg — dus

10 v ¢10+ 3t — 15 — 202 — 593 — Yy — b5 — 206
11V f11 + o3 — 15 — 32 — by — 204 — 20 — 17
12V Guo+ doa + datha — o — 202 — s — a — 6 — ¥s
13 U 1z + d103 + 20412 — 55 — 2 — g — P4 — 2

14 Y ¢ra+ d1¢s — 55 — 2 — 3ths — 397

15 Y us+ @19 + daths — g5 — 32 — St — o7 — s
16 Y ¢16+ $1ibr + doths — &5 — $¢b2 — vu — 25

17 ] D17+ G118 + Poths + Patho — a5 — sth2 — Stha — Us

4.2. Effective order of Runge—Kutta methods

In the case of a Runge-Kutta method, the starting method must itself be a
Runge-Kutta method because it accepts a single input and yields a single
output. For a given tree t, let ®(¢) denote the elementary differential associ-
ated with the main method and ¥(t) the elementary differential associated
with the starting method. For convenience, we will write ®(t;) = ¢; and
U(t;) = 1;. Using this notation, the numbered trees are shown, together
with expressions for (V®)(t;) — (EV)(t;) in Table 4.1. For simplification, 1
has been assigned the value 0. This turns out not to limit the generality of
the conditions on V.

Because v, 13, ¥4, 15, ¢ and 7 can have arbitrary values, there is
much more freedom on @ for effective order 5 than for classical order. The
following is a possible solution:

61, ¢ ¢r7] =[1,4, L, 111 1 1 8L 8L 1 1 8 18 13 1 1]
1,¥2,- - P17] = 11, 253562 4> 87127 247 150 300° 15> 30’ 600° 300’ 600’ 60 120>

3
1 1 1 1
[wbw% <o 7w8} = [07070707 600° 1200° ~ 600° _Too]:
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and the tableau for a method yielding the given ® values is

0

2| 2

5 5

201 1

5 5 5

3|3 _3 3

5 | 20 10 4

1le 5 _1 10
44 22 44 11
oo 2 2 1
72 72 72 T2

Effective order of singly implicit Runge—Kutta methods

Singly implicit Runge-Kutta methods represent an attempt to achieve the
combined goals of L-stability, stage order and order equal to s and efficient
implementation. It is possible to satisfy all these requirements up to order 8,
with 7 the only exception, or slightly weakened requirements (A («)-stability
for « close to %ﬂ and zero stability function at infinity) for s much higher.
Unfortunately, these methods have a disadvantage that abscissae lie outside
the interval [0, 1], if s > 2. This can be overcome by applying the principle
of effective order. Even the difficulty associated with variable step-size can
be overcome for this type of method because the high stage order makes
it possible to correct the implied starting perturbation as the solution de-
velops. Furthermore, no finishing method is required for individual steps
because one of the stages can be used for output.

4.8. Algebraic criterion for order

Let £ € X" represent the starting method, where X is the algebraic structure
introduced in Section 1.6. Then the vector of stages, as represented by a
member of X7, is found from the relation

n=AnD) + U§,
and the result computed at the end of the step is represented by
B(nD) + VE&.

If this is to agree with E¢ up to trees with order p then we have a convenient
criterion for this order. We formalize this as follows.

Theorem 4.2. The general linear method (A, U, B, V') has order p if there
exists £ € X" and n € X7, such that, for every tree t satisfying r(t) < p,
n(t) = A(nD)(t) + UE(1),
(E€) (1) = BD)(t) + VE(H).
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Table 4.2. Calculation of order for method (4.1).

t|& & m mD m mD ns mD & & E& E&
1jo -1 0o 1 § 1 1 1 1 0 1 0
210 3 0 0o & 3 i 1 2 0 L o0
310 -3 0 0 -3 % 5 1 : 0 1 0
400 ¢ 0 0 -5 § &5 5 5 0 5 0
510 1 0 0 & % 0 1 10 1 0
610 £ 0 0 & 0 5 £ 0 £ 0
TI0 5 0 0 m-omo-i ¢ om0 0f 0
810 5 0 0 5 -3 —5 15 3 0 5 0
910 -2 0 0 -5 15 8 1 2 0 L 0
100 - 0 0 —% & 3 ;= 0 & o0
11{0 =1 0 0 —g -3 —a5 2 5 0 £ 0
1210 =55 0 0 —75-% —-15 w i 0 35 0
B0 —5% 0 0 -3 & 19 1+ & 0 5 0
410 -5 0 0 -5 % 2% 0 5 0 5 0
500 —% 0 0 -1 & & 0 & 0 & 0
1610 % 00—k & & - -k 0 & o
7[00 - 0 0 5 & F -b -& 0 g5 o
An example of order calculation
Consider the general linear method
T 0 0 0 1 07
3 3 1
alu]- | = > 0|4 "
BV 1 2 1 1 0 .
6 3 6
. 0 0 O 1 0

Let n1, 12, n3 denote the group elements representing the stages and assume
the starting method is given by 1 for the first component and E~! for the
second component. The calculation of the various quantities needed to es-
tablish order are given in Table 4.2. The columns headed 51 and §2 represent
the output computed by the method. For order 5, these would equal the
E£1 and E&y columns, respectively. Note that the trees are numbered in the
same order as for Table 4.1.
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Because of differences between é\l and E¢p, the method has order only 4.

4.4. Methods with high stage order

In the formal definition of order based on Figure 4.1, the existence of &
so that this diagram commutes to within O(hP*1) was required for the
method to have order p. If this starting methods exists so that, in addition,
the stages approximate y at specific points related to the current step to
within O(h9*t1), where ¢ < p, then the method is said to have stage order q.
If ¢ > p— 1, the combined criteria for order and stage order become much
simpler.

Denote the tall tree [7]i by tx. In the special case k = 0, t; will be the
empty tree. Suppose that, for a starting method which gives order p and
stage order ¢, £(t;,) = wg. The order conditions now give

n(ty) = Ang—1 + Uwy, k=1,2,...,q,

| =

,wk—l:Bnk—1+Vwk, k=1,2,...,p.

o~

k
=0

By the stage order conditions, 1(;,) is the vector ¢* /k!, where c¥ denotes the
component-by-component power. Furthermore, (nD)(ty) = ¢*~1/(k — 1)!.
Write

1 %C% 1%!6110_ [0 1 0 0
162 %C% %cg 0 01 0

L 5 f 000 --- 0
C’: 1 C3 ?C?) ]7013)’ K: . 5
: 3 000 1

|1 ¢ g SCE (000 - 0]

and the necessary order and stage order p conditions become
C=ACK+UW, (4.2)
WE =BCK + VW,

where W and E are the matrices

(11 & 3 I% ]
1 1
01 1 & =
00 1 1 1
W:[wo w;  ws wp], E = (pzz)!
00 0 1 L
00 0 0 1]
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If the stage order is only required to be ¢ = p — 1, then the last column
is ignored in (4.2). We will show that these are actually sufficient order
conditions. First, however, we remark that (4.2) and (4.3) can be expressed
in a different form.

Theorem 4.3. Necessary conditions for order p and stage order ¢ > p—1
conditions are the existence of a polynomial-valued vector ¢(z) such that

exp(cz) = zAexp(cz) + Ug(z) + O(24T), (4.4)

exp(2)¢(2) = zBexp(cz) + Vo(z) + O(2FT). (4.5)

Proof. Let ¢(z) = >F_;2'w;. Add the columns of (4.2) and (4.3), in
each case multiplying by the sequence of factors, 1, z, z2,...,2P and the
result follows. O

Theorem 4.4. The conditions given in Theorem 4.3 are sufficient for
order p and stage order q.

Note that, because of the equivalence of (4.2) (with the last column
ignored if ¢ = p — 1) and (4.3) with (4.4) and (4.5), we will actually prove
the sufficiency of the former conditions.

Proof of Theorem 4.4. Define the starting method so that
P
Yl = Zwihly@) (20).
i=0
We will first show the stage order property. That is, the stage values are
Y; = th ®) (20)/k! + ORI, i=1,2,...,s.
This is verified by noting that these stage values imply that
q
= > WD (@) (k= DI O, =12,
and that, because of (4.2),

Y; — Zath Zc ACK), hFy®) (z0) + O(RTT)
k=0

=S Uty a0) + O
k=0

_ Zuljy[O] +0 hq—i—l)
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X, O(hP+2)

S+
S+

&+
Figure 4.3. Iterative structure
of underlying one-step method.

Multiplying v/ by E is equivalent to replacing z¢ by xo + h in the formula
for the starting method components, to within O(hP*1). The order result
for the method now follows in a similar way to the stage order result. [

4.5. The underlying one-step method

In Figure 4.1 denote the error term by ¢. This is the Taylor expansion of &
applied to y(xo + h) minus the composition SM applied to y(xg). Resolve
¢ into two terms,

p=eu+ (I—-V)J, (4.6)

where u is the preconsistency vector which satisfies (I — V)u = 0. Now
construct a new diagram in which £ is replaced by £t = £ — € and S is
replaced by ST =8 — 4.

The meanings of £ and ST require some explanation. In the case of £T,
this represents a perturbation of the flow of the differential equation in which
the value of ¢, evaluated at y(xg), is subtracted from y(xg + h). Similarly,
ST represents the unperturbed starting method S applied to y(x¢), with the
vector-valued error term 0, evaluated at y(zg), subtracted from the result.

The diagram in Figure 4.1 is now replaced by Figure 4.3 so that the order,
in the sense of this diagram, has been increased to p+1. This process can be
repeated to obtain a sequence of one-step methods which we can denote by
Ep=E,Ep1 =ET,Epta, ..., together with corresponding starting methods
S, =8,85p+1 =8",S8p42, . ... According to the construction of these various
operations, the two compositions

S;M and &;S;

commute to within order i for i = p,p+ 1,p+ 2,.... The underlying one-
step method is the notional limit of the &; sequence. This construction was
proposed, in the case of linear multistep methods by Kirchgraber (1986)
and extended to the case of general linear methods by Stoffer (1993).
Denote the underlying one-step method by £* and the limit of the
sequence of iterated starting methods by &* and we have a new diagram
corresponding to Figure 4.1 given by Figure 4.4. Now the diagram exactly
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Figure 4.4. Underlying one-step method.

commutes but £ is replaced by £*. Thus, we can interpret this to mean
that the general linear method behaves exactly like a one-step method.
Consequently, error analysis is reduced to understanding how well £* ap-
proximates .

As an example of the computations involved in the analysis of the un-
derlying one-step method, return to the method given in (4.1) and the
information given in Table 4.2. From this table we see that the coefficients
of &;S; — §; M of the elementary differentials associated with the fifth-order
trees tg, th, oo ,t17 are

[lLLLLLLLL]_[iiliiii_i_i]
57107 15> 307 20’ 20 40’ 60’ 120 24>48>9° 18296 24> 48> 36" T2

— [ 1 1 2 1 1 1 1 2

12 11 1),

1
— 71200 2400 45> 45> 480’ 120 240’ 45° 45

Let ¢1 = Zilig o(t;)"1C;h° F(t;)(yo) denote the corresponding error terms,
where C; is found from this array. Because there are no error terms of
this order in the second output component, we find € and & by solving the

equation

o |1 0 0] (4

[0 “h] T 1 (s
where we have inserted the actual values of u and I — V. A possible solution
iS6:(51:¢51,(52:0.

5. Linear and non-linear stability
5.1. Linear stability

The linear stability analysis of numerical methods, exemplified in Figure 1.2
is based on the test problem

Y (x) = qy(z). (5.1)

The aim of this type of analysis is to investigate the existence of bounds on
the step-size to achieve stable numerical behaviour for a stable problem. We
will want to identify methods for which there is never any such restriction
because stable behaviour will occur whenever Re hg < 0.
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For a general linear method (A,U, B,V), the linear problem (5.1) will
produce output which satisfies the equations

Y = hqAY + Uyl (5.2)

y" = hgBY + vylnl, (5.3)

For convenience write z = hg and solve for Y from (5.2), to give Y =
(I — zA)~ Uyl Substitute into (5.3) to give y = M (z)y*~1 where

M(z) =V +2B(I — zA)"'U. (5.4)

The matrix-valued function M(z) is the ‘stability function” and its charac-
teristic polynomial

O (w, z) = det(wl — M(z)),
determines its linear stability properties.

Definition 5.1. A general linear method (A, U, B, V) is A-stable if M (z)
is power bounded whenever Re z < 0.

The test problem on which this definition is based can be made more
realistic, but of course more difficult to analyse if ¢ is allowed to be time-
dependant. That is, we might consider the problem

y'(x) = q(z)y(x). (5.5)

In this case, we need to evaluate z = hq(z) at each stage value and we write
the collection of all values of this quantity that occur in the step in the form
of a diagonal matrix:

Z = dlag(hQ(ZEn,1 + hCl), hq(‘fnfl + hc2)’ sy hCI("L‘nfl + hcs))'

For simplicity we will assume that the ¢ components are distinct so that
there is no reason to suppose that two diagonal elements of Z are necessarily
equal. The stage derivative vector is now ZY and the stage values and
output values are now

YV =(1I-Az) Uyl gyl = (V4 BZ(I - AZ)7'U)ylY (5.6)

Thus for a problem of the form (5.5), it is natural in stability consider-
ations to replace use of M(z) given by (5.4) by the matrix-valued function
of r complex variables, given by

M(Z)=V + BZ(I - AZ)"'U.
This leads to the following definition.

Definition 5.2. A general linear method (A, U, B, V) is AN-stable if M(Z)
given by (5.6) is power-bounded for Z = diag(z1, 22, . . ., 2s) if

Rez; <0, 1=1,2,...,s.
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5.2. Non-linear stability

To analyse stable behaviour for non-linear problems it is necessary to find
a problem class for which stability of the exact solution is assured. We
reintroduce (from Section 1.3) a problem made famous in Dahlquist (1976):

(@) = flz,y(@), (u—v, flz,u) - fz,0)) <0 (5.7)

Consideration of this problem led to the construction of ‘one-leg methods’
and to the definition of G-stability.

For a linear multistep method (p, o), normalized so that o(1) = 1, in
which 7, is computed as the solution to the equation

k k
> QiGnyi =0 > Bif @i Unri), (5.8)
i=0 i=0

the one-leg counterpart defines y,, as the solution to the equation

k k
=0 =0

From a linear stability point of view, these two methods have the same
stability function:

p(w) — zo(w) = 0.

Furthermore, stable behaviour, even for solutions to the non-linear problem
(5.7), is closely related in the sense that if the y sequence satisfies (5.9) and

k k
Tp = Z BiTniis Un = Zﬁiyn+ia
=0 i=0

then ¥y satisfies (5.8). The crucial result in Dahlquist (1976) is a condition
on (p, o) such that, if two sequences y and 7 satisfy (5.9), then, for a norm
Il - ||, defined in the paper,

ly™ = 7" < lly™ = 7" e, (5.10)

if f satisfies the condition (5.7).

Why, it might be asked, was it necessary to introduce one-leg methods,
rather than carry out an analysis of non-linear stability directly in terms of
linear multistep methods?

From the general linear methods point of view, the answer is simple. A
linear multistep method, in its standard formulation, is reducible, as we
discussed in Section 3.3. With the irreducible formulation given by (3.4),
non-linear stability for linear multistep methods can be analysed in their
own right (Butcher and Hill 2006).
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Non-linear stability of Runge-Kutta methods was introduced in Butcher
(1975) where it was shown that certain implicit methods, such as Gauss
methods and Radau ITA methods have the property known as B-stability.
A method is B-stable if, for a method satisfying (5.7),

19n = Fnll < l1gn—1 = Gn-all,

for two approximation sequences y and y. This definition was originally
introduced for an autonomous version of (5.7), but BN-stability, introduced
in Burrage and Butcher (1979) made use of the general non-autonomous
version of this model problem. At the same time AN-stability, where a
non-autonomous linear problem is used, was introduced.

The necessary and sufficient conditions for BN-stability (and incidentally
for AN-stability), at least for non-confluent methods, was shown to hinge
on a matrix M given by

M = diag(b)A + AT diag(b) — bb”.

It was shown in Burrage and Butcher (1979) and Crouzeix (1979) that a
method is B-stable if M and diag(b) are each positive semi-definite. In an
unpublished report, Dahlquist and Jeltsch showed that the elements of b
must actually be positive for B-stability, or the method can be reduced to
a simpler method, with fewer stages.

Linear and non-linear stability were analysed and inter-related in a series
of papers (Burrage and Butcher 1980, Burrage 1980, Butcher 19815, 1987b).
The criterion, referred to as algebraic stability, which generalizes Dahlquist’s
G-stability criterion and the Runge-Kutta criterion based on M, makes use
of the matrix

_[DA+AT™D - BTGB DU - BTGV

M=1""uvrp_vres  c-vigv | (5.11)

In (5.11), G is a positive-definite matrix and D is a diagonal matrix of pos-
itive numbers. Under various conditions, it was shown in Butcher (1987¢)
that M positive semi-definite is equivalent to AN-stability and to stable
behaviour in the sense of (5.10), for problems satisfying (5.7).

An interesting example of an algebraically stable method is the following,
discovered by Dekker (1981), and shown by him to have this property:

o)
[A U] I B L (5.12)
BV ool oo '
i w0
To verify algebraic stability, substitute G = diag(1, %), D = diag(%, %)

in (5.11). Like Runge-Kutta methods, but unlike linear multistep methods,
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Figure 5.1. Solution of (5.15) using (5.12) (@) and
(5.13) (®), compared with the exact solution (0).

algebraic stability is not equivalent to A-stability. For example, compare
with (5.12) the method

2 7
3 0 |1 -5
AUl |3 5 |t & ‘13
88 88 11
23 1 | 5
44 44 11

The two methods have the same stability functions, and are thus each A-
stable. Furthermore, the stage abscissa vector is [—%, %] in each case. How-
ever, (5.13) is not algebraically stable.

As an example, it should be expected that a problem of the form

y'(x) = Lz, y(x))y(z), (5.14)

where L takes values on the set of N x N matrices such that the symmet-
ric part of —L is positive semi-definite, will exhibit stable behaviour when
solved using (5.12) but not when solved using (5.13).

In particular consider the initial value problem

[yg(x)] (@ + L)) [—yz(x)} [yl(o)} _ m (5.15)

y5(z) y1(z) y2(0)
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Figure 5.2. Hygn] ||2 after n steps,
using (5.12) (—) and (5.13) (---).

For this problem, L takes on skew-symmetric values, so that ||y(x)||? is not
simply bounded, but is invariant.

To solve (5.15), using either (5.12) or (5.13), an appropriate starting
value is ygo] = [1,0]T, ygo] = [0,h]T. Results found from these methods
using constant step-size h = m/20 are presented in Figure 5.1 for n steps up
to n = 80, which corresponds to a single period in the exact solution. In
addition, n = 10* and 10° are also given in the case of (5.12). Even though
there is a considerable phase shift, in accordance with the low accuracy of
the numerical approximation, it is seen that the solutions using (5.12) adhere
closely to the ||y(z)||? = 1 manifold. This is explored further in Figure 5.2,

where Hy[ln}H2 is evaluated for (5.12) up to n = 10° and for (5.13) until the
value of this quantity drifts too far away. Also computed, but not explicitly
shown, is the value of ||y£n] 1% + %Hygn] |2, which is virtually constant.

We will now give a partial explanation of this phenomenon. First we note
that, for (5.12), with the values of G and D that have been proposed, the

partitioned matrix in (5.11) has the value

3
4

. 1

=g | 5|40
~1

so that we can evaluate the following inner product:

hF

[hFT (g~ M [ [n_”} — 13pF + 1aF — )2 (5.16)

Y

Doing the calculation another way we find that (5.16) can be written as
hETD(hAF + Uy"1) + (hAF + Uy"~ 1) DhF
— (hBF + Vyl' =T G(hBF + vyl
+ TGy ). (5.17)



208 J. C. BUTCHER

Write v Gu as ||v||% with the corresponding inner product equal to (u,v) =
u”Gv and (5.17) simplifies to

23 di(hEL Y + Iy — Y

=1

With the assumed form of the differential equation, we deduce
_ -1
Iy lle = Iy Vlle = FI3hF + FhFs — b2,

so that we cannot expect ||y[™| ¢ to be invariant. However, for the problem

-1 .
[2n ] has a small norm which decreases

we are considering, %hFl + %hFQ —y
rapidly if ||y"||¢ becomes small. If we replace the method (5.12) by one

in which, for an appropriate D and G, M is the zero matrix, then we can
expect precise invariance of ||yl ||¢. For example,

o1

AU] I 3|1 —3
= : (5.18)

[BV il

1 1|0 -1

for which we need to use G = diag(1,1), D = diag(},1). The invariant

behaviour of ||y™||Z = (y£”1)2 + i(ygn])Q is verified by numerical experiment.
This method has order only 2 and does not seem to have any real advan-
tages over the implicit mid-point rule method given by

b1

However, it is possible to construct more accurate methods such as

3+v3 0 1 _3+2V3
6 3
_V3 3+v/3 3+2v/3
AUl | =3 o (5.19)
BV 1 1 1 0 ’
2 2
1 1
L 3 -3 |0 -1

~

which has order 4, as we see below. As for (5.18), M = 0; but in this case
we use G = diag(1,1 + %), D = diag(3, 3).

Because (5.19) is symplectic, in a slightly more general sense than applies
to Runge-Kutta methods, it has a potential role in structure-preserving
algorithms. Before we discuss this question, we verify its order.
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Theorem 5.3. The order of (5.19) is 4.

Proof. Given an input approximation

=1 a2 V34 o) 945v3 191, (4 (5.20)
By (@o) = dgshty W (wo) + SN GLY (o) |

we need to verify that the output is

y(xo)+hy (z0) + 502y (wo) + §h*y P + 3ph'y W +O(h%)

gl = | VBn2y" (o) + Y213y (2)+ , (5.21)
D hty ™ (zg) + L2 ELy D (2g) + O(hY)

found by replacing xy by x1 = x¢ + h and expanding about xy. By Taylor
expansions we find

y® (o) + O(hY),

Y = y(xg + hM)

hFy = hy (w0 + B33 4 9+138f WLy ® (z0) + O(h?), (5.22)
Yy = y(wo + 33 6¢§) — B3B3, 0) (1) + O(R?),
hFy = hy (w0 + h33) — BB RAGLYG) (35) + O(R?). (5.23)

Using (5.22) and (5.23), evaluate yl!! = hAF + Vyl% by Taylor expansions,
to obtain agreement with (5.21). O

5.3. Ezperiments with a Hamiltonian problem

Consider the simple-pendulum problem

) = —sin(q), 0)=1,
p (@),  p(0) (5.24)
q=p, q(0) = 0.
This is based on the Hamiltonian H(p,q) = 3$p* — cos(q), where we note
that
OH . OH
dq’ 1= dp
Because of the initial values assigned to (5.24), the dependent variables lie
in the intervals

p=-

€[-1,1], qe[-%m, 37

and the period is calculated to be T' = 6.743001419251.
Attempts to solve this problem using the Euler and implicit Euler
methods, are shown in Figure 5.3, with the exact solution also given for
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Figure 5.3. Left to right: exact solution,
Euler method, implicit Euler method.

comparison. A step-size %T is used and the computations are confined to
the interval [0, 7], except for the Euler case which leaves the field of view
after only 7 time-steps.

To illustrate symplectic behaviour for the exact solution, and to indicate
that it does not occur for the two numerical approximations, a set of initial
points, shown in black, is used at time zero. For the exact symplectic result,
even though the set of points has its shape distorted, the area remains
unchanged. For the Euler and implicit Euler methods, however, not only
do the computed results drift rapidly away from the correct trajectory, but
the areas change in size.

We will consider the use of three alternative methods. These are:

(i) the order 4 Gauss Runge-Kutta method with defining matrices

1 1 1
‘U A ALl
1 1 1
[B V}: itgs 1 L
1 1 |1
2 2

(ii) the order 2 Gauss method, usually referred to as ‘the mid-point rule

method’, defined by
A vUl [3]1]
BV 1111

(iii) the general linear method given by (5.19).

The general linear method requires a starting procedure to produce input
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Figure 5.4. Left to right: exact solution,
mid-point rule, symplectic general linear method.

for the first step of the method and it is proposed to use

3+v3 0 1
6
{A U] _ _3+3\/§ 3+6\/§ 1
BV 0 0 |1
V3—1 1-V3 |
8 3

This simply passes through the initial value y(xg) as the first component
ygo] and produces an approximation to %\/gth” (x0) as the value of yg)].

To evaluate the behaviour of these methods, a greater step-size than was
used in Figure 5.3 is needed, otherwise the errors will be imperceptible;
we will use a step-size %T. Even with steps this large, it is impossible to
distinguish method (i) from the exact solution and we therefore omit this
case from the results we present. The exact result and methods (ii) and (iii)
are shown in Figure 5.4. We see that the mid-point rule exhibits inexact
behaviour but, because it is symplectic, the areas of the solution sets do not
change. Similarly, the general linear method performs very well and also
appears to preserve areas.

6. Special families of methods
6.1. Re-use methods and two-step Runge—Kutta methods

The idea of using derivative approximations, computed in a previous step,
as contributing to the computation of the current step, was proposed in
Butcher (1966). It has recently been developed under the name ‘two-step
Runge-Kutta methods’. Although we will not attempt to survey this large
body of work in detail, we will derive order conditions for a family of these
methods.
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As a general linear method, the inputs to step n are the computed approx-
imations to y(x,—2) and y(z,—1) together with the s scaled stage derivatives
computed within step number n — 1. Hence we write

Yn—1 Yn
Yn—2 Yn-1 v/ 2l
pEY hE" yinl Finl
"l = gl W= | Y= P =
s s I Fl
hE ! hE

and we write the coefficient matrix in the partitioned form

Alu e—ul| A
AU
B|V

bl 1-610b
011 0 0

This method is also conveniently written using an extension of the standard

tableau for Runge-Kutta methods,

I10 0 0

c | U ‘ A | A
oo [or
indicating that Yi[n], 1=1,2,...,s and y, are computed using the formulae
n > — n—1 n

VI = i+ (1= w)yn 1 + 0 @ P+ ag Y, (6.1)

j=1
F" = fv, (6.2)
Yn = 9yn—2 + (1 - H)yn—l + hZ(BZFZ[n_” + szZ[n}) (6-3)

i=1

To find the order conditions, write n € X7, to represent the stage values.
We then have

n=uE"t 4+ (1 —u)+AE" D+ AnD. (6.4)

The values of n;(t), i = 1,2,...,s are found recursively and these are then
substituted into the order equation

E(t) =0E7 () + b (E7'yD)(t) + T (nD)(t),  r(t) <p.

If we are going to require that n(7) = ¢, with ¢ prescribed in advance, then



GENERAL LINEAR METHODS 213

Table 6.1. Analysis of re-use method.

n(s) ¢

(nD)(+) 1

(E7'p)() -1

(E-'pD)(s) 1

n(1) tu+A(c—1)+ Ac

(nD)(1) ¢

(E=1n)(1) %u+Z(c—1)+Ac—c+%1
(E-'nD)(1) c¢—1

—3u+A(c—1)2 + Ac?
v) c?
2c— 11— Ju+ A(? — 4c+31) + A(c? - 20)

3
=

—_~ —~
m
|

- = =
3

=
—
=

E-'D)(V) (c—1)?
o) f%u+Z(%u+_Z(cf1)+Ac—c+%1)
+A(3u+A(c—1) + Ac)
(nD)(}) lu+A(c—1)+ Ac
E-1n)d) fe— 31— 2u+A(Ju+A(c—1)+ Ac—2c + 31)

+A(3u+A(c—1)+ Ac—c)
(E-'D)(}) Lu+A(c—1)+Ac—c+1i1

the conditions become simpler. The additional condition is equivalent to
c=-u+(A+ A)1 (6.5)

and this can always be satisfied by the choice of w.

We will present in Table 6.1 formulae for n(t) and associated quantities
up to order 3. It will be assumed throughout that c¢ is defined by (6.5). It is
now a routine task to compute the order conditions up to order 4. However,
we will avoid the full generality of this task and settle for the case defined

by s =2, u=0,0=0and c = [%, 1]7. The order conditions associated
with the trees ., I, ¥V, ¥ enable b7 and BT to be found. These are

=T

b =10, %]7 bTZ[%?%}

The order conditions associated with the trees I, \} and Y become

1 1~ 1 1
—3a11 — 5Q21 + 421 = 7,
1 1 1 _1

—5011 — 13021 + 13021 = g,

1~ 1 1 _ 7

—5011 — 7021 + {5021 = 35-
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e ; re-use method —
:'}'"’ - Runge-Kutta method -
'/-":; ' _7 rescaled re-use method ---

Figure 6.1. Stability region for re-use method.

These have solution

— 1 13 — 5
a11 = 5021 — 54, a21 = — 15,

and the order condition associated with the remaining tree[ gives ag) = %
or as; = % Choose the second of these and we find the tableau for the
method to be

1 1 7
210/-13 13| 0 0
5 1 11
1 2 1
‘0‘0 6|§6

The stability region for this method is shown in Figure 6.1. As in Figure 2.1,
we also give a rescaled stability region to allow for the fact that this method
has only two stages, compared with four for the Runge—Kutta method.

Recently methods based on re-use of quantities computed in the previous
step have been investigated under the name ‘two-step Runge-Kutta meth-
ods’. Basic references on these methods are Jackiewicz and Tracogna (1995,
1996) and Bartoszewski and Jackiewicz (1998).

6.2. ARK methods

The aim of ‘almost Runge-Kutta’ or ARK methods is impose on re-use
methods the additional requirement expressed in the following.
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Definition 6.1. A general linear method is RK-stable (possesses Runge—
Kutta stability) if its stability matrix has only a single nonzero eigenvalue.

This means that, for a method with r values passed from step to step and
stability matrix M (z),

det(wl — M(z2)) = v (w — R(2)).

The function R(z), because it equals the trace of M (z), is a rational function,
and in the case of explicit methods a polynomial, and will be referred to as
the stability function for the method.

Before formulating ARK methods, we will make a brief remark about
traditional Runge-Kutta methods. The classical Kutta method, as a general
linear method, is

[0 0 0 01 ]
100 0]1
0 5 0 01 (6.6)
0 01 0f1
11 1 1

6 35 3 6/l

It is also possible to formulate this as a multivalue method with r = 2:

[0 0 0 01 %_

1 000|10

01 0 0|1 O 6.7)
11 1 1| .
5 3 5 0|1 3

1 1 1 1

5 3 6 0|1 5

| 00 0 1|1 0 |

where the derivative from the first stage in (6.6) is now computed as the
last stage of (6.7). The two output quantities are approximations to the
first terms in the Taylor series at the start of the following step:

M y(en), ) m by ().

Make a similar change to the re-use method (2.3) and renumber the ex-

isting yén} as y:[,)n}:

S O O O N ool

= O Ol (oo Nl oot

O R, OO0 O O

O O wnlwn N O
O ool |lor O O
O O Rk =
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Instead of passing on y:[)’"] ~ hy'(xn—1), in addition to y(x,), and hy'(z,),

it is possible to replace y:[,)n} by an approximation to h?y”(z,) which can be
found as the difference between approximations to hy'(x,) and hy'(z,-1).
This gives the equivalent but more convenient formulation

00 0|1 & %
2.0 01-1 -4
2 1 1
3?81?8 (6.9)
3 6 6
00 1[0 0 0
00 1|0-1 0

Even though we now pass on approximations to y(z), hy/(z), h?y"(x) from
step to step, the third of these is accurate only to within O(h?). This is
not a serious handicap because the consequence of this inaccuracy cancels
out to within O(h%) because yz[in] appears only within the arguments of the
first and second scaled stage derivatives and because the first row of B is
orthogonal to the last column of U. Properties like this are referred to as
‘annihilation conditions’ and are crucial to the design of ARK methods.

This method cannot possibly possess RK stability but if we restore the
value of s to 4, this does become possible. The derivation of methods up to
order 4 is given in Butcher (19975). The following example is based on the
abscissae ¢ = [1, 3, 1,1]:

)9
0 0 0 o1 1 ]
L0 o o1t &L L
-+ 2 o0 o1 -2 -1
o 2 + 0|1 ¢ 0
o 2 i 0|1 ¢ 0
0O 0 0 1|0 O 0
-2 0 -2 2|0 -1 0 |
In a variable step-size implementation, when h changes to rh between steps
n — 1 and n, a simple rescaling of ygn_l] ~ hy'(xn—1) by a factor r and

2 is adequate to preserve fourth-order

yé”_l} ~ h?y"(x,_1) by a factor r
behaviour.

It is possible to find a five-stage fourth-order ARK method with the spe-
cial property that its error constants exactly vanish. Unfortunately, the
annihilation conditions satisfied by this method are not sufficient for this
method to act like a fifth-order method when implemented in a manner in

which variable step-size is dealt with by simple rescaling. However, it is
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possible to adjust things with negligible additional work so that variable A
fifth-order behaviour is achieved. Methods with this effectively fifth-order
behaviour are presented in Butcher and Moir (2003) and Rattenbury (2005).
Along with methods of effective order five, they present a means of breaking
the order barrier on explicit Runge-Kutta methods.

Although ARK methods were originally designed for non-stiff problems, it
has recently been found how to adapt them for the solution of stiff problems
(Butcher and Rattenbury 2005, Rattenbury 2005). Extensive numerical
testing shows this type of method to be very competitive for many stiff
problems.

0.3. DIMSIM methods

In the search for practical general linear methods a systematic family was
sought such that p = ¢ = r = s and such that, if possible, they possessed
RK stability. Because the structure of the matrix A plays a crucial role
in the implementation cost in both sequential and parallel environments, it
seemed to be a good design choice to consider only lower triangular matrices
in this role. Furthermore there are often advantages in forcing the diagonal
elements to be equal and we will assume this to be the case. Methods de-
signed with these considerations in mind are referred to as a diagonally im-
plicit multi-stage integration method or DIMSIM (Butcher 1995). Because
applications are needed for both stiff and non-stiff problems and because we
will want to consider parallel as well as sequential architectures, four types
of methods, determined by the structure of A are considered and these are
summarized in Table 6.2 (overleaf).

Type 1 and 2 methods
The following is an example of a type 1 DIMSIM with p=q¢=r =5 =2:

0 0 1 0
2 0 0

5 1 L1
1 1 2 2
3 _1 L1
1 4 2 2

Even though this method has the same stability region as the classical
Runge—Kutta methods of Runge, it has advantages associated with stage
order ¢ = 2. In particular, at no additional cost it yields interpolated re-
sults, suitable for dense output or application to certain delay differential
equations. Furthermore, asymptotically correct local error estimates are
available. Variable step-size, of course, presents complications which are
not present for the corresponding Runge—Kutta methods. However, there
are satisfactory ways round these complications.
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Table 6.2. The four DIMSIM types.

Structure of A Stiffness type  Architecture
[0 0 0 0
a0 0 0
type 1 azi azz 0 0 nonstiff sequential
| Gs1 Qs2 (g3 0 |
A 0 0 0
a1 A 0 0
type 2 az azx A 0 stiff sequential
L As1 Qs2  As3 A _
0 00 0
0 0O 0
type 3 000 0 nonstiff parallel
0 0O 0
A0 0 0
0 A 0 0
type 4 0.0 A 0 stiff parallel
0 0 0 A

A similar method, but of order and stage order 3, has the coefficient
matrix (Butcher and Jackiewicz 1996)

[0 0 0] 1 0 07
1 0 0 0 10
1 1 0| 0 01
5 112 a1
4 3 6| 3 3 3
3. 1  1l_2 4 1
24 3 8! 3 3 3
17 0 L|-2 41
- 12 21 3 3 3 -

The construction of higher-order type 1 DIMSIMs becomes increasingly
complicated and numerical searches have to be made (Butcher and Jacki-
ewicz 2004, Butcher, Jackiewicz and Mittelmann 1997). However, order 4
methods have been found by Wright (2001).
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Type 2 methods with p = ¢ = r = s = 2 are easy to find, for example, an
L-stable method:

N
== 0 1 0
AUl 6+$\/§ 2—2\/5 0 1
B V| | 73234y2 4/2-5 | 3-v2 12-1
28 1 2 2

87—48v2  34v2—45 | 3—/2 V2-1

L 28 28 2 7 -

For higher orders, L-stable type 2 methods are also increasingly difficult
to construct. However, the following method with p = ¢ =r = s = 3 is
A-stable:

5 v]-

Bl— o= G- v © ©

o= D= =] = O O

Bl 5 SR e
S Bl v [ous o= ©
ol ool © O
W= W= W= O = O

Type 3 and 4 methods

It is impossible to obtain RK stability for high-order methods in these fam-
ilies. However, reasonable stability regions are possible for type 3 methods,
as in the example with p=q¢=r=5=2:

0 0 1 0

[A U] 0 0 0 1
VTl
_7 9 _3 7

3 8 1 1

The error constant for this method has magnitude %, which is abnormally
large, even allowing for any possible gain due to parallelism.
An example of a type 4 method also with p=¢g=r=s5=21s

[ 33 0 1 0 |
A U 0 3,2\/5 0 1
[B V] - 18—}11\/3 _12+47\/5 % V3 V3- %

I 22_};3\/§ _12+f\/3 % V3 V3 % |

In this case the stability polynomial is

(1—23_2\/5)2102— <1—23_ \/§>er 1_\/5,2,

2
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and it is possible to verify that the method is A-stable and that it has zero
spectral radius at infinity.

An experimental implementation of methods of type 4 is reported in Singh
(1999).

7. Methods with inherent RK-stability

Even though DIMSIM methods of types 1 and 2 cannot be constructed in a
systematic manner, it is possible, by increasing both r and s, to p+1 = q+1
to derive methods which possess Runge-Kutta stability purely as a result
of their structure. These methods, which are said to possess inherent RK
stability, can be constructed in various ways but it seems most convenient
to use ‘doubly companion matrices’, and this is the approach we will use.

7.1. Doubly companion matrices

Consider a matrix of the form

[ o1 —a2 —az - —ap1 —an— B |
1 0 o .- 0 —Bn-1
o 1 0 - 0 —Bs
X(a,pB) = . : . : : :
0 0 0 0 —[a
| 0 0 0 1 —p1

where
az)=14+a1z+ -+ apz",
Ble) =1+ Prz+ -+ oz
If (z) =1, so that 51 = B2 = --- = [, or similarly if a(z) = 1, then the
characteristic polynomials can be found from
det(I — zX(a, 1)) = a(z),
det(I — zX(1,0)) = 5(2).
We now consider the general case.
Theorem 7.1. The characteristic polynomial of X («, 3) is given by
det(I — 2X(a, ) = a(2)8(2) + O(z"11). (7.1)

In (7.1), the effect of the term O(z"*1!) is to simply remove from the
expanded product «(z)3(z) all terms with degree greater than n. If we
denote the usual characteristic polynomial det(z — X («, 3)) by ¢(z), then
(7.1) can be interpreted to mean

¢(z) = [z7"det(z] — X (a, 1)) det(zI — X (1,3))],

where, in this formula, -] means that negative powers of z are omitted.
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Proof. Define the vector-valued function P(z) by

Pi) = |#+ Brzt bz | (7.2)
z+ 0
1

A simple calculation shows that
X(a, B)P(z) = z2P(z) + ¢(2)er, (7.3)

showing that (A, P(\)) are an eigenvalue—eigenvector pair if ¢(A) =0. U

In applications of this result, we will be given §(z) and the characteristic
polynomial of X («, ), and we will need to find a. In particular we will
need to consider the case det(/ — zX(«,3)) = (1 — Az)" and we find, in
this case,

afz) = (1= X2)"/B(z) + O(z"1).

It is possible to find explicit formulae for transformation matrices ¥~! and
VU so that U~1 XU is in Jordan canonical form. We will specialize this to the
case that X (o, 3) has a one-point spectrum o (X («, 5)) = {A\}. In addition
to P(z) given by (7.2), we will need the vector-valued function @(z) given by

Q(z):[l Z24+a1 224 oz+ o ]

For the remainder of this paper, we will write X in place of X («, 3), unless
there is the possibility of ambiguity. For the trivial case in which all o; and
B; are zero, we will write J for this value of X.

Theorem 7.2. Define

U= [ @y Pr0) e g P) PO) PO
then, if the characteristic polynomial of X is (z — )™,
UIXU =N+ J, (7.4)
and U~ is given by
[ Q) ]
Q'(N)
v | A0
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Proof. From the Taylor expansion of (7.3) about z = A, it is found that

XP()\) = AP()),

1

XWP@:A%P@+ L pi-y
1. 2.

(i—1)! ’

and (7.4) follows. Similar formulae are found for Q(\)X and Q@ (\)X
and the fact that both ¥ and the formula given for ¥~! are unit upper
triangular, completes the proof. [

i=1,2,....,n—1,

7.2. Formulation of IRKS methods

We will consider the construction of methods with p = ¢, and r =s=p+1.
Without loss of generality, we can assume that the starting method corre-
sponds to the evaluation of the scaled derivatives hiy(®(z), i = 0,1,2,...,p.
This means that the vector ¢(z) in Theorem 4.3 is equal to Z given by

1
z

z=|%

Zp

A consequence of this assumption is that V necessarily has the form

1 o7
V—[o V]’

and stability requires that p(V) < 1. We will want to go further than this
and actually assume that p(V) = 0.

Because we want to minimize computational cost, we will consider only
methods in which A has a lower triangular structure with constant

diagonals:

A 0 0 0
a1 A 0 0

A= a3z azx A 0f,
_asl as2 Qg3 - )\_

For RK-stable methods, using A with this structure will result in a stability
function of the form
N(z)

R(z) = m,
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where, because the order is p, N(z) is given by
N(z) = exp(2)(1 — A\z)PT — constzPT!,

where const is the ‘error constant’. If n,41 is the coefficient of 2P*! in N(z)

then
1 1(p+1 1 p+1Y\. 5 1
- = A A2 (=A)PH — const.
T ) p!< 1 ) +(p—1)!< 2 ) TN cons

In the construction of a specific method, the values of A and either n,,1 or
const are available as design choices. For example we may want to choose
A to achieve A-stability and we might require that 7,41 = 0 to obtain the
additional property of L-stability. For a non-stiff option, A would be chosen
as zero, to obtain explicit methods, and const = n,4q1 — ﬁ would be

chosen to balance the requirements of accuracy and stability.

In the formulation of these new methods we will want to find the re-
maining (strictly lower triangular) elements of A and the elements of B as
starting points, and evaluate U and V from

U=C-ACK, (7.5)
V =F - BCK, (7.6)
where C, K and F have the meanings introduced in Section 4.4. It will be

a constraint on the choice of the elements in B to make sure that V has the
correct form.

Definition 7.3. A general linear method (A,U, B, V) is said to possess
inherent Runge—Kutta stability (IRKS) if it satisfies the assumptions intro-
duced in Section 7.2 and there exists a doubly companion matrix X such
that a(2)B(z) = (1 — A2)PT + O(2°*1), and a vector ¢7, such that

BA = XB, (7.7)
BU = XV —VX +e &L,

The value of the vector £ will be explored below.
The significance of Definition 7.3 is summed up in the following result.

Theorem 7.4. The characteristic polynomial of a general linear method
possessing the IRKS property has only a single nonzero eigenvalue.

Proof. The stability matrix is
M(z) =V +2B(I — zA)"'U,

and the characteristic polynomial of M(z) is the same as for the matrix
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formed by similarity, using the transformation matrix (I — zX). Evaluate
this as follows:

(I —2X)M(2)(I —2X)'= (I - 2X)(V 4+ 2B(I — zA)'U)(I — 2X)~!
= —2X)(V+2(I —2X)"'BU)I — 2X)™!
= (V= 2XV 42XV - VX + e )T - 2X)™!
=V4e (I -2Xx)"1. (7.9)

This matrix has the same form as V except for the first row. Hence, p of
the zeros of the characteristic polynomial are equal to zero. ]

This result makes it possible to determine §T. Write £(2) = &12 + & 22 4
oo+ &pr12PT! and use (7.9) to give

R(z) =1+ 26T(1 — 2X) e (7.10)
_det(I + z(e ¢ — X))
N det(I — 2X) (7.11)
_ (a(z) +£(2))8(2) 2
= (2)3(2) + O=PT). (7.12)

Because R(z) = N(z)(1 — Az)7P~L, it follows that
£(z) = (N(2) = (1 = A2)PTHB(2) 7 + 0P,

and the coefficients in £(z) are found as the components of ¢7.

7.3. Construction of specific methods

We first explore consequences of (7.7) and (7.8). Substitute U and V from
(7.5) and (7.6) into (7.8) and use (7.7) to find:

BC(I - KX)=XE - EX + e £7. (7.13)

It is found that both I — KX and XE — EX +e1£7 are zero except for their
final columns. Deleting the irrelevant columns of (7.13) we find, after some
manipulation,

[ B, ] _m—FZf:l mﬁi—const_
Bp—1 %g +y0) ﬁﬁi
Be| : | = : (7.14)
B % + %ﬂ1
1 1
- - L 1! A

Define B = ¥~ B and rewrite (7.7) in the form
B(A— ) = JB.



GENERAL LINEAR METHODS

225

It follows from this equation that B is lower triangular and we can write

(7.14) in the form

- - - X ]

By Sy > =P — const
-1

=~ o1 ot X e

pel = : (7.15)
ﬂl g + 1
L 1

S - T |

The condition that p(V') = 0 can be written as a linear constraint on B and

therefore of B.

The construction of methods now consists of the following steps.

(i) Select suitable values of A, ¢y, ..

(ii) Find oy, ..

., 0py1 from

°

Cpt1s By -

a(z) = (1 = X\2)PTH/B(2) + O(2PT2).
(iii) Construct X, ¥ and other related matrices.
(iv) Choose B so that (7.15) and so that p(V) = 0.

(v) Find the coefficient matrices using the formulae

, Bp and const.

B =B,
A=B'XB,
U=C-ACK,
V = F — BCK.

To illustrate this procedure we construct an A-stable method of order 3.
In step (i) we make the following choices.

e \= % This was chosen for simplicity, taking into account the need for

A-stable behaviour and for a reasonably small absolute error constant.
Assuming that L-stability is sought, then the error constant is given by
1

24’

and is shown in Figure 7.1 for the interval [0.223647801, 0.572816062],
which is approximately the set of A values yielding A-stable methods.

2
const = \* — 4\ +3)\2 — 5)\ +

L2 1,1]. This choice is obviously

The stage abscissae are chosen as [g, 551,
chosen for simplicity and convenience. By imposing an additional con-
straint, it is possible to force the first row of B to be identical to the
last row of A and at the same time forcing the second row of B to be

[0,0,0,1]. This enables the method to have properties similar to the
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0.025

const

0.000 ' ' '
0.3 0.4 0.5 A

Figure 7.1. Error constant for third-order method.

so-called FSAL Runge-Kutta methods. In particular, ygn] =hf (ygn])
so that in step number n 4+ 1, we have available what is effectively a
further stage derivative for use in interpolation and similar purposes.

e The values of |31, B2, 03] are chosen as [—1, %, 0]. The zero value of 33
is a consequence of the FSAL condition whereas 31 and (32 are chosen
to ensure that the coefficients given as elements of [A,U, B, V] have
reasonably small magnitudes and are reasonably simple numbers.

e Because we want L-stability, we choose const as we have described
above.

There are choices to be made in how step (iv) is to be carried out. In the
present construction, we have forced V' to be strictly lower triangular.
The coefficients for the method described under these choices are given by

DI e
36 1 0 o0 |1 19 _403 _ 1637
295 2 1770 2655 23895
705 177 1 0 11 8377 _ 1131 581
472 160 2 9440 4720 2360
39 15 5 1 133 353 109
A Ul_| 16 28 21 3 |l —190 o im0
BV 39 15 5 1 [q _133 353 _ 109
160 128 24 2 1920 960 480
0 0 0 1|0 0 0 0
—4 18 5 -6 |0 8 0 0
171 531 345 33
. T 1% 0 12]0 —g¢  —F 0]
(7.16)

As a start towards approximating the underlying one-step method and find-
ing an improved starting method, we evaluate the asymptotic error, for step
number n, in the sense of Figure 4.1. This is found to be
— 2L pty® (z,) + O(R?)
O(h)
sty (@n) +O(h%)
Shiy® (z,) + O(h)
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Denote this by ¢ and carry out the decomposition in (4.6) to obtain
a solution

0
1w 5 _ O(h?)
hy® () + O(h®)

Note that the coefficients of hty¥ (z,), in the last three components of §, are
equal to (s, (2, 1, an example of a result by Wright (2002b). We can now
construct the underlying one-step method and the corresponding modified
starting method, to within O(h%). For the underlying one-step method,
with input y(x,—1), simply evaluate the Taylor expansion to within this
accuracy, with € subtracted from it. The starting method is now a modified
version of the Nordsieck vector with § subtracted from it. Thus,

y(l‘n—l)
hy' (zn_1) + O(h®)
W2y (@n-1) — $h*y@ (2, 1) + O(K)
hSy”’(xn,l) +h4y(4)(:vn71) —|—O(h5)

In Section 7.4, we will discuss the use of the modified starting method
in the estimation of error information. However, the very existence of an
underlying one-step method hinges on the use of constant step-size. Two
approaches for dealing with variable step-size have been considered (Butcher
and Jackiewicz 2002, 2003). In this paper we will emphasize the second of
these, which is to ‘correct’ the drift away from the correct starting approx-
imation caused by unmodified Nordsieck scaling.

7.4. Implementation issues

In the practical implementation of any method, or family of methods, it
is desirable to have available an asymptotically correct error estimator to-
gether with a mechanism for adjusting the step-size. Most well-known meth-
ods have these but usually at a computational cost. Our aim in the design
of general linear methods is to keep any overhead costs as low as possible.
For local error estimation, the secret seems to be to insist on methods with
high stage order, and for variation of step-size, the essential idea is to use
the Nordsieck representation of the data passed between steps. However, a
simple rescaling of the Nordsieck vector by powers of the step-size ratio is
not always a satisfactory way of adjusting for a new step-size.

There are two reasons for this. The first is that a method which might
exhibit stable behaviour for constant step-size might act unstably when the
step-size is varied, especially if large variations are permitted. The second
is that we will not only want to estimate errors for a method currently in



228 J. C. BUTCHER

use, but we will also want to estimate errors for an alternative method of
higher order, which is in contention as a possibly more efficient method for
succeeding steps.

This leads to the idea of a ‘scale and modify’ scheme for step-size control.
Suppose that, at the end of step n, a step-size change h — rh is to be made.
Also assume that in the underlying one-step method, the quantities being
approximated at step number n are given by

i y(zn) + O(hP+2) 1
hy () — 61hp+1y(p+1)(xn) + (Q(hp+2)
W2y (wn) — S2hP 1yt (2,) + O(RPH?) | (7.17)

| hPy®)(z,,) — 5php+1y(p+1)(xn) + O(hP*2))

When this quantity is computed as the output to step n and an unmodified
Nordsieck scaling is performed, we have as intended input for step number
n + 1, the quantities

i y(zn) + O(hP*2) ]
(rh)y () — rélhp+1y(p+1)($n) + O(hPt2)
(rh)%y" (2n) — r202hP 1y @D (2,,) + O(hPF2)

0Py () = 26,14 (2,) + O(0+2)
which differs from what is required by

r O(hP+?2) 1
(r — Tp+1)(51hp+1y(p+1)(xn) + O(hp+2)
(r2 — rPNY G hPH P (2,) 4 O(KPF2)

| (rP — rp“)éphp“y(p“)(:cn) + (Q(hp+2)_

The scale and modify scheme requires us to add to the scaled Nordsieck
vector, an approximation to this quantity. However, we have a choice of
possible approximations to hP*1y®P+D(z,) + O(hP+?) and the choice we
make, which might differ from component to component, needs to take
account of stability requirements.

We will illustrate how this is done using the example method (7.16). By
matching Taylor expansions, we find a family of linear combinations of var-
ious quantities which give asymptotically correct approximations to hiy¥.
These quantities are hF; = hy'(z,_1 + he;) + O(h?), i = 1,2, 3,4, together
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with 43" = hy/(zn-1) + O07), yi ™! = B2y (wn1) — $hYD (@a 1) +
O(h?). Note that we do not involve yz[ln_l} in the error estimate because we
want the modified and scaled B and V' matrices to have an unchanged spar-
sity pattern. This will guarantee a variable step analogue of zero stability.
We have two free parameters, which we denote by Co, C3 (C7 will be

introduced below) and the suggested approximation is

(81 + 18C3)hFy 4 (=81 — 5C3)hFy + (27 + 8C3 — Cy)hFs + CohFy

+ (=27 — %Cs)ygl_l] + C3y£n_1]

= nlyW(z,) + O(RP).

We use this approximation in two places, in the modification of the scaled
y:[gn}, with Cs replaced by zero and C5 replaced by C, and in the modification
to the scaled yz[ln]. If we write B(r) and V(r) for the scaled and modified
versions of B and V respectively, then y™, as input to step number n + 1

with step-size rh, is given in a modified version of (3.1),
y'l = B(r)hF +V(r)y" 1,

where B(r) and V(r) are each given as the sum of the simply scaled version
plus the modifier terms:

39 15 5 1
160 128 24 2
0 0 0 T
B(r) = —4—257"2 $r2 32 g
s 381,312
0 0 0 0
0 0 0 0
. 2 g4 3_ .4
+d1ag(0,0, L 3T ,—(re—r )) 81 —81 21-C1 Cy|”
81+18C; —81-LC3 27+8C5—Cy Cs
1 133 353 _109-
1920 960 80
0 0 0 0
V(T) - 0 8',"2 0 O
0 35 85 o |
K 0 0 0
. 2_ .4 3 4 0 O 0 0
—+ dl&g(o, 07 L 37“ ) —(7” -r )) 0 27 0 0
|0 —27—1C3 C3 0

For arbitrary (but bounded) step-size ratios, the products of matrices
V(r) over many steps acts in a stable manner, simply because these are
all strictly lower triangular. However, we will also seek stable behaviour
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for infinitely stiff problems. That is, we will want to form products of
matrices like

V(r) — B(r)A™'U. (7.18)

Although we have described C7, Cy and C3 as constants, there is no reason
why they should not depend on r. If we choose C3 = —2.6 and define C}(r)
and Cy(r) so that the characteristic equation of (7.18) has only a single non-
zero root, then this root is bounded in magnitude by 1 at least for r € [%, 2].
This is, of course, not sufficient for acceptable variable step stability for stiff
problems, but is at least an encouragement to explore this aspect of L-stable
general linear methods further.

The availability of asymptotically correct error estimators, and the vari-
able step-size adjustments we have described, provides all the equipment
that is needed for reliable step-size control. However, we also want variable
order. Although we will not consider adjustments to Nordsieck vector ap-
proximations when order is increased, we will discuss as the final detail on
implementation, the estimation in step number n of h?12y(P+2) (z,), because
the asymptotic error of a method of order p + 1 will be proportional to this
quantity.

The key to estimating h?+2y#+2)(z,,) is the fact that

hF; = hy/ (1 + he;) + O(WPT2), i=1,2,...,p+1. (7.19)

We will consider only methods which, like the example method (7.16), have
‘Property F’, otherwise known as the FSAL property.

Definition 7.5. A general linear method with the IRKS property has
Property F if

(V) v;=0,5=1,2,...,r.

For a method with Property F, we effectively have an additional accurate
derivative approximation, hFy = hy'(z¢ + hco) + O(hPT2), where ¢y = 0.
Hence, we will regard (7.19) as holding for i =0,1,...,p+ 1.

The FSAL property, on which Definition 7.5 is modelled, was made pop-
ular in the design of Runge—-Kutta methods, by the work of Dormand and
Prince (1980) because it gives an additional apparently free derivative ap-
proximation to widen options for error estimators. This is exactly how we
will use Property F. For the remainder of this section we will assume this
property, just as we will always assume that the scale and multiply technique
is used when the step-size varies.
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Suppose that the error coefficients d1, d2, are as in (7.17). Then the errors
introduced into the stage values are

p+1
Y(@n-1+hei) = b aijy (w1 + hej)

j=1

p+1 ‘ ‘

— Zuij(hj’ly(J’l) — 6j_1hp“y(p+1)(a:n_1)),
i=1,2,....,p+1.
By Taylor’s theorem this equals
oihP Ty y (2, 1) + O(RPT2),

where

o=~ pAL+US,

and we find, for the corresponding error in the stage derivatives,
ohP T2 g_gy(pﬂ) (Zn_1) + O(hPT3).

If we contemplate using linear combinations of hF;, ¢ = 0,1,...,p + 1 to
estimate quantities related to errors, to within O(h?*3), we need to make
use of the matrix

1.2 1 +1
oo 1 ¢ 5C0 Hcg (p+1 cp
1.2 1 +1
| boa aa Al (p+1>'cp
1.2 1
opr1 1 cpa 2C+1 T HCZ-H (p+1)'cg

We distinguish three cases:
(i) the ¢ components are distinct and the first p + 2 columns of L are
linearly independent,

(ii) the ¢ components are distinct and the first p + 2 columns of L are
linearly dependent,

(iii) ¢p = cp41 =1 and o} # op41.

A final case, in which ¢, = 1 but 0, = op41, will not be explored because
there does not seem to be a simple error estimator of the type we want in
this case. Note that the example method (7.16) is in case (iii).

In case (i), construct a coefficient vector 7' = [¢, &1, ..., &pr1] such that

7L = epio + Oepys,
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so that >, &hF; equals

U, = WPyt (g )+ 0RP 2y (2 1) + O(RPH)
= WPyt (2, ) + hO) + O(hPT3).

If the step-size used in step number n — 1 was r~'h, then an asymptotically
correct estimate of h?+2y(®P+2)(z, 1) can be found from

m (\I’n — 'I"p+1\I’n71).

In cases (ii), it is possible to give in a single step an approximation
> &GhF; = WPy (2, )+ O(RPFP)
i=0
by choosing ¢7" to satisfy

7L = epy3.

Case (iii) is similar to case (i) and we will illustrate this using the example
method (7.16). For this method L is found to be

[0 100 0 07
35 1 1 1 1 1
1944 3 18 162 1944
0 ;2 2 4 2
14337 3 9 81 243 | »
187 11 1 1 L
2360 2 6 24
1 1 1 1
L s 11 3 § =
leading to the approximation
— 27yl U 4 81hF — 81AF, + B85 4 88y

~ h4y(4) (Tp—1) + %h5y(5) (Tp—1).

The estimation of local truncation errors is discussed in Butcher and Pod-
haisky (2006); this includes the estimation of h?+2y®+2) using the method
described in this section.

8. Order and stability barriers

This discussion is relevant to multi-derivative methods, otherwise known
as Obreshkov methods, as well as to general linear methods. The essential
question concerns polynomial functions in two complex variables and the
extent to which they can represent high-order approximations to exp and
at the same time represent A-stable behaviour.

Given positive integers r, s, we consider a polynomial function of two
complex variables ®(w, z), which has degree r in w and degree s in z. Given
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a general linear method (A, U, B, V), the stability matrix is
M(z) =V +2B(I — zA)~'U
and its linear stability properties are defined in terms of the characteristic
polynomial
det(wl — M(z)). (8.1)

Only when A is nilpotent, such as in an explicit method, will this expression
be a polynomial. It is, however, always a polynomial in w and z divided by
a polynomial in z. We can define ® for this method by using the numerator
of (8.1).

Two special cases correspond to classical methods. If s = 1 we will write

®(w, z) = p(w) — zo(w),

using the standard notation for linear multistep methods. On the other
hand, if r = 1 then we will write

®(w,z) =wD(z) — N(2),

corresponding to the stability function R(z) = N(z)/D(z) of a Runge-Kutta
method.

As much as possible, we will distance ourselves from an actual method
but will consider properties of ® in its own right.

Definition 8.1. A stability function has order p if
D(exp(z), 2) = O(H).

Note that this definition does not necessarily coincide with the order of
the underlying general linear method. However, the actual order of the
method cannot exceed p in Definition 8.1.

Definition 8.2. A stability function is A-stable if for every complex num-
bers z such that Rez <0,

(i) if w satisfies ®(w, z) = 0, then |w| < 1,

(ii) if w satisfies ®(w, z) = %Cb(w,z) =0, then |w| < 1.

This definition is not the usual one. However, our aim will be to un-
derstand the conflict between order and stable behaviour for stiff problems
and we want consistent conclusions which reasonably well make it possible

to decide between suitable and unsuitable methods. Consider the approxi-
mation

d(w,2) = (1 - 32+ §2°)w” — 2w+ 1+ 3z + §2°

According to Definition 8.1, this method has order 5 but it is not possible



234 J. C. BUTCHER

in a numerical computation to realize the corresponding accuracy. On the
other hand, according to Definition 8.2 it is not A-stable even though, for
every z satisfying Rez < 0, the corresponding w values are in the open
unit disc. Hence, its properties are consistent with Theorem 8.11, which it
should be.

For a particular approximation we might wish to refer to the polynomials
in z arising as coefficients of various powers of w. Write

®(w,z) = Po(2)w” + Pr(2)w" 4+ -+ Py (2)w + Pp(2). (8.2)

We will refer to the zeros of Py(z) as the ‘poles of ®’ and the zeros of P, as
the ‘zeros of @’.

Theorem 8.3. The approximation ® is A-stable if and only if

(i) ® has no poles in the left half-plane,

(ii) there do not exist complex numbers w and z such that Rez = 0, |w| > 1
and ®(w, z) =0,

(iii) there do not exist complex numbers w and z such that Rez = 0, jw| = 1
and ®(w,z) = 2 ®(w,z) = 0.

Proof. (i) is necessary because if z is near a pole there are arbitrarily high
values of w satisfying ®(w, z) = 0. (ii) and (iii) are necessary because the
imaginary axis is a subset of the closed left half-plane. Sufficiency follows
from the maximum-modulus theorem. [

Associated with a given approximation ® is the Riemann surface defined
by ®(wexp(z), z) = 0. The use of this ‘relative stability function’ was made
famous by its use in the theory of order stars. We will use the closely related
‘order arrows’ in this paper to achieve many of the same goals.

In the search for A-stable methods of high order, we will consider (8.2)
with the degrees

n; = deg(P;), 1=0,1,2,...,7, (8.3)

specified and the coefficients chosen to maximize the order of the approxi-
mation.

Definition 8.4. Given a sequence of degrees, n;, > —1, i« = 0,1,...,r
a generalized Padé approximation (to exp) is a sequence of polynomials
Py, P, ..., P, satisfying (8.3) with order p=3; (n; +r —1.

We will always assume that ng > 0 and we will usually assume that n, > 0
(otherwise, r could be reduced to r—1). In the interpretation Definition 8.4,
we will regard a polynomial of degree —1 as being the zero polynomial.
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8.1. Padé approximations

The Padé approximations, that is the generalized Padé approximations in
the case r = 1, arise as the stability functions of certain implicit Runge—
Kutta methods. If ng the degree of D, is written as d and nq, the degree of
N is written as n, then the (d,n) Padé approximation is given by

C
_(_1\d n+d+1 n+d+2
D(z)exp(z) — N(z) = (—1) ds1) 1)!2 + O(z )s (8.4)
where the constant C is an arbitrary nonzero scale factor.

Theorem 8.5. The polynomials N and D in (8.4) are given by

n

N(z) = CZ%(d;—i>, (8.5)

=0
d
B (=) (n+i
D(z)=C>_ (R (8.6)
1=0
Proof. Operate on (8.4) by (%)”+1 to obtain

exp(2)(1+ L) D(2) = (—l)dCZ—C: + Oz,

Multiply by exp(—z) and the right-hand side is unchanged. However, the

left-hand side is a polynomial of degree exactly d and the O(z%*!) can be
omitted. It now follows that

d

— d d \—(n+1) %

D(z) = (~1)'C(1 + )"0,

and (8.6) follows. Similarly, multiply (8.4) by exp(—z) and operate on the

resulting equation by (:L)4+1, leading to (8.5). O

A convenient choice of C' is nld!/(n + d)! leading to formulae in which
N(0) = D(0) = 1:

- n'n—i—d—z)‘
= 8.7
ZZ:: (n—1) n+d)'z' (87)

d'(n+d—1)! i
(d—(i)!(n—i-d))'z'( 2 (8.8)

D(z) =

1M 1D

1=

A partial table of Padé approximations to the exponential function is
given in Table 8.1 (overleaf).

Recurrence relations
We will write Vy,(z) to denote the two-dimensional vector whose first and
second components are Ny, (z) and Dy, (z), respectively. Many relationships
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Table 8.1. Padé approximations to exp of degrees [n, d].

d” 0 1 2 3
0 1 142 1+z+%z2 1+z+%22+%23
1 1 1 1
1 1 1+%z 1+%z+%22 1+%z+i22+21—423
1-2 1-%z 1-1z 1-12
2 1 1+%z 1+%z+$22 1+%z+%22+%23
1—z+322 1—22+122 1—12+L22 1—22+522
3 11 T 3 IT%Z T ;+%z+%zzl 1+%z+$z2+%10z3
1—z4522—523  1—92+322—552° 1-322435522—552° 1-32++1522—1302°

exist between adjacent members of the Padé table. We will here consider
just one of these because of its application in this work.

Theorem 8.6. If n > 2 then

2

Vn,n(z) = Vn—l,n—l(z) + an—ln—2(z)-

Proof. Because Dpp(2) = Npn(—2), it follows that Np,(z)exp(—z/2) —
exp(z/2)Dypn(2) is an odd function; combining this with the fact that

Nenlsh — exp(z) + O(2),

we find
—2/2) — N v _ D™ ongl | L2043
[exp( z/2) exp(z/ )] n(2) = CDICTESNE + O(z ).

Hence,
[exp(—z/2) —exp(z/Q)} (Vn—l,n—l(z) + Wmvn—Q,n—Z(z)>
— (71)n922n—1 + 0(22n+1),

where
0— _ 1 (n—2)!2 (n—1)!2 —0
— 4(2n—-1)(2n—3) (2n—4)!(2n-3)! 2n=2)I2n—-1)! —

It follows that Vn—l,n—l(z)“‘W;@n_g)vn—Zn—ﬂz) is the unique, correctly

scaled vector Vj,,. O

A-stable Padé approximations

The A-stable members of the Padé table for the exponential functions are
those for which d—n € {0, 1,2}. The fact that approximations with d > n+2
cannot be A-stable will be proved in Theorem 8.9 and the corresponding
result for d < n is covered by the following result.

Theorem 8.7. A Padé approximation to exp with d > n is not A-stable.
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Proof. For |z| large, we find from (8.7) and (8.8)

N(Z) _ d! n—d n—d—1
and is greater than 1 for z € C~ with |z| sufficiently large. O

In remains to prove the result.

Theorem 8.8. If d —n € {0,1,2}, the [d,n] Padé approximation to exp
is A-stable.

Proof. In the case n = d, let ¢, = Dypn(2)/2Dp—1n—1(2), where Re (z) <0
and deduce from the second component of (8.6) that
1 1

=2 42n —1)(2n — 3)Cn1

Starting from ¢; = 27! — %, we deduce that each of (1,(o2,... is in the
left half-plane, where we use the fact that the inverse of a number in the
left half-plane, and the sum of two such numbers, are each also in the left

half-plane. It follows that (,, is not zero and neither is

Dnn(z) = zngngn—l te Cl-

Since D,,,, has no zeros in the left half-plane, we use the maximum modulus
principle to deduce that | Ny, z/Dpn(z)| is bounded by 1, because the value
is achieved exactly on the imaginary axis. B B

In the case n = d — 1, define the approximation N(z)/D(z) as the com-
ponents of the vector

V(z) = (1 — )V (2) + tVono1(2),
where the homotopy variable ¢ moves from 0 (diagonal approximation) to
1 (sub-diagonal approximation). Because N(z) = exp(z)D(z) + O(z*") it
follows that
|D(iy)|? — [N (iy)|* = C(t)y*",

where C'(t) > 0 for ¢t > 0. Hence, D(iy) > 0. As ¢ increases in [0, 1], the
zeros of D(z) move continuously and can never cross the imaginary axis,
because D(iy) never vanishes.

In the case n = d — 2 carry out a similar homotopy from V,, ,,—1(2) to
Van—2(2) and obtain a similar result. O

8.2. Quadratic Padé approrimations

The derivation of Padé approximations we have given can be easily gener-
alized to the quadratic case r = 2.
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Table 8.2. Some quadratic Padé approximations to exp.

p  [no,n1,ns] Py(z) Pi(2) Py(z)
2 [1,0,0] 1-2z ~4 1

3 [2,0,0] 1— 824 222 -8 1

1 21,0 — sy 222 A

4 [2,0,1] 1—824 222 -1 & +2z
4 [3,0,0] 1—Hzp 22 158 16 i

5 [3,1,0] 1—%%%22—%23 -8, -1
5  [3,0,1] Dot £22— 228 ~1s R
5 [4,0,0] lf@erHfo;—lz?’Jrgf—Bz‘l -3 =

Suppose ng > 0, n1,ng > —1, min(ny,ny) > 0 and
d(w, 2) = wPy(2) + wPi(2) + Pa(2),  deg(P) =n;, i=0,1,2,

and that ®(exp(z),z) = O(zPH1), with p = ng +n1 +ng + 1.
Assume for some C'

exp(22) Pol2) + exp(2)Pi(2) + Pa(z) = C 2 + O(+2).

To find Py, multiply by exp(—2z) and apply (1 + $)m+l(2 4 Lynatl o
both sides. The result is
L+ &)+ )" R = o5

no"

where O(2"0T1) is omitted on the right-hand side because the left-hand side
is a polynomial of degree ng. Find similar expressions involving P, and P
and rearrange to obtain

PO(Z ( + Z) (n1+1) (2 + %)f(n2+1)%’
Pi(z) = C( 14+ 4 ) (no+1) (1 4 %)*(n2+1)iﬂ_11"
i) =Cl2 s ) (s )

A number of quadratic approximations are given in Table 8.2.

8.3. Order stars and order arrows

The famous theory of order stars (Wanner, Hairer and Ngrsett 1978) was
introduced as a means of settling some outstanding open questions. The idea
is based on the observation that a rational approximation R(z)=N(z)/D(z)
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Figure 8.1. Order star for [2,1] Padé approximation.

(N and D having no common factor) of order p is A-stable if and only if

(i) D has no zeros in the open left half-plane,
and

(ii) |R(2)| <1, when Re(z) =0,

and the further observation that the criteria still hold if, in (ii), R(z) is
replaced by R(z)exp(—=z).

The advantage of the modified form of this criterion is that the behaviour
of R(z)exp(—z) is known in considerable detail when |z| is small. In fact,

R(z)exp(—z) = 1 — CzPHL 4 O(2P12),

where the error constant C' is defined by R(z) = exp(z) — CzPH1 4+ O(2P+2).
Write z = rexptf and we find

|R(2) exp(—2)| = 1 — CrPTLcos((p + 1)) + O(rP+2).

For arguments 6 such that C'cos((p + 1)0) < 0, R(z)exp(—z) > 1 for suf-
ficiently small |z|, and conversely, R(z)exp(—z) < 1 if C'cos((p +1)0) > 0
and |z| is sufficiently small.

The order star corresponding to this approximation is defined as the set
of points in the complex plane such that |R(z)exp(—z)| > 1 and the dual
star is defined as the set of points for which |R(z)exp(—z)| < 1. We have
seen which points near zero lie in each of these sets. The components of the
order star (respectively, dual star) close to zero are referred to as fingers
(respectively, dual fingers). Further details are available in Wanner, Hairer
and Ngrsett (1978) and in other expositions of the theory.

The criterion for A-stability, that |R(z)exp(—=z)| < 1 on the imaginary
axis, translates, in order star language, to the requirement that a finger
cannot intersect the imaginary axis. Two examples are presented; first
Figure 8.1 for the [2,1] Padé approximation. Here two ‘bounded fingers’
enclose the poles and a single ‘bounded dual finger’ encloses the zero. The



240 J. C. BUTCHER

Figure 8.2. Order star for [4, 1] Padé approximation.

unbounded finger and the unbounded dual finger divide the parts of the
complex plane distant from zero into two parts. The underlying approx-
imation is A-stable because the two poles are in the right half-plane and
there is no intersection between the order star (the shaded region) and the
imaginary axis.

In contrast, we present Figure 8.2 for the [4, 1] Padé approximation. This
is not A-stable, because in this case the order star intersects the imaginary
axis. This is known to be the case because there are too many bounded
fingers containing poles for all of them to lie entirely in the right half-plane.

As an alternative to the order star technique, ‘order arrows’ have been
proposed. For an approximation R(z) = N(z)/D(z), this also uses the
modified function formed by dividing by exp(z), but considers the set of
points in the complex plane for which R(z)exp(—z) is real and positive.
These emanate from zero as ‘up-arrows’ which terminate at poles or at
—o0, or down-arrows which terminate at zeros or at +o0o. A-stability does
not hold if an up-arrow leaves zero (with magnitude 1) and either crosses the
imaginary axis or is tangential to it. We present the order star diagrams for
the two approximations already considered. First, Figure 8.3 corresponds
to the A-stable approximation [2,1]. In contrast, the arrow diagram for the
[4, 1] approximation is shown in Figure 8.4. This approximation cannot be
A-stable for the following reasons.

(i) Exactly four up-arrows terminate at poles, otherwise some up-arrows
would cross down-arrows.

(ii) The angle subtended by the tangents at zero to two of these up-arrows
is at least 4 X 7/4 = .
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N
\

Figure 8.3. Order arrows for [2,1] Padé approximation.

Figure 8.4. Order arrows for [4, 1] Padé approximation.

(iii) Hence, at least one up-arrow is either tangential to the imaginary axis
or else it emanates into the left half-plane and terminates at a pole.

(iv) Hence, there is either a pole in the left half-plane or this up-arrow
crosses the imaginary axis before terminating at a pole in the right
half-plane.

If we define order arrows from their basic property that ®(wexp(z),z) =0
with @ real and positive, then, in addition to those arrows emanating from
zero, there is an infinite family of arrows spaced approximately 274 apart,
as illustrated in Figure 8.5, for the [1,0] case,

O(w,z) =w(l—2z)—1.
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A

—_—

D S

Figure 8.5. Order arrows for [1,0] Padé approximation,
together with magnified detail near z = 0.

8.4. The Ehle barrier

The result formerly known as the Ehle conjecture was one of the first suc-
cesses of the order star theory (Wanner, Hairer and Ngrsett 1978). Here we
will present an alternative proof using order arrows.

Theorem 8.9. Let R(z) = N(z)/D(z) denote the [d,n] Padé approxima-
tion to exp. Then, if d > n + 2, this approximation is not A-stable.

Proof. There are n+d+1 up-arrows emanating from zero, alternating with
n+d+1 down-arrows. Suppose that d up-arrows terminate at poles so that
(n+d+ 1) — d up-arrows terminate at —oo. Suppose that n down-arrows

terminate at zeros. These must fit into the (n+d+1) —d — 1 gaps between
the up-arrows which terminate at —oo. Hence

n+d<n+d.

Because d < d and 7 < n it follows that d = d and 7 = n. Since d up-
arrows terminate at poles, there must be at least one up-arrow emanating
from zero with tangent making an angle to the the positive real axis at least
equal to %51 x 27/(n +d + 1). For A-stability either (i) this angle must
me less than 7/2 or (ii) at least one of the up-arrows terminating at a pole

emanates from zero with an argument greater than 7/2. Hence, in case (i),

d—1 27 <7r
2 n+d+1 2’

implying 2d — 2 < n+d + 1 so that d < n + 3. In case (ii), the up-arrow
referred to either terminates at a pole in the left half-plane, or crosses the
imaginary axis, each of which is impossible. L]
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8.5. Order arrows on Riemann surfaces

To generalize the use of relative stability regions, by inserting the factor
exp(—z) in R(z)exp(—z), we consider the modification of a generalized ap-
proximation ®(w, z) by considering the function ® defined by

(D, z) = (i exp(2), 2). (8.9)
The order star theory for this type of generalization is developed in Wanner,
Hairer and Norsett (1978) and we will discuss here only the order arrow
approach. R

The Riemann surface for (8.9) is the subset of C x C for which ®(w, z) =
0. It is usual to think of the Riemann surface as a multivalued function
for which values of z are the arguments, and the corresponding values of
w which satisfy the equation ®(w,z) = 0 are the values of this function.
Except at isolated points at which (8&) /Ow) = 0, an open set in the z plane
exists so that, in this open set, each value of @ acts like a function of a
complex variable and satisfies the Cauchy—Riemann conditions. Except in
trivial cases in which the sheets of the Riemann surface do not interact with
each other, analytic extension leads to a migration onto other sheets.

We superimpose order arrows onto the Riemann surface by considering
the subset for which the value w is real and positive. Starting at a specific
point on the Riemann surface for which @w has this property, up-arrows and
down-arrows can be traced out. In particular, if the approximation has
order p, then at z = 0, there are p + 1 up-arrows and p + 1 down-arrows
emanating from this point.

8.6. The Dahlquist second barrier

The famous second barrier result of Dahlquist (1963), states that an A-
stable linear multistep method cannot have order greater than 2. In our
context this means the following theorem.

Theorem 8.10. Let ®(w, z) denote an (r, 1) A-stable approximation with
order p. Then p < 2.

Although many proofs exist, we will here use an order arrow approach, if
only as an example of the use of this technique. Note that the approximation
is not assumed to be Padé.

Proof of Theorem 8.10. Because p > 2, and because up-arrows cannot be
tangential to the imaginary axis, there are at least 2 up-arrows leaving
the origin with directions in [—i7, 17]. These arrows cannot terminate at
—oo without crossing the imaginary axis. Hence there are at least 2 poles,
contrary to the assumption that s = 1. 0
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Figure 8.6. Order arrows for BDF3 (pole: ® | branch points: +).

This result is illustrated in Figure 8.6 where it is seen that only a single
up-arrow emanates from zero in a positive direction but two up-arrows which
terminate at —oo are tangential to the imaginary axis. Note that two down-
arrows which emanate in the negative direction terminate at +o0o on lower
sheets.

8.7. The Daniel-Moore barrier

It was conjectured in Daniel and Moore (1970) that an order 2s, which is
achieved for Gauss—Legendre Runge-Kutta methods, cannot be exceeded,
except at the expense of A-stability. This was eventually proved in Wanner,
Hairer and Ngrsett (1978) using order stars. The proof given here uses order
arrows.

Theorem 8.11. Let ®(w, z) denote an (r, s) A-stable approximation with
order p. Then p < 2s.

Proof. 1f the approximation is A-stable, at most s up-arrows emanate from
zero in the positive direction and terminate at poles. The next up-arrow
in the anticlockwise direction and the next up-arrow in the clockwise direc-
tion do not terminate at poles and must emanate in the negative direction.
Because the angle between up-arrows is 27 /(p + 1), it follows that

27
s+1)—— >,
( )p +1
implying that 2s > p. O]
We present two order arrow diagrams to illustrate this result. First the

A-stable, [2,0, 1] approximation with order 4. This is given in Figure 8.7.
Note that, because of the complicated behaviour on the real axis in which
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x
Figure 8.7. Order arrows for [2,0, 1] approximation
(poles: e, zero: o, branch points: +).

Figure 8.8. Order arrows for [2, 1, 1] approximation
(poles: e, zero: o, branch points: +).

245
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arrows on both sheets of the Riemann surface overlap, an additional view
is given, showing w as a function of x (the real part of z). Secondly, in
Figure 8.8, the [2,1,1] approximation with order 5 is given. That this
cannot be A-stable is seen from the up-arrows tangential to the imaginary
axis at zero.

The [2,0, 1] and [2, 1, 1] approximations are given respectively by

2 2
B ) = (1 fzt 22— Bt f+ B
2 12 2 2 16 , 16 72
O(w,z) =w (1 - 32+ 337°) —wlz + 532) — 55 — ;%
8.8. The Butcher—Chipman conjecture

For an [ng,n1,ng| approximation, the value of 2ny — p seems to be related
to possible A-stability. If 2ng — p < 0 then, from Theorem 8.11, A-stability
is impossible. On the other hand, if 2ng — p > 2, there is no known case
in which A-stability occurs. For 2ng — p € {0, 1,2}, most methods easily
analysed are A-stable but not always; for example [7,0,4] is not A-stable;
for this approximation,

(I)(w,z):wz( 1486, 638 2 512 .3, 31 _4 58 6 4 7)

5, 14

~ 16517 T 16517 ~1953% T 16517 247657 T 74295% 520065~
2048 397 | 232 56 .2 , 20 .3 1 .4

— 51wt i651 T 6512 T 16514 Tt w37+ w32 - (8:10)

Write this as A(2)w?+ B(z)w + C(z) then, because |A(0)| > |C(0)], we can
use the Schur criterion to find a simple necessary and sufficient condition
for A-stability. This is that

(A(i)A(~iy) — Cliy)C(~iy)’
— (A(iy) B(—iy) — C(—iy)B(iy)) (A(—iy) B(iy) — C(iy) B(~iy))
>0, (8.11)
for all real y. In the case of (8.10), (8.11) evaluates to

3424256 14 16
—sisricossasamosorsy T OW ).

After considerable numerical searching, the following statement was pro-
duced (Butcher and Chipman 1992).

Conjecture 8.12. A generalized Padé approximation with 2ng—p > 2 is
not A-stable.

Note that in the statement of this conjecture, the w-degree is not specified
although most attempts at a proof have focused on the quadratic case. If
this degree is 1, then the result is covered by Theorem 8.9. Furthermore,
the method of proof for the linear case would easily generalize if it can be
shown that, for each pole, there exists an up-arrow emanating from zero
which terminates at this pole.
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9. Conclusions and inconclusions

If there is a single theme to the ideas presented here, it is that the general
linear method formulation has reached a reasonable level of maturity. The-
oretically they are quite well understood and practical methods, as well as
techniques for their implementation, are starting to be developed. However,
they are not simply a new class of methods, because they represent a new
way of looking at earlier and more established methods.

From many points of view, the general linear formulation is more natural
than the traditional way of understanding even traditional methods. A first
example concerns the order conditions for general linear methods which
actually give fresh insight into the significance and meaning of order for
traditional methods. This is especially true in the case of Runge-Kutta
methods, for which effective order is a clear-cut and useful generalization
which arises naturally from a general linear point of view.

A second example of new insight coming out of general linear methods
concerns non-linear stability. The irreducible formulation of linear multistep
methods can stand alongside one-leg methods as a valid way of understand-
ing G-stability and algebraic stability.

Although order arrows are not specific to general linear methods, they are
featured in this paper as a tool for studying the relationship between order
and stability, especially for multivalue multistage methods. They provide
alternative proofs to those made available by the use of order stars and give
a slightly different insight into some problems. The author would like to see
the two approaches used to examine new questions, with the expectation
that each of them will sometimes turn out to be the more convenient.

There is still much to be done in some of the areas identified in this
paper. It would be worthwhile to know more about the consequences of
algebraic stability. In particular, it would be valuable to know the extent to
which general linear methods can make worthwhile contributions towards
the development of structure-preserving algorithms.

However, there are already sufficiently challenging questions arising in the
construction of efficient new methods. The inherent Runge-Kutta stability
ansatz is promising as a source of methods but it is not yet known where to
search for the best methods in this already-large family.

Finally, more detailed information on the interplay between stability and
order is needed. It is a simple matter to determine in particular cases what
the order of an approximation is and whether or not it is A-stable. However,
there are quite likely some general patterns that can be identified and veri-
fied. The simplest outstanding question is the so-called Butcher—Chipman
conjecture and, in the view of this author, is an issue capable of resolution
using known techniques.
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