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Abstract

General linear methods were derived approximately thirty years ago as a unifying approach for
the study of consistency, stability and convergence of the Runge-Kutta and the linear multistep
methods. Their discovery opened the possibility of obtaining essentially new methods which
were neither Runge-Kutta nor linear multistep methods nor slight variations of these methods.
It was hoped that general linear methods would exist which are practical and have advantages
over the traditional methods. Locating such practical methods has proved difficult though, for
several reasons. For example, the complexity of the order conditions becomes very high, making
it difficult to even find the required conditions in many cases let alone solve them.

Several simplifying assumptions must be made, which limit this large class to situations where
practical methods are likely to exist. The first assumption is that the stage order is equal to
the overall order of the general linear method. This results in methods which, among other
things, are not affected by the order reduction phenomenon. The second assumption is that a
Nordsieck vector is passed from step to step. This enables such methods to vary the stepsize in
a convenient and practical way. The final assumption is that the stability regions of the general
linear methods should be identical to those of corresponding Runge-Kutta methods.

The first two assumptions are satisfied by the structure of the U and V matrices of the general
linear methods. In order to satisfy the last assumption sufficient conditions are developed. These
conditions result in a class of general linear methods with a property known as inherent Runge-
Kutta stability (IRKS). The IRKS conditions relate the coefficient matrices of the general linear
method with a doubly companion matrix X to satisfy

BA=XB, BU=XV-VX, oV)={1,0}

Constructing general linear methods with the IRKS property in the most general way possible is
the main aim of this thesis. To derive these methods a transformation is used; this transformation
brings all methods of this class into a particular form, which allows the construction using only
linear operations.

Several special properties of methods with the IRKS property are introduced. For example,
conditions which show that the ESIRK methods are a special case of the IRKS methods are
introduced. This then allows the introduction of a new class of ESIRK methods which may have
advantages over those already known. Also, methods which have a property known as strong
stiff accuracy are developed which make them similar to strictly stable Runge-Kutta methods.
Methods with strong stiff accuracy are likely to be considered good, particularly because they are
the most suitable amongst the IRKS methods for the solution of differential algebraic equations.

The theoretical properties of the general linear methods with IRKS are investigated using various
implementations from fixed stepsize and fixed order to variable stepsize and variable order
codes. The IRKS methods are experimentally compared with several traditional methods, which
provides evidence that the IRKS methods may in fact be suitable to form the kernel of an efficient
solver of ordinary differential equations.
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CHAPTER 1
Introduction

Ordinary differential equations are often used to describe physical systems. The solution of such
equations gives valuable insight into how the system evolves and what the effect of changes in the
system are. In general, it is extremely difficult, if not impossible, to obtain an analytic solution.
It is for this reason that numerical methods, which find approximate solutions, are an invaluable
tool. A very brief description of traditional numerical methods for ordinary differential equations
is given along with several more recent modifications, some of which are within the problem and
some of which are within the numerical method.

1.1 Framework

Assume that a physical system can be effectively modelled using an ordinary differential equa-
tion. Depending on the physical system which is being modelled, the resulting ordinary differ-
ential equation will naturally be expressed in one of two forms. The first is known as nonau-
tonomous form where the ordinary differential equation has the structure

y'(x) = f(z,y(x)).

The independent variable x is often thought of naturally in physical systems as time. The
dependent variable, y(x), is the solution. The second, known as autonomous form, has the
structure
y'(2) = f(y(2)).

It is an advantage to consider only the autonomous form, as problems in nonautonomous form
can be easily represented in autonomous form by adding the extra trivial differential equation
' = 1. One necessary requirement of a numerical method is that it can solve this differential
equation exactly. It is therefore preferable to consider only differential equations in autonomous
form. It is important to realise that y(z) may in fact be a vector valued function, that is to say

y(z) : R — R™, f(y(m)) :R™ — R™,

where m is the dimensionality of the system. If the ordinary differential equation is given along
with the initial condition y(z¢) = yo, then

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

is known as an initial value problem. An initial value problem is quite natural in the context of
a physical system. The state of the physical system is known now, denoted by y(zg) and it is of
interest to estimate the state a certain time in the future, denoted by y(z ). It is essential to
consider whether such a solution actually exists and if it does exist, whether it is unique. These
questions can be answered for both the exact and numerical solutions using what is known as a
Lipschitz condition which is defined as follows.
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Definition 1.1 A function f : R™ — R™ satisfies a Lipschitz condition if there exists a constant
L and a norm || - || such that for any Y, Z € R™, ||f(Y) — f(2)|| < L||Y — Z]].

This leads to the following existence and uniqueness result, the proof of which can be found in

33].

Theorem 1.2 Given an initial value problem, where f : R™ — R™ 4s continuous in the inde-
pendent variable and satisfies a Lipschitz condition, then there exists a unique solution to this
problem.

From now on it will be assumed that f (y(a:)) satisfies a Lipschitz condition, and therefore a
unique solution exists. It could also be asked, if given a unique solution exists, how sensitive
this solution is to perturbations in the initial condition. This can also be answered, see [33],
using a Lipschitz argument.

1.2 Types of differential equations

Assume that f (y(a:)) satisfies a Lipschitz condition, and therefore a unique solution exists. For
a very long time practitioners would solve ordinary differential equations using their favourite
numerical method. It would have come as quite a surprise when Curtiss and Hirschfelder [58]
in 1952 realised that certain types of problems were in fact best solved using certain types of
numerical method. This was the first such tailoring of the method to the problem which has
become common practice today. The phenomenon they recognised is known as stiffness. Since
then problems have been divided into stiff and non-stiff problems. Many attempts have been
made to obtain a definition of stiffness, however it is best understood by what goes wrong with
certain numerical methods. Stiffness is the practical difficulty faced when numerically solving
some initial value problems. In the first line of the first section of Hairer and Wanner’s book
[78] they write “Stiff problems are problems in which explicit methods don’t work.”. The main
reason explicit methods don’t work for stiff problems is that the bounded stability domains
(which will be discussed in Section 2.7) of these methods force the numerical method to take
excessively small stepsizes in relation to the smoothness of the solution. That is, stability rather
than accuracy restricts the stepsize. Stiffness often occurs when some components of the solution
decay much more rapidly than others. This results in problems which have highly stable exact
solutions but have highly unstable numerical solutions. It is worth noting that there are in fact
problems, oscillatory problems for example, in which explicit methods don’t work but are not
stiff problems.

The following one dimensional example exhibits the stiffness phenomenon

y'(x) = Ay(x) —g(x) +4'(x),  y(zo) = o,

where ) is negative and has large magnitude and g(z) is a smooth and slowly varying function.
The exact solution of this problem is

y(z) = (yo — g(z0)) exp (A(z — z0)) + g(=).

Since A negative and has large magnitude the first terms decays very quickly leaving y(z) ~ g(x).
The error of a numerical method will depend on the stepsize used and the derivatives of g(z).
On the other hand stability will depend on the stepsize and A. Since A is large and negative the
stepsize will have to be excessively small to ensure numerical stability.



1.3 A brief history

In Figure 1.1 two plots are given, both containing the phase portrait of the example above. In the
left plot the explicit Euler method is used with 38 steps, on the right the implicit Euler method
is used with a stepsize several times as large. In this example g(x) = cos(x) and A = —50.
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Figure 1.1: Explicit and implicit Euler methods on the problem y'(z) = A(y(z) — g(z)) + ¢'(z).
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The explicit Euler method oscillates around the solution. The oscillations are slowly damped
away; however if the stepsize was much larger the oscillations would diverge, whereas the implicit
Euler method converges quickly to the exact solution even with a much larger stepsize.

To integrate stiff equations effectively, numerical methods must be implicit. The reason is
that all explicit methods have bounded regions of absolute stability. The bigger the region is
the less severe the restriction on the stepsize. It is therefore an ideal situation if there is no
restriction on the stepsize at all. To address this issue Dahlquist [60] introduced the concept of
A-stability. A numerical method is said to be A-stable if its stability region contains the left half
plane. Numerical methods which are A-stable are suitable for the solution of stiff differential
equations. These issues and related ones are discussed further in Section 2.7.

In 1982 Gear wrote “Although it is common to talk about ‘stiff differential equations,” an
equation per se is not stiff, a particular initial value problem for that equation may be stiff, in
some regions, but the sizes of those regions depends on the initial values and the error tolerance.”
This is one of the main reasons that obtaining a robust definition of stiffness has proved so
difficult. If the error tolerance was extremely small then to obtain the required accuracy the
stepsize would need to be smaller than the requirements on stability. It would therefore be of
extreme benefit if an implementation was able to determine whether the computation was being
affected by stiffness or not, and if it was, then an appropriate implicit method should be used.

1.3 A brief history

As previously mentioned, in general it is extremely difficult, if not impossible, to obtain an
analytic solution to an arbitrary ordinary differential equation. Therefore, numerical methods
are invaluable tools for obtaining information about the exact solution. Numerical methods are

often called discrete solutions as they attempt to break the integration interval into several small
steps.
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The first numerical method which forms the basis for all others is known as the Euler method,
after its founder. This method is extremely simple; given the solution y,_1 at some point, move
along the tangent at this point f(y,—1) a certain distance x,, — z,—1. This is represented as

Yn = Yn—1+ (Tn — Tpn_1)f(Yn—1)-

The integration interval in this case x, — x,—1 is known as the stepsize and is denoted as h.

It is worth looking at a simple example; apply four steps of the explicit Euler method to the

problem
2
y'(2) =2 cos(x) + ~y(z),  w(zo) = o,

which has an analytic solution

y(z) = z?sin(z) + z° (g—% - sin(m0)> .

Figure 1.2: Explicit Euler method on the problem y'(z) = 2 cos(z) + 2y(z) with y(2) = 0.

An important observation is that after each step of the numerical method a new initial value
problem is approximated. This initiates the idea of the local error where after each step the
incoming data is assumed to be exact. Therefore, accuracy is measured by comparing the
numerical solution over one step with the corresponding Taylor series expansion of the exact

solution, given by
2

h
y(xn) = y(-fn—l) + hy'(xn_l) + Ey”(xn—l) 4o

The Euler method agrees with the Taylor series expansion of the exact solution up to the first
power of the h. The method is therefore of order one. There are generally two main approaches
to increasing the accuracy or order of an integration method. These approaches are in some
sense opposites. The first approach increases accuracy by including more information from
the past; these methods are known as multivalue methods. The second increases accuracy
by approximating the solution at several internal points during the integration interval; these
methods are known as multistage methods.
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The first methods adopting the multivalue philosophy were derived in the 1883 paper by Bash-
forth and Adams, [4] and are now known as Adams-Bashforth methods, even though from the
title of the paper it is clear that Adams developed the numerical component of the work. The
Adams-Bashforth methods are a special case of methods known as linear multistep methods
which have the general form

Yn = a1yn-1+ -+ Y-k + h(Bof (yn) + B1f Wn-1) + - + B f (yn—r))-

This is known as a k step linear multistep method, as information from the last k steps is
required to update the solution. The special case when oy = 1, as = --- = ai = 0, are the
Adams-Bashforth methods. In [4], the case when [y # 0 was also introduced. This case was
developed independently by Moulton [99] in 1926 and are now known as the Adams-Moulton
methods. Other linear multistep methods were derived by Nystrom [104] in 1925 and Milne [97]
in 1926. To obtain the same accuracy as the Adams-Bashforth methods, the Adams-Moulton
methods need less information from the past. It is also worth noting that the error constants are
smaller for the implicit methods. However, in this case y,, does not depend completely on known
information but rather an algebraic equation which must be solved to yield y,. To overcome
this problem Adams used Newton’s method to solve for y,. This is common practice today for
the solution of stiff problems. On the other hand Milne [98] in 1949 suggested that methods
should be implemented using a predictor, corrector pair. This means that ¥, is predicted by
the Adams-Bashforth method and then corrected using the Adams-Moulton method. The two
main approaches are often expressed as P(EC)VE or P(EC)", where the upper index implies the
corrector is iterated N times or to convergence. Since the final approximation y,, is found using
only known information these methods are explicit in nature. Methods of this type also have
a simple type of error estimate known as the Milne’s device. In this case the scaled difference
of the predicted and corrected solution can be used as an estimate of the error in the corrected
solution.

To implement linear multistep methods in an adaptive fashion which includes the possibility
of variations in the order as well as the stepsize, several problems must be overcome. Char-
acteristically these are starting values, error estimation, interpolation and change of stepsize
and order. The first major adaptive code was developed by Krogh [94] in 1969. Since the lin-
ear multistep methods above require the approximations at equidistant points, the integration
coefficients need to be computed at every step which is a big disadvantage of this approach.
In 1962, Nordsieck [102] remarked that all methods of numerical integration are equivalent to
finding an approximating polynomial. To represent this polynomial Nordsieck proposed using
the first scaled k+ 1 derivatives, which includes the order zero derivative, thus making changing
stepsize much more convenient. The information passed from step to step in this case is known
as a Nordsieck vector. The production codes LSODE [82] of Hindmarsh and VODE [9] of Brown,
Bryne and Hindmarsh use Nordsieck vectors.

As the order of explicit linear multistep methods increases the relative size of the stability regions
decreases. This is primarily due to the fact that there is only one function evaluation performed
at each step. For the P(EC)VE or P(EC)" approaches, the relative stability domain is larger
as there are more function evaluations. For this reason the stepsize of linear multistep methods
must be much smaller than that of a comparative Runge-Kutta method. It is impossible to
talk about linear multistep methods without mentioning the name of Dahlquist who introduced
several fundamental properties to the study of numerical methods. In 1956, Dahlquist [59],
introduced the concepts of consistency, stability and convergence. He showed that if a numerical
method is consistent and stable then the method is necessarily convergent.
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It was also shown how the coefficients of a linear multistep method can be characterized using
the polynomials p(z) and o(z), where

p(z) = ap?® + 12" -+ oz + an,
0(2) = Bz + B2 Brz + Bo.

A linear multistep method is consistent if

and stable if all the zeros of p(z) lie in the unit circle and if any lie on the boundary they must
be simple. The order p of a linear multistep method is the largest value satisfying

p(exp(z)) — zo(exp(z)) = O(F11).

Even though it is possible to find linear multistep methods with order 2k it was also shown how
order of accuracy is related to stability, this is now known as the “Dahlquist barrier”, which
limits the order of a convergent linear k-step method to k + 1 if k£ is odd and k + 2 if k is even.

When §; = B2 = - -+ = (B = 0 these methods are known as the backward differentiation formulae,
first discovered by Curtiss and Hirschfelder [58]. These methods, as the name suggests, are based
on numerical differentiation. As was mentioned in the previous section, methods suitable for
the numerical integration of stiff problems require large stability regions. However, Dahlquist
in [60] showed that linear multistep methods are only A-stable for orders two or less. In spite
of this fact these methods have stability regions which are wide enough to be considered for
the solution of stiff problems. For many stiff problems, in which the eigenvalues do not have
large imaginary components, the stability requirement does not limit stepsize. Even so, most
practical implementations of backward differentiation formulae are based on orders five and less.
One of the reasons for their success is that the implementation cost for these methods is low.
At every integration step, the total costs for the solution of a nonlinear system of m differential
equations requires O(m3) + O(m?) operations. The most widely used adaptive codes for stiff
differential equations are based on the backward differentiation formulae, the first of which was
written by Gear [71], in 1980. This subroutine, which used Nordsieck vectors to represent the
data, was part of the program named DIFSUB.

To obtain an even deeper understanding of stiff problems Dahlquist [61] in 1975 introduced the
concept of G-stability, which now comes under the banner of non-linear stability. Consider two
exact solutions which possess the property

ly(x) = z(2)]| < lly(zo) = 2(zo)ll, = > 0.

G-stability requires an equivalent discrete condition for two numerical solutions. However, it
turned out that this type of condition was much more appropriate in the study of Rung-Kutta
methods. The analogous condition known as B-stability was found by Butcher in 1975 on the
flight home from the conference in which Dahlquist presented G-stability. Linear and non-linear
stability are discussed further in Section 2.7.

The first methods adopting the multistage philosophy are generally attributed to Runge [107]
in 1895. Heun, [81] also developed some low order methods in 1900. Kutta, [95] in 1901
completely characterised all methods of order four and proposed some methods of order five. In
1925, Nystrom [104] corrected a fifth order method of Kutta by realising a typographical error
Kutta had made. Nystrom also developed methods which for second order differential equations
were cheaper to compute than transforming the problem into a first order system.
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These multistage methods are now known as Runge-Kutta methods and the computations per-
formed in one step of the method are as follows

Y= Zawhf ) tyno1,  i=12,.s,

thf ) + Yn-1-

The Y; are known as the 1nternal stages and are approximations to the solution at various points
y(Tn—1 + ¢;ih), generally within the current integration interval. The coefficients of the method,
often expressed in the tableau
c| A
bT
are primarily used to increase the order of the method. Gill’s important paper [72] pointed
the way to a full analysis of the order conditions by considering the Taylor series expansions
of the numerical and the exact solutions for autonomous problems. Merson [96] used what are
now known as elementary differentials to express the exact solution, but failed to see that the
numerical solution could also be represented using elementary differentials. This was shown to
be possible in the work of Butcher [16] and a complete theory of order was developed. Below
are the order conditions needed to ensure a method has order four

ble =1, ple=1 bl Ac = & bl'e? =

2
b AAc = ﬁ, bl A = %, W'CAc = %, bl'ed =

)

)

= Qo=

)

where e is the vector of ones, c¢? and ¢ are the vectors obtained by raising each component of ¢ to
the appropriate power and C' is a diagonal matrix with ¢ on the diagonal. The number of order
conditions for a particular order is equivalent to the number of rooted trees of that order, and
each tree can be associated with an elementary differential; more details are given in Sections
2.4 and 2.5. In [16] the simplifying assumptions were introduced. The simplifying assumptions
consist of a set of conditions which, when satisfied, reduce the number of conditions that are
needed to obtain a particular order. The following are the C, D, E simplifying assumptions,

Zamkl kf, i=1,2,...,s, k=12...,n,

Zbcklz‘—kb(l—C) j:172;~~-7sv k:172""’£’

1
k—1 -1 _ —
g g bic; aijc; _l(k:—i—l)’ k=1,2,...,¢& 1=1,2,...,n.

i=1 j=1

There are certain restrictions on the values 7, £ for explicit methods, see for example [33]. The
simplifying assumptions made it possible to derive methods of high order. Two extremely
important papers, the first by Butcher [22], in 1972 and the second by Hairer and Wanner [77],
developed the algebraic theory of Runge-Kutta methods. For an implementation to be adaptive
local error estimates need to be part of the design. This is generally achieved by a technique
known as embedding. Where a pair of Runge-Kutta methods of differing orders are derived, the
difference is used as an approximation to the local error. The local truncation error estimate
derived in this way is usually not asymptotically correct. Efficient Runge-Kutta pairs have been
derived by, for example, Dormand and Prince [63] and Verner [119]. These were constructed by
minimising the contributions of the higher order elementary differentials.
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Several codes based on these pairs are constructed. For example Shampine [7] developed RK-
SUITE and Hairer and Wanner [78] developed DOPRI5 and DOP853. Constructing methods
with inbuilt local error estimates is costly, designing methods which compute a suitable estimate
which can be used to vary the order is even more difficult. Thus none of the codes mentioned
above has a variable order facility. Recently it has become more important to have approxi-
mations continuously throughout the integration interval rather than just at the grid points.
Continuous solutions are important because this allows the code to develop a stepsize pattern
which is not continually interrupted so as to provide enough information for plotting, event
location, Poincaré sections or delay differential equations. Continuous Runge-Kutta methods
require additional stages above what is required by the order conditions.

In 1964 Butcher [17] introduced implicit methods based on Gauss, Radau and Lobatto quadra-
ture formulae. The Gauss methods are A-stable and have order 2s. The Radau and Lobatto
methods of order 2s — 1 and 2s — 2 respectively turned out not to be A-stable. This led Ehle
[64] in 1969 to construct A-stable Radau IA, Radau ITA, Lobatto IITA, Lobatto IIIB and low
order Lobatto ITIC methods. Lobatto IIIC methods were generalised by Chipman [57] in 1971.
All these methods use simplifying assumptions which are given above. However, for an s stage
implicit Runge-Kutta method the nonlinear system of equations now has sm equations. This
means the Newton method at every integration step requires O(s3m3?) 4+ O(s?>m?) operations.
This cost increases rapidly as s or m increases. This is enough in itself to consider cheaper
alternatives. It is also difficult to derive methods for estimating the local truncation error or es-
timating the error of the next highest order formula. Consequently developing variable stepsize,
variable order implementations is again difficult.

To reduce the computational cost of implicit Runge-Kutta methods, Alexander in 1977 intro-
duced the so called diagonally implicit Runge-Kutta methods [3]. When the matrix A is lower
triangular the nonlinear system can be solved stage by stage sequentially. This reduces the total
cost to O(sm?) + O(sm?), because there is only one Jacobian evaluation and matrix factorisa-
tion necessary per integration step if the diagonal elements of A are equal. This is considerably
cheaper than the cost of a fully implicit Runge-Kutta method and is comparable to s steps of the
backward differentiation formulae. Unfortunately the stage order of these methods is only one.
The concept of stiff order was first introduced for linear problems by Prothero and Robinson
[105] and extended to nonlinear problems by Frank, Schneid and Uberhuber in [67]. The main
idea of stiff order is that when a stiff problem is solved the order achieved by the numerical
method is not the classical order p but closely related to the stage order ¢. The stiff order is
never greater than the ¢ — 1. This means the diagonally implicit methods are not really suitable
for stiff problems.

The search for high accuracy of both the internal and external stages and good stability, while
retaining computational efficiency, remained incomplete. To achieve these aims Ngrsett in 1976
developed what are now known as the singly implicit methods [103]. In this case the matrix A
has a one point spectrum. This allows the stages and the output approximation to be of the same
order. These methods were furnished with error estimates by Burrage [11] in 1978. Butcher
in 1979 showed how to transform A to Jordan canonical form [24]. In 1980, Burrage, Butcher
and Chipman developed the variable stepsize variable order code STRIDE [14]. However, the
required transformation increases the computational cost by O(s?m) every integration step. This
extra cost makes these methods less competitive, especially for small and medium dimensional
problems. As a design choice the order p, the stage order ¢ and the number of stages s were equal.
This forces some of the abscissae to lay outside of the integration step for orders greater than
two. This causes difficulties when solving nonlinear problems or problems with discontinuities.
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In a surprising article [21], Butcher introduced the idea of effective order. A Runge-Kutta
method a is said to have effective order p if there is a method d such that dad~! has order p.
In order to ensure that a step of either dd—' or d~'d leaves the initial condition intact, d~! is
defined as follows
c—e ‘ A—eb”
N

By introducing the starting method d, more freedom is available in the method a. Notice that

(dad )" = da™d ™,

therefore the starting method d and the finishing method d~' only need to be used at the
beginning and end of the computation respectively. The weaknesses in diagonally and singly
implicit Runge-Kutta methods have motivated several modifications in the existing methods.
Relaxing the order requirement of singly implicit Runge-Kutta methods to effective order was
proposed by Butcher and Chartier [35]. The extra freedom due to effective order allows the
abscissae to be freely chosen. On the other hand, Butcher and Cash [34] developed the diagonally
extended singly implicit Runge-Kutta methods. For these methods A consists of a singly implicit
block with some extra diagonal stages. Even though the linear algebra cost is about the same
as a singly implicit method, the extra diagonal stages improve the performance of the method,
because they have considerably smaller error constants. However there are still restrictions
on the abscissae. These approaches were combined in the diagonally extended singly implicit
Runge-Kutta methods with effective order [41]. The combined effect of effective order and
the additional stages removed the restriction on the abscissae, making them more suitable for
nonlinear problems and reduced the error constants, allowing the method to take larger stepsizes
and therefore, reduced the overall cost. The cost of the transformations still makes these methods
considerably more expensive than the diagonally implicit methods.

Even though general linear methods have been known since 1966 when Butcher [19] constructed
these methods as a unifying framework of the traditional methods, very few methods which are
significantly different from the traditional methods have been developed. The Runge-Kutta and
linear multistep methods are at extreme ends of the general linear methods spectrum. Most new
general linear methods constructed add some Runge-Kutta flavour to linear multistep methods,
such as the hybrid, generalised multistep and modified multistep methods developed by Gear
[68], Gragg and Stetter [73] and Butcher [18] respectively. Or alternatively add a linear multistep
flavour to the Runge-Kutta methods, such as the pseudo Runge-Kutta methods of Byrne and
Lambert [52] and the multistep Runge-Kutta methods of Burrage [12].

Rather than modify the traditional methods, it seems more desirable to decide what properties
a method should have and then seek methods within the class of general linear methods with
these properties. Admittedly this is very difficult and has been the main reason for the lack of
genuinely new methods. From the discussion above it is clear what properties a practical method
should have. For example, the A matrix should be lower triangular so as to obtain the low costs of
the diagonally implicit Runge-Kutta methods. The method should have high stage order ¢ which
is comparable to the overall order p. This is necessary for stiff problems because the stiff order
is approximately the stage order. It also enables dense output and asymptotically correct error
estimates to be constructed, see Sections 4.4 and 4.10. For stiff problems A-stability is sought,
and for non-stiff problems large stability regions are desirable, see Section 2.7. Generalising
the idea of effective order further, see Section 2.3, allows methods with high stage order to
be constructed without requiring A to be singly implicit, but rather diagonally implicit. An
example of such methods are the diagonally implicit multistage integration methods introduced
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by Butcher [28]. In generalising order in this way the concept of stability becomes much more
complicated. Since Runge-Kutta methods have excellent stability, it was required that these
methods have “Runge-Kutta stability”. This can be thought of as the stability domains being
equivalent. One of the primary problems with diagonally implicit multistage integration methods
is that to obtain a Runge-Kutta stability region, very complicated systems of nonlinear equations
must be solved. Butcher, Jackiewicz and Mittelmann developed sophisticated numerical searches
to find methods of orders five through eight see [43], [44], [46]. However, as a consequence of the
choice in defining parameters, there is no flexibility available to reduce the higher order error.

To overcome this problem it would be nice to ask whether certain matrix relations exist such
that Runge-Kutta stability is possible while leaving freedom to control the higher order error
contributions, along with asymptotically correct error estimates and dense output for both
explicit and implicit methods. This makes it possible to implement the methods in a variable
stepsize, order and stiffness mode. Such methods exist with a property known as “inherent
Runge-Kutta stability”. Constructing such methods is the main aim of this thesis.

1.4 Other problems

As is often the case, ordinary differential equations are not the best means of representing certain
physical systems. Particular physical systems have properties which need information not only
from the current state but from previous states to be modelled accurately. It is also possible
that the physical system has invariants occurring in the solution, such as angular momentum
or concentration, which should be conserved. It is possible to furnish the ordinary differential
equations with these constraints or construct methods which automatically conserve them. As
technology is ever changing it is important to seek new approaches to solve problems using these
technologies. One such technology is parallel computers. What follows is a partial listing of some
of the modifications to ordinary differential equations and the previously mentioned numerical
methods. These are all major research areas for numerical analysts.

Often physical systems are modelled accurately using delay differential equations

y'(z) = f(y(x), y(x — 1)),

or more generally, where the function depends on more than one retarded argument,

yl(m) = f(y(m),y(a: - Tl)’ e ,y(l‘ - Tn))

An example of where a delay differential equation is natural is in the modelling of the spread
of infectious diseases. The delay arises as the incubation period. The rate of change of the
solution at time x is not only determined by the solution at time x but at various previous times
r—Ty,...,-— Tp. That is, the solution depends on its history. The complexity of the delays
Ti,...,Tn, determine the type of delay equation. The delays can be constant (constant delay
case), functions of = (variable delay case), or functions of both z and y (state dependent case).
The first main difference between delay differential equations and ordinary differential equations
is that an initial value function ¢(x) is required rather than just an initial value. A consequence
of this is that even if f(y,z),7(x,y),¢(x) are C* continuous, the solution y(z) and ¢(z) are
unlikely to be more than C° continuous. Such discontinuities spread throughout the integration
interval. Delay differential equations often result in interesting mathematical phenomena, for
example, instability, limit cycles and periodic behaviour. Sometimes a physical system can be
better modelled by requiring that the delay not be a fixed value £ — 7 but stretch out as the
integration proceeds. Problems of this type are known as Integro differential equations and given
by

-7

y'(z)=f <y(w)’/: K(n,y(n))dn> :
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Computing the numerical solution for these problems is much more expensive; fortunately it is
often the case that integro differential equations can be expressed as ordinary or delay differential
equations by using new variables for the integral.

Often models require not only a differential equation but a purely algebraic constraint. This
takes into account conservation laws, geometrical or kinematic constraints. These problems are
known as differential algebraic equations. The form of the algebraic constraint is crucial in the
difficulty of determining the solution. The index of the differential algebraic equation effectively
measures the number of differentiations required to return the differential algebraic equation
into a differential equation. An index 1 differential algebraic equation is given by

Y (@) = f(y(2), 2(z)),
0=g(y(z), 2(x)),

provided g, is non-singular. An index 2 differential algebraic equation is given by

y'(x) = f(y(x), 2(x)),
0=g(y(x)),

provided g, f. is non-singular. An index 3 differential algebraic equation is given by

fy(z), 2(x)),
k(y(x), z(x), u(z)),
g9(y(x)),

provided g, f.k, is non-singular. Differential algebraic equations can also be thought of as
differential equations on manifolds, where the manifold is given by the algebraic constraint. As a
differential algebraic equation can be converted into an ordinary differential equation it is possible
to solve the ordinary differential equation using a numerical method already discussed. This
approach is not the most convenient for several reasons. Apart from the difficulties of finding the
underlying ordinary differential equation, this process can destroy the original structure of the
problem, even transforming a stable problem into an unstable one. Another problem associated
with index reduction is that in the new system the numerical solution does not need to satisfy the
original algebraic equations and a drift from these constraints can occur. Therefore, differential
algebraic equations are solved directly using methods for ordinary differential equations which
have been adapted to solve differential algebraic equations.

y'(x)
()
0

In developing models used to describe physical systems, stochastic effects have been ignored until
recently. The main reason for this is the difficulty in deriving solutions, partly due to the lack
of suitable numerical methods and also the non-availability of sufficiently powerful computers.
Stochastic differential equations have a natural place in the modelling of investment finance,
turbulent flows, population dynamics, biological waste treatment and hydrology. The general
form of an autonomous stochastic differential equation is

dy(z) = f(y(z))dz + g(y(x))dW (z),

where f is the slowly varying continuous component called the drift coefficient (an m vector
valued function), ¢ is the rapidly varying continuous component called the diffusion coefficient
(an m x d matrix valued function) and dW(x) is a d dimensional process having independent
Wiener process components. The diffusion coefficient is generally interpreted using either It6 or
Stratonovich calculus.



12 Introduction

Numerical methods can be developed for stochastic differential equations but they need to be
developed in their own right, rather than using simplistic adaptations of deterministic numerical
methods. However, numerical methods have been derived using rooted tree theory.

A new and exciting area of numerical analysis known as geometric integration has become
popular in the last 10 or so years. The idea is to preserve qualitative and geometric features
of the differential equation when it is discretised. Below is a partial listing of different types of
qualitative properties that a numerical methods would like to preserve:

1. Geometric structure: Properties of the phase space in which the system evolves yields
much insight into the global properties of solutions.

2. Conservation laws: Many physical systems have underlying invariants. Generally these
are conservations of integrals such as mass, energy or momentum. Also quantities can
be conserved along the flow of the differential equation such as fluid density or potential
vorticity.

3. Symmetries: Many systems are invariant under the actions of symmetries. Examples are
Lie group, scaling and involution symmetries.

4. Asymptotic behaviours: Interested in numerical methods which preserve structurally stable
features of the solution, such as invariant sets, and invariant curves.

5. Solution orderings: Often in parabolic partial differential equations the solutions satisfy
y(xo) < z(zg) then y(z) < z(z). That is a preservation of solution orderings.

By preserving qualitative structure it is hoped that some improvements in the computations will
result. It often turns out that only a subset of all the qualitative features can be preserved and
this results in requiring somewhat of a subjective judgement. Also, it is usually the case that
variable stepsize implementations destroy the qualitative properties, thus making computations
more costly.

Ordinary differential equations are used to model a wide variety of physical systems. It is often
the case that the length of the integration interval, the number of equations in the system and
also the sparsity of the problem can vary considerably from one system to another. In problems
with these characteristics, it has been shown that the use of parallel computers can provide a
solution. Even though most numerical methods are sequential in nature, several methods have
been recently developed to take advantage of the speed up that parallel computers can provide.
There have been several attempts to exploit parallelism and these can be classified into three
main categories:

1. Parallelism across the problem: Divide the computational cost of evaluating the function,
using different processors for different components.

2. Parallelism across the steps: The solution at different points is evaluated simultaneously.
This type of parallelism requires a large number of processors.

3. Parallelism across the method: Parallelism which is inherently available within a method.
For example, this could include the parallel evaluation of the stages of a multistage method.
This approach is effective for problems with complex function evaluations.



CHAPTER 2
General linear methods

Traditional methods for solving ordinary differential equations generally fall into two main
classes: linear multistep (multivalue) and Runge-Kutta (multistage) methods. Both of these
classes have well known advantages and disadvantages. In 1966 Butcher [19] introduced general
linear methods as a unifying framework for the traditional methods to study the properties of
consistency, stability and convergence and to formulate new methods with clear advantages over
the traditional methods.

2.1 Framework

A general linear method used for the numerical solution of an autonomous system of ordinary
differential equations

y(z)=fy@), y@)eR™  f(y() R™—R",
is both multistage and multivalued. Denote the internal stage values of step number n by
R S L
and the derivatives evaluated at these steps by
FOA), £, F V),
At the start of step number n, r» quantities denoted by

~1 -1 _
A S T Lt
are available from approximations computed in step n — 1. Corresponding quantities
TN AN}

are evaluated in the step number n. For compactness of notation, introduce vectors Y ", f (Y[”]),
y"~1 and y given by

e pos - i
Y n Y n n— n
Y[n} = 2 ) f(Y[n]) = f( :2 ) ’ y[nil] = y2: ) y[n] = y2

v Fym) y ! e

If h denotes the stepsize, then the quantities imported into and evaluated in step number n are
related by

Y = (A ® L) f(YT) + (U @ L)y,
Y =h(B & L) f (VM) + (V & Ln)yl" 1,

where n =1,2,..., N and m is the dimension of the system.
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For ease of representation in the rest of this thesis, the Kronecker product with I,, will be
removed. The method is then

y"] hAf(YI) 4+ Uyln=1l,

2.1.1
yil = RBF(YI) 4 vy, @L11)

Another abuse of notation which significantly simplifies many results is when a function, say
g(v) with a vector argument v, for example f (y(x)), can be interpreted as having a vector of
vectors argument where the function acts on each vector in a component by component sense.
An example of this is f (Y[”]). Another common example, especially useful when considering
Taylor series expansions, is y(ex+09), where x is a scalar and e and § are vectors. It is convenient
to write the coefficients of the method, that is, the elements of A, B, U and V, as a partitioned

(s +7) x (s+r) matrix
AU
B|V

This formulation of general linear methods was introduced by Burrage and Butcher [13] in 1980.
The structure of the leading coefficient matrix A which is similar to that of the A matrix in
Runge-Kutta methods, determines the implementation cost of these methods. General linear
methods can borrow popularised names used in Runge-Kutta theory such as diagonally implicit
and singly implicit.

: (2.1.2)

The vector y[ can have a very general structure. The traditional interpretations must be able
to fit into this structure. That is to say the quantities could approximate the solution and the
derivatives at various previous points, backward difference approximations to the derivatives or
approximations to a Nordsieck vector, all of which are common choices in linear multistep meth-
ods. Likewise for Runge-Kutta methods, 4™ could be an approximation to y,, or a perturbation
of y, using the generalisation to effective order. It is also convenient to define the exact value
function z(x,h) which takes values in R"™*™. Each of the r components of z(z, h) represents
an m dimensional function which relates in some way to the exact solution y(z). For example,
the exact value function has a very simple form for a Runge-Kutta method with the traditional
interpretation of order

z(xz,h) = y(z).

Whereas for a linear r step method the exact value function is given by

y(z)
y(z —h)
z(x,h) = : ;
ylx — (r—2)h
| y(z—(r—1)h) |

or, alternatively, the exact value function for a Nordsieck method is

y(z)
f;y'(x)
z(x,h) = %y”(m)

| Ly ()
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The computations performed in a step give a new approximation y™ to z(xp, h) from an ap-
proximation y™* 1 to z(x,_1,h).

"]

The stage values are approximations to the solution. That is to say Y;"" ~ y(rn—1 + ch),
1=1,2,...,s. These quantities are not used after the current step. Generally it is preferred that

the stages approximate the solution within the current integration interval. This is equivalent
to requiring that 0 < ¢; < 1. However, this is not always the case. When any of the abscissae
are less than zero, a starting problem occurs; any of the abscissae greater than one makes it
difficult to step to a point of discontinuity, if information is required past the discontinuity. The
vector

T
C:|:Cl C2 0 Cs—1 Cs] )

is called the vector of abscissae. Most multistage methods, in particular Runge-Kutta methods,
are derived so that the internal stage approximations become more accurate as more approxi-
mations are computed.

2.2 Pre-consistency, consistency, stability and convergence

The pre-consistency condition is concerned with solving the trivial one dimensional differential
equation y'(x) = 0, with solution y(z) = 1, exactly at both the beginning and end of each step.
The pre-consistency vector u is determined by ensuring
" = uy (2, 1) + O(h),
Y = uy(x,) + O(h).

Using a general linear method to solve the problem y’(x) = 0, the internal stages and the output
approximations are represented by

v = Uy["_” = e=Uuy,

y["] = Vy["_u = u=Vu.

The pre-consistency conditions are therefore, Vu = u and Uu = e.

The consistency condition is concerned with solving the one dimensional differential equation
y'(z) = 1, given the initial condition y(xg) = 0 which has an exact solution y(x) = x — z¢. The
numerical solution should be exact at both the beginning and end of each step. The quantities
passed from step to step represent approximations to the solution y(z), the scaled derivative
hy'(x), or an arbitrary linear combination. The consistency vector v is determined by ensuring

y[n—l] = uy(q:n_l) + ’Uhy,(xn—l) + O(h’Q)’
Y™ = wy () + vhy' (2,) + O(h?).

Using a general linear method to solve the problem y’(x) = 1, the internal stages and the output
approximations are represented by

vl = Aeh + Uyl — c= Ae+ U,
y = Beh+ vyl —  uw+4v=DBe+Vu.

The consistency conditions are therefore ¢ = Ae + Uv and Be + Vv = u + v.

Just as for linear multistep methods a concept of stability is necessary. As a preliminary step,
define what it means for a matrix to be stable.
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Definition 2.1 The matriz V' is stable if there exists a constant k such that ||V" || < k, for
alln=1,2,....

Stability of a general linear method M, defined by (2.1.2), is guaranteed if the solution of the
trivial differential equation, y’(z) = 0, is bounded. This has the effect of ensuring that errors
introduced in a step do not dramatically affect later steps. For the trivial differential equation,
expressing the output approximations in terms of the input approximations,

then shows the method is stable if V' is a stable matrix. This leads to the following definition.

Definition 2.2 A general linear method is said to be strictly stable if all the eigenvalues of V
are inside the unit circle except one which is on the boundary.

A general linear method is convergent if there exists a non-zero vector u € R”" such that if
Yl = uy(zo) + O(h), then y™ = uy(zo + nh) + O(h) for all n, given that nh is bounded. The
fundamental result by Dahlquist [59], that stability and consistency are necessary and sufficient
conditions for convergence, was generalised for general linear methods by Butcher in [19].

2.3 Order of accuracy

A starting procedure is often required to obtain approximations to the initial vector, y[%, given
only the initial condition y(z¢). The starting procedure can be quite general. Define the internal
stage values of the starting procedure as Y7, Yo, ..., Yz and the derivatives at these internal points
as f(Y1), f(Ya),..., f(Ys). The starting procedure is given by
Y =hS1f(Y) + Sizyo.
Yyl = hSo1 £ (V) + Sazmo,

where the vectors Y and f (17) are given by

; 115
v 1:/2 ) = f(?@)
Ys f(¥s)

For pre-consistency Soo = w and Si2 = e. The starting procedure can be represented by a
partitioned (5 + ) X (54 1) matrix

S S
G- n e |
Sa1 | S22

where r denotes the number of approximations which need to be computed and 5 is the number of
stages required to do so. The starting procedure could alternatively be thought of as r different
generalised Runge-Kutta methods, with tableau

c| A
bo | b1
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where by = 0 is possible. The first generalised Runge-Kutta methods used as starting procedures
were developed by Gear [71] in 1980. These were used as a means of starting the integration
using a sufficiently high order multistep method.

The combined effect of obtaining the starting procedure S and completing a step of method
M can be conveniently expressed as M o S. The exact solution shifted from z,_1 to x,, is
represented by the shift operator E. The order of accuracy of the method M can be defined
relative to S as the value p for which M o S — S o E = O(hP*!). This is shown in Figure 2.1.

Yy
o)
E
S S
y(zo) E y(z1)

Figure 2.1: Order of accuracy.

Assuming that a general linear method has order p, it is generally the case that each of the
r components of yl is accurate to order p. That is yl% = z(zo,h) + O(hP*1). The methods
derived in Chapter 3 also have this property. However, it is not necessary for all  components
to be of order p, but at least the component carrying the information about the solution should
be of order p. Almost Runge-Kutta methods are an example of this, where a three component
Nordsieck vector is passed from step to step with the first two components at least of order p
and the last a low order approximation to the scaled second derivative. The method must then
be carefully constructed so as to annihilate this low order approximation.

The idea of local truncation error leads to an approximation of the global error, by repeating
the approximation from Figure 2.1 as many times as the method takes steps.

[N]
y[NiM/‘
yl2 =
y[OJ//' -
FE FE FE FE
S S A S S S| S
y(@o) E y(z1) E y(za)  ylen—2) E y(xn-1) E y(zn)

Figure 2.2: Global error estimate.
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A finishing procedure, F, is constructed to undo the work of the starting procedure S so that
the final answer can be found correct to within O(h?). That is, apply F to yN which gives
y(xn) + O(hP) as long as Nh is bounded. This is shown in the Figure 2.3.

[N]
M Y
E *F
S S 4
+F
O(hp)
y(zn-1) E y(zn)

Figure 2.3: Finishing procedure.

Most practical general linear methods have one component of ™ which directly approximates
the solution. The finishing procedure in this case is simply to pick this information out of y!".
Again the methods derived in Chapter 3 will adopt this approach.

As for Runge-Kutta methods, the Taylor series expansions for general linear methods needed
to analyse order become very complicated expressions as the order increases. Therefore, a
framework is needed for simplifying these conditions. The approach used for general linear
methods is the same as that for Runge-Kutta methods, where rooted trees and B-series are used
to develop the order conditions.

2.4 Rooted trees

Before showing how the order conditions can be constructed, it is necessary to discuss rooted
trees, as these allow a clear and concise means of representing the order conditions. Rooted trees
are single rooted connected graphs with no cycles and are used in the analysis of order for general
linear methods. Let T" denote the set of all rooted trees including the empty set. For t € T', the
order of the tree, denoted r(t), is the number of vertices in the tree. All trees subject to r(¢) > 1
can be represented recursively by deleting the root of ¢t and denoting the distinct subtrees left as
t1,t2,. .., tm. The relationship between ¢ and t1,ta,. .., tp, is denoted by ¢ = [t]*, 5%, ..., t7m],

» ‘'m
where ni,no, . ..n,;, denote the number of times the trees t1, %o, ..., t, respectively occur. This
is known as grafting the trees ti1,to,...,%; to a new root and is formalised in the following

definition from [26].

Definition 2.3 The set of rooted trees T is recursively defined by

0, if r(t) =0,
t=< T, it r(t) =1,
[0, 652, .t ] it r)>1,t, €T,i=1,...,m.

Now define some real-valued functions on the set of rooted trees T'. The density ~(t) is a measure
of how “unbushy” the tree in question is. The symmetry o(t) is the order of the automorphism
group of ¢. The following definition [26] shows how these functions are generated recursively.
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Definition 2.4 Ift = [t?l,t;”, N

o ], where tq, to, ..., t,, are distinct trees, then

r(t)=1+nyr(t1) + -+ npr(tm),
Y(E) =r(E)y ()™ -y ()™,

o(t) =nilna!. . nplo(t)™ .. o(tm)"™,
with
r(0) =~(0) = o(0) =0,
r(r)=7(r) =0o(r) =1

It is also necessary to discuss sets of rooted trees. It most cases a set of rooted trees is called a
forest. Forests generally occur when the root of a rooted tree is removed. That is, when the root
is removed from a rooted tree t = [tq,ta,...,ty], the forest t1,to,... ¢y, is left. Let F' denote
the set of all forests including the empty set. For ease of representation let

op(t) = op([tl,tg, .. ,tm]) =1t1,t9,..., tm.

To generate rooted trees in a recursive way using an application such as Maple or Matlab it
must be possible to construct the rooted trees in a compact way. The idea is to represent the
trees as binary trees. This is done using the product of two rooted trees [26]. This product is
often referred to as the Butcher product.

Definition 2.5 The product t-v € T of two rooted trees is defined as follows,

[@] v = ['U], [tl,tg,...,tm] V= [tl,tg,...,tm,v].

Moreover given t,v1,vy € T, the product satisfies
(t-vl)-’l)g = (t-vg)-vl.

Given that a tree ¢t cannot, in general, be decomposed as the product of two lower order trees
uniquely, Murua [101] introduced the standard decomposition which can be determined if some
ordering is decided upon. The order relation for 7' is recursively defined as follows:

Definition 2.6 Given t1,to € T, then t1 < ty if one of the three conditions is fulfilled:
° ’I“(tl) < ’I“(tg),
o 1(t1) =r(t2) and dec;(t1) < decy(t2),

o 1(t1) =r(t2), decy(t1) = decy(t2) and deca(t1) < deca(ts).
The standard decomposition is given in the following definition.

Definition 2.7 The standard decomposition is defined by dec(t) = (decy (t), deca(t)), where the
arguments satisfy
t = decy(t) - deca(t),

and decy(t) is maximal.



20 General linear methods

That is, search among all pairs (¢1,t2) such that ¢ = 1 - t2 to find a pair with maximal ¢,. For

J-11 -]

Since r (I) > 7 (+) it follows that | > « and the standard decomposition is

dec <\}) - (11).

Using this standard decomposition it is possible to also recursively derive r(t), v(t) and o(¢).
First let T be represented by the set of integers. Now the order of the tree is simply

example

r(t) = r(decy(t)) + r(deca(t)),

with r(1) = 1, where the argument 1 represents the only tree of order one. The density () is
found using a special case of the composition rule described in Section 2.5. It is necessary to
first compute the first derivative of v(¢) denoted by vD1(t) as

~vD1(t) = vDs (de(:1 (t))’y (deCQ (t)) ,

see (2.5.9) for an explanation. The density 7(t) is now given by

V(t) = r(t)yDi(t).

This can be seen by noting that vDj(t) is the product y(t1)y(t2) - - - v(t,) of all subtrees of ¢
(see (2.5.8)). Finally the symmetry o(t) satisfies

o(t) = lC(op(t), decs (t)) o (deq (t)) O'(deCQ(t)) ,

where K (op(t), deca(t)) is the number of copies of decy(t) that are in the forest op(t). To obtain
a recursive approach to lC(op(t), decz(t)), note that if the second term in the decomposition of
decy (t) is equal to deca(t) then decs(t) occurs at least twice. Therefore K (op(t), deca(t)) can be
recursively generated as follows

K(t) = K(deci(t)) +1, if decy(decy(t)) = deca(t),
o, if deca(deci(t)) # deca(t),

where K£(1) =1 and o(1) = 1.

The last real-valued function discussed is denote by €(t), which is the number of ways of labelling
t, subject to two conditions. The first condition is that each vertex is labelled only once. The
second condition is, that if (7, ) is a labelled edge then ¢ < j. It then follows that

r(t)!
Y(t)o(t)

It is clear that labellings which are symmetrically equivalent are counted only once. The first

tree for which e(t) # 1 is

e(t) =

which has three possible labellings.
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The following algorithm is used to find decy(t), deca(t), r(t), o(t), v(t) for all trees up to pmax-

Algorithm 2.8

t=1
first(1) =1
(1) =1

Y (1)=1

for p=2,..., Pmax
% Index of 1st tree of order p
first(p) =t +1
% Construct all the trees ¢ (dec(t) = (t1,t2)) of order p
forg=1,...,p—1
% All the t; of order ¢
for t; = first(q), ..., first(¢+ 1) — 1
| = max (first(p — ¢), deca(t1))
% All the ty > deca(ty1) of order p — q
for to =1,... first(p—q+1)—1
t=t+1
r(t)=p
decy (t) =
decz(t) =
=7 (deq ) (deCQ(t))
( ) ()Y ()

This algorithm is the basis for deriving the underlying one step method discussed in Section
2.6. In this case o(t) is not needed and is therefore not included in the Matlab code given in
Appendix I. It is also possible to extend this algorithm to the case when the rooted trees have
more than one type of node, see [101].

Table 2.1 gives the functions 7(t), (), o(t) and the standard decomposition for all trees up to
order 5.

ALy vl Ty v v v

11213 4 5 6 7 8 9 10 11 12 13 14 15 16 17

rt) |1]2|3 3|4 4 4 4|5 5 5 5 5 5 5 5 5
w(t) 1126 3|24 12 8 4 120 60 40 20 30 15 20 10

a(t) 11111 2 1 2 1 6 1 2 1 () 1 2 2 2 24

decl(t) 111 2 1 1 2 4 1 1 1 1 2 2 3 4 8
decy (1) 1/2 1|13 4 2 1|5 6 7 8 3 4 2 2

Table 2.1: Standard decomposition for trees of order up to five.
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Let a; denote the number of rooted trees with i vertices. The numbers a1, a9, as, ... satisfy the
relation
oo
ay 4 agx + azz® + - = H(l — )T, (2.4.1)
n=1

The following table gives the number of rooted trees for each order and the cumulative number
of rooted trees for that order.

1 1 2 3 4 5 6 7 8 9 10
a; 11 2 4 9 20 48 115 286 719
22:1 aj |1 2 4 8 17 37 &8 200 486 1205

Table 2.2: Number of trees for orders one to ten.

2.5 Elementary differentials, B-series and composition rules

To determine the order of a general linear method, compare the Taylor series expansions of the
exact and numerical solutions over a step of the method, assuming the incoming information is
exact. The Taylor series expansions can be closely related to rooted trees. In this section several
definitions will be given and they will be used in obtaining an algebraic analysis of order.

To compare Taylor series expansions of the exact and numerical solutions, f (y(x)) must be
differentiated many times using the chain rule. Therefore, any particular derivative of f (y(x))
is made up of several known parts. Butcher [16] in 1963 named these parts as elementary
differentials; they can be constructed recursively using the following definition.

Definition 2.9 For any t € T, the elementary differential, F(t), for a function f is defined by

y(x), if t=190,
Ft)(y(@)) =4 fly(@)), if t=r,
FM(E(t), F(t2), ..., F(tn)) (y(z)), if = [t1,to, ... tm].

Immediately a connection between elementary differentials and rooted trees is evident. The
following table shows this connection for all trees up to order four where f represents f (y(m)),
' represents f’(y(x)) and so on.

t.If\/IY\)\V

F@) S SEE D PP PPN ) T

Table 2.3: Connection between trees and elementary differentials.

The number of elementary differentials of any particular order is equal to the number of rooted
trees with that order. The derivative of y(x) of a particular order can be expressed as a unique
linear combination of elementary differentials of that order. This is formalised in the following
theorem.
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Theorem 2.10 If y(x) is n times differentiable then

y ™ (z) = Z e(t)F(t)(y(x)).

r(t)=n

The proof of this theorem can be found in [33]. In order to represent the Taylor series expansions,
a formal series involving elementary differentials is needed.

Definition 2.11 If a(t) : T — R™ is a vector valued function, define B(«a(t),y(z)) by the
formal series

B(a(t), y(:c)) = Z @hr(t)F(t)(y(x))7

et o

which is interpreted in a component by component sense. This series is called a ‘B-series’ for
the elementary weight function a(t) at y(x) over a stepsize h.

The B-series was introduced by Hairer and Wanner [77] in 1974, and was named after Butcher
for his contribution to the theory of Runge-Kutta methods. The scaling used above is the one
used by Butcher.

The following basic rules are essential for manipulating B-series:

e There exists an elementary weight function 1(¢) which acts as the identity mapping. That
is

B(l(t), yn—l) = Yn—1-
e For any matrix M € R™*" and elementary weight function «(t) € R", then

MB(a(t),yn—1) = B(Ma(t), yn—1)-

e The sum of two B-series with elementary weight functions «a(t) and §(¢) at the same initial
value y,—1 is a B-series with elementary weight function (« + 3)(t); that is,

B(a(t)vyn—l) + B(ﬁ(t)vyn—l) = B((a + ﬁ)(t>7yn—1)-

e Given an elementary weight function «(t), there exists an inverse elementary weight func-
tion a~1(t), such that aa~1(t) = 1(t), or alternatively

Yn = B(a(t)7 ynfl) <~ Yn—1 = B(ail(t)y yn) .

Some special elementary weight functions are now defined. The elementary weight function E(t)
of the Picard integral, for any ¢ € T', means that B(E(t), yn_l) is the exact solution, where

It is also convenient to use the reverse exact elementary weight function E~!(t), where for any

teT, 1
-1 :__er(t)‘
B0 = (-0
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For general linear methods with high stage order the exact solution is required at the abscissae
points within the current step. The elementary weight function C(t) for the exact solution of
the stages is defined, for any t € T', as

1
Ct) = —c®.
© (1)
If the function y(z) is sufficiently differentiable in a neighbourhood of x, then

B(C®),u(@) =3 CD w0 p) (y(a)

=l

|
. r(t)zsz(t)v(t)
= Eht
=>_ (@)
=0
=y(ex + ch),

interpreted in a component by component sense. Thus E(¢) is a special case of C'(t). Therefore,
the exact solution y(x + h) is a B-series. The derivative i operator, D;(t), is important in
deriving recursively the order conditions for general linear methods and also for higher order
differential systems. For any ¢t € T', let

r(t)! . _
p={ s  TTOTE
0, if r(t) #i.

If the function y(z) is sufficiently differentiable in a neighbourhood of x, then
D;(t)

B(Di(t),y(x)) = Z mhiF(t)(y(x))
r(t)=i
- r@)! o

=Y (O F(t) (y())

r(t)=i
= hiy(z). (2.5.1)

Let the elementary weight function for the stages Y™ be ¢ (t). This means that Y[ can be
written as the B-series for elementary weight function £(t) at y,—1 with stepsize h as follows

Yl = B(£(t), yn). (2.5.2)

The starting procedure is also a B-series with elementary weight function S(¢) which takes the
initial condition y(xg) to yl, that is

y% = B(S(t), y(x0)). (2.5.3)

It is now important to consider the composition of two B-series. This is used when the output
of one B-series is used as the input to another B-series. The following definition was given in
[77].
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Definition 2.12 Let a(t) : T — RN and B(t) : T — RN be two elementary weight functions
such that (D) = e. Then the composition of the two corresponding B-series is a B-series

B(ﬁ(t),B(a(t),y(x))) = B(aﬂ(t),y(x)). (2.5.4)
The product a3(t) : T — R is given by the mapping

af(t) = fO)a(t) + B(t) + ) B(ua(t\u),  VteT. (2.5.5)

u<t

Here u < t denotes any proper subtree u, sharing the same root with ¢, and ¢\u denotes the
remainder of the tree t after deleting the subtree u from it. Represent the product as

af(t) = BD)a(t) + A(t) + R(1), (2.5.6)

where R(t) denotes the remainder which is made up of trees of order less than t. The formula
(2.5.5) was first published by Butcher in [22]. For a complete description of the «3(t) mapping
see, for example, [26].

In the following table the product a3(t) for all trees of order less than or equal to four is given.

t

0 | to| Blto)

e |t | alt)B(to) + B(t)

L] ta | alt2)B(to) + a(t)B(t) + Blts)

t3 | aft3)B(to) + alte)B(t1) + aft1)B(t2) + B(t3)
Vol | alta)Blto) + alt)?B(t) + 2a(t1)B(t2) + B(ta)

ts | a(ts)B(to) + al(ts)B(t) + at2)B(t2) + alt) B(ts) + B(ts)

te | alte)B(to) + alta)B(tr) + a(t1)?B(t2) + 2a(t1)B(ts) + B(ts)

\} tr | altr)B(to) + a(ti)a(ts) B(t1) + (a(t1)® + alta)) B(ta) + a(t) (B(t3) + B(ts)) + B(t7)
N ts | alts)B(to) + alt)PB(t1) + 3a(t1)28(t2) + 3a(t1)B(ta) + Blts)

Table 2.4: Composition of elementary weight functions.

As the order increases the complexity of a3(t) dramatically increases and to evaluate a/3(t) in
an environment such as Matlab or Maple it is essential to provide a recursive way to compute
the product af(t). Before doing so it is useful to introduce some notation. Let

G= {a |a: T — R, «is a linear functional}.
A special case of G used for composition of methods, is defined as

Gy = {a|a € G, with a(0) =1}.
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The composition of two B-series is such that G; x G — G. To obtain the product recursively it
is necessary to define the dual set of G, known as G, as follows

G={1:G—=R|H¢)=¢(1t), forall ¢ € G}

Denote the set of dual rooted trees ¢ by T. The product notation can also be extended to the
dual tree case, that is, T'x T"— T by

~

t-10 = tu.

Using the dual set of G the following theorem (see [26]) makes it possible to generate a/3(t) in
a recursive way.

Theorem 2.13 If a(t) € G1 and t € T then there exists a member A«,t) of G such that, for
plt) € G,
af(t) = Ma, t)(B) + a(t)B(0).

Furthermore, XA : Gy x T — G satisfies the following conditions for any a(t) € Gy :

0, if t=0,
Mao,t) =< 7, if t=r
AMa, u)A(a,v) + a(v) Ao, u), if t=uw.

Note that Chan [55], has constructed a recursive definition of A(«,t) based on the alternative
representation of the rooted trees.

Consider now an application of the composition formulae. The composition formulae is crucial
in determining the B-series of the scaled stage derivatives. First use the B-series for the scaled
derivatives (2.5.1) with ¢ = 1, then use the B-series for the internal stages (2.5.2), and finally
use the composition formulae (2.5.4) to put it together as follows

hf(Y!) = B(Di(1), Y1)
B(Di1(t), B(£(t), yn—1))
(D) (257

For special types of general linear methods the composite function

aD;( )+ Z D;(u)a(t\u),

u=<t

is often used. This can be decomposed into three parts.
o If r(t) < i, then D;(t) =0, for all trees u < ¢, D;(u) = 0.

o If r(t) =1, then D;(t) = r(t)!/y(t), but for all trees u < ¢, D;(u) = 0.

e If r(t) > i, then D;(t) = 0, but some non-empty subtrees u exist when r(u) = i. Note that

Dy(u)a(t\u) = %a(t\u).
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The composition aD;(t) is now given by

0,( )' if r(t) <1,
r(t)! . B
aD;(t) = ’Y—t)’ , if T(t) =,

(Z: Sy, () >

The most common situation is when the first derivative operator is used. In this case, the only
subtree « which is nonzero is 7, which leads to

OéDl (t) = OtDl ([tl tg e tm])
=a(ty)a(ta) ... a(ty). (2.5.8)
Alternatively, using the product and the standard decomposition, then

aD;(t) = aDs (decy (t), deca(t))
= aDy (dec (1)) or(deca(t)). (2.5.9)

These can be seen as equivalent by choosing the maximal t;, ¢ = 1,2,...,m, say t,, = deca(t),
and grafting the rest to the root, [a(t1) a(ta) ... a(t,m—1)] = decy(t).

The elementary weight function F(t) for the Picard integral satisfies the following

1
B = o)
1
1

T(t)EDl([tlatQ, o tml),s

and hence the first derivative formula is
EDq(t) =r(t)E(t). (2.5.10)
The natural question is whether one can obtain a formula for higher derivatives in terms of only
E(t). This leads to the following theorem.
Theorem 2.14 For each i € N, the derivative number i of the elementary weight function E(t),
for any t € T, is given by
t)!
EDit) = — D' g, (2.5.11)

Proof: The exact solution at 0h through the step is

Hr(t
y(x 4+ 0h) = y(z +Z

teT

(y(x)) B®
Differentiating both sides with respect to 6, gives

r r(t)—1
hy'(x +0h) = > MF@) (y(2))hm®.

AL
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Comparing the elementary weight function when # = 1 with the elementary weight function of
(2.5.1), yields
ED;(t) =r(t)E(t).

Suppose now that

E@)r(t)(r(t) =1)--- (r(t) =k + 1)g"®O—*
2 o(t)

Again comparing the elementary weight function when # = 1 with the elementary weight function
of (2.5.1), yields

hFy®) (2 + 6h) = Ft)(y(x)n™®.  (2.5.12)

teT

EDu(t) = — gy,

Assume this has been proved for i = 2,3, ...,k so that, to complete the proof by induction, it
remains to prove the result for i = k 4+ 1. To do so, first differentiate (2.5.12) with respect to 6,
which gives
E@)rt)(rt) —1) - (r(t) — k)gr®O=k+D)
hk+1 (k+1) Oh) =
y" (@ 4+ 6h) =) )

teT
The result follows by comparing the elementary weight function with 8 = 1 with the elementary
weight function of (2.5.1). O

(1) (y(a)) b,

Return attention to B-series and, in particular to representing the method (2.1.1) in terms of
B-series. To represent the computations of the internal stages, that is, the first equation of
(2.1.1) as a B-series, use the expressions (2.5.2), (2.5.7) and (2.5.3), and simplify using the basic
rules in the following way

B(f(t)7yn—1) = AB(ng(t)vyn—l) + UB(S(t)7yn—1)7
— B(ASDL(t) + US(t), yur)-

The output approximations, that is, the second equation of (2.1.1) can also be represented as
a B-series. Again use the expressions (2.5.7) and (2.5.3), and simplify using the basic rules, as
follows

B(a(t)7 yn—l) = BB (§D1 (t), yn—l) + VB(S(t)7 yn—l)
= B(BED:(t) + VS(t), yn—1)-

Translating in terms of trees, gives the following generating functions for a general linear method

£(t) = AEDy (t) + US(2), (2.5.13)
a(t) = BEDy (1) + VS(t). (2.5.14)

Since (2.5.14) has one component, if the method being constructed is a Runge-Kutta method,
to obtain order p, (2.5.14) must be satisfied for all trees up to order p. Alternatively, if an r-step
linear multistep method is being constructed of order p, then all » components of (2.5.14) must
be satisfied for all trees up to order p. However, it is possible to construct general linear methods
of order p where not all » components of (2.5.14) are satisfied for all trees up to order p. An
example is the Almost Runge-Kutta methods. In this case it is necessary that the component of
(2.5.14) which carries the information about the solution has order p. The methods which are
mainly discussed in this thesis require all components of both (2.5.13) and (2.5.14) to agree to
order p.
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The generating function for the outgoing approximations (2.5.14) can be equivalently expressed
as
ES(t) = BED4(t) + VS(t),

for all trees of order less than or equal to p.
When ¢ = (), then (2.5.13) and (2.5.14) become

£0) =US0),
S(0) =VS(®).

These are just the pre-consistency conditions of Section 2.2, that is, £(0)) = e and S(0) = wu.

2.6 Underlying one step method

In 1986 Kirchgraber [91], stated that every strictly stable linear multistep method is essentially
equivalent to a one step method. This result was generalised by Stoffer [112] in 1993 to general
linear methods.

First assume that the general linear method is strictly stable from Definition 2.2. This means
that V has 1 as a simple eigenvalue and the remaining r — 1 eigenvalues have moduli less than
one. Thus there is a transformation matrix 71" such that

A ur

T 'MT =
T-1B|T'vT

)

where it can be assumed, without loss of generality, that

110

T VT =

with spectral radius satisfying p(V) < 1. Note that most methods of practical interest satisfy
this condition. In this case the data passed from step to step has be transformed to

where the first component of z[" directly approximates the solution y(z,). The main result in
[112] is the following theorem.

Theorem 2.15 Let M be a strictly stable general linear method of order p. Then there exists
a starting method S* and a one step method ¢, such that

e M is of order p relative to S*.
e The one step method is of order p.

e The one step method ¢ is conjugate to M.

The first item implies that an alternative starting procedure S* can be found so that M is of
order p. Note that if z(zg, h) = yl% + O(hP*1) is satisfied then S and S* are equivalent to order
p. This means equality between the elementary weight functions,

S(t) = 57(t),

for all trees of order less than or equal to p.
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This is generally the case for several reasons: It makes deriving the method M easier as the
particular starting procedure is not an issue, except that it exists and commutes with y© to
within O(hPT1). As the cost of the starting procedure is a one-off, the cost is small relative
to the whole computation. In fact, z(zg,h) = yl% + O(hP*1) can be considerably relaxed by
assuming that the first component of y% is accurate to within O(hP*1).

The second item guarantees the one step method has the same order as the general linear
method only when the stepsizes used are fixed. It is also the case for variable stepsizes, if all
the output approximations have the same order. It is not the case in general if all the output
approximations do not have the same order. The Almost Runge-Kutta methods are an example
of this. The order can be restored when variable stepsizes are used only if special care is taken
in the implementation of the method, see [47]. Moreover, the behaviour of the general linear
method is exponentially attracted to the dynamics of the flow, and therefore the approximations
in R™*" are exponentially attracted to R™. This is because the general linear method is strictly
stable.

The last item implies that the diagram shown in Figure 2.4 commutes:

Rmx’f‘ M Rmx’f‘
S* 4 A 5%
R™ ¢ R™

Figure 2.4: The general linear method and the underlying one step method commute.

The one step method ¢ is known as the underlying one step method. The existence of this
method is interesting. In general it is not possible to construct the actual method but it is
possible to determine the values of the elementary differentials for all orders. To understand
more about the underlying one step method and the starting procedure S*, the approach used
by Chartier [56] is followed. The commutative diagram represented in Figure 2.4 is expressed
in terms of B-series, that is

B(&(t),y) = AB(ED1(t),y) + UB(S*(t),y),
B(S*(t), B(¢(t),y)) = BB(ED1(t),y) + VB(S*(t),y).
Translated in terms of trees, this gives the generating functions
E(t) = AED1(t) + US™ (1), (2.6.1)
@S*(t) = BED1(t) + V.S*(1).
When ¢t = (), then (2.6.1) and (2.6.2) become
§0)=US"(0) = e,
S*(0) =V.S*(0).
These are again just the pre-consistency conditions; that is S*(()) = w. The second equation

implies that V' has an eigenvalue of one with corresponding eigenvector S*(()). Now, using the
strict stability assumption, V' can be decomposed as follows

V=80 +V,
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where v7 is the left eigenvector and S*(()) is the right eigenvector of V. Therefore

TV =0T S*(0)0” + 0TV

:’U’I—'7

which implies that v7$*(0) = 1 and vTV = 07, and
V.S*(0) = S*(0)v" S*(0) + V.S* ()
= S*(®)7
which implies that v7'$* () = 1 and V.5*(0)) = 0. Note that strict stability implies that p(f/) < 1.
It is now possible to find recursive expressions for ¢(t) and S*(t). First, recall from (2.5.6) that
¢S*(t) = S*(t) + (t)S*(0) + R(¢), (2.6.3)

where R(t) is an expression involving only trees of order less than the order of ¢. Substituting
(2.6.3) into (2.6.2) gives

ST +e()ST(0) = VSH(t) = BED(t) - R(1),
(I-V)S*(t) + (o(t) — v" S*(t))S*(0) = BED: (t) — R(t). (2.6.4)

Now pre-multiplying (2.6.4) by v’ gives
oI (1= V)S*(t) + o7 (6(t) — vTS*(t)) S*(0) = vT (BED1 () — R(t)).
Since vTV = 07 and vT5*(0) = 1, it follows that
o(t) = v (BED: (1) — R(1)). (2.6.5)
Rearranging (2.6.4) yields

S*(t) = (I = V) (BEDy () — R(1)) — (¢(t) —vTS*(1)) (I = V) ' 5*(0)
— (I = V) Y(BeD1(t) — R(t)) — (6(t) — vTS* (1)) S*(0). (2.6.6)

Apart from when ¢t = () and v7S*()) = 1, vT'S*(¢) can be chosen while constructing the starting
procedure. This means that the starting method S* is not uniquely defined. Therefore, ¢(t)
which depends on £(t), which in turn depends on S*(t), is not unique. In [112], the following
questions were asked. Given that the starting method S* is not unique, is there an optimal
choice of 5*7; is there a simple way to find S* such that the associated one step method ¢ has
minimal local error coefficients in some reasonable sense?

[n]

It is often the case that one of the components of y[, say Yy , directly approximates the solution.
The linear multistep, predictor-corrector and Nordsieck methods are common examples. In this
case it seems natural to choose ygo} = y(xo). Here the starting method S* and thus the underlying
one step method is uniquely defined. Without loss of generality, the method can be transformed
so that the pre-consistency vector S*(f)) = e;. When this is the case the last term of the right
hand side of (2.6.6) only affects the first component in the starting procedure. If it is required

that ygo} = y(xo) then the first component of the starting procedure is therefore defined as

ST(t) =1(¢), (2.6.7)
as this assumes the initial condition is exact. The last  — 1 components of
S*(t) = (I - V) ' (BEDL(t) — R(1)), (2.6.8)

gives the rest of the starting procedure.
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In [112], methods with this structure are called “essentially one step methods”. The reason for
this is
* *[n—1
yi = g (h,yi"Y),

for all n > 1. The methods developed in this thesis also have the first component of " directly
approximating the solution. The starting method S* is always constructed so that (2.6.7) is
satisfied. In Appendix I, Maple and Matlab programs are given which compute ¢(t), S*(¢) and
&(t) from (2.6.5), (2.6.8) and (2.6.1) respectively. These programs are based on Algorithm 2.8
which also calculates the local error of the underlying one step method.

2.7 Linear and non-linear stability

Several types of stability are considered using successively more general test problems. The
discussion is split into two. First the stability for stiff problems and secondly for non-stiff
problems are discussed.

The basic linear stability behaviour of general linear methods is considered using the standard
linear test problem of Dahlquist [60],

y'(z) = qy(z),

where ¢ is possibly complex. If the method (2.1.1) is applied to the test problem then the
internal stages are given by

Yy =24y 4 gylnl
= (I —zA) Uy,

where (I — zA) is nonsingular and z = hq. The outgoing approximations are given by

yM = 2By 4 vyl
= (V+2B(I —zA)"'U)y 1.

Let M (z) be defined by
M(z) =V +2B(I — zA)"'U,

and called the stability matrix. When a general linear method is used with a sufficiently large
stepsize, the numerical solution may become unstable, that is become unbounded, even though
the exact solution is bounded or decays to a finite value. For certain methods applied to
stiff problems, the stepsize necessary for stability may be excessively small in relation to the
smoothness of the exact solution. This means stability rather than accuracy is restricting the
stepsize. To ensure there is no restriction on the stepsize due to stability the following condition
is desired.

Definition 2.16 A general linear method is A-stable if for all z € C~, I — zA is non-singular
and M(z) is a stable matriz.

For methods with this property the stepsize is never restricted by stability on linear constant
coefficient problems, regardless of the stiffness. In some situations, it may be desirable to damp
the very stiff components of the numerical solution. This leads to the concept of L-stability.
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Definition 2.17 A general linear method is L-stable if it is A-stable and
p(M(0)) =0,
or the stronger condition

M (c0) = 0.

Most L-stable general linear methods satisfy the p(M (oo)) = ( condition as the stronger con-
dition is more restrictive and often leaves the methods without much freedom.

The first generalisation of the standard test problem is given by the non-autonomous problem

where ¢(x) is possibly complex. If the method (2.1.1) is applied to this problem then the internal
stages are given by
vyl = (1 — AZ)'Uyn 1,

where (I — AZ) is nonsingular and Z = diag(z1, 22,...,2s) with z; = hq(x,—1 + ¢;h). The
outgoing approximations are given by

y" = (V + BZ(I - AZ)"'U)y" Y.
The stability matrix, M (Z), is given by
M(Z)=V +BZ(I - AZ)"'U.

Since the test problem has been generalised, the types of stability need also to be generalised.
The first is as follows.

Definition 2.18 A general linear method is weakly AN -stable if for all z1,z9,...,2s € C™,
I — AZ is non-singular and M (Z) is a stable matriz.

Weak AN-stability is not enough to guarantee stable behaviour for the second test problem,
because different values of Z may occur at each step. Instead, the product of matrices like
M (Z) should be bounded and this leads to the following definition.

Definition 2.19 A general linear method is strongly AN -stable if there exists a norm || || such
that ||M(Z)|| <1 for all z1,2a,...,2s € C, and I — AZ is non-singular.

Strong AN-stability is further strengthened by requiring the norm || - || to be an inner product
norm, this property being known as ‘Euclidean AN-stability’.

Consider, finally, the nonlinear problem

where the inner product
(f(u),u) <0.

This implies that ||y(x)|| is non-increasing because

(@)l = 25/ @), w()) = 2(f(w(@)), y(x)) <0.
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Stable behaviour is guaranteed for this problem if there exists a positive definite r x r matrix G
and a positive diagonal s X s matrix D, such that

| G-vTav UTD - VTGB
| DU- BTGV DA+ ATD — BTGB

is non-negative definite. This property was introduced by Burrage and Butcher [13], and is
known as algebraic stability. The matrix H plays a very important role in the search for methods
suitable for Hamiltonian problems. In the case of Runge-Kutta methods, H = 0 is required if
the method is to be symplectic [108], and therefore mimic the dynamics of the flow. It has also
been conjectured that if a general linear method is to be symplectic then H = 0, see [65].

There are several connections between the various types of stability defined above. These are as
follows:
algebraic stability

)
Euclidean AN-stability
U
strong AN-stability
4
weak AN-stability
I

A-stability

It is not known whether or not strong AN-stability implies Euclidean AN-stability. The proofs
and counterexamples leading to these results can be found in [13] or [25].

Consider now the stability of explicit methods. It is well known that an explicit method cannot
be A-stable, and therefore cannot possess any of the other types of stability properties mentioned
above. Stability issues are therefore restricted to the first test problem. An important indication
of the suitability of a method is the size of the stability region,

R={zeC,3C: | M(2)|" < C,Vn >1}.

An equivalent statement is as follows: all eigenvalues w of M(z) with multiplicity one satisfy
|w| <1, and all eigenvalues w of M(z) with multiplicity greater than one, satisfy |w| < 1. The
characteristic polynomial is defined as

=po(2)w” +p1(2)w "+ 4 pa(2), (2.7.1)

where the complex functions pg(z), p1(2), ..., pr(z) are of degree at most s. Therefore, a point
z of the complex plane belongs to R if and only if p(w, z) has all its roots within the unit circle
except for the roots on the unit circle which are distinct.

To find the stability region of an arbitrary general linear method first find p(w,z) = 0, then
solve this equation as a function of w, therefore, z = f(w). Consider values of w on the unit
circle as this is equivalent to a root of p(w, z) lying on the unit circle. For w = exp(if) with
0 € [0,2x], the resulting z values give the boundary of the stability region. This procedure is
known as the ‘boundary locus method’.
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If two methods being compared are both explicit and have the same number of function eval-
uations per step, then their stability domains cannot be included one in the other [90]. The
interesting interpretation of this result is that for any two methods, there exists a differential
equation y'(z) = qy(z) such that one of them performs better than the other. No “miracle”
method is possible [78]. Even though it is not possible to obtain a miracle method, it is however
possible to find methods with relatively large stability regions, but identifying where such meth-
ods exist is extremely complicated in this general setting. In comparing the relative sizes of the
stability regions of Runge-Kutta and linear multistep methods, it soon becomes clear that the
main contributing factor to a large stability region is the number of stages of the method. In
an attempt to accurately compare the stability regions of linear multistep methods to those of
Runge-Kutta methods, it is first necessary to find the composition of s linear multistep methods,
where s is the number of stages of the Runge-Kutta method. This composition yields a linear
multistep method with the same number of stages as the Runge-Kutta method.

In Figure 2.5, the stability regions of Runge-Kutta methods for orders p = 1,2,3,4, where
p = s, are plotted alongside the stability regions of the composite Adams-Bashforth methods
where p = s.

-3i =3i

Figure 2.5: Stability regions of the Runge-Kutta (left) and composite Adams-Bashforth (right)
methods.

It is clear from Figure 2.5 that the stability domains of the Runge-Kutta methods contain more of
the left half plane than the comparative composite Adams-Bashforth method. Therefore, Runge-
Kutta methods have more favourable stability properties than the composite Adams-Bashforth
methods. Since the complexity of p(w, z) dramatically increases as the order is increased, ob-
taining suitable conditions on the method which will result in a large stability region becomes
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extremely complicated. Since Runge-Kutta methods have such good stability properties it would
be desirable to obtain general linear methods with the same stability regions as the equivalent
Runge-Kutta methods. This leads to the following definition.

Definition 2.20 If the characteristic polynomial of M(z), known as the stability function, has
the special form

p(w, z) = det (wl — M(z)) = wr_l(w — R(2)),

then the resulting general linear method is said to possess Runge-Kutta stability.

In this case, the rational function R(z) has the same role as the stability function of a Runge-
Kutta method. An implication of requiring a general linear method to have Runge-Kutta sta-
bility is that the number of stages s must be at least equal to p for explicit methods, since
R(z) = exp(z) + O(zPT1).

2.8 Reducibility

It is possible for two numerical methods to appear somewhat different but when they are used
on an initial value problem, they give the same answer. This leads to the following definition.

Definition 2.21 Two general linear methods M and M are equivalent if they generate the same
numerical solution for all initial value problems, for a small enough stepsize h.

The relation “having the same numerical solution as” is an equivalence relation. An equivalence
relation on a set makes it possible to partition the set into equivalence classes. Within each
equivalence class general linear methods which give the same numerical solution to an initial
value problem exist. Therefore, it is common to refer to a general linear method as an equivalence
class. To identify whether two general linear methods are equivalent it is necessary to discuss
the concept of reducibility.

If it is possible to partition a general linear method with s = s1 + so and r = r1 + r9 + 73 with
So + 19 + 13 > 0 so that M has a sparsity pattern

An 0 |Un 0 U
Agi Aga | Uz U 0
M=|B; 0 |V 0 Wz |, (2.8.1)
By Bag | Vo Vay Vg
0 0 0 0 Viss

then the method is equivalent to the partitioned (s1 4+ r1) x (s1 + r1) matrix

A | U
M= u|bu |
By | Vin
This is because the information at the start of step number n is partitioned into y?il, yznfl, ygfl
with yg_l = 0, then at the end of the step, yT" depends only on y?_l and y5 = 0. The last so

stages are not used to compute y}' and are therefore not needed.

To consider the most general situation allow the stages of A to be permuted to the appropriate
form and allow the incoming and outgoing data to be reorganised so as to achieve the appropriate
sparsity pattern.
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Definition 2.22 A general linear method M written as an (s+r) X (s+1) matriz is irreducible
if there does not exist an s X s permutation matrix P and a non-singular matriz R such that

PTAP | PTUR
R™'BP|R'VR

)

has a sparsity pattern given by (2.8.1), where at least one of sa,79 and r3 are positive.

In the case of Runge-Kutta methods it is possible to show that the equivalence class of methods
forms a group (see [26]). Returning now to equivalence classes, it is only necessary to consider
the irreducible method of each equivalence class.

Certain methods are irreducible in the sense of Definition 2.22 but should really be represented
in an alternative form. The Lobatto IITA methods are a perfect example. Consider, for example,
the 3 stage order 4 Lobatto IITA method given by

|
o= ol R~ ©

el Bl L e
[\o}

ol |ol= Rlo ©

Wt [l wik O

which can be alternatively represented in general linear form as follows

o
= ol ol ¥—

O Wl (Wb wol—
N
O ool Rl

O =

The question is really what the correct representation of the method is. The answer is the
general linear method. The first reason is that it is cheaper in the sense of function evaluations,
which is generally the measure used. The second reason is that for stiff problems, using the final
stage derivative in the previous step is the only appropriate way to compute the derivative of the
first stage of the method. As a consequence, some starting step is needed before the first step of
the method is carried out. In fact all Runge-Kutta methods with the first same as last (FSAL)
property can be represented as general linear methods with one less stage and one extra output
approximation. It will also be assumed, along with the fact that the general linear method is
irreducible, that the method is represented in such a way that the minimum number of stages is
required. Since such a large proportion of the optimal Runge-Kutta methods constructed have
the FSAL property this suggests that fewer stages and more information passed from step to
step may lead to better methods.

2.9 Parameter choices

When deriving any type of numerical method certain design choices need to be made so that the
method is the most suitable for its desired purpose. This section attempts to explain the design
choices used to derive the methods discussed in this thesis. There are four main parameter
choices available for general linear methods. They are:
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p, the overall order of the method.

q, the stage order of the method.

e 7, the number of approximations passed from step to step.

s, the number of stages.

The aim of finding practical general linear methods is very much tied up with suitable relations
among the defining parameters. The fact that the defining parameters are interlinked makes
it difficult to discuss the most suitable choice in a straightforward manner. The first choice to
make is that the stage order ¢ is at least equal to p — 1. The reason for this is that when a
numerical method is used to integrate a stiff problem the order exhibited is not the order p but
closely related to the stage order ¢q. This phenomenon, called stiff order, was first introduced by
Prothero and Robinson [105] for linear problems and extended to nonlinear problems by Frank,
Schneid and Uberhuber in [67]. It seems that the stiff order is never greater than ¢ — 1. The
only real benefit that a method such as one from the Gauss, Radau or Lobatto families may
have over a method where the order and stage order are very close is when the problem becomes
non-stiff and the method exhibits its true order. However, in this case, it would be suitable to
use a non-stiff method anyway. General linear methods with ¢ = p — 1 and ¢ = p are quite
different and in general need to be considered separately. Due to the fact that several additional
advantages occur when ¢ = p, methods are restricted to this case. One of the main advantages is
that it is easier to obtain a local error estimate, which is used when the method is implemented
in an adaptive mode. This makes it easier to decide whether to increase the order. It also makes
it more convenient for deriving specific methods. For these reasons any method, whether it be
suitable for stiff or non-stiff problems, will be derived with the assumption that ¢ = p.

For a general linear method to be competitive with standard methods such as Runge-Kutta
and linear multistep methods, it must be possible to vary the stepsize. This means that the
quantities passed from step to step must be sufficiently simple and that the change in stepsize
can be performed straight forwardly. For linear multistep methods stepsize can be varied by
recomputing the coefficients of the method each time the stepsize is changed. Several codes based
on this approach have been developed, the first major one by Krogh [94] in 1969. Even though it
is possible to vary stepsize in this way for linear multistep methods and probably for most general
linear methods, it will depend on the actual choice of the incoming and outgoing approximations
and will be quite specific to the method. An example of such an approach was developed by
Jackiewicz, Vermiglio and Zennaro [89] for diagonally-implicit multistage integration methods.
A generic and arguably easier approach is to use Nordsieck vectors, introduced by Nordsieck
[102] in 1962. The Nordsieck vector has the form

y(wo)
hy' (o)
g~ | h?y"(x0)

| WFy W) (o) |

The value k depends on the accuracy required by each component and the stage order g. Since
the stage order ¢ is equal to p it follows that & = p 4+ 1. In the case of Almost Runge-Kutta
methods, ¢ = 2 and k = 3. Almost all general linear methods constructed so far reinterpret the
method in Nordsieck form so as to allow for stepsize variation. Examples are the effective order
singly implicit Runge-Kutta methods [39], and the two-step Runge-Kutta methods [113].
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Any method with p+ 1 independent incoming and outgoing approximations can be represented
in Nordsieck form using a simple change of basis. If the method is constructed with incoming
and outgoing approximations which do not approximate a Nordsieck vector and have less than
p + 1 independent incoming and outgoing approximations then extra independent components
are artificially added at the end. The method can then be reinterpreted in Nordsieck form. The
diagonally-implicit multistage integration methods are examples in which extra components are
added so as to obtain the p+ 1 independent incoming and outgoing approximations, see [37]. As
high stage order is required, that is p = ¢, it is natural to derive methods directly in Nordsieck
form with r =p + 1.

This leaves only the need to discuss suitable choices of the number of stages s relative to
the order p. In Section 2.7 it was argued, in order to obtain a suitable stability region, that
Runge-Kutta stability should be required. In this case s must be at least equal to p, since
R(z) = exp(z) + O(zP™!). When s = p and the other conditions discussed above hold, to
obtain Runge-Kutta stability very complicated systems of non-linear equations must be solved.
Butcher, Jackiewicz and Mittelmann developed sophisticated numerical searches to find methods
of orders five through eight, see [43], [44], [46]. However, as a consequence of s = p there is no
flexibility available to reduce the higher order error. When s > p, it turns out that it is possible
to control the higher order error coefficients along with the surprising fact that the methods
can be developed using only linear operations (see Section 3.8). Thus it becomes much easier to
search through available methods for desirable properties. One such approach which has proved
to produce reasonably good methods is to search for methods where the underlying one step
method has minimised local error coefficients. At this stage methods will be restricted to the
class where s = p 4+ 1. However, it is believed that good methods with s = p + 2 will also exist
but this case is left for future work.

The cost of computing the stage approximations for a general linear method is closely related to
the structure of the A matrix. It is well known from the theory of Runge-Kutta methods that
the cheapest cost occurs when the method is diagonally-implicit. When r» = p + 1 it is possible
to have both high stage order and a diagonally-implicit matrix A. Even though the methods
which are most likely to be competitive are diagonally implicit the methods will be derived in
such a way that the matrix A can have a much more general structure. The main reason for
this is to show that some well known methods are special cases.

2.10 Order conditions using trees

For most general linear methods all the output approximations have at least order p. The linear
multistep methods are the most common example. This, however, need not be the case. For
example, the Almost Runge-Kutta methods have one of the output approximations of lower
order than the rest, see, for example, [30]. Given that some of the output approximations are
of lower order it is now possible to write down the order conditions for these methods using
mappings from trees to real numbers. To take account of the errors introduced by lower order
approximations it is necessary to assume that the incoming and outgoing information have the
following form

Eilal(t) Oél(t)
E_lOéQ (t) a9 (t)
Sit)=| Eras(t) |, a@t)=| ast) |. (2.10.1)

E—lér(t) ar.(t)
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With these elementary weight functions it is more convenient to represent the generating func-
tions (2.5.13), (2.5.14) as

Et)=UE Yoy (t) + UsE tan(t) + - + U, E o, (t) + AED1(t),
alt) =ViE7 ay(t) + oE tas(t) + - + V,E . (t) + BED:(t).

These generating functions have mainly been used in the construction of Almost Runge-Kutta
methods, see [47]. In this case r = 3 and «(t) is a three component Nordsieck vector where only
the last approximation is of lower order, in this case order two. To ensure the lower order error
is removed from the solution component certain conditions known as annihilating conditions
can be found from the generating functions. The reason for including this extra information
is to increase the stage order g. If r > 3 then the stage order can be increased further. It
turns out that the lowest order approximation passed from step to step can always be at least
of order ¢. In Section 2.9 it was argued that the stage order g should be equal to the order p,
the incoming and outgoing information should be expressed in the form of a Nordsieck vector,
that is r = p 4+ 1, and each component of the Nordsieck vector is accurate to order p.

The elementary weight function used to generate a Nordsieck vector at the start and end of the
step can be written as

[ 1) ] - B(1) ]
Dy (1) ED(t)
Sit)y=| D2t) |, at)=| ED2A) |. (2.10.2)
I D;;(t) ] i Ebp(t) |

With the above assumptions it follows that (2.10.1) and (2.10.2) are equivalent expressions.
Therefore the generating functions (2.5.13), (2.5.14) are conveniently represented as

§(t) =Ur1(t) + UaD1(t) + - - + Up1 Dp(t) + AED: (1),

Oé(t) = Vll(t) + Vo Dy (t) + -+ Vp+1Dp(t) + BfDl(t).
The requirement that the stage order ¢ be equal to the overall order p means the internal stages
can be expanded using a Taylor series. Using the generating functions, compare the elementary
weight function &(t) with the elementary weight function C(t) for trees of order three or less as
follows

E0)=U11(0) =e = U =,

E(e) =UaDy(o) + AL(D) = Us + Ae = ¢ = Us = ¢ — Ae,
2 2

§(I>:U3D2(I>+A§() U3+Ac—% = Ug—%—Ac
5([)=U4D3<]>+A§(I)=U4+A§:% — U4:§—?;—A;—2',
2 , 3 c?
§(V) =UaDs (V) +AE(s) = 2Wi + AP = 5 = Ui =57 — Agp.

The nature of high stage order ensures that the internal stage approximations are identical for
all trees of a specific order. So to obtain stage order p the coefficient matrix, U, is determined
in terms of the vector ¢ and the matrix A that is

e, if i=1,

U, = i—1 i—2 2.10.3
' A i i=2... p+1 (2.10.3)
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Using the generating functions, compare the elementary weight function () with the elementary
weight function ED;(t) for trees of order three and less as follows

() i (@):E1:>V1:E17
a(s) = VaDy( .)+B§() Vo + Be = By = V, = Ey — Be,
aI = V3D, I +B§ =Vs+ Be=FE3; = V3 = FE3— Be,

2

2
a(D V4D3<>+Bg V4+B%:E4:>V21:E4—B%,

2
O‘(V) :V4D3 (v>+B£2 —2V4+BC2:2E4 E ‘/4:E4—B%

The nature of high stage order ensures that the incoming and outgoing approximations are
identical for all trees of a specific order. So to obtain order p the coefficient matrix, V, is
determined in terms of the vector ¢ and the matrix B that is

Ey, if i=1,

Vi = 2 ) (2.10.4)
FE;,— B—— if 1=2,...,p+1.
(i—2)

High stage order ensures that many of the elementary differentials of order higher than p are
dependent. As an example, consider a method with stage order and order three. First compute
the elementary weight functions of the outgoing approximations for all trees of order four as
follows

These conditions are all dependent. For order four there is only one independent condition, and
without loss of generality assume this is the condition for the bushy tree

e

The elementary weight functions of the internal stages for all trees of order four, are
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Consider now the elementary weight functions of the outgoing approximations for all trees of

0 :Bg(
o (T) _ B¢ (Y) _ BA? _2F,

o (\K) — B¢ (Q) - BACQ—B — 3F,
a <\f/> = B¢ (\}) = BAE® = 6E,

a <\/I> — BE(+)¢ (D - B% — 4E,

BeE(+)€ () = B— = 8E,

order five

03
— BA~ = E,
6

=

4
o (U) =B¢*(]) = BZ = 6E5,
a<\1)>:B2 ):BC—4:12E6,
a (") = B¢* () = Bc* = 24E.

So for order five there are two independent conditions, and without loss of generality, assume
they are those corresponding to the trees

Y v

Repeating this process for order six trees yields four independent conditions related to the trees

v 7

Having high stage order for general linear methods is very similar to the C' condition for Runge-
Kutta methods. Using the above example it can be seen that stage order two means all trees of
the form on the left of the following diagram get reduced to the trees on the right.

Y,

where O denotes some common tree. Stage order three means all trees of the form on the left
of the following diagram get reduced to the trees on the right.

U
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Stage order ¢ means all trees of the form on the left of the following diagram get reduced to the
trees on the right. g—1
7N q

L

In order to count the exact number of independent trees it is necessary to first note that if a
method has stage order ¢ then the independent trees of order greater than ¢ and less than 2¢+3
are bushy trees of order at least ¢ + 1 placed on top of a tall tree with only twigs. Trees of
this form are best shown diagrammatically. For order p to equal ¢ 4+ 1 there is one independent
condition, the bushy tree of order ¢ + 1, represented as follows by

O.

For order p to be equal to q 4+ 2 there are two independent conditions, represented as

o 1

For order p to be equal to ¢ + 3 there are four independent conditions,

STy

For order p to be equal to ¢ + 5 there are 16 independent conditions,

e lel TIwl TY Y P

It follows that if order p is equal to ¢ + i then there are 2°~! independent order conditions if
q+1<2q+ 3.

When this inequality is broken certain trees not described above are introduced. For a method
with stage order two the first tree, of order seven, which is not one of the above trees, is given

h

The four trees of order eight which are not one of the trees given above they are

Yo oy oy

For a method with stage order three the first tree which is of order nine which is not one of the

Ly

There are again four trees of order ten which are not one of the trees given above they are

Yot vy oy

above trees is given by
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The number of independent trees eventually grows at the same rate as the traditional Runge-
Kutta case just delayed due to the increase in stage order. Below is a table with the number of
independent order conditions for various values of p and ¢. Note that it is always assumed that
p is at least equal to gq.

q

1 2 3 4 5 6 7 8 9 10
1 1
2 1 1
3 2 1 1
4 4 2 1 1
) 9 4 2 1 1
p6 20 8 4 2 1 1
7148 17 8 4 2 1 1
8§ |115 36 16 8 4 2 1 1
91286 76 33 16 8 4 2 1 1
10719 161 68 32 16 8 4 2 1 1

Table 2.5: Number of independent trees for various values of p versus gq.

A similar recursion to (2.4.1) for the number of independent trees can also be obtained. Knowing
the number of independent rooted trees is especially useful when searching for good methods.
That is to say when searching for general linear methods where the underlying one step method
is minimised, yields the same number of independent conditions.

2.11 Composition of methods

When comparing numerical methods it is important to express the methods in such a way that
the comparison is fair. It is well known that a linear multistep method of order p will generally
require more steps to complete the integration than a Runge-Kutta method of order p. This
is partly because the stability region of a linear multistep method of order p is much smaller
than that of a corresponding order p Runge-Kutta method. The main reason that the stability
regions are smaller, as was discussed in Section 2.7, is that a linear multistep method has one
function evaluation per step, whereas a Runge-Kutta method has s. As there seems to be no
hard and fast rule for measuring the performance of numerical methods, a sensible choice would
be to compare the number of function evaluations, at least in the non-stiff case. In the stiff
case this becomes much more complicated due to the need to perform iterations to compute the
stages Y[, It now becomes important to represent the methods so that the number of function
evaluations are equivalent in each of the methods. Therefore, given two numerical methods with
s1 and so stages respectively, it seems natural to compare s steps of the first method with s
steps of the second method. However, several problems now arise. For example finding the
stability regions of the composite method or the higher order error coefficients. To overcome
these problems it is natural to perform say m steps of the method, with stepsize h/m. The
main complication with this approach is that the incoming and outgoing approximations can be
complicated expressions involving the stepsize h.
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In Section 2.9 it was argued that the information passed from step to step should in fact be
a Nordsieck vector. If this is the case then it is simple to rescale the incoming and outgoing
information by pre-multiplying the Nordsieck vector by the diagonal matrix D given by

1 0 0 0 0
0oL 0 0
1 0 0 0
D= : :
0 0 — 0 0
00 0 -+ 0 ——= 0
| 0 0 ]

In a lot of cases where the information passed from step to step is not a Nordsieck vector it is also
possible to construct the matrix D which re-interprets the information with the new stepsize.

Consider the general linear method (2.1.2) with m consecutive steps of size 1/m. That is

1

vl = EhAf(Y“]) +UDyl,
Dyt = %th(Y[”) + V Dy,
vy = %hUBf(Y[”) + %hAf (YN + ovylo

Dy = %hVBf(Y“]) + %th(Y[Q]) + V2Dy,

vyl = %hUV’”_QB FrH) + %hUV’”_?’B FOE) 4 4 %hA FYIy uym1y o]

Dyl™ = lhvm—le(Ym) + ihvm—QBf(Y[?}) +o ihj_af(y["ﬂ) + V™ Dyl
m m m

This is expressed as a single general linear methods as follows

14 0 0 0 UD
LUB L4 0 0 UvD
LyvB 1UB 0 0 UV2D
M= ' ' ' ' ' (2.11.1)
Lyym-ip  Lyymsp .. 0 0 Uuvm—2D
Lyym=s3p  Llyymip .. 14 0 uvm—2D
ilyym2p Llyym3p ... Llyup 14 |UVv™iD
ip-tym=ip Llp-lym=2p ... Llp-lyp Llp-ip|p-lymp

When comparing explicit methods it can be assumed that they have been represented so that
the number of stages is the same for both methods. The stability regions of the Runge-Kutta
and linear multistep methods plotted in Figure 2.5 have the same number of stages.
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2.12 Examples of general linear methods

In this section several well known examples of general linear methods will be reviewed. The
methods will be represented in general linear form and the main advantages and disadvantages
of the methods will be discussed. The methods already described namely the linear multistep
and Runge-Kutta will only be discussed very briefly.

2.12.1 Linear multistep methods

The general form of a k-step linear multistep method is

k k
Z iYn—i = h Z ﬁif(yn—i)v
=0 i=0

where the coefficients o and § are chosen to maximise the order of the method. There are two
main types of linear multistep methods, those suitable for non-stiff problems and those suitable
for stiff problems. These are respectively known as the Adams methods and the backward
differentiation formulae methods. Even though the Adams methods have an implicit option this
is generally only used in the predict evaluate correct (evaluate) situation as the implicit methods
have very small stability regions.

Adams methods

The first type of linear multistep methods derived are now known as the Adams methods.
These are generally broken down into two types explicit (89 = 0), commonly known as Adams-
Bashforth methods, and implicit (5y # 0), commonly known as Adams-Moulton methods. They
are generally represented as

k
Yn = Yn—1+ hZBif(yn—i)a

=0
or in general linear form as follows
v ] [ A B B B B | [ )
Yn Bo|l Bi B2 -+ Br—1 Bk Yn—1

hf(Y1) 0 0 0 0 0 hf(Yn-1)
W) | =] 00 1 0 0 0 || nfyns)
B (yn-s) 00 1 0 0 || hfys)

L hf(ynfkfl) 1 L 010 0 0 - 1 0 1L hf(ynfk) |

Most variable step, variable order codes using explicit methods are based on the Adams methods.
However generally these methods are implemented in a predict evaluate correct (PEC) or predict
evaluate correct evaluate (PECE) scheme. Both of these methods are based on an Adams-
Bashforth predictor and an Adams-Moulton corrector,

k
y;kz =Yn—-1+ hz Bi f (Yn—i),

i=1
k
Yn=Yn-1+hBof (W) + 0> Bif (Yn—s),
=1
where * represents the Adams-Bashforth predictor.
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The PEC method is represented in general linear form as follows

Y1
Yn
hf(yn)
hf(Yn-1)
hf(yn—2)

hf(ynfkfl) |

01 61 5 Br_1 Bi hf(Y1)
Bo|l B [ Br—1 Bk Yn—1
1o 0o o 0 0 hf (Y1)
—lolo 1 o 0 0 hf (Yn_o)
0lo 0 1 0 0 || hf(yns)
0o 0 0 10| | Af(gas) |

Alternatively the PECE method in general linear form is represented as

T v 0 ol1 gt @& Bioy B[ rFY)
Yy Bo 0|1 B Do Be—1 B hf(Yz2)
Yn Bo 0|1 B1 Bo Br—1 Bk Yn—1
hf(yn) 0O 10 0 O 0 0 hf(Yn-1)
hf(ya—1) |~ | 0 0[]0 1 0 0 || hf(yns)
hf(yn—2) 0 0j0 0 1 0 0 hf(yn—3)
| hf(Yp—k-1) ] L O 0[O0 0 0 10 ] [ hf(yn—r)

Generally the methods are implemented in Nordsieck form as this makes it considerably more
convenient to change the stepsize and order. One of the main disadvantages of these methods
is that the stability regions are relatively small.

Backward Differentiation Formulae methods

Backward Differentiation Formulae methods, or commonly known as BDF methods were orig-
inally developed by Curtiss and Hursfielder [58]. These methods were introduced to overcome
the difficulty in solving stiff problems with Adams methods due to their lack of stability. The
updated approximation to the solution is computed as follows

k
Yn = Z QilYn—i + hﬁof(yn),
i=1

which is represented in general linear form, as

v ] [ G| ar ar a3 ar1 o | [ hrm) ]
Yn Bo |1 az as ap—1 Qg Yn—1
U1 ol1 0 o 0 0 Yo
o | =] 0l0 1 o0 0 0 Yna
s 0lo0 o0 1 0 0 s

ok | L O]O 0 0 10 || yes |
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When implemented these methods are generally reinterpreted in Nordsieck form to overcome
the difficulty of variable stepsize. The BDF methods are only A-stable for orders one and two
but the stability regions are considered by many as satisfactory for orders up to five. Therefore,
all variable step, variable order implementations of BDF methods use only order one through to
five. These implementations are satisfactory if the eigenvalues of the problem do not have large
imaginary components.

2.12.2 Runge-Kutta methods

Runge-Kutta methods are one of the major types of general linear methods. An s stage Runge-
Kutta method has the form

S
}/Z:yn_l—i_za@]f(}/])’ i:1727"'7s7
=0

Yn =Yn—1+ Z bzf()/;)
=0

This is expressed in general linear form as

B [ an aiz v Q11 as |1 ][ hf(¥1) |
Ys an azy - (21 azs |1 hf(Ys)
Y1 As—11 Qs—12 “** QGs—1s—1 Qs—1s | 1 hf(Ys—1)
YS as1 ags2 cee Asgs—1 Ass 1 hf(}/;)
| Yn ] | b by - bsq bs |1 || Yn—1 |

Runge-Kutta methods have excellent stability properties for both explicit and implicit methods.
However this comes at the cost of a large number of function evaluations. This is further
increased if continuous solutions are required. Changing stepsize and order is convenient and
practical since only one quantity is passed from step to step. However estimating the high order
error used to change order is difficult.

Much of the theoretical basis of general linear methods is based on that of Runge-Kutta methods.
For example, using the mappings from trees to real numbers to compute the order conditions
for a method. The generating functions for the Runge-Kutta methods are given by

£(t) = el(t) + AL(1),
aft) = 1(t) + bTE(t).

So for a method to be of order p, a(t) = E(t) for all trees of order less than or equal to p.

2.12.3 Generalised multistep, hybrid and modified multistep methods

Generalised multistep, hybrid and modified multistep methods are the names given by Gragg
and Stetter [73], Gear [68] and Butcher [18] to describe methods which include an additional
off-step point to a predictor-corrector pair. These methods were discovered simultaneously and
independently by the three parties. The off-step point allows the famous Dahlquist barrier to
be broken, allowing an order of 2k + 1. Using off-step points is of course a familiar feature of
the Runge-Kutta methods and thus the reason for the name hybrid methods.
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Modifying the formula for a multistep method to include information about the derivative part
way through the step, gives

Yn = A1Yn—1+ 1 Yn—1+ -+ 1yn—1 +h(Bfn—o + Bofn + Bifn-1+ Bofn—2+ -+ Brfuk)

where 0, which is not an integer, is typically chosen so that 0 < 6 < 1. In a similar way to linear
multistep methods, it is first necessary to estimate y,,_g and y,,. Note that y,, could be computed
using an iterative technique, however the general approach adopts the use of a predictor, making
the overall method explicit. The off-step approximation is predicted first. This information is
then used to predict y,,. The predictor formulae take the following form

ﬂn—@ =a1Yn—1+ @2Yn—2+ -+ QpYn—k + h(blfnfl + b2fn72 +---+ bkfn—k),
f/y\n = Alynfl + A2yn72 + -+ Akyn—k + h(Bfn—G + Blfnfl + B2fn72 + -+ kan—k)

That is, the predicted values y, and f,_g are denoted by 7, and fn,g. The method coefficients
al,Q9,...,a,03,080,...,0: can be chosen so that y, can have order 2k 4+ 1. In the same way
the coefficients aq,aso,...,ar,b1,bs,...,b; can be chosen so that y,_¢ has order 2k — 1 and
Ay, As, ..., Ag, B1,Bs, ..., By can be chosen so that ¥, has order 2k. However it is generally
regarded as more approprlate to choose the coefficients so that the errors of the predictors are
in a ratio so that the leading term of the error in 3 fn o+ Bo fn vanishes.

The hybrid methods can be represented in general linear form as follows

[ Yo | (0 0 O0|ar ay -+ ar by by -+ by | [ hfns ]
Un B 0|A Ay -+ Ay By By --- DBy hfn
Yn B Bo O0lar as -+ ar B P2 - P hfn
Yn B Bo O0lar ay -+ ar B P2 - P Yn—1
Yn—1 0O 0 01 o --- 0 0 o --- 0 Yn—2
I 0 0 0|0 0 0 0 0 0 Yok
fn O 0 110 o .- 0 0 o .- 0 frn1
Jn—1 o 00/O O -~ 0 1 0 -~ 0 fro
okl LO 0 0[O0 0 - 0 0 0 - 0 || fou |

Since the original three papers on hybrid methods at least five related papers have appeared.
Butcher in [20] investigated methods with two and three off-step points. It was shown that these
methods could obtain order 2k + 2 and 2k + 3 respectively. The methods were constructed with
a predictor for each off-step point and at y,,, along with a corrector at y,. These methods were
elegantly derived using techniques from complex analysis. Kohfeld and Thomson [92] developed
accurate predictors so that the highly accurate correctors of Gragg and Stetter [73] are not lost.
Along with Brush [10] they developed generalised multistep methods with two off-step points.
In [93] Kohfeld and Thomson followed Nordsieck [37] and Gragg and Stetter [73] to construct
generalised multistep methods in Nordsieck form. Beaudet [5] considered methods where all
derivative evaluations were performed at locations off the grid points of final solution values.
The most recent paper by Butcher and O’Sullivan [48] derived methods of order five directly in
Nordsieck form using using techniques from complex analysis. These methods were comparable
to the methods of Dormand and Prince [63]. The main disadvantage of these methods is that it
is difficult to control the size of the stability region.
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2.12.4 Mono-implicit Runge-Kutta methods

The mono-implicit Runge-Kutta methods first discovered by Cash [53] are a special class of
Runge-Kutta methods. For further details of these methods see for example the papers by Cash
and Singal [54], van Bockhoven [118] and Gupta [75] and references within.

Given a Runge-Kutta method
c|l A
ol
if there exists a vector w such that A = A — wb? is strictly lower triangular then the method
can be written as

VI = ey, 1+ h(A+wb?) f (V)
= eyn_1 + whd’ (Y1) 4 nAf (V)
= eYn1+ w(Yn — Yn-1) + hAF (YY),

So a mono-implicit Runge-Kutta method is given by

Y[n] = (6 - w)ynfl + wyn + hAf(Y[n}),
Yn = Yn1 + hbT f (YT,

which is conveniently represented in the following tableau

clw| A
bl

Compare the Taylor series expansions of the stages Y[ with y(exn—1 + ch) and it follows that

a method has stage order ¢ if
i i—1

C w C

— ==+ A—,

il ol (1 —1)!
for i = 1,2,...,q. It can easily be shown that the maximum stage order of a mono-implicit
Runge-Kutta method is three. The generating functions for these methods are given by

§(t) = (e —w)L(t) + wEL(t) + ALD1 (1),
at) =1(t) + bTED (1).
To obtain order p, a(t) = E(t) for all trees less than or equal to order p. To overcome the

condition on the stage order without breaking the one implicit unknown feature of these methods,
a more general form is required. This is given by

VI = (e — w)yp—1 + wy, + uhyl,_| + vhyl, + hAf(YM),
Yn =Yn—1+ hbe(Y[n})

To obtain stage order ¢ it is necessary to satisfy

c=w+u-+v+ Ae,
i) w ,Ui—l i—1
7!

c
il

(SR

fori=2,3,...,q.
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The generating functions of these methods are

£(t)
a(t)

Again to obtain order p, a(t) = E(t) for all trees less than or equal to order p. The mono-
implicit Runge-Kutta methods are especially popular for the solution of two-point boundary
value problems, based on deferred correction. Important contributions to mono-implicit Runge-
Kutta methods for boundary value problems have been made by Enright and Muir [100], where
they examined how these methods fit into the general class of implicit Runge-Kutta methods.

(e —w)1(t) + wEL(t) + uD(t) + vED1(t) + AED1(t),
1(t) + bTeDy (1)

2.12.5 Almost Runge-Kutta methods

Almost Runge-Kutta methods are a special class of general linear methods which are very similar
to the Runge-Kutta methods. The almost Runge-Kutta methods developed by Butcher in [30]
and [31] only pass three quantities from step to step. These are approximations to y(z ), hy/(zy)
and h%y"(x,). The stability regions are identical to those of the Runge-Kutta methods. This
means that Runge-Kutta stability defined in Definition 2.20 holds. The main advantage these
methods have is that the order of the stages is increased from one for the Runge-Kutta methods
to two for the Almost Runge-Kutta methods. This is achieved by increasing the number of
quantities passed from step to step. The approximation to h2y” (z,,) is only of order two and the
error caused by this approximation must be eliminated. This results in three types of conditions:

e Order conditions.
e Annihilation conditions.

o Runge-Kutta stability conditions.

The main advantage of the increase in stage order is that error estimates and continuous solutions
can be more easily achieved. An almost Runge-Kutta method takes the form

y'nl A ‘ e c— Ae %02 — Ac hf(Y["])

Yn _ ol |1 bo 0 Yn—1

hy,, B el |0 0 0 hyl,_4 ’
Yn g0 B 0 Yn-1

where A is a strictly lower triangular s x s matrix, such that e’ A = 7. This means the last
row of A is the same as b” which implies that ¢, — b7 e = by and %cg —bT¢ = 0. The form of the
U matrix follows directly by comparing the Taylor series expansions of y(ex,_1 + ch) with the
internal stages of the method. Note that the last column of V has all zero elements, this is to
ensure that the low order approximation to h%y”(x,) does not affect the approximate solution.

The generating functions for the almost Runge-Kutta methods are given by

() =1(t) + (c — Ae) Dy (t) + <%02 - Ac)n(t) + AEDq (1),
ot) = 1(1) + boDr (1) + 57ED (1),
En(t) = BoD1(t) + 87ED1 (1)
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For these methods it is assumed that the C'(2) and D(1) conditions hold. To obtain a method of
say order five, a(t) = E(t), for all trees up to and including order five and En(t) = D4(t) for all
trees up to and including order two. These result in the order and the annihilating conditions.
Since there are only three approximations passed from step to step M (z) is a 3 x 3 matrix. The
stability conditions are found by forcing the tr(M(z)) = exp(z) + O(zPT1).

A special fourth order method with zero error coefficients was derived by Butcher and Moir
in [47]. This method is very interesting in that it exhibits fifth order behaviour in a constant
stepsize implementation but fourth order in a variable stepsize implementation. The order can
be enhanced to fifth order in the variable stepsize case if the method is implemented carefully.
Extending Almost Runge-Kutta methods so that they are suitable for the solution of stiff prob-
lems is difficult. This is because unless A is fully implicit the method will have only low stage
order and thus suffer from the order reduction phenomenon. Almost Runge-Kutta methods with
more than three quantities passed from step to step have been derived by Chan [55]. These were
derived so as to increase the stage order. The difficulty with these methods is that it becomes
more and more difficult to force the method to have Runge-Kutta stability.

2.12.6 Two step Runge-Kutta methods

Another extension of Runge-Kutta methods which has become popular recently is the two-step
Runge-Kutta methods. These methods were introduced by Renaut [106], Jackiewicz, Renaut
and Feldstein [85] and Jackiewicz, Renaut and Zennaro [86]. These methods were generalised
by Jackiewicz and Tracogna [87] and are given by

vl = p(Af (YD) £ BF(YT)) + uyn_s + (e — w)yn_1,
Yn = h(va(Y["}) + wa(Y["})) + 0yp—2+ (1 — 0)yp_1.
The method is conveniently represented as follows

u| A| B

0| o7 | wl
The matrix B determines the implementation costs of the method. Following the idea used
for diagonally implicit multistage integration methods [28] there are four subclasses. They are
sequential for non-stiff problems (B is strictly lower triangular), sequential for stiff problems (B
is lower triangular), parallel for non-stiff problems (B = 0) and parallel for stiff problems (B is
diagonal). The advantage of these methods over Runge-Kutta methods is that the extra stages
make it possible to increase the stage order so that it is close to the overall order.

The two-step Runge-Kutta methods are represented as general linear methods as follows

ynl Ble—u u A hf(Y["])
Yn B wl|1-60 6 o7 Yn—1
Yoot | | O 1 0 0 Yn—2
hf(y) Il 0 0 0 hf (Y1)

Due to the intrinsic nature of these methods it is difficult to change the stepsize. Jackiewicz and
Tracogna [88] developed methods on non-uniform meshes, however this requires the coefficients
to be computed every time the stepsize is changed. Tracogna [113] represented the two-step
Runge-Kutta methods in Nordsieck form and provided them with local error estimates and
interpolants. These features require no extra stages to be evaluated because of the high stage
order of these methods.
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The order conditions for these methods were originally derived by Jackiewicz and Tracogna
[87] adopting the approach of Albrecht [2] to these new methods. Hairer and Wanner [79]
and Butcher and Tracogna [49] constructed the order conditions using B-series. The resulting
generating functions are given by

) =uE"(t) + (e —u)1(t) + AETLED () + BED: (1),
at) =0E7 (t) + (1 — 0)1(t) + vT E7XED; (t) + wT €Dy (t).

So to obtain order p, a(t) = E(t), for all trees of order less than or equal to p. Some of the
disadvantages of two-step Runge-Kutta methods are they become difficult to derive for high
orders. Also these methods do not have Runge-Kutta stability or a two-step equivalent which
makes finding methods with large stability regions difficult.

2.12.7 Diagonally implicit multistage integration methods

Diagonally Implicit Multistage Integration Methods (DIMSIMs) were introduced by Butcher
[28], in 1993. The leading coefficient matrix, A, in these methods can have four different struc-
tures known as “types”, depending on whether the intended application is non-stiff or stiff and
on whether the computer architecture is sequential or parallel. The four types are shown in
Figure 2.6.

Type Form of A Problem | Computer
[0 0 0]
asg; 0 -+ 0
1 ] . ) Non-stiff | Sequential
| sl G52 0 i
A0 0 |
asgy A - 0
2 ] . ) Stiff Sequential
| As1  As2 A |
0 0 0|
0 0 --- 0
3 ) o ] Non-stiff | Parallel
| 0 0 0 |
[ 0 --- 0]
0O A .-
4 ) o ] Stiff Parallel
| 0 0 A

Figure 2.6: Structure of the A matrix for DIMSIMs.
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The DIMSIMs can be described by the following conditions:

e The A matrix should be lower triangular, with constant diagonals.

e The quantities approximated by the incoming and outgoing data should be related to the
exact solution by a weighted Taylor series.

e The V matrix is of rank one, which guarantees zero stability.

e The order of the stages should be close, if not identical, to the overall order of the method.

Including the requirement, that the stage values have a specific order, allows a considerable
simplification of the order conditions as was seen in Section 2.10. The key idea in representing
these methods is to express the incoming quantities as the weighted Taylor series

yz[nil] = aioY(Tn_1) + Oéilhyl(xnfl) + -+ Oéiphpy(p)(xnfl) + O(hp+1)’ i=12...,m

with the corresponding outgoing approximations given by
_ bt . P, (P) O(hPt! i —1.92
Y, O‘zoy(xn) + a1 Y (xn) + + Aip™Y (xn) + ( )7 1 gy, T

It is generally believed that methods where the number of stages and output approximations
are equivalent to the order and stage order are the most likely of the DIMSIM family to be of
practical use. Most effort in this area has been concentrated in developing these methods, see
Butcher [29], Wright [116], Butcher and Jackiewicz [44] and Butcher, Jackiewicz and Mittelmann
[46]. DIMSIMs of the foom s+1=r=¢q,p=qorq+1,s=r+1=¢q,p=qor ¢+ 1 and
s =r =q=p-—1, have also been studied by Butcher and Jackiewicz in [42] and [43]. The large
motivation for this first choice was because with the use of the following theorem, there were
exactly the same number of free parameters as there were equations required to ensure that the
stability region of the method was identical to that of a Runge-Kutta method.

Theorem 2.23 A DIMSIM with s = r and where Ve = e, has order and stage order p=q =T,
if and only if
B=By— AB;1 —VBy+ VA,

where the (i,j) elements of By, By and Bs are given respectively by

Jo " 6 (w)dz
oilei)
and for j =1,2,...,p, ¢; is given by

¢j(x) = [ (@ — ).
k]

_ ¢l +aci)
5(cs)

OCi P; (z)dx

By =
° 3i(cj)

By ) By =

The resulting methods given in [29], [116], [44] and [46] were based on the premise that the
abscissae should be equally spaced in the interval [0, 1], including the boundary points. It was
shown by Butcher, Chartier and Jackiewicz in [37] how to transform DIMSIMs into a Nordsieck
formulation suitable for variable stepsize. Using the methods described above variable stepsize,
variable order codes were developed in [38] and [115] which showed that these methods perform
well against well known traditional solvers.



CHAPTER 3
Practical general linear methods

There are several reasons why general linear methods are not more widespread. Constructing
families of methods rather than isolated examples has proved very difficult. Also once methods
are constructed problems in the implementation often occur. To overcome these problems it is
necessary to impose certain simplifying assumptions on the methods.

3.1 Framework

The order conditions of general linear methods are very complicated. To have any chance of
finding practical methods certain simplifying assumptions must be made. There are two main
simplifying assumptions which will be required. These follow from discussions in the previous
chapter.

The first simplifying assumption is that the stage values are required to have a specific order q.
There are two main choices for g, they are p and p— 1 where p is the order of the method. Other
choices are not suitable for stiff problems as order reduction occurs. While stage order ¢ = p—1
allows more freedom in the design of practical methods, there are several reasons why ¢ = p is
preferred. For example simple error estimators and interpolators become readily available. It
also makes finding good estimates, used to decide whether to increase the order, easier. These
will be further discussed in Chapter 4. Therefore, the stage values satisfy

}/’Z[n} :y(mn—1+cih)+0(hp+1)7 ’i:172’...7s.

The second assumption is based upon requiring the quantities passed from step to step to
have a simple form. One of the problems which can occur in the implementation of general
linear methods is changing the stepsize. To overcome this difficulty in linear multistep methods
Nordsieck vectors were proposed by Nordsieck [102] for the use with Adams methods. Later
their use was promoted and used with advantage in the code DIFSUB by Gear [70]. Nordsieck
vectors have a similar role for general linear methods. If there are p+ 1 independent components
of y[ then this choice does not lose any generality since a simple change of basis could be found
to bring the method into this form. The quantities passed from step to step have the special
form

g = iy (@) O, i=1,2,...,p+ L

Usually when methods are represented in Nordsieck form a scale factor 1/(: — 1)! is included.
This factor has been removed because it makes some of the expressions slightly simpler. These
can be restored before implementation of the methods if this is preferred.
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3.2 Order conditions

From now on it will be assumed that ¢ = p and » = p+1, these choices allow much simplification
in the order conditions. However, before finding the order conditions it is necessary to introduce
some notation. Define the shifting matrices

000 -- 000 010 -- 000
0 0 0
010 0 00 0 00 0 00
J = ) K = : ,
0 0 10
0 00 0 0 0 00 0 01
i 010 000 - 00 0]

which can some times be more conveniently expressed as
J:[eg €3 €4 --- €p+1 0], KZ[O €1 ey - ep_1 ep].

These matrices are used to shift rows and columns of a particular matrix. Given a matrix R,
RJ consists of the last p columns of R with an augmented column of zeros and JR consists of a
row of zeros followed by the first p rows of R. Also, RK consists of a column of zeros augmented
with the first p columns of R and K R consists of the last p rows of R followed by a row of zeros.

For convenience, write “=" to denote the equivalence relation between matrices such that two
matrices are equivalent if and only if they “are the identical except for their first rows”. If
Fe; = Aey then D = E implies FD = FE. Moreover, for any G, D = F implies DG = EG.
Two useful properties of the shifting matrices are

Z =22, (3.2.1)
KZ =27 +0(zP1),

where z is a complex parameter and Z is a basis vector given by
Z=11 2z 22 .. 2| (3.2.3)

It is clear what exp(S) means when S is a scalar or a matrix. In the case when S is a vector it
is convenient to mean that the exponential function is applied componentwise, that is to say

exp(Sh)
exp(S2)
exp(S) = | exp(Ss3)

| exp(Sn) |
Satisfying the required order for the stages and output approximations, with respect to the
incoming approximations, the order conditions can be represented by considering a step from
Zp—1 to x,. The following result is equivalent to the one first given by Burrage using mappings
from trees to real numbers in [15] and by Butcher [28] who used a complex variable.
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Theorem 3.1 A general linear method in Nordsieck form has order and stage order p if and
only if
exp(cz) = zAexp(cz) + UZ + O(zPT),
exp(2)Z = zBexp(cz) + VZ + O(2PT1),
where the exp function is applied componentwise to a vector.
Proof: The stage values Y[, the output approximations y[”] and the scaled first derivatives

hf (Y["}) can be represented in terms of y™~1) using Taylor series expansions about ,,_1. There-
fore,

Y[n} _ Cy[nfl] + O(thrl),
yl'l = Byl 4 o(nrth),
hf (Y = CKy=YU 4+ O(rP Y,

where the Vandermonde matrix C' is given by

2 —1
o=[ec § - i 8]
and the Toeplitz matrix F is given by
T4 1 1 1 17
1 2 -2 -
1 X 1 1 1
1 (=3)! (-2)! (-1
0 1 1 1 1
(=9 (-3)! (-2
E=1|: : : : : = exp(K). (3.2.6)
00 0 & %
0 0 1 &
i 0 0 ]

Substituting the above expressions into the method (2.1.1) it follows that
Cy[n—l] _ ACKy[n—l] + Uy[n—l} + O(hp—l—l)7
Ey[n—l} _ BCKy[n—l] + Vy[n—l} + O(hp+1).
By making the substitution h*y®)(z,_;) equals z*, the stage order and order conditions are
now
CZ=ACKZ+UZ+O(z'), (3.2.7)
EZ=BCKZ+VZ+O0(zPth). (3.2.8)
This substitution is made only as a means of simplification, that is it is more convenient to
consider zF than h*y®*)(z,_,). Using the relation (3.2.2), the stage order and order conditions
now become
CZ=2ACZ +UZ + O(zF1),
EZ =2BCZ +VZ 4+ O(zF1h).

The result now follows by substituting

EZ =exp(2)Z + Oz,
CZ = exp(cz) + O(PT),

into the above stage order and order conditions. O
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A direct consequence of this proof is that the matrices U and V are completely defined by A

and B respectively, and the abscissae vector c. To see this, equate coefficients of 20, 21, ..., 2P,
n (3.2.7) and (3.2.8) which leads to
U=C- ACK, (3.2.9)
V=F - BCK. (3.2.10)

Therefore, if a method has stage order and order p then the stage order and order conditions
are satisfied by requiring the U and V matrices to have the above form. This means the A and
B matrices are then available for satisfying any special properties which the method is required
to have.

The conditions which guarantee a method has stage order and order p using the Taylor series
expansions are (3.2.9) and (3.2.10) respectively. The conditions which guarantee a method has
stage order and order p using mappings from trees to real numbers are (2.10.3) and (2.10.4)
respectively. Comparing these alternative approaches it can be seen that they yield identical
conditions. From now on it is always possible to consider the stage order and order conditions
given in Theorem 3.1.

An interesting consequence of the method having stage order equal to the order, is the principal
eigenvalue and the corresponding eigenvector of the stability matrix M (z) have special forms.

Lemma 3.2 Given a general linear method in Nordsieck form with p = q, then the stability
matriz M(z) has an eigenvalue exp(z) + O(2PH) and corresponding eigenvector Z + O(zPT1).

Proof: Rearrange (3.2.4) as follows
exp(cz) = (I — zA) U Z + O(PT™).
Now substituting this into (3.2.5) gives
exp(2)Z = (V +2zB(I — zA)'U) Z + O(z1),
therefore,
exp(:)Z = M(2)Z + 7*1g(2),

for some vector valued polynomial ¢(z). Let the “principal” eigenvalue of M(z) (that is, the
one which tends to 1 as z — 0) be A(z) and let the corresponding eigenvector (scaled so that
the first component is 1) be v(z).

Suppose that exp(z) = A(z) + 0(z)z"™, where 6(0) # 0. Suppose also that Z = v(z) + 1(z)z"
where (0) is a non-zero vector. Note that the first component of ¢(0) is zero. It will be shown
that m,n > p + 1 by proving that (i) if m < p + 1 then n < m and (ii) it is impossible that
n < m and that n < p+ 1.

To prove (i),

2" (M(z) — exp(2)I)ip(z) — 2™0(z)v(z)
= (M(2) —exp(2)I)(Z — v(z)) + (A(2) — exp(2))v(2)
= (M(z2) —exp(2))Z — (M(z) — A(2)I)v(2)
= —2PTLp(2). (3.2.11)

Compare the coefficients of 2z in the first components and the result follows.
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To prove (ii), divide both sides of (3.2.11) by z™ and set z = 0. Now
(V. =D90) =0, (V= 1)y(0) = 6(0)v(0),

depending on whether m > n or m = n. Pick out the last p components of this result and note
that, because v(0) = e, the conclusion in each case is that

(V = 1)(0) =0,
where V denotes the p x p matrix formed by deleting the first row and column of V; also 1/1(0)

denotes the last p elements of 1(0). Because V — I is non-singular, this implies that ¢(0) =0.
However, this is impossible because 1(0) # 0 and the first component of 1 is zero. U

Before attempting to find practical general linear methods, a further two assumptions are re-
quired. The simplifying assumptions described at the beginning of this chapter are almost
essential requirements for locating practical general linear methods. The following requirements
are by no means essential, however it is believed that finding practical methods is made easier
with these requirements.

It is required that the general linear methods have Runge-Kutta stability, see Definition 2.20.
It could be argued that this requirement is very restrictive. Since there is a tremendous amount
of freedom available in the methods with stage order and order equal to p, that is all of the
A and B matrices, attempting to obtain Runge-Kutta stability is not an unrealistic aim. Also
locating explicit methods with relatively large stability regions is an extremely complicated task.
Finding implicit methods is not as difficult as A-stability or L-stability is as much as could be
hoped for. That is, it is much easier to obtain conditions which guarantee a method is L-stable
than it is to obtain conditions which guarantee the explicit method has a large region of absolute
stability. At this stage it may be possible to find low order explicit methods with minimised
error coefficients and relatively large stability regions but as the order increases this becomes
only possible with sophisticated numerical searches. Only isolated examples could be found in
this way, rather than a class of methods.

A result of requiring explicit general linear methods to have Runge-Kutta stability is the number
of stages must be at least p. This is a direct consequence of the form of the stability function
(2.7.1), since for explicit methods po(z) = 1 and p1(z) = R(z) + O(zP™1). The obvious choice to
consider first is when s = p. The first general linear methods derived with Runge-Kutta stability
and s = p were the DIMSIMs. These methods were introduced by Butcher in [28]. They were
represented in such a way that there was the same number of free parameters as there was
equations. This enabled explicit and implicit methods of order two and three to be constructed
analytically using Maple or Mathematica. The abscissae vector ¢ which can be freely chosen
was evenly spaced within the interval [0, 1]. It is possible for Maple or Mathematica to represent
the equations which need to be solved in the order four case, however these cannot be solved
analytically. In [116] these equations were solved numerically by using sufficiently accurate initial
approximations to the unknowns. For orders greater than four it is impossible for even Maple or
Mathematica to express these equations let alone solve them. This led Butcher and Jackiewicz
[44] and then Butcher, Jackiewicz and Mittelmann [46] for ways of finding explicit and implicit
methods for orders up to eight using very sophisticated numerical searches. In [37] Butcher,
Chartier and Jackiewicz showed a more satisfactory approach to varying the stepsize than the
previous approach used in [43]. The idea was to recast the methods so that the incoming and
outgoing data approximated Nordsieck vectors at the appropriate grid point. This approach
requires an extra approximation to be artificially created so that there are p + 1 incoming and
outgoing approximations. The methods in Nordsieck form were then used in a variable stepsize,
variable order implementation in [38] and [115]. The results were shown to be comparable to
some well known implementations.
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When s > p and certain assumptions about the method are made the nonlinear equations can
be solved using only linear operations. This makes it possible to find methods with: minimised
higher order error coefficients; coefficients with small magnitudes; certain properties for certain
problems. In this thesis methods will be restricted to the case when s = p + 1. Methods with
s = p + 1 provide sufficient freedom to obtain good methods with many advantages over the
traditional methods. The relative advantages of methods with s > p 4+ 1 will investigated in
future work.

3.3 Inherent Runge-Kutta stability

The above assumptions on the method restrict the interest to general linear methods with
Runge-Kutta stability. It is a complicated task to determine the conditions on the method in
order to ensure Runge-Kutta stability in its most general sense. However, it is possible to find
interrelations between the matrices which ensure the method has Runge-Kutta stability. This
leads to a condition known as inherent Runge-Kutta stability (IRKS) which is sufficient but not
necessary to ensure the general linear method has Runge-Kutta stability. The IRKS methods
derived in this section builds on the work from the papers [32], [50] and [117] and are similar
in nature but in more generality to the methods derived in [51]. The following definition will
formalise this.

Definition 3.3 A general linear method satisfying Ve, = e1 has inherent Runge-Kutta stability
if
BA=XB, (3.3.1)
BU=XV -VX, (3.3.2)

for some matriz X and
det(wl — V) = wP(w — 1).

The principal consequence of a method having IRKS is given in the following theorem.

Theorem 3.4 If a method has IRKS then its stability matriz has the form
o (V4 2B(I - zA)"'U) = {R(2),0}.

Proof: The stability relation (3.3.1) can be written as
B(I —zA)=(I—-2X)B,
B=(I—-2X)B(I —zA)"", (3.3.3)
Rather than considering the characteristic equation of M(z) directly, consider a matrix related
to M (z) by similarity. Using (3.3.2) and (3.3.3) it follows that
(I —2X)M(2)(I —2X)' =(V —2XV 4+ 2(I — 2X)B(I — 2A)7'U)(I — 2X)~!
=(V —2XV +2BU)(I — 2X)~!
=(V —2(BU +VX)+2BU)(I — 2X)~*
=V. (3.3.4)
Since (I —2X)M(z)(I —2X)~! is identical to V except for the first row, M(z) inherits from V'

the property of having a single non-zero eigenvalue. Zero-stability means that M (0) = V. Since
for a Runge-Kutta method R(0) = 1 this implies that det(wl — V) = wP(w — 1). O

The previous proof makes no reference to the form of the matrix X. The following theorem
shows that X does have an important structure.
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Theorem 3.5 Given a general linear method in Nordsieck form with ¢ = p, then the most
general matriz X satisfying

BA=XB,
BU =XV - VX,

is of doubly companion form

- —ay —ag o —Qpo1 —ap  —Qpi1 — Gpt
1 0 0o - 0 0 —Bp
0 1 0o - 0 0 —Bp—1
X = : E : : : : : (3.3.5)
0 0 -3
0 0 o - 1 0 —[
0 0 o - 0 1 -1 |

Proof: Multiply (3.2.4) by 2B and (3.2.5) by I — 2X and add, then

exp(2)(I — 2X)Z = 2*(BA — XB) exp(cz) + 2(BU — XV)Z +VZ + O(zF™)
= 2%(BA — XB)exp(cz) + 2(BU — XV +VX)Z + V(I — 2X)Z + O(zP™1)
=V (I - 2X)Z + O(zPT).

It follows that
(exp(2)] = V)(I — 2X)Z = O(zFT1).

The matrix exp(z)I — V' is invertible except when z = 0. When z = 0 the matrix formed by
removing the first row and column of I — V' is non singular. So the above equation can be
reduced to

(I —2X)Z = O(zP1).

From the relation (3.2.1) it follows that
(J —X)Z = 0(2P),

therefore J — X is zero except in the first row and last column. O

To initially realize this note that if X defined by (3.3.5) and Z defined by (3.2.3) then the doubly
companion matrix is the most general matrix satisfying

X7 =7+ 0. (3.3.6)

When a step of the method is performed the stage derivatives are calculated and then used to
compute an update of the Nordsieck vector. Similarly substituting (3.2.4) into (3.2.5) and then
making use of (3.3.6), it follows that
exp(2)Z = 22 BAexp(cz) 4+ (2BU + V) Z + O(zP1)
= 22BAexp(cz) + 2(BU + VX)Z + O(zP11), (3.3.7)

where Ve; = e;. Now multiplying (3.2.5) on the left by zX, and using equation (3.3.6) then

22X Bexp(cz) + 2XVZ = zexp(2) X Z + O(2PT1),
= exp(2)Z + O(2PT). (3.3.8)
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Comparing (3.3.7) and (3.3.8) yields

BA=XB,
BU=XV - VX.

Doubly companion matrices were first introduced in the study of Effective order Singly Implicit
Runge-Kutta (ESIRK) methods [36]. In the following section several useful properties of doubly
companion matrices will be given.

3.4 Doubly companion matrices

In this section a review of the properties of the doubly companion matrices X given by

- —ay —ag o —po1 —0p  —0py1 — Bp
1 0 o - 0 0 —Bp
0 1 o .- 0 0 —Bp—1
X = : : : : : : ;
0 0 o - 0 0 —[3
1 0 — 2
i 0 1 -0 |

is included along with several extensions useful for a canonical representation of methods with
IRKS.

Consider the set II of polynomials of degree p 4+ 1 which map 0 to 1. For example

a(w) =1+ ayw + agw? + -+ + apwfth (3.4.1)
Bw) =1+ Biw + Bow® + -+ + Bprw? .

The set II becomes a group if

e 1 is defined to be the identity in II.
e v = af is defined to be the composition in II so that v(w) = a(w)B(w) + O(wP*2).

e a~!is defined to be the inverse in II so that a~!(w)a(w) = 1 + O(wP*+?).

This group becomes especially useful when w is replaced by the nilpotent matrix K, and the
polynomials a(w) and B(w) become Toeplitz matrices a(K) and G(K).

Throughout this thesis X («a, 3) will denote the (p 4 1) X (p+ 1) matrix given by (3.3.5), where
the elements in the first row and last column are the coefficients of «, 5 € II given by (3.4.1)
and (3.4.2). When there is no possibility of confusion X will be written in place of X («, 3).

First consider the characteristic polynomial of X given by (3.3.5). In the special cases 1 =
Po=-=Ppr1=00r oy =g = --- = ap41 = 0, the characteristic polynomial is given by

det (wI - X(ay 1)) =wPt + P + w4+ Qpii,
det (wI — X(1,58)) = wP™! + B + fowP ™ -+ By,

respectively.
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To find the characteristic polynomial in the more general case, let x be an eigenvalue of X and
T

represent the corresponding column eigenvector ¢(z) and row eigenvector x(x)* as
]T

]

The components of ¢(x) and x(z)” can be found by the recurrence relations

)

¢(x)=[ By(x) Bpalx) - Bilx) 1
X@)"' =01 Ai(@) - Apa(e) Ap()

xBi_1(x) + Bk, k=1,2,...,p,
xAp_1(x) + o, k=1,2,...,p,
where By(z) = Ao(z) = 1. Expanding these recurrence relations gives

k
v)=aF+3 gt k=012, p,

x):xk+2aj:ck_j, k=0,1,2,...,p

Define B,11(x) by extending the equations to hold for p + 1, that is

p+1
Bpi(z) =2t ) giab i,
j=1
p+1 ‘
Apii(x) = 2P Z ajprrl—J‘
j=1
When p = 5, for example, ¢(x) is given by

[ x® + ﬁ1x4 + ﬁ2$3 + ﬁ3$2 + By + Bs
ot + Prad + Boa® + Bsx + Py
z? + Pra? + oz + B3
% + Giz + Pa
x+ B
1

The first component of X¢(z) = z¢p(x) is

- Zak p+1-k(2) — i1 — Bp1 = zBp(z),

since

Bpi1(z) = 2Bp(z) + Bpt1

it follows that
p+1

Byii(z +Zak pr1-k(z) = 0. (3.4.3)

Since z is an eigenvalue of X and (3.4.3) is a polynomial of degree p + 1 which equals zero, then
(3.4.3) is the characteristic polynomial of X.
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As a brief aside, consider equations with both positive and negative degree
Qun(@) = ¢t + qoppaz ™" o g g2’ + o go12™ T g™
Then define Q1 (x) + O(z~!) to be the polynomial
Qnm(z) + O(:c_l) =g’ +qr+ -+ @12+ g™

This is used in the following lemma.

Lemma 3.6 Let P(w) = det(wl — X)) denote the characteristic polynomial of X. Then P(w)
consists of those terms with non-negative degree in the expansion of the product

p+1 p+1 ‘
—(p+1) (Z P k) Zﬁjwpﬂﬁ . (3.4.4)
=0

Proof: The characteristic polynomial (3.4.4) is equivalent to

p+1 p+1 p+1 p+1
w— P+ Z Ptk Z BT | =1+ Z apw Zﬂjwzﬂrl—]
j=0 k=1 7=0

k=0
p+1 p+1

Bya) + Lo S

p+1 p+17k

Bpyi(w +Zak > BT 0w
7=0
pt1
Bpi(w +Zak pr1—k(w) + O(w™),

which is the same polynomial given in (3.4.3). O

The characteristic polynomial (3.4.4) can alternatively be written as
P(w) = det(I — wX) = a(w)B(w) + O(w?*?) = (af)(w).

In applications of doubly companion matrices which are of interest here the values of ay, k =

1,2,...,p+ 1, are determined so that the eigenvalues of X have specified values; this means
a(w) = P(w)B(w) ™t + O(wPT?) = (P71 (w). (3.4.5)
The eigenvalues of X and the G, k =1,2,...,p+1, are free parameters chosen to obtain specific

properties of the method.

In deriving methods with IRKS it is necessary to decompose X. This decomposition is used
to transform methods into a suitable form so that the IRKS conditions can be satisfied using
only linear operations. It is possible to decompose X so that any of the eigenvalues can have
multiplicity greater than one. In order to obtain a consistent decomposition the Jordan canonical
form is not used in this general case. In this thesis however only inherent Runge-Kutta stable
methods where the matrix A has a one point spectrum will be derived. It will be shown that
this is equivalent to the doubly companion matrix having a one point spectrum. In this case
the decomposition reduces to the Jordan canonical form. The more general case when the
eigenvalues of A can be freely chosen will be considered in future work.
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So now consider the situation where all zeros of the characteristic polynomial of X are identical.
Denote the resulting eigenvalue with multiplicity p+ 1 as A. The reason this case is of interest is
that it will directly relate to finding methods where o(A) = {A}. It is well known that methods
of this type are computationally more efficient than the general case when the eigenvalues are
not identical. When the eigenvalues are all identical, generalised eigenvectors are required with
the properties given in the following lemma see also [36].

Lemma 3.7 Given the column eigenvector ¢p(A\) and row eigenvector x(\)T, the doubly com-
panion matriz X has characteristic polynomial

P(w) = (w— X",
if X can be decomposed as follows
X =0(J+ AT, (3.4.6)

where U and U1 are the unit upper triangular matrices

U= 2600 e V) - d0) e |,

(p,ll)g X(p_l) ()‘)T

%X(p)()\)T

Proof: Given that A is an eigenvalue of multiplicity p + 1 then X¢(A) = Ap(A) can be differ-
entiated up to p times. Differentiating k times leads to

Xo® ) = 2P (N + kD), k=1,2,...,p.
Since column p + 1 — k of W satisfies
Uy =%\, k=12...p
it follows that
XUy = AV + Uy, k=1,2,...,p.
Note that the result for ¥~! can be proved in a similar way. O

There are two slight variants of the nilpotent matrix K that will be used in the representation
of the matrix X given by (3.3.5), when X has a one-point spectrum o(X) = {A}. These are

o10 --- 0 0 0 0 p 0 -« 0 0 0
0 0 0 00 p—1 --- 00
oo o0 --- 0 0 0 0 0 0 .- 0 0 0
Kr=|1:1 1 : oo |, K=
0 p—1 0 020
0 0 O 0 0 P 0 0 0 0
i 0 0 O_ _0 0 0 -0 0 0_

The matrices ¥ and U~! can be decomposed into the product of two matrices as shown in the
following corollary.
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Corollary 3.8 The matrices U and U™ can be factorised in the form

U = B(K) exp(AK ™), U = exp(AK T a(K). (3.4.7)
Proof: Consider first the formula for U. Let ¥(z) denote the matrix
v = [ £6P0) etV e d0) 60 |- (3.4.8)

It is shown that U(\) = SB(K)exp(zK ~) by noting that ¥(0) = G(K) and that ®(\) satisfies
the differential equation ¥/(\) = ¥(\)K ~, because

:[ 0 ﬁ(b(p)()\) BN ) ]7
= £690) G hO) - P e | K
= D(N\)EK .

It then follows that ¥ = ¥()\) = B(K)exp(AK ~). The result for ¥~! can be proved in a similar
way. Il

It is sometimes more appropriate to consider U~ as
U = expAK ) 1B(K) L

This avoids the need for the the matrix a(K) leaving everything in terms of only 5(K). The
matrix exp(AK ~)~! has the special structure

exp(AK ") = exp(—AK ).
This can be seen by representing the matrices using Taylor series, that is

exp(AK ") exp(—AK ™) = Z (AIZ_)Z Z (_)\K_)]

|
i=0 j=0 J:
_f: L (—1)INH (K )
i=0 j=0 iyt
p 1 ;
_ (=17
=2 G )

T
o
[en]

j=
For [ > 0,

I A
2

and the result follows. Therefore, ¥ ! can be alternatively expressed as

U = exp(—AK)B(K) L (3.4.9)

To construct the required doubly companion matrix first choose the eigenvalue of X and the
coefficients (B, k = 1,2,...,p. Now the ay, £k = 1,2,...,p + 1 are found from (3.4.5). The
matrices ¥ and U1 are computed using (3.4.7) and (3.4.9). The doubly companion matrix is
then found from (3.4.6). Note that (3,41 has no effect because oy is always chosen to ensure
X has the required eigenvalue. It is without loss of generality that 3,,1 = 0 is assumed.
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The following three results deduce a certain relationship between Toeplitz matrices and doubly
companion matrices. The first result is used to consider the special case of (3.4.6) when A =
0. This result then leads to an alternative decomposition of the doubly companion matrix
X (o, ) when A > 0, where the doubly companion matrix is represented by a certain similarity
transformation of a companion matrix.

Theorem 3.9 Given two polynomials a(w) and B(w), where a(w)B(w) =1 and A =0, then

BK)Jo(K) = X(a, B).

Proof: This is a special case of Lemma 3.7, but an alternative proof is included. First compute
K'JKJ, which is

J, i=7j=0,
N Ki=t —eel i=0,7>0
(] ] 7 Y bl )
KVEE= N i, T i>0j=0
p+2—ipt1> T >0, s

Kiti—1, i,j > 0.

Given that a(w) and (w) are defined by (3.4.1) and (3.4.2) respectively, expanding 3(K)Ja(K)
in powers of K, yields

p p
<I—|— Zﬁ[() TN I+> K

i=1 j=1

p p p p
=T+ BKT+Y oK+ B KK

=1 j=1 i=1 j=1
=J+ Z Bi(K'™ = eproiel ) + Z aj(KI7t —ere] ) + Z Z Bioy K1
=1 i=1 i=1 j=1
ptl p+1 p+1 p+1
S ILLEREE, W EES WUSE M I B LSS
i=1 j=1
p+1
@, B)+ Y K,
k=1
where
p+1
3t = a(w)Bw) + OwP*?) = 1+ O(w?*?)
sothat vy =72 =+ =7, =41 = 0. 0

It is useful to extend this result so that the polynomials a(w) or f(w) could be multiplied by a
further polynomial v(w).

Corollary 3.10 If a(w), B(w) and y(w), are such that afy =1, then

X(ay, B) = X(a, B)v(K),
X(a,v8) = v(K)X(a, B).
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Proof: This following directly from the proof of Theorem 3.9 since oy = afy = 1. U

This result from Theorem 3.9 can be extended so that it is applicable for A > 0 by modifying the
role of a(w). Note that 1 represents the polynomial with constant value 1. Hence, X («,1) or
X(1,3) are companion matrices. In applications of the following lemma, P(w) would be chosen
as (1 — Aw)PT!, so that X(PB~1, 3) has a one point spectrum o(X) = {\}.

Lemma 3.11 Given two polynomials P(w) and B(w), then
BIK)X(P,1)BE) ™ = X(PB~, ).

Proof: For convenience of notation let 5~ = /3, where 3 has coefficients 1, 2, . . ., Bp+1. Using

the relations
3 T 17k T
K'e; =0, €; K® = €jths

it follows by expanding 3(K)X (P,1)3(K)~! in powers of K, that

D _ p+1 D
<I + Z 6[() J— Z Pjerel <I + Z 5kKk>
j=1

i=1 k=1
b4 p+1 p+l p b4 p P
=J+> BJEK" =D Piere] =3 3 Pifrerely+ > BKT+> Y BiBK IK"
k=1 j=1 j=1 k=1 i=1 i=1 k=1
p+1 p+1 p+l p p+1
=J- Z Breref, — Z Pjere] — Z Z PjBrere] ), — Z Biepro—iCpi
k=1 j=1 j=1k=1 i=1

pt1 pt1 P+l
T 2 T T
=J- g Pjere; E Breiey | — § Bi€p+a—i€piq

= X(PB™, ).
O

This result again shows that the coefficient (3,11 is redundant, in the sense that however it
is chosen ayy1 will be chosen to obtain the required eigenvalues of X. Therefore, only the
coefficients 31, B2, ..., By, are free parameters.

3.5 Transformations between method arrays

In order to find methods with the IRKS property it is required to transform the method into an
appropriate form which enables us to be sure all methods with this property can be found. In this
section the transformed method will be derived. Before considering the required transformation,
two results which are crucial for the derivation of methods are given. The first considers a special
connection between lower triangular matrices.

Lemma 3.12 Let L denote a strictly lower triangular n X n matriz, with n = p + 1, satisfying
ML=JM,

then M 1is lower triangular.

Proof: For 1 x 1 matrices there is nothing to prove. Suppose the result has been proved for

n X n matrices for n = 2,3,...,p so that to complete the proof by induction it is left to prove
the result for n = p 4+ 1.
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Because Le,t1 = 0, it follows that
JMepi1 = MLepy1 =0,

and therefore, the first p components of Me,;1 are equal to zero. Write J, L and M as
(p+1) x (p+ 1) partitioned matrices as follows

M 0 J 0 L o
M = , J = ) L= )
E ) o)
so that ML = JM implies that ML = JjM, which, by the induction hypothesis, implies that
M, and therefore M, is lower triangular. O

Let A be a full matrix with a one point spectrum. Therefore, it is possible to find a nonsingular
transformation matrix W such that

A=WTAW, (3.5.1)

is diagonally implicit with the eigenvalues on the main diagonal. The most competitive case is
likely to be when W = I, for which A is diagonally implicit. By allowing A to have this general
structure rather than just the diagonally implicit case makes it possible to represent some well
known methods as special cases. The second result shows the first IRKS condition can in fact
be strengthened without any loss of generality.

Lemma 3.13 Given the coefficients 31, B2, ..., Bp, the coefficients a1, aa, ..., ap, i1, are cho-
sen so that the characteristic polynomial of X is of the form det(wl — X) = (w — \)PTL. Then
BA = X B implies

BA = XB. (3.5.2)

Proof: Substitute W AW ! = A into the first IRKS condition (3.3.1), which gives
BWA= XBW.
Use the similarity of X to Jordan canonical form given by
X=9(J+ )T
so that BWA = W(J + AI)VU~!BW. Rearrange this in the form
U IBW (A~ \)=JU ' BW. (3.5.3)

Since A — M is strictly lower triangular it follows from Lemma 3.12 that ¥ ~'BW is lower
triangular and the two sides of (3.5.3) are therefore equal making the equation equivalent to
(3.5.2). d

This result is used to find A given B is known. If B is invertible then A = B~!XB. In the
somewhat special case when B is not invertible but only one of the eigenvalues of B is zero, it
will be shown that A is unique. In the very special case when more than one of the eigenvalues
of B is zero it will be shown that there is some freedom in the choice of the matrix A. Given that
if A and B are known then U and V can be found from the stage order and order conditions, it
is crucial to have a convenient way of finding B. The transformation is used to represent B in
such a way that the remaining conditions for IRKS are satisfied. The required transformation
needs to represent any original method in a certain form suitable for solving the remaining
conditions. In order to do so the following three results are needed to understand the effect of
the transformation.
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£,

m=0

First note that

which can be shown by induction. The proofs of the following two lemmas were suggested by
Welfert [114]. The following lemma gives an expression for the negative binomial expansion.

Lemma 3.14 Forl>1 and |w| < 1, then
X (k+l—1 > : 1
- k _ k —
()= (S) <ot
k=0 k=0

Proof: The result is clearly true for [ = 1. For [ > 1 then

-5 -

— (k+1-1
= (M)
k=0
O
The following lemma develops a special Toeplitz matrix.
Lemma 3.15 Let A denote a real number, then for any matriz S satisfying p(AS) < 1,
exp (S(I+AS)™) =T+ N;(NS", (3.5.4)
i=1
where
i-1 .
i—1\ (=)\)F
N;(\) = .
W= (% )ih
k=0
Proof: Expanding (3.5.4) into Taylor series gives
1
exp (ST+AS) ) =T+ ﬁSl(I%—)\S)*l. (3.5.5)
=1 "

The negative binomial expansion from Lemma 3.14 is

(I+AS)"! = i (k +/i_ 1) (“AS)F.

k=0
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Substituting the negative binomial expansion into (3.5.5) gives

s (S (s

i <k+z— 1> N i
! '

1 k=0

exp (S(I+AS)™ 1) =T+

FMg

WE

I+

l
Making the substitution [ + k& = i it follows that

i—1 \\k ‘
exp (S(I +AS)~! —I+Z<Z< )é_AI)C)!)SZ.

k=0

0

Of special interest is the case where S is equal to the nilpotent matrix K. Here the matrix
exp (K(I + )\K)’l) is an upper triangular Toeplitz matrix.

This result can be extended slightly by introducing a scalar x such that

k. .i—k

exp (2SI +AS)™) =T+ Zzl <Z < >((2)—7k)‘> St (3.5.6)

This is used only to show that the previous derivations of methods with the IRKS property are a
special case of the derivations discussed in this thesis, see Section 3.12. The previous derivations
mentioned are the implicit methods derived in [32], the explicit methods derived in [117] and the
methods based on a special transformation which made it possible to construct explicit methods
using the approach derived for implicit methods and vice versa, see [50]. To show this slightly
more general result, write (3.5.6) in the form

ZOAJ . Z%B ]', (3.5.7)
J J

so that it is only necessary to prove that A; = Bj, for j = 0,1,2,...,p. This will hold if
o0 oo
> A => "Bt
§=0 §=0

for sufficiently small |¢|. However, (3.5.7) holds because

ST (ST +AS) Y = (I —tSUI+A8) )
j=0 —(I+AS)(IT+(A—1)S)~
— (I = (t=N)S+tS)(T+(A—1)S)"!
=T1+tS({I—(t—N9)™ !

[e.9]

)"
:I—i—Z(t(t A1) S

=TI+ Z <kzo <=7 - 1> (—A)’fﬁ‘—k> S7.

Reinterpreting in terms of x gives the required result.

1
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The following table gives N, (\) forn =1,2,...,6.

n | Np(N)
1)1
1
2 | 3-A
3t -A+ A
1 1 312 3
4| L —IrF3x2-)
1 1
5| w5 — s AT AT =20 + A1
1 1 5 5 514
6 | =55 — A+ AT — AP+ 2AE = N0

Table 3.1: N, (X) for orders up to six.

The second result considers a special similarity transformation of the Toeplitz matrix F, which
results in the matrices described in the previous lemma. The similarity transformation is de-
scribed as follows.

Lemma 3.16 Let A denote a real number and since K is nilpotent, it follows that

exp(—AK " )Eexp(AK ™) = exp (K (I + )\K)_l) .

Proof: First note that, for f a polynomial of degree p,

Y ro= () G+ 2 () (Grw). (359

This is a consequence of Liebnitz’ rule for the n-fold derivative of the product of x and x ~!f(x).
It is easy to see that (3.5.8) is also true if 27! f(z) is interpreted as the polynomial consisting
only of the terms involving non-negative powers of x.

Define the vectors
T
§: |: xp xpfl “ e € 1 i| s
al = [ 1 ar - ap1 ap },

and now let f(z) = a”&. Subject to the interpretation of the terms in (3.5.8) as having negative
powers of x deleted, then

| =
A/
| =
~__
=
&
I
IS
~
Pk
8
=
Al

From (3.5.8) it follows that

o’ (K™)'K-K(K)' —iK(K")"'K)¢{=0.
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Since this holds for any value of = and any choice of the components of a, it follows that
(K7)'K =K(K)' +iK(K )" 'K.
Multiply by A?/i! and sum for i = 0,1,... and it follows that
exp(AK ) K = Kexp(AK™)(I + \K),
or, what is equivalent,
exp(—AK7)K exp(AK ™) = K(I + AK)™%.
It follows that for j =0,1,...,
exp(—=AK ") K7 exp(AK ™) = (K (I + \K)™1),
so that multiplying by 1/5! and summing over j the required result is obtained.

exp(—AK ") Eexp(AK ™) = exp(K (I + AK)™1).

For ease of representation define the upper triangular Toeplitz matrix F' as follows

F=exp(K(I+A\K)™1).

Now it is possible to discuss the required transformation. Denote by M the original method
and by M the transformed method. In order to construct M, it is possible to construct M and
then back transform to find M. Use the results from Lemma 3.7 to transform the method and
the IRKS conditions. Substituting (3.4.6) and (3.5.1) into (3.5.2) yields

BWAW ™! =W(J 4+ A\)T 1B,
BA=JB, (3.5.9)
where the transformed matrices A and B are
A=W 1AW — A,
B=U"'BW, (3.5.10)

Therefore, A is strictly lower triangular and B is lower triangular. Substituting (3.4.6) into
(3.3.2) and simplifying gives

BU=9JU 'V — VU JU
BU=JV -V, (3.5.11)

where the transformed matrices U and V are

U=w"lUy,
V=0u1vy.

Therefore pre-multiplying (3.2.9) by W ~! and post-multiplying by ¥ yields

U=W=lCV - W tACKV
=W 'O = AK)¥ — AW 'CK V. (3.5.12)
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Likewise, pre-multiplying (3.2.10) by ¥~!, post-multiply by ¥, and noting that upper triangular
Toeplitz matrices commute it follows that

V=U"'EV -0 'BCKWU (3.5.13)
= exp(=AK")Eexp(AK ™) — BW 'CK U
= F - BW'OKU.
Irrespective of whether A is a full matrix or a strictly lower triangular matrix, A s strictly
lower triangular and B is lower triangular. What this means is that given W and ¥, (which

can be freely chosen when deriving the method) B is known once B is known. There are three
conditions required to find B. These are:

e The transformed IRKS condition (3.5.11) and thus (3.3.2).
e The spectrum property of V and thus V.

e The property which requires a certain error constant or L-stability.

The first condition will be further investigated in this section. The last condition will be analysed
in the next section. The process of finding B will be constructed in Section 3.7.

To understand the first of these conditions substitute (3.5.12), (3.5.13) into (3.5.11). Noting
that upper triangular Toeplitz matrices commute it turns out that

BW ICI-KX)U=JU 'EV — U 'EVJ
= Jexp(—AK " )Eexp(AK ™) —exp(—AK " )Eexp(AK™)J
= JF — FJ. (3.5.14)

In order to appreciate (3.5.14) it is best to break the equation up into parts. First however the
following lemma is useful for understanding the structure of the right hand side.

Lemma 3.17 Given the polynomial f(z) = 1+a1x+---+ap_12P~ +ayaP, it follows that f(K)
18 an upper triangular Toeplitz matriz which satisfies

—a1 —az —az -+ —ap_1 —ap 0
0 0 0o .- 0 0 ap
0 0 0o - 0 0 ap
JI(K) = f(K)J = S : : :
0 0 as
0 0 as
0 0 0 0 0 ar |

Proof: Given that
JK" — K"J = ep,nJrgngrl —erel

no

multiply by a, and sum for n = 1,2,...,p and the result follows. [l
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Since F' is an upper triangular Toeplitz matrix from Lemma 3.17 the only non-zero entries on
the right hand side are the first row and last column. The non-zero entries are given in Lemma
3.15, therefore,

—Ni(A) —=N2(A) —N3(A) -+ =Np1(A) —Np(A) 0
0 0 0 .- 0 0 (A
0 0 Ny_i(\)
JF —FJ = :
0 0 0 0 0 N3(\)
0 0 N(A
0 0 0 0 0 Ni(\) |

The last part of the left hand side of (3.5.14) is given by

0 B
0 By
000 - 00 By
([-KX)¥=]|: : : Lo
000 - 00 f
0 5
L 0 1 n

Now given that (3.5.9) will be satisfied, (3.5.11) will automatically be satisfied except for the
last column. Therefore, (3.5.14) results in surprisingly only p extra conditions.

3.6 Transformations between stability functions

Turn attention now to the relationship between the stability matrices of the method and its
transform, in order to determine the connection between their stability functions. The stability
matrix of the original method assuming A is given by (3.5.1) and o(A) = {\}, is

M(z)=V +zB(I — z2WAW~ ) "'U

=V 4 2BW(I - 2A)"'w-U

z 1 z N\
V+1—)\z W(l—)\z 11—z > wou

z
1—- Xz

z
1— Xz

-1
=V + BW ([ (A - )\I)> wu.

Given that Z and A are defined as

the stability matrix is

z ~
M = IBW (I —zA) " 'wlu.
<1+)\E> V +ZBW(I - zZA) ‘WU
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This is related to M (z) by a similarity.

ol (1 ng> U =0V 4 20 BW(I — ZA) W lUw

=V +2B(I-zA)"'U
=M(Z).

So there is a direct connection between the stability matrices of the original and transformed
methods. In order to obtain a connection between the resulting stability functions it is first
convenient to consider equivalent conditions to Definition 3.3 and Theorem 3.4 for inherent
Runge-Kutta stability of the transformed method. These are as follows.

Definition 3.18 A transformed general linear method satisfying Vei = e has IRKS if
BA=JB,
BU=JV -V,

where J s the shifting matriz and

det (wI — ‘N/) =wP(w—1).
The main consequence of a transformed method having IRKS is given in the following theorem.

Theorem 3.19 If a transformed method has IRKS then its stability matrix has the form
o(V +ZB(I —ZA)~'U) = {R(%),0}.

Proof: This is proved in an identical way to Theorem 3.4. U

The above definition and theorem are mainly included to emphasise the connection between
the original and transformed methods. The main aim of satisfying the conditions of Theorem
3.4 is satisfied by transforming the method as described above and satisfying the conditions of
Theorem 3.19 and then transforming back to the original method.

An equivalent statement to (3.3.4), for the transformed method, is
(I-Z))ME)YI-z))t=V.

This means that the non-zero eigenvalue of M (z), that is the transformed stability function
R(Z), is given by

RE)=el(I-ZN)ME)I - %) ey
=el (V+2B(I -2A)7'0)Z,
where Z is the vector B
Z=11 %z z2 ... zv |

Because A is strictly lower triangular and B is related to A by the equation BA = JB it follows
from Lemma 3.12 that B is lower triangular. The transformed stability function is then

R(Z)=¢l(V+ZBU)Z.
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If the original method is explicit, the freedom in the stability function is used to control the
error constant and possibly the stability region. If the original method is implicit, the freedom
in the numerator of the stability function is used to guarantee L-stability. These conditions on
the original method must be interpreted as conditions on the transformed method. Consider
the stability function of the original method, since the matrix A is diagonally implicit the
stability function is the same as a diagonally implicit Runge-Kutta method, that is a rational
approximation of the form

N(z)
(1 — Az)ptt
The stability function of the transformed method is therefore given by

R(z) = = exp(z) — o2PTH 4+ O(2P2).

R(Z)=N(Z) = exp (1 EAE> — oZPTL L O(zP ).

It is worth considering the exact form of N(z), the numerator of the stability function, and the
error constant when the method is implicit. The numerator of the stability function, N(z) is

N(z) = (exp(z) — O'Zp+1)(1 — )\z)p“ + O(zp+2). (3.6.1)
Expanding the denominator of the stability function, gives
L= =14 qrz+ g2+ + a2’ + qp+1zp+1,

where the coefficients ¢; for i = 1,2,...,p+ 1 are

. <—A>i(pj 1>.

Now expanding the right hand side of (3.6.1)

1 1
(exp(z) - O'Zerl)(l — AP =14 <_ + 2) 2+ <§ + % + @) 22

1o 0!
1 @ Ip+1 1
+---+<(p+1)!+ﬁ+---+T—a P

Given scalars n and m, such that n < m define the polynomial M, ,, as

Mym(A) = Zn: <T> (7(1__)‘)1.;!. (3.6.2)

1=0

If m > n and X # 0, M, »(\) is given in terms of Generalised Laguerre polynomials (see for
example [1]) as

and if A =0, then
1

and it is convention that M_; _1 = 0. So the numerator of the stability function is

M, m(0)

P
N(z) = Z My pi1(N)2" 4 2P
n=0

It also follows that the error constant is given by

g = Mp+1,p+1()\) — €. (363)
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The following table gives expressions for the error constants for orders up to six.

g

%—2)\+)\2—e

1 3
6—§A+3)\2—)\3—6
1

L= ENH 3N AN N — €

1 5 5 4

g = A I BN £ BA - A e

1 1 51312 1043 154 5 6

1 7 7 \2 35 3514 21
m—m)\‘{‘m)\ —ﬂ)\g—i-?)\ —7)\5+7)\6—)\7—6

DD TR W N =

Table 3.2: Error constants for orders up to six.

Consider the coefficients in certain polynomial or Taylor series expansions. Write

(z",9(2)) ,

for the 2" coefficient in the Taylor series expansion of ¢(z) about z = 0. Note that R(z) and
R(Z) are related by the transformations

z—L “— ’5—#
_(1+>\E) _(1—>\z)'

In these rational functions, N(z) and N(Z) are polynomials of degree p + 1. The coefficients of
order p + 1 are given by

e= (M1 N(2))
= o+ (2" (1= AP exp(2))

e= <zp+1,ﬁ(z)>

=0+ <5p+1,exp <1 —|—Z)\E>> :

Since, the two adjustments will be identical, it follows that

F=c+ <zp+1,exp (1 sz> — (1= Az)PH! exp(z)> . (3.6.4)

The following lemma is essential for understanding what the expression on the right hand side
of (3.6.4) is equivalent to.

Lemma 3.20 Given scalars n and m and the polynomial My, ,,, the following relations hold
(2", (1 = Xz)™exp(z)) = My m(N), (3.6.5)

<zn, exp (1 +5A5>> Moy (A) + AMo 1t (V). (3.6.6)

Proof: To prove (3.6.5) expand (1 — Az)™ exp(z) in powers of z and pick out the coefficients of
z". To prove (3.6.6) make the substitution z = z/(1 — Az), so that z = z/(1 + \z). If

2/ = =~ ~
exp<1+)\g> :1+N1()\)Z+NQ()‘)22+N3()\)23+...7
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then

exp(z) = 1+N1(>\)1_Z)\Z + Na(N) <1_Z)\2>2+N3(>\) (1_ZA2>3+'“ .

Multiplying both sides by (1 — Az)"~! and pick out the coefficients of 2™, where it is noted that

the terms )
Z n—1
1—

are polynomials of degree less than n if ¢ < n. Then

Na(h) = (2", (1 = A2)™™ exp<z>>
=" (1= X2)" + Az(1 = Az)"™ 1) exp(z))
= (2", (1 = Az)"exp(2)) + A (2", 2(1 — \z) "Lexp(z))
= (2", (1 = Az)"exp(2)) + A (2"~ (1= 22)" texp(2))
=Mpn(X) + AMp_1 -1 (N). (3.6.7)
U

Note that N,(\) can be further simplified by substituting the required values of (3.6.2) into

(3.6.7) and using the relation
n n—1\ (n—1
i i—-1)  \ i )

n—1 ;
n—1\ (=\)
N, ()) = .
*) ;( D)o
Substituting (3.6.5) and (3.6.6) into (3.6.4) it follows that

it then follows that

€=¢e+ AM,,(N).

It is necessary to obtain a final condition which relates the (1,1) element of B to the transformed
error constant ¢. First define the vector A, given by

A= xw a1 ..o x 1"

The coefficient of the ZP*! term in the transformed stability function can be found noting that
B is lower triangular using (3.2.9), noting that A is strictly lower triangular and given (3.4.7)
then

€= (Z"LR(E)) = (37, (V + 2B0) Z)
—el'BUeyy,
= Bl W™IC(I — AK) Ve,
= Bi1e] W™IC(I — AK)B(K) exp(AK " )epi1
= Bl W CB(K)(I — AK)A
= Bl el WlCB(K)epis.
Note that 3(K)epy;1 has the simple form

BK)epr1=[ By Bpr -+ B 1],
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so that the required condition is

Biel WICB(K)epi1 = € + AM,, ,(N). (3.6.8)
It is now possible to collect all of the equations to be solved in such a way that all methods with
the IRKS property can be found.

Before introducing the canonical forms of methods it is worth considering the choice of A which
guarantees the method is A-stable. An IRKS method, like a Runge-Kutta method, is A-stable
if

|R(iy)| <1, (3.6.9)

for real y and R(z) is analytic for Re(z) < 0. This follows from the maximum modulus principle.
The condition (3.6.9) is equivalent to

E(y)

(1= Xig)y)* = [N (ig) |
1 — Xiy)PTH(1 + Niy)PT! — N(iy) N (—iy)

(
0.

v

The values of A for which the method is A-stable are given in the following table.

A-stable choices of A
0.29289321, 1.70710678

[ ]
[0.18042530, 2.18560009)]
[0.22364780, 0.57281606]
[0.24799464, 0.67604239)
[ ]
[ ]
[ ]

0.18391465, 0.33414236
0.20408345, 0.37886489
0.15665860, 0.23437316

N e G B S SR N el bS]

Table 3.3: A-stability regions for values of A for orders up to seven.

It will always be assumed that when deriving an implicit method A will always be chosen to lie
in the correct interval.
3.7 Canonical forms of methods

Before introducing the approach used to generate methods it is worth collecting all the assump-
tions that have been made into one place, making it clear what is meant when the term a general
linear method with IRKS is used. It will then be possible to obtain canonical forms of methods.

Let (A,U, B, V) denote a general linear method which is characterized by the following proper-
ties.

e The stage order and order are each equal to p.
e The number of input vectors and the number of stages are given by r = s =p + 1.

e The vector of abscissae is given by the vector ¢ which are free parameters.
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e The vector valued function representing the input approximations is equal to Z, which
implies that

U=C - ACK,
V =F — BCK,

to ensure stage order and order equal p.

e A can be a full matrix but all the eigenvalues of A are equal to A. For any matrix A there
exists a nonsingular matrix W such that

A=W"1AWwW,
is diagonally implicit.
e The method has Runge-Kutta stability with stability function

N(z)

R(z) = m,

with N(2) = exp(z)(1 — Az)P*! + O(zP*!) and with the coefficient of 2P*! in N(2) equal
to e.

e The method has IRKS, which means the method satisfies

BA=XB,
BU =XV - VX,
o(V) = {1,0}, (3.7.1)

where X is a doubly companion matrix, with eigenvalues the same as A. The first row of
X (3.3.5), is determined once A and the last p elements of the last column of X have been
chosen. That is, the coefficients of the polynomial 3(w) are last p elements of last column
of X. These conditions automatically ensure the method has Runge-Kutta stability. Note
that (3.7.1) implies that V' has the form

1 T

V= .
0 Vv

)

where p(V) = 0.

In the result stated later in this section, a “method” refers to a general linear method satisfying
the above requirements. Before proceeding to this result some preparatory work is required.

Recall the factorisation

B=UBW!,

where B is lower triangular. ¥ = B(K)exp(AK ) is defined once A and the coefficients of
B(w) are chosen. The nonsingular matrix W1 is chosen so that the required form of A results.
It is clear that once B is known, the method is completely determined. Now concentrate on
determining the choices of B which satisfy the requirements of IRKS.
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The following p x (p+ 1) and (p + 1) X p matrices are used to remove the first row and column
of a matrix or to insert an additional first row or column of zeros to a given matrix. They are
respectively

- . 0 0O 0 00
0 00
1 0 0 0 00
0 0 0 0 00
010 0 0O
0 00
0 0 0 1 0 0O
o1 = 5 N
0 000 1 00
o000 -- 1200
0 0 1
1 0
0000 -- 0O01
- - 000 -+ 001

From the requirement BU = XV — VX, it was shown in (3.5.14) that if BA = XB is to be
satisfied then only p conditions result. These p conditions are the last p elements of the last
column of (3.5.14). These conditions can be written in the form

[O1BW CB(K)epr1 = [OT)(JF — FJ)ep1.
Using this condition, together with the relation on the (1,1) element of E,
Bi1el WICB(K)eps1 = €+ AM,, 5 (N),
then a linear relation of the form
BW™'CB(K)eps1 =0, (3.7.2)

is deduced, where § is given by

5:[6+AMp,p(A) NO) - M) Ny | (3.7.3)

In order to show how a square matrix has zero spectral radius in the most general way con-
sider the following operations on square matrices. These include extracting the upper or lower
triangular part of a matrix. Let £, denote the set of n x n lower triangular matrices and U,
the corresponding set of upper triangular matrices. The notation A(M) will denote the lower
triangular part of a square matrix M. Throughout this thesis, L(M) and U(M), where again
M is a square matrix, will denote a unit lower triangular matrix and an upper triangular matrix
respectively such that M = L(M)U(M ), assuming this LU factorisation exists.

The following lemma shows the connection between two upper triangular matrices and the lower
triangular part of a matrix.

Lemma 3.21 Given two upper triangular matrices G1 and Go then

A(G1A(H)Ga) = A(G1HGy).

Proof: This follows by induction. O

The following lemma is essential in the derivation of methods.
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Lemma 3.22 Define f: L, — L, by
f(H) = A(G1HG»)
then the inverse mapping, if it exists, is defined by

FHF) = LGTHA (U(GT)FU(G2) ) L(Ga) ™

Proof: Given the LU factors of G7! and G are L(G7!)U(GT") and L(G2)U(G2) then

F(H) = A(GLHGS)
= A(UGTH 'L(GTY) T HL(G,)U(Gy))

Multiplying on the left by U(G7') and on the right by U(G2)~! then from Lemma 3.21, it
follows that
A(U(GTH)f(H)U(Ge) ™) = A(L(GT) T HL(G2))

Since the product of the matrices on the right hand side is already lower triangular. Multiply
on the left by L(G7') and on the right by L(G2)™! then

H=L(GHA (UG f(H)U(Gy) ) L(Ga) ™

Substituting F' for f(H) yields the required result. O

In the following lemma, the construction of a matrix with zero spectral radius in the most general
way is discussed.

Lemma 3.23 Ann xn matriz M has spectral radius zero if and only if there exists a permuta-
tion P on (1,2,...,n) and an lower triangular matriz L such that A(L~'PTMPL) is the zero
matriz.

Proof: The ‘if’ part is obvious and only the ‘only’ part is proved. Let T denote the trans-
formation to upper Jordan canonical form T 'MT = K and let the T = PLR be an LU
decomposition with partial pivoting. Since 7' is non-singular, this factorisation always exists.
Hence, L='PT M PL is strictly upper triangular and the result follows. Il

To ensure that p(V) = 0 it is sufficient to ensure that p(V) = 0, where Vis

- 1 ot
V= 5
0 Vv
The above equation takes the form
P ([o 1(F — BW-I1CKW) [?D —0. (3.7.4)

Using Lemma 3.23, this condition can alternatively be expressed as
A (T—l[o 1(F — BW™'CKW) m T> —0, (3.7.5)
where T is the product of a permutation matrix and a lower triangular matrix. The remaining

two conditions to satisfy are (3.7.2) and (3.7.5). There are two main approaches to satisfying
these conditions they are given in the following two subsections.
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3.7.1 Approach one

This approach aims to solves the two remaining conditions in a one step process. In order to
do this notice that the condition (3.7.2) will define the first column of B, and to ensure that V
has zero spectral radius the first row and column of (3.5.13) are removed, resulting in (3.7.4).
So it is possible to substitute the condition (3.7.2) into the first column of (3.5.13). The rest of
the first row can be ignored since B is lower triangular and (3.7.2) satisfies the (1,1) element.
Removing the unnecessary information from (3.5.13) while retaining the (p+1) x (p+ 1) size is
satisfied as follows

T el 0

The linear relation (3.7.2) is made into a (p+ 1) X (p+ 1) matrix by adding p columns of zeros,

that is
BWICB(K)epr1el = del.

Now it is possible to add the two equations together which gives
BW'C(B(K)epi1el + KU = [(1)] O1(F-7) m [01] + deT.

since

KW [(1)] 01 = K.

To simplify notation let 2 and I' be defined as

Q=W'C(B(K)epsie] + KT), (3.7.6)
r=|QlionF |91+ s (3.7.7)

Now introduce a matrix 7 which is given by

1 0
0T

)

where T is the product of a permutation matrix and a lower triangular matrix. It then follows
that

A(T7'BOT) = A(T7'TT).

Let 7 = L(7)U(T) and Q7 = L(Q7) U (QT) be the LU factors. It follows from the use of
Lemma 3.22, that the matrix B is given by

B=L(T)A (U (T)A(T'TT)U (Q:r)*l) L(Q7T)".
Using Lemma 3.21 the above equation reduces to
B=L(T)A <U(T)T*1FTU (QT)*) L Q7). (3.7.8)

The main theorem can now be stated.
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Theorem 3.24 Let (A,U,B,V) be a method. It is assumed that the method is non-confluent
in the sense that the components of ¢ are distinct. Suppose also that the quantities §, Q0 and I’
are as defined in this section. Then there exists a (p + 1) X (p + 1) matriz T where the last p
rows and columns are equal to the product of a permutation matriz and a unit lower triangular
matriz such that (3.7.8) holds.

Proof: Define T so that (3.7.5) holds. This implies (3.7.8) holds. O

Once B is known it is easy to construct the rest of the method.

3.7.2 Approach two

This approach aims to solves the two remaining conditions in a two step process. To achieve
this, let B denote a lower triangular p X p matrix related to B by

B= m BlON(I - W'CB(K)epsrel) + e, (3.7.9)

so that, once B is known then the values of B follows. Furthermore this matrix is guaranteed to
satisfy (3.7.2). Substituting the expression (3.7.9) into (3.7.5) and collecting all terms involving
B yields

A (Tlé[o (I - W CB(K)eprie] )W ICKW [CI’] T)
—A <T—1[o 1(F — seTW-1CKW) m T> .

Before showing how to find B simplify the discussion by defining

0 =[01(I - W CB(K)epsrel )W CK W m ,

T=[01(F - sef W ckw)|9],
Therefore R
A(T7'BOT) = A(T7'TT).

Let T = L(T)U(T) and ©T = L(OT)U(OT) be the LU factors. It follows from the use of
Lemma 3.22, that the matrix B is given by

B=L(T)A (U(T)A (T7'TT) U (@T)’l) L(er)".
Using Lemma 3.21 it is possible to simplify the above equation as
B=L(T)A <U(T)T—1TTU (@T)’l) L(er)". (3.7.10)
The main theorem can now be stated.

Theorem 3.25 Let (A,U,B,V) be a method. It is assumed that the method is non-confluent
in the sense that the components of ¢ are distinct. Suppose also that the quantities §, © and
T are as defined in this section. Then there exists a p X p matrix T equal to the product of a
permutation matriz and a unit lower triangular matriz such that (3.7.10) holds.

Proof: Define T so that (3.7.5) holds; this implies (3.7.10) holds. O

Once B is known it is easy to construct B and thus the rest of the method.
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3.8 Finding methods

To actually derive a method first choose whether approach one or approach two is preferred.
The following procedure is based on approach one, but it is a simple matter to change this to
approach two, if this is preferred. Choose the free parameters of the method:

e p: The order of the method.
e \: The eigenvalue of the matrix A, usually chosen so that the method has A-stability.

e ¢: The 2P coefficient in the numerator of the stability function generally chosen to ensure
L-stability for implicit methods or small error constant for explicit methods.

e ¢: The non-confluent abscissae vector generally chosen so that each abscissae is at least
equal to zero but no greater than one.

B: The last p elements of the last column of the doubly companion matrix X.

T: The p x p matrix which is the product of a permutation matrix and a unit lower
triangular matrix.

e W: The (p+ 1) x (p+ 1) transformation matrix generally chosen so that W = I which
ensures the method is diagonally implicit.

Given these free parameters or otherwise construct the following matrices
J’ K7 K_, E’ /Q(K)v exp()\K_), exp(—)\K_).
Using these matrices or otherwise construct

¥ = B(K)exp(AK ™),
X=U(J+ )T,

F =exp(—AK " )Eexp(AK ),
Q=W C(B(K)epsief + KT),

r= m O1F m [01] + 6T

Note that the matrix I' can alternatively be found in a two step process which is useful for the
implementation of this process. The first step is

I'=F+(JF—FJ)P,

where P = K + e,1el. The second step is to replace the (1,1) element of T' by € + M, ,()).
This avoids needing to cut rows and columns and then replace them with rows and columns of
zeros. This two step process creates a I which is identical to (3.7.7).

Now find the LU factors of 7 and 27, which are required for developing methods using approach
one of Section 3.7. It then follows that

B=L(T)A <U(T)T‘1FTU (QT)*) L(Q7T) .
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The original method is therefore given by

B=UBW !,
A=B7'XB,
U=C - ACK,
V =E — BCK.

In Appendix I a Maple code is included to derive methods using approach one of Section 3.7
summarised above.

Not all choices of the free parameters guarantee that a method exists. Constructing a method
can fail, for example, when Q7 does not have LU factors. Another possibility is when B is
singular and the resulting method is reducible in the number of stages. This is not always
the case though; in fact methods exist where the free parameters result in the matrix B being
singular but the method is not reducible. There are two main cases to consider. The first is
when EH = 0 and the second is when Eu =0, for 7 > 1. Note that B is lower triangular and A
is strictly lower triangular. In the first case the method, if it exists, is still unique. This can be
seen by splitting the equation BA=JB up

00

€1 ‘ J

where A, B,J and B are p x p matrices and b and b are vectors of length p. Without loss of
generality the system can then be reduced to

BA=JB. (3.8.1)

00
b| B

00
Alo

0o
B|b

)

The matrix A is then computed by
A=W ([(I)}Bljé[o 1+ AI) WL,

It follows from (3.8.1) that A;; = 0 which means that if W = 1T and A = 0 the method is
necessarily reducible. It also follows from (3.6.8) that when Bj; = 0, A and € are related by the
equation

€= =AM, ,(\). (3.8.2)

In the second case, if the method exists, it is generally (but not always see Section 3.9) not
unique. To show that if B = 0, for ¢ > 1 then Bj; = 0 for j < ¢ an induction argument is used.
To avoid the tedious nature of this proof, an example when p = 2 is included which conveys the
main points. Equation (3.5.9) when p = 2 and Boy =0 is

By 0 0 0 0 0 000|[Bu 0 0
Byy 0 0 Ayy 0 0|={100]||Bax 0 0
Bsi Bsy Bss Az Az 0 010 By Bs» Bss
Expanding both sides it follows that
0 0 0 0 0 0
0 0 0|=|Bu 00],
Bso Ay + BysAsy BizAszp 0 By 0 0

which directly implies that En =0, 1132 =0 and 1121 and 12(31 are governed by a single equation,
which leads to a degree of freedom in the method.
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As an example choose the free parameters of the method as
p=2 A=1 e=—g c=l3 3 1], B=[gx 0 1], T= L W=1,

leads to the method

1 1 1
1 o o 1 L —
9 1 7 19
-5 1 0| 1 —fg+35 —15+§
1 3 1
Mo a 0 3| 1 §-a 3-%
55 T 17| 4 o7 |
144 36 72 144 144
1 1
-1 1 L]0 0 0
~11 4 21 0 5 0

where a is a free parameter, which is a special case of the method explained above. The methods
in which B is not invertible can be thought of as very special cases, since € must at least be
chosen to satisfy (3.8.2). Since € is a free parameter these special cases can be avoided by
choosing e so that (3.8.2) does not hold.

3.9 Special cases

There is a large amount of freedom available in the IRKS methods. The free parameters are A
the eigenvalue of A, the abscissae vector ¢, the coefficients 31, 32, ..., 8, of the doubly companion
matrix X, the 2Pt coefficient of the numerator of the stability function, €, and the coefficients
of the matrices T and W. In this section special choices of these free parameters are made to
find methods with some special properties. It will be shown that ESIRK and DESIRE methods
with s = p+ 1 can be thought of as special cases of the IRKS methods. To date only ESIRK
methods with s = p have been derived, therefore the methods derived in this section extend
the class of ESIRK methods known. It may also be the case that the methods with s = p+ 1
may have some advantages over their s = p counterparts. It will also be shown in this section
how the free parameters can be chosen so that IRKS methods which are stiffly accurate can be
derived.

3.9.1 ESIRK and DESIRE methods

The Singly Implicit Runge-Kutta (SIRK) methods were introduced by Norsett [103] and named
by Burrage [11] who furnished the methods with error estimates. The introduction of the SIRK
methods comes from a compromise between the fully implicit Runge-Kutta methods which have
high implementation costs and the diagonally implicit methods which have low stage order. The
SIRK methods are based on two assumptions. The first is that the order of the stage values and
the order of the output values is the same. The second assumption ensures that the coefficient
matrix A has a one point spectrum, that is o(A) = {A}. Butcher [24] showed how to transform
A into Jordan canonical form which significantly reduced the cost of performing one step of
the method. Due to the high stage order of these methods when s = p, the abscissae of the
method must satisfy ¢; = A¢;, where &; is the zero of the s degree Laguerre polynomial L4(x),
for i =1,2,...,s. It turns out that some of the abscissae are greater than 1 for methods where
s > 2. This can cause problems when the problem is nonlinear. This led Butcher and Chartier
[35], [36], to a generalisation of SIRK methods in which the traditional order requirements were
weakened to effective order.
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These methods are known as Effective order Singly Implicit Runge-Kutta (ESIRK) methods.
In this case where the ESIRK method is designed to have a high stage order, it is sufficient to
assume that the incoming quantity is given by the perturbation of the solution

Yn—-1 = y(a:n_l) + elhy'(xn_l) + 62h2y”(1‘n_1) + ...+ Gphpyp(l'n_l) + O(thrl).
The corresponding quantity computed at the end of the step is given by
Yn = y(xn) + e1hy' (z,) + €2h2y”(xn) + .+ ephPyP (@) + O(hp+1)-

The effect of relaxing the order requirement means that there is no requirement on the abscissae
vector c. The conditions for high stage order are given by

s k—1 k
% G ,
Zaijm—i-ﬂg:—', Z:1,2,...,S, k:1,2,...,p.
= ! !
The requirements are now on €1, €2, . . . , €, rather than the abscissae vector c. When implemented

in a variable stepsize environment these methods can be conveniently represented as general
linear methods in Nordsieck form, see [39], where U = e’ and V = eje! where

e=[1 e e - ¢
Hence the perturbations of the solution used to calculate the stages and the update solution are
the same. All ESIRK methods constructed have s = p. It is quite likely that advantages may
exist for methods with s = p + 1. To show that ESIRK methods with s = p+ 1 can be viewed
as special cases of IRKS methods, the extra conditions needed to ensure U = ee! and V = eje’

must be derived. The aim is to find relationships for the free parameters X, 3,¢,T, W so that
U=ceel and V = eq€el.

Since it is assumed that these methods have IRKS then

BA = XB,
BU=XV - VX,
o(V)={1,0},

must be satisfied.

It is interesting that a further doubly companion matrix denoted as Y,

—€] —€ —€3 -+ —€ 1 —€ —€pi1—Opr1
1 0 o .- 0 0 —0p
0 1 o --- 0 0 —0p_1
Y(e,0) = S : : : ,
0 0 —0d3
0 —03
0 0 o .- 0 1 -1 |

is required to analyse this special case. Note that ¢(w) and d(w) are polynomials given by

e(w) =14+ eqw+ ew? 4+ - + €p+1wp+1, (3.9.1)
S(w) =1+ 61w + dow? + -+ + dppqwP L. (3.9.2)
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For U = el it is sufficient for the relation
AC = CY, (3.9.3)
to hold. Using this relation in (3.2.9) gives

U=C— ACK
=C(I-YK)

= C€16T

= GGT.

For V = ejel it is sufficient for the relation
BC = EY, (3.9.4)
to hold. Using this relation in (3.2.10) gives

V =E - BCK
= E(I - YK)

= EeleT

= 616T.

A direct consequence of V' being rank 1 is that the transformation 7" must have no effect and
therefore, T' = I. Turn attention now to the first IRKS condition. Substituting the first sufficient
condition (3.9.3) into (3.5.2) gives

BCY = XBC.

Now substituting the second sufficient condition (3.9.4) above gives
EY = XE. (3.9.5)

This means the doubly companion matrices X and Y are similar. Now consider how W must be
chosen so that A is singly implicit and U = ee”. The transformation matrix W can be chosen
in one of two ways. The first choice is to make the transformed matrix A into a single Jordan
block, that is

A=WTAW = J + AL (3.9.6)

To see how this is done, note from Lemma 3.7 that
Y =Y(J+ AT}, (3.9.7)
where the matrices T and Y~! can be factorised in the form
T = §(K)exp(A\K ), T = exp(AK)e(K). (3.9.8)
Therefore, the two doubly companion matrices are also related by the expression
TlYyY =vtXxw. (3.9.9)
Comparing (3.9.5) and (3.9.9) it follows that

Y =E. (3.9.10)
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Since C7'AC =Y, equating with (3.9.7) gives
CrAC =T+ D)L
Since W 1AW = J + AI, one deduces that
W =CT.

So using (3.9.10) the transformation matrix W is computed using only known information. That
is
W=CE v
= CE1B(K)exp(AK ™). (3.9.11)

What is also evident from (3.9.10) is that for the s = p+ 1 case, the vector ¢ is indirectly a free
parameter along with the abscissae vector ¢. Substituting (3.9.8) into (3.9.10) yields

B(K)exp(AK ) exp(AK")e(K) = E.
Choosing the matrix €(K) and solving for 8(K) it follows that
B(K) = Be(K) ' exp(—AK ) exp(=AK ™). (3.9.12)

The alternative choice of the transformation is to factorise W = C'Y into RL, where R is a unit
upper triangular and L is a lower triangular matrix. Hence

(RLYYARL = LY (R™'AR)L = J + \I,

and rearranging gives

RYAR=L(J+ X)L ' = 4,

where A is a lower triangular matrix with a constant diagonal entry A. It was suggested by
Butcher in [27] that such a choice would lower transformation costs by about 50% compared to
the choice (3.9.11). Note that the method is identical regardless of the choice of transformation;
the only effect is apparent in the implementation.

Below four methods are given, all of which are from the ESIRK family. The first method is
implicit and is L-stable. Note that the U and V matrices have the required structure. Choosing
the free parameters of the method as follows

p=2 A=1 €=0, c=[0 5 1], pg=[%+ L 1], T=1I,
EE
w=1]11 L1/,
133
leads to the ESIRK method
0 [ 4]
BRI IR
A % 1—% 1 -1 %
2 1 i1 1 |
-+ 1 1 0 0 0
-1 0 1| 0 0 0]
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In equation (3.9.12) a relationship between ((K') and the inverse of e¢(K') was given. Therefore,
to derive the SIRK methods with s = p+1, simply choose B(K) to satisfy (3.9.12) with ¢(K) = I.
The second method is implicit and is L-stable. Note that the 31, 32 have been chosen so that
U = eel and V = ejel. Choosing the free parameters of the method as follows

p=2 A=3, €=0 c=[0 1 1], g=[-1 -1 1), T=1,
1 1
L =5 3
_ 1
w=| 1 o0 -1[,
1 1
L3 —1
leads to the SIRK method
- ) i
1 31 o0 o
1 3
L1 =21 0 o
0 1 0 1 0 0
M =
0 1 0 1 0 0
1 -2 2 0 0 0
3 -8 5 0 0 0

The ESIRK methods can in fact be derived very easily. To see how this is achieved, substitute
(3.9.5) into (3.9.4) and expand as follows

B=XEC™!
=U(J+ AV ECT!
=U(J+ AW

Comparing with (3.5.10) means that B has the surprisingly simple form
B=J+\.

When A\ =0, B is singular. In this case this does not imply that there is freedom in the matrix
A as is the case when this special form is not required. That is

A=W+ )W
=CE ' U(J+ AT 'EC™!
=CE'XFEC™.
This can also be seen by substituting (3.9.5) into (3.9.3). Substituting the expressions for A
and B then U = ee” and V = e1e! as is required. A direct consequence of the structure of the

matrices is that
e= ("1 N(2)) = 0.

This means, when A # 0 the method has L-stability, or alternatively when A = 0 the method
has a fixed error constant 1/(p + 1)!. Notice that the first row of exp(—AK ~) is given by

Fen-x) =1 (D)en (B)ene o (et (P)ear |

It is convenient to define the vector Eg_l as

T _ 1 1
=1y (1!

==
—

SIS
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It is also convenient to define the reverse vector E f_p as
r o1 1 0 _1_ 1
El—p - [ 1 2! P-1! P! ]

Substituting (3.9.11) into (3.6.8) it follows that

€+ AM,,(\) = Biiel U EB(K)epi
= Buie] exp(—\K")B(K) ' EB(K)ep
= Buiej exp(—=AK ) Eey i
= Bi1ef exp(—AK")E,_;
= Bi1 M, ,(N).

Since B = J + M it follows that € = 0.

The third method is explicit, but the matrix A is a full matrix, which means that the stages
can not be computed sequentially. Since these methods are not intended for the solution of stiff
problems the stages can be computed using a fixed point iteration scheme instead of the usual
variant of the Newton iteration scheme. Due to the high stage order it is possible to derive very
accurate predictors, which may then result in only a few iterations being required at each step.
This may make these methods comparable to explicit Runge-Kutta methods, which require more
stages as the order increases. These methods are known as ESIRK methods with zero spectral
radius. Choosing the free parameters of the method as follows

p=2 A=0, e=0, c=[0 + 1], p=[-1 2 1), T=I,
1 1
L =3 —3
we| 14 -
3 1
L3 -1

leads to the ESIRK method with zero spectral radius

53 _1 _1] 1 1 9
8 8 2 4 16
3 1 1| 1 1 9
8 8 2 4 16
9 _2 3| 1 1 9
M= 8 8 2 1 16
19 _2 3] 1 1 9
8 8 2 4 16
1 -2 2/ 0 0 0
-2 2 0|l 0 0 0

Note that error constant for this method is fixed to 1/3!.

In the above explanation no distinction is made between the ESIRK and the DESIRE methods.
The difference is that for the DESIRE methods extra conditions are required. These conditions
must ensure that the p elements of column p+ 1, in the matrix A are zero. This can be achieved
by choosing $(K) in a special way. Before introducing this result it is necessary to consider the
inverse of a scaled Vandermonde matrix as in the following lemma.

Lemma 3.26 The scaled Vandermonde matriz C is defined as
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for some non-confluent vector c. The Lagrange basis elements are

xr — C
i) =1] o Cll =l +loyx+ -+ Ly gat. (3.9.13)
1#5

Then the (i,j) element of the inverse of the scaled Vandermonde matriz is

Cigl = (i — 1)!;;. (3.9.14)

Proof: The first thing to notice is that the scaled Vandermonde matrix can be decomposed as
the product C = VD where V is a Vandermonde matrix

V:|:€ I 62 Cp_l Cp],

and D is the diagonal scaling matrix

(1 0 0 0 0 0 ]
50 0 0
0 o 0 0
D=|: 1 : : : Cl. (3.9.15)
0 0 (p_12), 0 0
0 0 ﬁ 0
_ 0

Notice that (3.9.14) can alternatively be expressed in matrix form as the product C ' = D71/,
Therefore it is sufficient to show that V=1 = ¢. This follows from the fact that £;(z) = 1 when
x = c;j and {;(z) = 0 when = # ¢;. O

To ensure that a method is a DESIRE method the following theorem must be satisfied.

Theorem 3.27 For an ESIRK method to be strengthened to a DESIRE method

A€p+1 == )\€p+1. (3916)
To satisfy this relation the free parameters (31,2, ..., 3, must be chosen so that
B(K)=E(I — \K)((K), (3.9.17)

where the polynomial ((w) is given by

1
C(w) = o (qop! + q1(—w)(p — D!+ g2(—w)*(p — 2)! + -+ + gp(—w)P0!)
and the coefficients qo, q1, ..., qp satisfy the expression
(IOxp + qlxp_l + QQ.’EP_Q 4+ ...+ ap = (;p — Cl)(ﬂC _ 02) . ({E _ Cp)~

Proof: Substituting (3.9.6) into (3.9.16) yields

W(J+AXDW e, 1 = Aepya.
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which simplifies to
JW e, =0.

A direct consequence of the above result is that
JWepi1 =0,

also holds. Substituting (3.9.11) into the above expression yields

JCE'B(K) exp(AK " )epy1 = 0.
Define the vector A, given by

A=[x 1 ... x 1]
Now substituting (3.9.17) into G(K) gives

0=JCE'E(I - \K)((K) exp(AK ™ )ept1

= JOC(K)(I = AK)A
== JCC(K)Gerl,

since upper triangular Toeplitz matrices commute. It is now sufficient to show that the last
column of ¢(K) is the last column of C~! up to a scale factor, since J ep+1 = 0. The last column

of ((K) is
(‘Upf}pO!
, (—1)P~tg,_11!
C(K)epr1 = ]7 : )
—q1(p—1)!
qop!

which is 1/p! times the numerator of each component of the last row of C'~!, compare (3.9.13).
O

The fourth method is implicit and is L-stable. The free parameters (31, 32 have been chosen so
that A13 = Ao = 0. Therefore the method is a DESIRE method. Choosing the free parameters
of the method as follows

p=2 A=3 €e=0 c=[1 2 1]", pg=[0 - 1], T=I,
1
1 1o
— 2
w=1|12 0|,
1
11 3
leads to the DESIRE method
7 1 1 1]
¢ 3 0] 1 -3 -3
4 1 1 1
5 ¢ O] 1 -3 —35
P2 41 -4
M= 5 _2 1| 1 _1 _1
3 3 2 2 9
2= B IR
3 9
| 3 6 %, 0 0 0
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It is necessary to make it clear that not all ESIRK or DESIRE methods can be derived in
this way. When representing these methods in a Nordsieck formulation, p free parameters are
available. These free parameters only affect the B and thus V' matrices. The underlying ESIRK
method, that is the method not represented in Nordsieck form, is the same though. However
for general linear methods with IRKS every non-singular matrix B has a unique A. Therefore,
the last p free parameters have been chosen to ensure IRKS is guaranteed.

3.9.2 Stiffly accurate diagonally implicit methods

Runge-Kutta methods are called stiffly accurate if
AT =T, (3.9.18)

A-stable stiffly accurate Runge-Kutta methods are necessarily L-stable. To ensure L-stability
R(c0) = 0, given that (3.9.18) can be equivalently written as ATe, = b which is b7 A~! = eT.
Therefore,

R(oo)=1-bTA71e
=1- ege

=0.

The stiffly accurate methods are particularly useful for the solution of singularly perturbed
problems and also for differential algebraic equations. This is because the stages of a Runge-
Kutta method applied to one of the above problems are solved so that the algebraic constraint is
satisfied. For stiffly accurate methods the solution component is also the same as the last stage
and therefore, also satisfies the algebraic constraint. Therefore, it is not necessary to project
the solution onto the algebraic constraint as is necessary for other methods.

Stiffly accurate general linear methods also exist. Assuming s = p + 1 they require
Al =B, UL, =V (3.9.19)

For methods in Nordsieck form it is possible to strengthen the requirement of stiff accuracy so
that the scaled first derivative is equal to the scaled derivative of the last stage. This requires
the extra conditions

By =el,, V4 =0 (3.9.20)

In this subsection the conditions which are needed to guarantee an IRKS method has strict stiff
accuracy are derived. It is of course a necessary requirement that the last abscissae c,41 = 1.
The last row of U and the first row of V' for an IRKS method, given that c,4; = 1, are

T T T
Ups1=E1_p = A OK,
V' =E{ ,— B{CK.

So to satisfy (3.9.19) it is necessary to ensure that AZ_H = B since the second condition
automatically holds. The second row of V is given by

Vi =E{ , ,—El K=0.

T

»+1- The second row of the

Again to satisfy (3.9.20) it is necessary only to ensure that B = e
IRKS condition BA = XB is
BgA = B? - ﬁpBZH

Thus if 8, = 0 then B2T =el 1 implies B? = AT

ot p+1- This leads to the following definition.
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Definition 3.28 An IRKS method has strict stiff accuracy if

T T
B2 — 6p+1, /Bp — 0, Cp+1 — 1

Given that 8, and cp41 are free parameters it is necessary to show only how to ensure that
BI = GZ_H with the remaining free parameters. First the following lemma is required.

Lemma 3.29 Given the shifting matrices J and K then

Kexp(AK ™) Jexp(—AK ™) =1 — A K —epi1e,,;.

Proof: Using Lemma 3.7 and (3.4.7), the doubly companion matrix can be written as
X(PB™, ) = B(K) exp(AK 7)(J + M) exp(—=AK ") B(K) ™.
Multiply on the left by 3(K)~! and the right by B(K) and subtract AI from both sides gives
BK) ' X (PR, B)B(K) — A = exp(AK ™) J exp(—AK ™).
It follows from Lemma 3.11 that
X(P,1) — M = exp(AK ™) Jexp(—AK 7).

Premultiply by K and the result follows. (]

The following theorem shows how the free parameters are chosen so as to ensure the IRKS
method has strict stiff stability.

Theorem 3.30 An IRKS method has strict stiff accuracy if the matriz T~ is unit lower tri-
angular and given by

0
1
- 0 15, r - 0 0
-1 -1
0 T,y T,h, - 1 0
-1 -1 -1
L 0 Tp71 Tp,Z Tp,p—l L]

where T, i=2,3,...,p—1,j=1,2,...,p— 2, are free parameters and Tpfj1 are given by

e
S (27hm N

TI;] - p—1 ’ J :2737 ap_l
Sl
=0

The last column of T~ can alternatively be represented as

1
T, = Wegﬁu{) exp(AK 7). (3.9.21)
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Proof: The matrix B is given by B = \IIEW_l, since only diagonally implicit methods are
considered W~! = I and because 7 ~! is unit lower triangular, it follows from (3.7.9) that
B=UTA <T‘1PTU (QT)—1> L(Q7)"!
where only the second row is of interest. It is necessary to first show that
e5 VT = (e5 B(K)A)ep ;. (3.9.22)
Substitute the decomposition of (3.4.7) and multiply on the right by 7 ~! is equivalent to
e3 B(K)exp(AK ™) = (e B(K)A)el T

This follows immediately by substituting (3.9.21) for last row of 7 ~!. A direct consequence of
(3.9.22) is that only the last row of

A (:r*lr:rU (QT)*) L(Q7)™
needs to be considered. This is
eI A <T*1FTU (QT)*) L(QT) " =l T TTU (QT) ' L(Q7) !
=e, T'TT(QT) ™!
=e T'TQ
To ensure that BJ = egﬂ, it is required that
epp T T ﬁeﬁrp
which simplifies to

el B(K) exp(AK )" = 63;-1—19' (3.9.23)

Now consider each side of the above equation separately. Substituting (3.4.7) and (3.7.6) into
the right hand side gives

e 1=e 1 C(B(K)epiief + KT)
=e] E(B(K)epsie] + KB(K)exp(AK ™))
= el EB(K)epyiel +el EB(K)K exp(AK ™). (3.9.24)

Given that G(K) and exp(AK ) are upper triangular matrices it follows that the first element
of the vector e (K ) exp(AK ™) will be zero and therefore the first row of I' given by (3.7.7) will
play no part in (3.9.23). Given the vector § (3.7.3), except for the first element has a special
form, I' except for the first row can be represented using as

{?] [OIF {0] [01] + del = exp(=AK " )E exp(AK ™) + J exp(—A\K " )E exp()\Kf)eerle{
= exp(—AK ") E exp(AK ™) + Jexp(—AK " )EAel .
Substituting into the left hand side of (3.9.23) gives
e3 B(K) exp(AK )T = el B(K)E exp(A\K ™) + €3 B(K) exp(AK ™) J exp(—AK ") EAe]
= TEB( VK exp(AK ™) 4 el B(K)K exp(AK ™)J exp(—AK ") EAel
=] BB(K)K exp(AK ™) + ef B(K)(I — K — €p+1€;{+1)EA€FiF
EB(K)K exp(AK™) + ¢ ﬁ( )E€p+1€{ - G{B(K)eerlEAe?
= el EB(K)K exp(AK ™) + el EB(K)epy el (3.9.25)
since 8, = 0. Comparing (3.9.24) and (3.9.25) the result follows. O

_61
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A consequence of this proof is that only the first element of the first row of I" plays any part in
constructing methods. It must also be mentioned that in the Runge-Kutta case stiff accuracy
ensures the method has L-stability. This is not the case for IRKS methods. In order to ensure
the method has L-stability the free parameter ¢ must be chosen so that ¢ = 0.

The following two methods are stiffly accurate diagonally implicit methods. The first method
is explicit with error constant equal to zero. This means the method could be interpreted as
order three. Note also that the last column of V' is zero which makes the method have a similar
property to the Almost Runge-Kutta methods. Choosing the free parameters of the method as

follows
p=2 A=0, e=1 e=[1 2 17, p=(0 : 17, =] | w=r
) ) 6 3 3 ) 2 ) _9 1 ) )
leads to the following method
_ . L
o 0 0 1 3 3
1 1 1
5 0 0 1 § 13
3 1
Mo o 5 0 1 3 0
o 3 o] 1 % 0
0o o 1] 0 0 0
3 -3 2| 0 -2 0

The second method is implicit and is L-stable. Note that V is rank one which is a desirable
property but can only be achieved in a few special cases. Choosing the free parameters of the
method as follows

p=2, )\:%, e=0, c=]

[N

1
4

leads to the following method

. .
I o o] 1 0 -&

1 1 1 1

5 1 0 1 1 —5

O I T s

_ 6 2 4

M = 11 1] 7 L _1
6 2 4 12 24

O 0 1] 0 0 0
0 -2 2] 0 0 0 |

The example methods listed in Appendix III have the strong stiff accuracy property and are
used for comparisons against some well known Runge-Kutta and Adams methods in Chapter 5.
These methods perform extremely well and since they have the added advantage of being useful
for differential algebraic equations it is likely that this class of methods will be used in a code
based on the IRKS methods.

3.10 Some example methods

Even though several methods have already been given three further examples are included. The
first method is explicit. Note that the transformation matrix 7" has been chosen so that T = I.
This guarantees the V matrix found by removing the first row and column of V is strictly upper
triangular. An advantage of this choice is that the method will be zero-stable for any choice of
variable mesh, see Section 4.6 for more details.
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Choosing the free parameters as follows

p=2 A=0, e=2% c=[0 1 1], pg=[1 L 1", T=1, W=I,
leads to the method ) )
0O 0 0| 1 0 0
1 0 o] 1 -% 4
1 2 1
L2 9o 1 o &
— 3 3 6
M = 71 1| 1 1L 1
12 3 4 6 12
1 2 1 1
5 3 2| 0 0 3
-1 0 1[0 0 0|

The second method is diagonally implicit and is L-stable. The transformation matrix T was
chosen so that T' = I, which again ensures that V is strictly upper triangular. Choosing the free
parameters as follows

p=2 A=1% €=0, c=[0 3 1], pg=[% 1 1), T=1 W=I,
leads to the method ) )
1 1
i 0 0 1 —3 0
1 1
I I 0 1 0 0
1 1 1 1
1 1 1 1 0 1
_ 2 4 i 8
M=\——1——7 71 1T 1
2 3 2 3 16
1 1 1
3 —2 L 0 0 3
0 -2 2 0 0 0

The third method is implicit. There are three things to notice about the following method. The
first thing to notice is that the last columns of the U and V matrices are zero. This means
the quantity h?y” is not needed in the computation and the method is therefore reducible in
the number of output approximations. The second thing to notice is that the elements in the
second column of U and V7o are identical which means the method has effective order, since the
stage order equals the order. The third thing to notice is that the diagonal and sub-diagonals
of A are identical for a method of order two see Section 2.11. This suggests the method is the
composition of a simpler method. Choosing the free parameters as follows

p=2 A=3% e=55 c=[1 2 1]", p=[0 t 1], T=1 W=I,

leads to the method

0 o] 1 % 0
4L 01 %2 0
YRIEEEE .
3 3 6| — 6
0O 0 1| 0 0 o0
0 -3 3] 0 0 O]

In fact this method is the composition of the trapezoidal rule over three steps with stepsize h/3,
see Section 2.11 for the general formulae of the composition method.
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3.11 Searching for good methods

It is very difficult to define what it means to be a “good” or “optimal” method. In this section
certain characteristics a good or optimal method may posses are discussed. It would for example
be desirable for a method to have coefficients with small magnitudes. This reduces the loss of
significance that can result when methods have large coefficients. For almost all general linear
methods only isolated examples can be constructed. This is generally because methods are
constructed by finding numerical solutions to complicated systems of nonlinear equations which
describe the order and often stability conditions. If there were several solutions available it
would only then be possible to choose the method with the smallest coefficients.

One of the advantages of IRKS methods which cannot be overstated is that the methods can
be derived using only linear operations. This makes it possible to search for certain choices of
the free parameters which lead to the coefficients of the method having small magnitudes. In
fact methods where all coefficients have magnitude less than or equal to one can be found for
methods of high order.

In Runge-Kutta theory, methods are regarded as optimal if the error coefficients of the ele-
mentary differentials are very small. A lot of work has been done in constructing optimal
Runge-Kutta methods for example by Dormand and Prince [63] and Verner [119]. For general
linear methods the error coefficients of the high order elementary differentials are much more
complicated to analyse. This is because the error coefficients depend on the choice of starting
procedure as well as the method. In Section 2.6 the underlying one step method was discussed.
The underlying one step method provides one possible interpretation of the error of strictly sta-
ble general linear methods. The basic idea (see Section 2.6 for more details) is to find a starting
procedure S* and the underlying one step method ¢ such that

S*M = ¢S*.

There is freedom available in the choice of S* and ¢. This freedom is eliminated if the initial
condition is assumed to be exact. The commutative expression above can be reinterpreted in
terms of B-series and thus generating functions. The generating functions for ¢(t) and S*(t) are
given by

o(t) = v" (BED1(t) — R(t)),

X ~y—1

S*(t) = (I — V) (B&Dl(t) — R(t)).

Since the IRKS methods have high stage order only some of the trees are independent. It has
been observed that the trees which are independent in ¢(t) are the same as those discussed in
Section 2.10. However, this is yet to be proved. Nevertheless this limits the number of conditions

that need to be considered when attempting to minimise the error coefficients of the underlying
one step method ¢.

The basic approach used to find an IRKS method with an underlying one step method with
minimised error coefficients is as follows:

e Choose initial choice of free parameters.

Compute the IRKS method.

Compute the independent coefficients of the underlying one step method.

Weight the independent coefficients.

Repeat process until the weighting of the independent coefficients is minimised.
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In Appendix I a Matlab code is included which minimises the error coefficients of the underlying
one step method. It would be likely that better methods could be found if more sophisticated
searching strategies were used. In order to increase the speed of the search the function which
generates R(t) has explicit expressions for each tree up to the required order, rather than using
the recursive approach discussed in Section 2.5. In Appendix III methods of orders two through
to five are given. These have been constructed so that underlying one step method has minimal
error coefficients.

In both of the approaches described above the resulting coefficients of the method are gener-
ally fractions with very large numerators and denominators. This makes the method appear
cumbersome and difficult to present. It would be much more elegant if methods could be con-
structed with small numerators and denominators. However, it is not yet known how this can
be accomplished.

3.12 Other approaches

In Section 3.7 a canonical class of methods with IRKS was developed. Since this class of methods
is canonical it is necessary that the implicit IRKS methods derived in [32], the explicit IRKS
methods derived in [117] and the transformed IRKS methods derived in [50] are special cases of
the methods found in this chapter. It was shown in [50] that the methods constructed in [32]
and [117] were special cases, therefore it is only necessary to show that the methods from [50]
are a special case of the methods derived in this chapter.

This section should be read in conjunction with [50]. To make this section self contained would
require an unnecessary amount of work to be repeated in a slightly less general form. From
Section 3 of [50], the transformed order conditions take the form

exp (1 fez) = 2Aexp (1 fez) D(3) + Ud(2)"1Z + 0(zPHY),

o~

z SN—1% _ =D cz G —175 ~>p+l
exp (1 n 92\)1#(2) Z = ZBexp <1 n 92> +VyY(2) Z+0EP).

To return to the original method make the substitution z = z/(1 — 6z). First note that the
relationship between Z and Z can be written in the form

Z =(1-02)"Pexp(—0K)Z.

The order conditions are therefore,

exp(cz) = 2(A + 01) eAxp(cz) + ﬁexp(—GKi)i/J(z)*lZ + O(2PHh),
exp(2)h(2) 1 Z = exp(0K ) B exp(cz) + exp(0K )V exp(—0K )(z) 1 Z + O(zPT),

where

w6 = ) (1 - 027,

z
1—-6z

Since the coefficients of 1;(3) are free parameters of the method, it is equivalent to choose the
coefficients of 1(z) instead. It follows from

U(2)Z = $(K)Z + 0",
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that the coefficients of the original method are

A=A+0I,

B=4y(K) exp(@K*) B

U =Uexp(—0K " )p(K) ™!

V =(K)exp(0K )V ex ( OK " )p(K) "

The IRKS conditions lead to the formulae

BA=¢(K)exp(0K~)(J + 0I) exp(—0K " )y(K) ' B,
BU = @Z)(K) exp(0K ~)J exp(—0K " )(K) ™'V — Vip(K) exp(0K )J exp(—0K ~)(K) ™,
Y(K) exp(0K ) (J + 01) exp(—0K ~)(K) ™1V —
V¢(K) exp(0K ~)(J + 61) exp(—0K )p(K) L.

Now it is sufficient to show that

X0y 0) = (K)exp(K ) (J + 0I) exp(—0K " )h(K) L, (3.12.1)

where 6(w) = (1 — fw)PT!. This follows directly from Lemmas 3.7 and 3.11. Therefore
X (6¢p~1,%) has a one point spectrum

a(X(0y~ ) = {6},

The first IRKS condition can be strengthened to an equality using Lemma 3.13. Also comparing
(3.12.1) with Lemma 3.11 implies that

X(0,1) = exp(0K ) (J + 0I) exp(—0K ™),

which can be regarded as a special case of Lemma 3.7. All methods which were derived in the
early papers [32], [50] and [117] can be derived using the techniques discussed in Section 3.7.
What is especially interesting is that the use of the permutation matrix included in Lemma 3.23
is never required, even for methods in [32] where the matrix V was strictly lower triangular.
Whether the use of the permutation is ever required is still unclear.

3.13 Composition of methods

Consider the composition of two methods with IRKS. Let M7 and M, denote the two IRKS
methods with s; and s stages respectively. First apply M; to y[*~1 to generate y[, then apply
M, to y™ to generate y™ 1. The method which generates y[™ ™1 from y~! in one step of
length 2h is given by
Ay 0 Uy
MyoMs = | UyB; Ay | UsV;
VoB1 By | VaVi

Reinterpreting the composition method as a single step of a method of size h (compare (2.11.1))
yields

T4 0 U H

M o My = 1U,B; 1A, ‘ U, ViH ,

1H""aBy $H'By | H-'aViH
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where H is the diagonal scaling matrix defined as

0 0 0 0 0

1

10 0 0

0 3 0 0

H= Do : :

0 0 -+ 5= 0 0
00 0 -+ 0 45 0

00 -« 0 0 =%

Does the composition method have IRKS? To help answer this question the following two lemmas
are useful.

Lemma 3.31 Given a diagonal rescaling matriz H, then
1 1
H ' exp(AK ™) Jexp(—AK " )H = 2exp <§)\K> J exp <—§AK> .
Proof: Expressing as a Taylor series, gives
N P N P —\i
. ) (“AK)
( Jofreso ey B (e Y
J: :

When expanded out

. P P L )\2+J A ,
_ i _
H J+Z Z Ky 4+ 0 (W G (KO (KTY | H
7=1 =1 j=1
p )\z p p . )\ZJFJ . .
_ )7 =i —J
ST FES I USRS =0 FUSIED 3) pE NP
i=1 j=1 i=1 j=1
Since H~'JH = 2J it remains to verify that
. , 1 . ,
H YK J(K™)H = ST (K T(ETY. (3.13.1)

The following relations are useful
(K~)H = KIHJ (K™Y,
Hfl(Kf)z:( ) Jz le
Substituting into the left hand side of (3.13.1) and using the proof of Theorem 3.9 gives
H YK J(K)YH= (K ) JH 'K'JK'HJ (K~)’
= (K JH 'K HJ (K™Y
1 TP
= g (K VTR I I (KT
1 L L
= gyt (K (ETY,
since (K )%, (K~)7 and J are all nilpotent. O

The next lemma shows an interesting connection between two doubly companion matrices.
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Lemma 3.32 Let X(PB~',3) be a doubly companion matriz with a (p + 1)-fold eigenvalue X,

with characteristic polynomial
P(w) = (w — A\)PTL,

Then there exists another doubly companion matriz X (PB3~1, 3) given by
4 = 1
X(PA~1,B) = gH X (P~ B)H, (3.13.2)

with a (p + 1)-fold eigenvalue %, therefore the characteristic polynomial is
N 1 p+1
P(w) = <w — 5)\) ,

H'B(K) = B(K)H .

and where

Proof: Substitute the decomposed form of the doubly companion matrix (3.4.6), noting that
V¥ can also be decomposed as in (3.4.7), into (3.13.2), then

X(PB,B) = 2 HB(K) exp(AK ™) (J + AI) exp(~AK " )3(K) " H

(K)H Y exp(AK ™) (J + M) exp(-=A\K " )HB(K) !

(K)YH Y exp(AK ™) Jexp(—AK " YHB(K) ™ + %AI
(K)exp <%)\K> J exp (—%AK) BK)™ + %)\I

®@

|
®@

N DN =D

Il
@

_ 1 1 1 =

:/%Ajema<§xx‘> <J4—§Al>em3<—§AK“>/%Bﬁ_ﬂ
which is the required result. O
A similar condition to the first IRKS condition (3.3.1) for the composition method is
14,0
tU,B; 1A,
[ 1H 'VaB1 A1 + H ' BoUs By 1H 'ByA; ]
[ H WX B+ 1H 1 (XoVa — VaXo)B1 1H 'X5Bs |
[ 1H'XV,B; 1H'XB, |
Y] %H‘1V2B1 %H_le I,

| SHWaBy 3B, |

assuming that X; = X9 = X and Y is a doubly companion matrix such that ¥ = %H‘lXH as
in Lemma 3.32. A similar condition to the second IRKS condition (3.3.2) for the composition
method is

U H 1 1
1r7—1 1r7—-1 _ -1 —1
1H-'v;B, 1H'B =-H "WByU1H + =H 'ByUsVi H
[2 201 3 2 | U, Vi H 5 2b1U1 5 2U2 V1
1 1.
E#f%%&%—%XﬂH+?¥%&%—VﬂQ%H
1., 1.,
= SH ' XWViH — SH Vi XH

H 'WViH — H- YW,V HY,
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again assuming that X; = Xs = X and Lemma 3.32 holds. The final IRKS condition for the
composition method is
det(wl — H'VoVi H) = wP(w — 1).

This will not always hold for two IRKS methods, however when T' = I for both methods it will
always hold. This is because the matrix left after the first row and column of V7 and V5 has been
removed will be strictly upper triangular. This implies the matrix formed after removing the
first row and column of H V5V H will also be strictly upper triangular. To determine whether
the last IRKS condition for the composition method is satisfied in the general case see Section
4.6.

It will be interesting to consider in the general case when the doubly companion matrices of
two methods are not the same what the resulting stability region of the composition method is
like. It may well be the case that methods with certain properties are more likely to be suitable
than others when composed together. Note similar results can be derived for the composition
of more than two methods.

3.14 The non-existence of parallel methods

There are four types of DIMSIMS; these include the combination of stiff and non-stiff in a
sequential or parallel environment see Subsection 2.12.7. So far in this thesis only methods for
the application of non-stiff and stiff problems using a sequential computer architecture has been
discussed. For applications using parallel computers, the matrix A = 0 for non-stiff problems
and A = A for the stiff problems. Do parallel methods exist with the IRKS property?

Theorem 3.33 Parallel general linear methods with the IRKS property do not exist for non-stiff
problems and exist only for orders one and two if A = A\I.

Proof: The stability matrix when A = Al is given by

* _BU

M(Z):V+1—Az :

Since IRKS is required, tr(M(z)) = exp(z) + O(zP*!). However, since tr(BU) = 1 it follows
that

z
1—Xz’

tr(M(z)) =1+

Expanding using the Binomial theorem it follows that the maximum obtainable order is 2 when
A= % In the case when A\ = 0 the method is reducible. ([

Even though a set of parallel methods with IRKS does not exist, a more general class for the
application of stiff problems may exist when the matrix A is not singly implicit but can have
p + 1 different eigenvalues. Methods with this property will be considered in future work.



CHAPTER 4
Implementation issues

When any new numerical method is constructed it is important to compare it with existing
numerical solvers. This enables the advantages and disadvantages the method is claimed to
have to be verified. Before doing so, it is essential to discuss certain choices regarding how the
method is implemented.

4.1 Framework

Very little literature exists on the implementation of general linear methods which are neither
Runge-Kutta nor linear multistep methods. It is for this reason that very standard approaches
to the implementation of the IRKS methods will be used. That is to say, at this early stage in
the development of the IRKS methods, to best ensure that the methods compare well with the
traditional methods, certain choices available in the implementation should be kept as similar to
those of the traditional methods as possible. For example, the stepsize control procedure could
be identical. When this is the case, there is more evidence that the results can be interpreted
as results of the IRKS methods rather than the implementation choices. With this in mind it
should also be remarked that there may well be features of the IRKS methods that could be
taken advantage of when implemented. Some of these will be alluded to, but this will be largely
left for future work. The five main issues with regards to implementation of the IRKS methods
are:

e Starting procedures: Constructing the initial Nordsieck vector.

e FError estimation: Ensuring the local error estimate is asymptotically correct and requires
no extra stages.

o Variable stepsize: Deciding how the method varies stepsize and the type of controller used
to estimate the new stepsize.

e Variable order: Estimating the local error of the method with order one greater than the
current order.

o Computing the stages: Taking advantage of the fact that the matrix A has a one point
spectrum and the fact that the method has high stage order.

Each of these issues will be addressed; however the main emphasis will be on the implementation
of explicit methods. The thesis of Huang [83] deals in much more detail with the implementation
issues which are particular to implicit methods. Also features which are particular to the implicit
IRKS methods are taken advantage of in the implementation.
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4.2 Starting procedures

General purpose multivalue codes generally include a means of varying the order as the integra-
tion proceeds. This initially allows the order to start at say one or two which requires only known
information. This is the strategy that the general purpose codes based on IRKS methods will
adopt. However, it is also necessary to compare particular methods of fixed order with currently
available methods, and this requires a starting procedure. The first generalised Runge-Kutta
methods used as starting procedures were developed by Gear [71] in 1980. These were used as
a means of starting the integration using a sufficiently high order multistep method. They are
also useful for problems with frequent discontinuities or sudden large increases in the derivatives
as this does not require building the order up slowly. For the IRKS methods it is necessary to
approximate the initial Nordsieck vector

y(zo)
hy'(zo)
yl = | R*y"(z0) | +O(hTH).

| WPy @ (o) |

It is often the case for other general linear methods that the starting procedure can be used to
construct the initial information a certain distance from the initial condition. In other words,
the starting procedure also performs the first step of the integration. This approach will not be
adopted; the starting procedure will approximate the Nordsieck vector at the initial point.

To construct an approximation to the initial Nordsieck vector, p+ 1 different Runge-Kutta type
methods need to be found. The first two components of the Nordsieck vector are trivial. The
first is the initial condition, the second is the initial condition substituted into the differential
equation and scaled by the stepsize. When the problem is non-stiff, for low orders it is easy
to find explicit methods to do the job. As the order increases this becomes more and more
difficult. Implicit methods can be easily constructed for this purpose. For non-stiff problems
the resulting system of non-linear equations can be solved using fixed point iteration, instead
of the modified Newton’s method used in the stiff case. In both the non-stiff and stiff case it is
possible to construct singly implicit Runge-Kutta type methods with stage order equal to order.
Methods of this type are special cases of the order conditions

exp(cz) = zAexp(cz) + UZ + O(zPT),
Z = zBexp(cz) + VZ + O(2PT1),

where the vector of abscissae ¢ are free parameters. These order conditions follow directly from
those derived in Theorem 3.1 except the Nordsieck vector computed at the end of the step is
just the Nordsieck vector at the beginning of the step. The U and V matrices must be non-zero
in the first column only as this allows only the initial condition to be used to compute the
Nordsieck vector. From the above order conditions it follows that the matrices U and V, are
given by

U=C— ACK, (4.2.1)
V =I- BCK.

The U and V' matrices need to be chosen so that

U =eel, V =erel.
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For U = eel it is sufficient for the relation
AC =C1J,
to hold. Substituting into (4.2.1) gives
U=C-ACK,
=C(I - JK),
= eel .
For V = ejel it is sufficient for the relation
BC = J,
to hold. Substituting into (4.2.2) gives
V =I1- BCK,
=1-JK,

= 616{.

In Appendix I a Maple code is included to derive the starting methods. The procedure requires
the order p and a vector of abscissae ¢ of length p+ 1. The following starting methods of orders

two, three and four have abscissae evenly spaced in [0, 1] and are given by

0o 0 0]1
1 1 1
5§ 2 —g|l
1 1
19 11
0 0 of1]’
1 0 olo
3 4 —1]0
0 0 0 of1]
5 2 1
% o —3 Ol
12 1 _2|,
3 9 9 9
5 15
53 L o_q )
o 0 0 01
1 0 0 olo
11 9
~49 -2 10
18 —45 36 —910
[0 0 0 0 0 |1
4 67 _5 13 _ 5 |4
576 288 48 288 576
1 1 1 5 _5 |
72 18 3 18 72
_2r 73 45 69 _33 |4
64 32 16 32 64
3T 80 _38 8 _3T |y
18 9 3 9 18
0 0 0 0 0 |1
1 0 0 010
L o1, -12 P -110
140 416 224 44
3 —3 b2 -F  F |0
160 576 —768 448 —96 |0
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4.3 Error propagation

In order to understand how best to vary stepsize it is necessary first to consider how the errors in
general linear methods, with stage order equal to order, propagate. It is possible to understand
and control how the error propagates up to order O(hP*2). This can then be used to control not
only the stepsize but also the order of the method. As this is ongoing research in collaboration
with J. C. Butcher and Z. Jackiewicz, in this thesis only error propagation up to O(hP*!) will
be considered. Many of the results in the next few sections are similar to those derived in [45].
These results are included so that particular properties of the IRKS methods which follow from
these results can be included. For the purpose of error propagation it is often more appropriate
to represent the method (2.1.2) as follows

Alu Ale U
— bT |1 VT |. (431)
B|V
B0 V

This means the computations performed in one step are
Y =nAf(Y™) + ey, + Uyl
UYn = hbe(Y[”]) + Yp_1 + va["_u, (4.3.2)
y =B f(Y) 4 vyl 1,

Note that the original incoming and outgoing information satisfies

=1 _ | Yn-1 m — | Yn
y - _ ) y - n .
[ y[—1] ] [ y["! ]

It is also convenient to represent the exact value function as

y(z) ] 7

2o h) = [ z(x, h)

where z(x, h) is given by

T
2a,h) = [ hy'(w) W) o By () |

Partitioning the method in this way makes it considerably more convenient to understand error
propagation as the solution component acts quite differently from the remaining components of
the Nordsieck vector. As very little confusion can arise, the term Nordsieck vector will refer to
either z(z,h) or z(z,h). From the context it will be clear which one is being used. To satisfy
the stage order and order conditions of this alternative representation first define the scaled
Vandermonde matrices C and D as

—2 —1 2 -1
C=lec g gl D=le g g &l
and the p x p Toeplitz matrix E by
1 1 1 1 1 1T
2t (r-3)! (p-2)! (p—1)!
0 1 4L 1 1 1
il (r—-4)!  (p-3)! (p—2)!
00 1 1 1 1

—_
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which is just the last p rows and last p columns of F defined in (3.2.6). Now it follows from
(3.2.9) and (3.2.10) that

U=D - AC, (4.3.3)
V=E - BC(, (4.3.4)
vi=E{ ,—b'C, (4.3.5)
where the vector ElT_p is defined as
El,=l1% 3 o= » ]

It is also convenient to define the reverse vector Eg_l as

T 1 1
Ep =13 o

]

To investigate the error propagation of the method (4.3.1) assume that the input quantities y,,_1
and y["1 to step number n satisfy

sl

BSIE

Bart = Y(aao) = au By (@) + O(P)

4.3.6
y[n—l] = Z(xnfla h) - ﬁnflhp—’—ly(p-i_l)(mn*l) + O(hp+2)’ ( )

where a,,_1 is a scalar and (,_1 is a vector of length p. Once the step is completed, the output
approximations y, and y™, which are also the input quantities to step number n + 1, satisfy
Yn = y(on) — anhp+1y(p+1)(mn) +O(hP+?),

4.3.7
y[n] = Z(.Z'n, h) - /Bnthrly(erl)(xn) + O(h’erQ)' ( )

Expressions for «, and 3, need to be found in terms of «,_1 and 3,_1, so as to obtain an
expression for how errors propagate. In order to do so, it is first necessary to consider the errors
propagated in the stage values. Since the methods have stage order equal to order, it follows
that

vl = ylexn_1 + ch) — &hPT Yy (2, 1) + O(hPF2). (4.3.8)

The stage derivatives then satisfy
FOYP) = s + ch) = EahP 1 Ly 0, ) 4 0142,
and the scaled stage derivatives are then

hf(Y™) = hy/ (expn_1 + ch) + O(RPT2). (4.3.9)

The following theorem shows how the errors are propagated in the stages, the approximate
solution and the Nordsieck vector.

Theorem 4.1 The vector &, of stage errors, the constant o, the error in the solution and the
the vector 3, of Nordsieck errors, are given by

o an cP
§n = m - AH + UBh—1 + eap—1,
1

rcf T
m —b H + Vv Bn1+ o1,

P
Brn=Ep1— B% + VBn-1. (4.3.10)

Qp —
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Proof: Substituting (4.3.6), (4.3.7), (4.3.8), (4.3.9) into (4.3.2), it follows that
y(exp_1 + ch) = &Ry ()
= hAy (exn_1 + ch) + e(y(mn,l) — an,lhp*'ly(pﬂ)(xn,l))
+U (Z(xn—la h) - /Bn—lhp+1y(p+1)(xn—1)) + O(hp+2)7

y(zn) — anh”+1y(p+1)(ﬂcn)
= hbTy/ (exp_1 + ch) + y(xp_1) — an,lhpﬂy(pﬂ)(xn,l)
VT (z(wn-1,h) = ButhP Ty P (2, _1)) + O(RPF?),

Z(xm h) - 5nhp+1y(p+1)($n)
= hBy (exp_1 + ch)
+V(z(zn-1,h) — 6n_1hp+1y(p+1)(xn_1)) + O(hPT2).

Expanding y(ex,_1 + ch), y'(ex,_1 + ch) and y(x,) into Taylor series around x,_1, the first
expression is given by

DZ(:L‘nfl, h) + hp+1y(p+1)($n71) - fnhp—’—ly(p-i_l)(xnfl)

(p+1)!
P

= ACz(zp_1,h) + Ac_hp+1y(p+1) Tn—-1) — eanflthrly(erl) Tn—1
p!

+ Uz(zp_1,h) — UBy_1 P y®H ) (2, 1) + O(hP2).

The terms up to O(hP) are the stage order conditions given by (4.3.3). The term of O(hP*1) is
Pt c?
m —&n = AH —eay1 — UB,1.

Again using Taylor series expansions about x,_1, the second expression is given by

E1T_p2(1’n—1, h) + APy () — aphPT Ly (2, )

PEs]

D
_ bTCz(xn,l, h) + bT%h”“y(p“)(mnq) _ Olnflhp—’—ly(p—i_l)(xnfl)

v 2(zp_1,h) =T By hP Ty P (2, ) + O(RPT2).

The terms up to O(hP) are the order conditions for the solution component, given by (4.3.5).
The term of O(hPH1) is

T Cp

T
=b"— — Ap—1 —V ﬁn—l-

RSy

Using Taylor series expansions about z,,_1, it follows that
2(n, h) = Bz(x_1,h) + Ep_1h? Ty (2, 1) + O(h*T2).
The last expression now becomes
Ez(zn_1,h) + Ep_1hp+1y(p+1)(wn71) _ ﬁnhpﬂy(p“)(an)
=BCz(zn_1,h) + thﬁly(p“)(xn_l)

+Vz(xp_1,h) = VB 1 APyt (2, 1) + O(RPT2).
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The terms up to O(hP) are the order conditions for the Nordsieck vector, given by (4.3.4). The
term of O(hPH1) is

cp
Ep_l - ﬁn = B_' - V/gn—l-
p!
Rearranging the terms of O(hP*!) gives the required result. O

Note that the expression for 3,, only depends on (3,1 and constant vectors and matrices. When
the stepsize is constant the value of (3,, tends to a fixed point 3, that is

v = z(z,, ) — BRPTLy P (2,) + O(RPT).

The value of the fixed point 3 is found letting 3, = (5,1 in (4.3.10), and rearranging gives

B=(1—V)! <Ep_1 _ B%’:> .

The vector § has a surprising form for the IRKS methods, as is shown in the following theorem.

Theorem 4.2 The vector 3 which satisfies
v = z2(z,, h) — BRIy (2,) + O(WPH2).

s given by
B=1[By Bpr - B B,

where the B; are the free parameters from the doubly companion matriz X .

Proof: It is most convenient to use the original form of the method in the first part of this
proof. Substituting (3.2.9) into U and (3.2.10) into the first V of (3.3.2), then

B(C — ACK)=X(E - BCK) - VX,
BC=XE-VX. (4.3.11)

It was shown in Section 3.5 that if BA = X B is satisfied then BU = XV — V X is zero except
in the last column. To consider the last column of (4.3.11), first notice that

XEep1 =Epi11— 3,
where the vector 3 is
_ T
B=| b B B 5|

The last column of (4.3.11) is now

cp

BH =FEpni1—- B+ VB

To remove the first row and therefore obtain equality, it follows that

Cp

BE: p 1 — B+ Vp.

Now rearranging in terms of 3 gives the required result. O
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Since the coefficients 31, 3o, ..., B, are free parameters of the method, the vector 3 can be chosen
as part of the design of the method. If a,,_; is assumed to be zero then (4.3.6) is similar to the
localising assumptions of Runge-Kutta and linear multistep methods. When «,_1 = 0, then «,,
is equivalent to the error constant, o, given by

1 7P T
- — b= 473, 4.3.12
(p+1)! p! b ( )
which is also a free parameter of the IRKS methods. Comparing the above equation with (3.6.3),
then ) »
c
=M A — ——+bl— VI3
€ p+17p+1( ) (p_|_ 1)| + p' \ B
The free parameters in the IRKS methods have a large scope for controlling the errors which
are propagated by both the solution and the Nordsieck vector.

4.4 FError estimation

For any general linear method to be implemented in an adaptive fashion it must be possible to
estimate the local truncation error, as this allows a measure of how accurate the approximations
are, and how much the stepsize should be varied. Assuming that the localising assumptions
hold, that is a,,—1 = 0, the local truncation error is given by

t(xy) = ahpﬂy(p“)(xn) + O(hp”),

where o is the error constant given by (3.6.3) or (4.3.12). In most cases only the principal term
of the local truncation error is calculated. This assumes that h is sufficiently small and that
O(hP*2) is significantly smaller than h?+1y®+1(z,). The principal term of the local truncation
error is calculated using the following theorem.

Theorem 4.3 If the function y(x) is sufficiently differentiable in a neighbourhood of x, then
Wy (@) = @Thf (VI 4+ 9Tyl + O(r2), (44.1)
where the vectors ¢ and T satisfy the linear system
pICryl = 0,

Cp
SDTE—TZJTﬁ = L

(4.4.2)

Proof: Substituting (4.3.6) and (4.3.9) into (4.4.1), it follows that
PPy (1) = T hy! (e 1 + ch) + 0T (z(zn-1,h) — 6hp+1y(p+1)(xn_1)) + O(hPT2).

Now expanding 4/ (ez,_1 + ch) and h?T1y®P+(z,,) into Taylor series around ,_1, then
P
PPy Pt (g ) =T (CZ(%H, h) + C—'hpﬂy(p“)(mn_l))
p!

+ 7 (2(wn-1,h) = BRPF YD (2, 1)) + O(RPF?).

Collecting the terms up to order p + 1 gives the required result. O

Since the terms of O(hP*2) are deemed to be sufficiently small so as not to affect the local
truncation error significantly, it is convenient to define the local error estimate e(x,,) as

e(wn) = @ hf (YI) + 9Tyl
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Therefore, the local truncation error and the local error estimate are related by
t(zn) = oe(z,) + O(hPT2).

It is also possible to compute the local error estimate e(z,,) with a linear combination of the stage
derivatives of the previous and current step. This approach was used for DIMSIMs (see [37]).
However, this approach is not desirable because it results in conditions involving the stepsize
ratio between the two steps. The coefficients in the local error estimate must be computed each
time the stepsize is changed resulting in unnecessary amount of extra computation.

To estimate the local truncation error, Runge-Kutta methods are usually constructed in pairs,
a technique known as embedding. The local error estimate is then taken to be the difference of
these two approximations. Generally the methods differ in order by one. Many researchers regard
it as more efficient to propagate the higher order method. In this case the local error estimate
is not asymptotically correct. However, many implementations of Runge-Kutta methods do in
fact propagate the lower order method and therefore obtain asymptotically correct local error
estimates. Both approaches result in the estimate of local error as a linear combination of
the stage derivatives of the current step. It is possible to obtain an equivalent approach to
embedding for the IRKS methods if the vector 4T is zero, that is, obtain local error estimates
using only the stage derivatives from the current step. This can only be the case if the number
of stages s is greater than the order p. The IRKS methods are chosen so that s = p + 1, which
satisfies the previous requirement. In this case the linear system (4.4.2) reduces to

©TC = epya, (4.4.3)

as long as the method is non-confluent. This means that asymptotically correct local error
estimates can be computed using only a linear combination of the stage derivatives. Note that
for Runge-Kutta methods it is almost always the case that extra stages need to be computed
in order to obtain the two different approximations. In all the implementations of the TRKS
methods the local truncation error estimates will all use only a linear combination of the stage
derivatives.

4.5 Nordsieck representation

From early on only methods represented in Nordsieck form have been discussed. To obtain an
effective implementation of any numerical method, stepsize change is a necessary requirement.
The multiple output approximations in these methods make stepsize change more difficult than
for Runge-Kutta methods. The use of Nordsieck vectors makes it easy to vary stepsize, which is
in stark contrast to most other methods not implemented in Nordsieck form. Not all methods
can be represented in Nordsieck form, for example, the explicit Runge-Kutta methods with
effective order. However any method with p + 1 independent approximations passed from step
to step can be. The Nordsieck vector consists of an approximation to the solution and the first
p scaled derivative approximations. Consider a non-uniform grid zog < z1 < 9 < - < Ty_2 <
ry_1 < xy with stepsizes hi, ho, hs,...,hn_9,hn_1,hn given in the following figure.

hy ho hs3 hn_2 hn-1 hn

Figure 4.1: Stepsize pattern.
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The computations performed in one step of a method on a non-uniform grid are
Yl = p,Af (Y™ + Uyl—Y)
g = han(y[n}) + vyt

where the incoming and outgoing Nordsieck vectors are

Yn—1 Yn
hnygfl hnyg
ynt = : gl = :
nh Y nh Y
hy® | | nby?

Define the diagonal (p + 1) x (p + 1) rescaling matrix D(d,+1) as

1 0 0 o 0 0
0 Opy1 O 0o 0 0
0 0 &, 0 0 0
D(bpt1) = | E E : : ;
o 0 0 - &7 0 0
0 - 0 & 0
(00 0 - 0 0 o,

where §,,+1 = hypy1/hp. It then follows that
) = D)

This means the variable stepsize method can be rewritten as

yl — hnAf(Y["]) + Uylr—1,
y" = h, D(8n11) Bf (Y1) + D(8,41)Vyln 1,

Even though the structure looks somewhat different from the approach derived by Butcher,
Chartier and Jackiewicz in [37] it is equivalent. Note that this rescaling incurs an extra error
avoided by Runge-Kutta methods. The effect of this rescaling can become significant, especially
for high order methods and large changes in the stepsize.

The Nordsieck formulation originally used by Nordsieck [102] and popularised by Gear [69],
requires the incoming and outgoing Nordsieck vector to be given by

[ Yn—1 1 Yn
Py 1 R 1Y
i1 = : L :
Holr ol
%yﬁlpL J %ygp)

To represent the method in this form, a simple change of basis is required. Define the scaling
matrix F' as

F:diag<0! 1n o2 ... p!).
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The matrices in the original Nordsieck form are therefore

U=UF, B=F'B, V=F'VE

It will always be assumed that the method is in Nordsieck form but not the original Nordsieck
form. If the original Nordsieck form is preferred, it is easy to rescale the matrices as above. It
should be noted that in the original Nordsieck form the coefficients of the IRKS methods are
much more balanced. The coefficients in the the matrix B become quite large especially in the
last rows in the Nordsieck form, whereas the coefficients in the last columns of U become very
small. When searching for methods with minimised error coefficients in the underlying one step
method, the magnitude of the largest coefficient of the method is controlled. Thus the original
formulation is used. It is also the case that to avoid as much loss of significance as possible it
is best to use the original Nordsieck form in the implementations, since the coefficients of the
method are more balanced.

Now consider the error propagation of the methods in Nordsieck form. To do so partition the
methods as follows

ylhl = p Af(Y[") + eyn_1 + Uyl
Un = be( )+y _1 4+ vTyln=1 (4.5.1)
yI = haD(Spg1)Bf (Y) + D(Sppr) vyl =Y,

where the diagonal p X p rescaling matrix D(d,,41) is

bpsr O 0 0O 0 0
0 6., 0 0 0 0
0 0 &, 0 0 0
D(0n+1) = : : : : : :
0o 0 0 #2000
0o 0 0 0 &5 0
00 0 0 0 o,

This approach to changing stepsize is known as the rescale method. The only quantity that is
different from the constant stepsize case is the Nordsieck vector. Before determining the effect
of the variable stepsize, first note that the incoming Nordsieck vector has the form

Y = 2(wn 1, hn) = Buoat R YD (2, 1) + O(RET?), (4.5.2)
and the corresponding outgoing Nordsieck vector has the form
Y0 = 2(an, 1) = Bl Ty () + ORI, (4.5.3)

The following lemma shows that 3,, does not converge to a fixed point unless constant stepsizes
are used.

Lemma 4.4 The vector 3, of Nordsieck errors using the rescale approach to variable stepsize

18 61)
D n+1
/Bn — ? <Ep

n+1

cp
11— BE +V5n—1> .



118 Implementation issues

Proof: Substituting (4.5.2), (4.5.3), (4.3.9) into the last equation of (4.5.1), then
Z(.%'n, n+1) ﬁn f:ylly p+1)(xn)
= D(6,41)Bhny/ (expn—1 + chy)
+ D)V (2201, hn) = Bu 1 RET Yy (2, 1)) + O(RPH2),
where h = max(hy,, hp+1). Using Taylor series expansions about z,_; it can be shown that
2(Tn, hng1) = D(6n+1)(EZ(xn—1a hy) + Ep—lh%’_ly(p—’—l)(xn—l)) + O(hf{m).
Now expanding y'(ex,,—1 + ch,,) into Taylor series around x,_1

D(Gn1) (E2(nmr, ) + Ep a2y (@, 1)) — Budh i hEy @) (@, )

P
=D(d,41)B <Cz(xn1, hn) + %h{’fly(pﬂ)(xnl))
+ D0 1))V (2(Tn1, ) = Bt hE Ty P (2, 1)) + O(RET?).

The terms up to O(hP) simplify to the order conditions for the Nordsieck vector, given by (4.3.4).
The terms of order p + 1 are

P
D(6n+1) ﬁn(szii - D(5n+1) <B% - Vﬁn—l) )

which gives the the required result when rearranged. Note this only converges if the stepsize is
constant. [

This is a rather negative result because the values of 3,_1 are part of the error propagated in the
stages &, and the approximate solution «,,. In order to retain the form of the error propagation
given in Theorem 4.1, but with variable stepsizes, it is possible to modify the method (4.5.1)
by using the information from the local error estimate e(x,,). This technique, known as “rescale
and modify”, results in the method

vl = h,Af(Y ”)-+eyn |+ Uyt
yn = habTF(YPI) +eyny + Ty, (4.5.4)
Y = (D(8n41)B + 0(0n1)") f (Y1) + (D(Bns1)V + 0(0ni1)u )y,

where 0(0,+1) is a vector with a particular form, to be determined.

Theorem 4.5 The vector 3, of Nordsieck errors using the rescale and modify approach to vari-
able stepsize converges to the fized point

f=I-V)" <p1_B£>, (4.5.5)

p!
provided that ¢ and 7 satisfy the linear conditions (4.4.2) and 0(5,11) has the following form
0(6n11) = (D(ny1) — 65 111) 6.
Proof: Substituting (4.5.2), (4.5.3), (4.3.9) into the last equation of (4.5.4), it follows that
2(Tp, hny1) — 5]15;:12/(1)“)( n)

= (D(5n+1)B + 9(5n+1)90T)hny,(690n 1+ chy)
+ (D(5n+1)v + 0(5n+1)1/’T)( z2(Tp—-1,hn) — ﬁhp—H (p+1)( )) + O(hp+2)v
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where h = max(hy,, hpt1). Now expanding z(xy,, hy+1) and ' (ex,—1 + chy,) into Taylor series
around x,_1, then

D((Sn-i-l)(EZ(xn—h hy) + Ep—lhlr)LJrly(erl)(xn—l)) - ﬁagiih?rly(“l)(xn—l)
P
= (D(5n+1)B + 9(5n+1)‘PT) <Cz(xn_1, hn) + %thrly(erl)(xn—l))

+ (D@Bnt1)V + 00n11)07") (2(xn-1, hn) — BREF P (2, 1)) + O(RET?).

Collecting the terms up to O(hP) as coefficients of D(d,+1) and 0(d,,+1) it follows that the first
coefficient is equivalent to the order conditions for the Nordsieck vector and the second coeflicient
is equivalent to the first equation of (4.4.2) used to obtain an error estimate. Collecting the terms
of order p + 1, it follows that

D D
D(p+1)Ep_1 — B621) = D(6541) (B% - Vﬂ) + 0(6n+1) <<PT% - wTﬁ> :

Rearranging (4.5.5) leads to

Cp

B_' _Vﬁ = Ep_l - ﬁ?

p!

and noting that the term inside the second bracket is the last condition of (4.4.2), then
D(Gn41)Ep-1 = 05,51 = D(Gns1)(Bpt = B) + 0(0ns1).
Now rearranging in terms of 6(d,1), gives
0(0n+1) = (D(0nt1) = 0711 1) 5.

Therefore, [ is fixed if 6(,+1) is defined as above. O

As long as the rescale and modify approach is used the error propagation of the variable stepsize
approach is equivalent to that of the fixed stepsize approach. Therefore the error propagation
terms au,, B, and &, are defined as in Theorem 4.1. The elements of the vector (3, are free
parameters of the IRKS methods along with the error constant which is equal to a,, if a1
equals zero. This means that the IRKS methods have a lot of control over how the error
propagates.

As a means of comparing different methods, it was suggested in [37] to construct a problem
where the exact solution is known and subject the method to rapid step changes. To compare
the rescale method (4.5.1) and the rescale and modify method (4.5.4), use the test equation

Y'(x) = My(z) — exp(ux)) + pexp(pz),  y(xo) = Yo,

where A and p are real parameters and yq is a given initial condition, with exact solution

y(z) = exp(ux) — (exp(px) — yo) exp (A(z — 20)).

In this experiment A = p = —0.1 and the new stepsize h,41 is calculated according to the
formula

hn-l—l _ p(—l)" sin (47rn/(a:N—xo)) R,

where hg = (xny — x9)/N, 29 = 0,y0 = 1,2y = 20 and N = 800.
In the following figures, the local error estimate e(x,) denoted by - is compared with the local
discretisation error t(x,,) denoted by o. For ease of representation only every fifth step has been

plotted. In Figure 4.2 the rescale method is compared with the rescale and modify method for
p =2
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Figure 4.2: Rescale method (left) versus the rescale and modify method (right) with p = 2.

Notice that the rescale and modify method is considerably more accurate than the rescale
method. In fact the rescale and modify method leads to almost exact agreement between the
local truncation error and the local error estimate. In Figure 4.3 the rescale method is compared
with the rescale and modify method for p = 3.
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Figure 4.3: Rescale method (left) versus the rescale and modify method (right) with p = 3.

Again the rescale and modify method is considerably more accurate than the rescale method.
Note that there is still almost perfect agreement between the estimate and true local truncation
in error in the rescale and modify method. For the case when p = 4 the error in the rescale
method becomes extremely large and is therefore not given. Figure 4.4 shows the rescale and
modify method when p = 8 and p = 16.
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Figure 4.4: Rescale and modify methods with p = 8 (left) and p = 16 (right).

It is encouraging to see that even for the case when p = 16 there is still only a small difference
between the estimate and true local discretisation error.

4.6 Stability analysis

It is significantly more difficult to understand the stability of the variable stepsize methods
compared with the stability of the fixed stepsize methods. This is due to the fact that the
stability matrix is different every time the stepsize is changed. The stability matrix of the
rescale method is given by

M(2,6n41) = D(8n41)(V + 2B(I — zA)7'U),

which depends on the stepsize ratio between the steps. The stability matrix of the rescale and
modify method is given by

M(z,6541) = D(0ns1) (V + 2B(I — 2A)1U) + 0(8,41) (7 + 29" (I — 24)71U),

which is now dependent on the stepsize ratio between the steps and the local error estimate.
To obtain zero-stability for one of these methods, it is not possible to only assume that the
stability matrix M (0, 1) is power bounded. It is necessary to take into account the fact that the
stability matrix varies each time the stepsize is changed. Therefore, zero-stability is equivalent
to requiring the product of matrices

M(0,0n)M(0,0n—1) -+ M(0,d2)M(0, 1),
is bounded, where M (0, d;) for the rescale method is
M(0,6) = D(6)V,
or where M (0, ¢;) for the rescale and modify method is

M(0,68;) = D(6;)V 4+ 0(5:)yT.
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Given that two matrices have spectral radius less than one does not imply that the product of the
matrices has spectral radius less than one, so it is not possible just to check that p(M(0,4;)) < 1.
For this reason it is important to determine whether there exist a ratio d, such that M (0,9) is
bounded for ¢ satisfying 0 < § < d,. To solve this problem Guglielmi and Zennaro [74] used the
polytope norm || - ||, in R? such that

A polytope norm is a norm defined by its unit ball in R%. Some examples of polytope norms
for general linear methods in Nordsieck form are given in [45]. Constructing these in general
is a rather complicated task and is individual to each method. To overcome this difficulty it
is possible to choose particular IRKS methods which are necessarily zero-stable in this general
sense. If the matrix formed by removing the first row and column of V' is strictly upper triangular
and the local error estimate is computed using (4.4.3) then || M (0, ;)| = 0. So it is possible to
construct IRKS methods which are zero stable for any choice of variable mesh by requiring the
matrix 7' = I. It is not claimed that methods of this form are necessarily better methods, but
at this stage it is at least encouraging to know that such methods exist.

4.7 Stepsize control

It is generally the case that the solution of an arbitrary ordinary differential equation varies
considerably during the course of an integration. Therefore, certain parts of the trajectory need
more attention than others. The most important means of controlling the amount of work done
in certain parts of the trajectory is to vary the stepsize. In order to obtain an estimate of an
appropriate stepsize for the next step, the maximum stepsize possible in the current step must
be estimated. Given an approximation to the principal local truncation error

+1
O.hg‘f‘lyflp_l ) — tn7

and given a user specified tolerance, the maximum stepsize h, must satisfy

—p+1 1
oh Yyt = a4 rly,),

where a is the absolute tolerance and r is the relative tolerance required. It then follows that

(p+1) 1

1
OYp—1 = an = W(“*‘ﬂyd)-
n n

As it is not possible to satisfy the above equation componentwise, since the only free parameter
h, is a scalar, it must be done using some norm. Therefore, the following equation must be

satisfied
h p+1
() =iy,

_ T|yn,i| +a

P =

where the vector w has components

tn,i

Two commonly used norms are the root mean square norm and infinity norm given respectively

by

(4.7.1)
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Note that if the solution is likely to pass through zero, it is important that a does not equal zero,
otherwise the stepsize will be reduced to zero. The maximum stepsize h,, can be represented in
terms of h,,, as follows

— 1

hy = hy||lw]||?.

;p_+11) = yﬁf’ D and therefore

If y®+1(z) is sufficiently smooth, then it can be assumed that y
hyp = hpg1. Generally, to make this choice more feasible a safety factor v is included to reduce

the number of unnecessary rejected steps. Thus
1
hnt1 = Yhyllw|| 74T

The above analysis is concerned with monitoring the error per step, to control the stepsize. An
alternative approach known as error per unit step is used sometimes. This is to say the error
contributed in some parts of the trajectory shouldn’t differ from other parts of the trajectory,
due to the varying size of the steps taken during the integration. Error per unit step can be
formulated in the same way as error per step by dividing the error contributed during the current
step by the size of the step. It will always be assumed that the new stepsize is calculated using
error per step rather than error per unit step.

Either method of stepsize control will encounter difficulties in certain circumstances.

(p+1)

n_1 is often not a good approximation

e Slow variation: If y®*1(z) is not smooth then y

to yr(lp D This can occur especially if oscillatory behaviour is present in the solution.

o Asymptotics: If the method is of order p, but is not displaying order p qualities, then the
method is said to exhibit order reduction.

When developing the stepsize control procedure it is necessary to use appropriately chosen
constants oy, Thigh and Npee. The constant 74, is the smallest ratio by which the current
stepsize can be reduced, which avoids unnecessarily having to increase the stepsize when the
local error estimate is much smaller than the true local error. The constant rj;q, is the largest
ratio that the current stepsize can increased by. The constant h,,q; is the largest size a stepsize
can be anywhere in the integration. It is also convenient for reasons discussed in the following
section that if the new stepsize is very close to the current stepsize, then it is convenient to
keep the new stepsize the same as the old stepsize. This is referred to as a dead-zone and is
often included in stepsize control algorithms. A dead-zone is almost always included for linear
multistep methods due to the high cost of changing stepsize.

This sort of stepsize control is known as deadbeat control or integral control. The name deadbeat
comes from the fact that at every step the controller tries to eliminate the whole deviation of
the error from the tolerance at each step. This has lead to work mainly by Séderlind and his
co-workers (see for example [76]), in which they use more sophisticated means of controlling
the stepsize. Generally speaking these controllers, which are based on work from control theory,
carefully weight information gained about the local discretisation error and stepsizes over at least
the last two steps. The aim of this technique is not to damp out the difference in the error and
tolerance at each step but to smoothly approach this situation. This eliminates problems such
as repeated accept reject occurrences and (—1)™ oscillations which often occur in the solution.
For these more sophisticated controllers a dead-zone is not usually required. Even though it is
very tempting to directly use these more sophisticated controllers for general linear methods,
as these were developed for one step methods, the same sort of improvements could not be
expected for general linear methods. So for the mean time the traditional controller is used,
with the hope that more sophisticated controllers will be developed for general linear methods
in the near future.
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4.8 Order control

To obtain high efficiency it is well known that not only is the stepsize varied but also the order
of the method. To appreciate this statement one looks at possible problems which occur with
fixed order methods.

Problems with low order methods:

e If the error tolerance is severe, low fixed order methods require very small steps, thus
increasing computational cost.

e Discontinuities can often exist and low order methods may not span the whole interval
required for robustness.

Problems with high order methods:

e [f the error tolerance is lax, the local error estimate is less accurate than the method
estimates, thus much larger steps are attempted than should be, resulting in rejected
steps.

e Higher order methods take larger steps and can step past discontinuities.

It is therefore important to include an order changing procedure, as certain parts of the trajec-
tory require varying order methods to obtain the required efficiency while minimising the costs
incurred. Changing the order of Runge-Kutta methods is easy as the only output approximation
is the numerical solution. However, assessing the relative advantages of changing the order is
inaccurate and inefficient. For general linear methods, the collection of methods available are of
orders p — 1, p and p + 1 as it is difficult and inaccurate to approximate the scaled derivatives
hPH3y P 43) () ppHy(P+4) (1) required to increase the order by more than one unit. However,
enough information is available to obtain a sufficiently accurate approximation to h?+2y®+2)(z)
which is the critical calculation involved in order change.

The approximation to the solution at the point x,, using a method of order p, with stepsize h.,,
is yn. An approximation to the principal local truncation error, ¢, ,, is used to estimate the
stepsize hy41, using the method of order p. The principal local truncation error of methods for
order p— 1 and p+ 1 are

tnp—1= O'p_lhgy?(lp—)17

_ +2, (p+2)
tn,p-l-l—gp—i—lhg Yn—1 >

where 0,_1 and 0,41, are the error constants of the methods of order p—1 and p+1 respectively.
These are required to estimate the stepsize h,41 if either of these methods were used instead.
Using the traditional controller the predicted stepsizes hyi1p—1, Ant1p and hppqpyr for the
order p — 1, p and p + 1 methods respectively, are given by

1

Pnt1,p—1 = hnllwp—1]|7,
1

hpt1p = hn”‘*’pHpHa

1
Py 1pr1 = hnllwpy]| 72

where wp_1,w, and wpy; are

_ T|Ynil +a _ T|Ynil +a _ ryn,il +a
Wp—1 = ———, Wp=——"—", Wptl = — .

bnp—1i tnp,i bnpt1i
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The most appropriate stepsize h,1 is not chosen as the largest of hy, ,—1, hnp and hypit
but the stepsize which minimises the computational cost. The standard strategy for the order
change is to choose the order d in such a way that the distance integrated forward per unit of
computational cost is maximised. This is represented by

hn+1,d
Wq

— max,

where d = {p—1,p,p+1} and wy is the computational cost of completing one step. It is difficult
to estimate the computational cost of a given method, as it depends on the size and complexity
of the differential equation system, the number of Newton iterations it requires and the general
nature of the system. For Runge-Kutta methods the computational cost is often measured in
terms of the number of function evaluations so for the IRKS methods the computational cost is
therefore equivalent to p + 1. This measures the distance forward the formula travels per stage.
This has the downfall of assuming that each stage has the same cost. This is not such a problem
if the method is diagonally implicit, but if the method is of DESIRE type then the cost of the
singly implicit block is greater than that of the diagonal stage. From the various choices of order
available, consider the distance forward per stage, for the orders p — 1, p and p + 1 methods.

The ratios are therefore
hn+1,p—1 hn—l—l,p hn+1,p+1

p p+1’ p+2
In order to balance the effects of assuming the computational cost is equivalent to the number of
function evaluations safety factors d,_1, 9, and 0,41 are included. The inclusion of these factors
prevent a choice of order p — 1 or p 4+ 1 unless there is strong evidence that the choice will be
beneficial, in terms of computational costs. The measure of efficiency for the methods is given

by

hopp— h h
6p71 * M, 6p * P , 6p+1 * M.
D p+1 p+2

The main question that remains is how to best accurately approximate ap+1h£+2y(p+2) (Tp—1).
It can be argued that it is unnecessary to change the order of the method upwards if the stepsize
has not settled to an almost constant state. Therefore, a simple and reasonably robust solution
to this problem is to wait until it is appropriate to force three steps to have identical sizes. The
choice of three steps is of course heuristic however it may be a coincidence that two steps are
almost constant but it is less likely that three steps are almost constant. It is also important
not to wait too long before considering whether order change is a good idea. Using a scaled
difference between consecutive principal local truncation errors gives

o
?—1 (tn —tn-1) = Up+1hp+1 <yT(ij11) - yfzp—-i_ll) + h@/fzp—-if)) + O(hp+3)
P

= 0y WP T2 L O t3),
One of the clear advantages the IRKS methods have over other general linear methods is that
the error constants of the method are free parameters. One of the difficulties faced with certain
methods for example, the DESI methods (see [62]), is that the error constants do not always
decrease as the order increases. This can make it especially difficult to increase the order past a
method where the error constant is larger than the method of one order less. In the development
of a code based on the DESI methods, to overcome this problem the solver jumped from order
three to order five as the method of order four had this undesirable property.
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If the order changing strategy suggests that an increase in order is appropriate, then the current
output approximation

Yn
/
(p)
h€z+1yn
is of order only p and needs to be modified to order p+ 1. Using the approximation hﬁilly,(@p +1),
constants 31, (2, ..., B, must be chosen to make the change of order as smooth and stable as

possible. Note that these constants are exactly the free parameters from the doubly companion
matrix X this is due to the result from Theorem 4.2. Therefore y[™ becomes

1
Yn + BLAE Ly Y
1 +1
hn+1% + 52hfbi1yr(zp )

y = :
ol + AL
pptl (p+1)
n+1Jn

The principal part of the error incurred in each of the components is the local discretisation
error. It has been noticed numerically that this correction does not affect the overall performance
of the code very much at all. What is more likely to affect the performance of the code is an
understanding of how the error propagates for O(h?*2) terms. It is hoped that this will lead to
certain conditions on the IRKS methods and determine whether it is possible to eliminate terms
of the form hp+2g—£y(p+1).

4.9 Computing the stages

Implicit methods are used for the solution of stiff problems and are much more complicated to
use than explicit methods, because the stages are defined implicitly. It is generally regarded
that to solve the stages accurately and efficiently the modified Newton’s method should be used.
The modified Newton’s method uses the Jacobian matrix J evaluated at the beginning of the
step for each iteration in one step. Often to further increase efficiency the Jacobian is used over
several steps. The modified Newton iteration process is defined as

(I —hAD)AYM =z

v =y avll =02

where the Jacobian matrix J = g—ch is evaluated at the beginning of the step and

Note that the subscript [ denotes iteration number not the component number. The nonlinear
Jacobian matrix has sm x sm equations and to find the LU factors requires s3m? 4+ O(m?)
operations and the back substitutions requires s>m? 4+ O(m) operations. This process is very
computationally expensive. To overcome this problem, Butcher [23] proposed using the Jordan
canonical form of A rather than A itself in modified Newton iteration process. For any matrix A
there exists a nonsingular matrix W such that W 1AW = A, where A is the Jordan canonical
form of A. Transform Yl[n} and Zl[n], as

}‘/l[n} _ Wflyl[nh Zl[n} _ W*IZZ["].
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Substituting into the first equation of the modified Newton iteration process gives
(I —hAT)AYM = ZI",

Since only IRKS methods with a one point spectrum have been derived the block upper trian-
gular matrix I — hAJ has a special structure, that is the diagonal blocks are constant. This
significantly reduces the computational process. The new modified Newton iteration process
with the use of these transformations is defined as

Zl["] _ W—lz[n} .

(I = hA)AY = 7)) — ZAY[?, k=1,2,...,s,
AV — Ay, i=1

Yl[ﬂ: J"MAYJ], 1=0,1,2,....

The above iteration scheme requires the LU factorisation of m x m matrices I — hAJ for each
stage. Thus the total of the LU factorisation is sm? and sm? for the back substitutions. Note
that there is the three additional transformations with each requiring s?m operations. This
transformation is especially useful if the system being integrated has high dimension. In order
to reduce the costs even further it is possible to consider IRKS methods which are diagonally
implicit. When this is the case the transformation matrix W = I. For Runge-Kutta methods
diagonally implicit schemes have low stage order but for IRKS methods the stage order is equal
to the order, therefore, the diagonally implicit methods are likely to be the most competitive
with the traditional methods for solving stiff problems.

"} should be best chosen so as to minimise the number
. One possible approach, which is based on the fact that

The problem which now arises is how YO[
of iterations used when computing Y [
the IRKS methods have high stage order, is now given. The stages of the current step Y™ are

Yl = y(2_1 + chyp) + O(REHY)
_ Cy[nfl] + O(hZJrl)
The stages of the previous step Y1 are
YU = g2z + chn1) + O(RETY)
= y(@n—1+ (¢ = )hn1) + O(RETY)
=Gy o),
and the scaled Vandermonde matrix G is

6—62 c—e
G=|e c—e % (p_!)”].

Assume that the rescale and modify approach to variable stepsize is used. Recalling that
hof (YIM) = OKy=Y,
it then follows from (4.5.4) and (4.4.3) that
y!" = D)y " + 0000 b f (Y1)

=D(5,)7 "+ 05,0 CKy2
= D(8,)y 1.
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Therefore, the starting value for the Newton iterations can be accurately predicted by either
approach to variable stepsize as

v/ = cap

o n

n

> Y[nfl] + O(hp+1),

where h = min(h,—1,h,). When the method is diagonally implicit it is possible to use the
stages already computed in the current step to obtain an even more accurate prediction of the
stages. This is not possible for methods where the A matrix is full and is likely to increase the
competitive advantage of the diagonally implicit IRKS methods.

4.10 Continuous extensions

After the integration is complete, continuous numerical methods are useful for plotting or event
location. That is determining events such as local minimum or local maximum. Continuous
methods are also useful during the integration in the strategies or heuristics of the method. Such
as, defect control, discontinuity detection and mesh refinement. They are also very useful when
solving boundary value problems, delay differential equations or differential algebraic equations.

Since as a design choice the methods have order and stage order p, interpolants can be con-
structed using only the information from the current step. The continuous interpolant is defined
in each subinterval and takes the form

N(@n—1 + 0hy) = har(0) f (V) 4 r(0) Ty,

where n(z,—1 + 0h,,), which is a piecewise polynomial, is the approximation to the solution
y(2,_1 +6hy,) of uniform order p. The vectors 7(#)7 and ()" have polynomial components of
the form

D 0] D 9-7 '
n0) =2 gy MO =) ks i=12.p+ ]
j=0 ' j=0 :

where 7;;, k;; and p, are constants. The value of p, must be at least equal to p.

To ensure the interpolant is of uniform order p, with respect to the incoming approximations,
the order conditions can be represented by considering a step from x,_1 to x,. The following
result formalises this.

Theorem 4.6 A general linear method in Nordsieck form with order and stage order p has an
interpolant n(x,—1 + 0hy,) which approximates y(x,—1 + Ohy,) with uniform order p if and only if

exp(0z) = 27(0) T exp(cz) + k(0)T Z + O(2P*1), (4.10.1)

where the exp function is applied componentwise to a vector and 0 € (0,1].

Proof: The interpolant n(xz,—1 + 6h,) and the scaled first derivatives hf (Y["}) can be repre-

[n—1]

sented in terms of y using Taylor series expansions about x,_1. Therefore,

N(Tn_1 + 0hy) = Oy~ 4 O(REHY),
haf (YI) = CKy"=Y 4 O(hEFY),

where the vector ©7 is given by
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Substitute the above expressions into the interpolant
Oym=1) = ()T C Lyl 4 w(6) Tyl 1+ O(h).
By making the substitution h¥y®)(x,_) equals z*, the interpolant is now
0TZ =r(0)"'CKZ + k()" Z + O(z"™).
Using the relation (3.2.2), the interpolant condition now becomes
017z = 21(0)TCZ + k(0)T Z + O(z"1).
The result follows by substituting

0T Z = exp(2)Z + O(zF11),
CZ = exp(cz) + O(2PT),

into the above interpolant condition. O

To satisfy the uniform order condition (4.10.1), it turns out that #(#)7 is completely defined by
the choice of 7(0)7. To show this is true, first define the vector ©7 as

T _ 02 or=
of =106 4 ... 2|,

and the coeflicient matrices 7 and s are

T1,0 72,0 e Tp,0 Tp+1,0
71,1 T2,1 e Tp,1 Tp+1,1
T= : ,
Tlp«—1 T2p.—1 " Tpp,—1 Tptlp,—1
| T1p« T2p. " Tpp« Tp+1,p«
K1,0 Koo ¢ Kp,0 Kp+1,0
K1,1 K21 s Rp,1 Kp+1,1
,‘Q =
Kip.,—1 HK2p,—1 " Kpp,—1 HKptlp,—1
K1,p« K2p. 0 Kpp. Kp+1,p«

The vectors 7(6)” and x(#)T can be expressed as

(0" = el

0T — Ok (4.10.2)

The uniform order condition (4.10.1) is now equivalent to
0772 =0TrCKZ +0IkZ + O(z"™).
After equating the coefficients 2%, z!,..., 27, it follows that

of'x =0T - elrCK.
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To eliminate ©7 and ©7 from the above equation, note that 67 = ©T 1, where

Op*_p

Equating the coefficients 6°,61, ..., 6P« it then follows that
k=1I1,—1CK. (4.10.3)

The matrix 7 is chosen to obtain certain properties of the interpolant. For example, it may be
desirable for the interpolant to give the same values as the method at the abscissae. This and
other choices will be discussed.

As was the case for error propagation, see Section 4.3, the interpolant is often more conveniently
expressed as

N(&n—1 + O0hp) = hot(O)T (YT + gy + 0(6)Tyln 1,
This is because the solution component acts quite differently from the rest of the Nordsieck
vector. The interpolant is continuous over the whole interval of integration if and only if
n(@n—) = n(zn+).

Using the rescale and modify approach to variable stepsize given in (4.5.4), the continuity
requirement above leads to

()" b f (Y + g + v(1) Tyl

= 7(0) hpr f (YY) g, + 0(0) Tyl
7(0) B f(YIH) 4 (b7 4+ 0(0)" (D(Bn41)B + 0(0n41)0") Y nf (Y1) +
g1+ (v 2(0)" (DBay1)V + 08 "))y

Collecting coeflicients leads to the following relations

7(0)" =0,
()T =b" + v(0)T (D(8041)B + 0(0nt1)” ),
v(1) =vT + 0(0)" (D(Gns1)V + 0(5ns1)v").

To ensure the interpolant is compatible with the discrete numerical solution when 6 = 0 then
the interpolant should be equivalent to y,,_1. Likewise, when # = 1 then the interpolant should
be equivalent to y,. Therefore v(0)7 = 07 and the above relations reduce to

7(0)" =07, v(0)" =07,

4.10.4
()T = b7, v(D)T =T, ( )
These conditions are known as the compatibility conditions for interpolants. These conditions

would of course be identical if the simpler rescale approach to variable stepsize was used.

The matrix 7 can also be chosen to ensure that the consecutive derivatives of the interpolant

are compatible with the Nordsieck vector. When 8 = 0 then derivative i of the interpolant
(4)

n—

should be equivalent to y

be equivalent to yg ). To satisfy these requirements

1 d@'( )_1 di(+)
ni, \ag? ") i \ag ™)

1- Likewise, when 6 = 1 then derivative 4 of the interpolant should
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for i =0,1,...,1. Using the rescale approach to variable stepsize given by (4.5.1), the require-
ments above, lead to

T(i)(l)Tf(y[n}) + iy(i)(l)Ty[n—l}

it hi,
= Lo pviy 4 L o)y
hn+1 hn+1
1 1
= ———7OO)TF (Y 4 2D (0)TD(8,41) (Bl f (YT) + vyl 1),
hn+1 hn+1
Collecting coefficients leads to the relations
A0 = o,
) 1 )
OMT = —v90)TD(6,.1)B
T ( ) 61211+IV ( ) ( +1) ) (4105)
vOMT = —1D(0)"D(8p11)V.
6n+1

When 73 (0)” = 0 then v (0)T picks off the appropriate component of the Nordsieck vector.
Therefore, v (0)” = e, which leads to

1 .
OO D) =
n+1
The conditions (4.10.5) are therefore, equivalent to
@ = oT @O = T
T() ? V() ez? (4106)
O@)" =B8], vOWT =Vl

Using the rescale and modify approach to variable stepsize given by (4.5.4), the above require-
ments lead to

rOWT (Y1) + v (1)Tyn

(4) (O)Tf(y[nﬂ}) + T

hit
1
- T
Iy
hill () (O)Tf(Y[n-i-l}) + %V(i)(O)Thn(D((SnJrl)B + 9(5n+1)g0T)f(Y[n]) +
n+1 n+1
1 .
—V(Z)(O)T(D(5n+1)v +9(5n+1)¢T)y[n—1}.

)
hn+1

Collecting coeflicients leads to the relations

T(z’)(o)T = 0,
. 1 ;
rOMT = —— D) (D(6,11)B + 0(Sps1)e” ),
o (D6t )¢") (4.10.7)
vO)T = 5i v(0)T (D(641)V + 0(8ns1)y7).
n+1

The second part of the right hand side of the the last two equations above is
1 . .
(000 1) = 51 (0) (D(Ons1) — 6, 111)8
5n+1 5n+1

=(1- 5£+1)62Tﬁ
= ﬁp+1—i(1 - 5£+1)-



132 Implementation issues

The conditions (4.10.7) are therefore, equivalent to
7@(0)" =07, OO =ef\y,
T(Z)(l)T = B,zT + ﬁp-l—l—i(l - 67@—}—1)%0717 V(Z)(l)T = V??
if the local error estimate is given by (4.4.3).

The matrix 7 can be chosen so as to ensure the interpolant is sufficiently continuous. This leads
to the following theorem.

Theorem 4.7 If the interpolant n(x,—1 + Ohy,) is | times continuously differentiable and

7O (0)T = 07, O0)T = el (4.10.8)
()7 = BY, RO = Vi

fori=0,1,... 1, then the first |+ 1 unscaled (that is the powers of h are removed) components
of the Nordsieck vector are continuous. For this to hold

pe > 2041,

and this implies the matriz T can have the form

0
= ) 4.10.9
L7'B ( )
where the Toeplitz matriz L is given by
[ 1 1 1 1 1 1]
Dt 20 (3! (p«=2)  (p«—1)! Ps!
1 1 1 1 1 1
I a+D!  (+2) =31 -2 (a1
1 1 1 1 1 1
a—ni 0 T D) D1 a3 (a2
I — ; . : .
1 1 1 1 1 1
3! a Bl (+1)! (+2)! I+3)!
1 1 1 1 1 1
2! 3! a I (I+1)! 1+2)!
1 1 1 1 1 1
| 2! 3! (-1 I -+ |

Proof: Assuming that (4.10.3) holds it is necessary only to consider the conditions (4.10.8)
which involve 7. The conditions (4.10.8) are made up of the conditions (4.10.4) and (4.10.6).
Note that T(i)(O)T =07, for i = 0,1,...,1 ensures the first  + 1 rows of 7 are zero. Note that

derivative ¢ of O, is A
d\’ ;
— ) oI =eTK!
<d6> * * %9

where K, has the same form as K but is of size (px + 1) X (psx + 1). The system of equations
left to satisfy can be represented as follows

T T [ pT

@* ‘9=1 Bl

T T

OT K, |91 Bl

: T = :

T r71—1 T

@* K* ‘9:1 Bl

T 171 T
@* K*|0:1 i | Bl+1 ]
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Note that the matrix of the left hand side of the above equation is just the first [ + 1 rows of
the matrix exp(K,). Since the first [ + 1 rows of 7 are zero, then if p, +1 = 2(l + 1) there
are sufficient conditions left in 7 to satisfy the above system of equations. Let L be defined as
above, which is equivalent to the matrix formed from the first [ 4+ 1 rows and last [ + 1 columns
of exp(K), then it follows that 7 is given by (4.10.9). O

For the rescale and modify approach to variable stepsize, T needs to be recomputed each time
the stepsize is varied. This is somewhat unsatisfactory.

The matrix 7 can be used to ensure that the interpolant matches the stage values at the abscissae
points. Interpreting the interpolant in a component by component sense, this is the same as
saying

n(exn—1 + chy) = Ahnf(Y[”]) + Uylr—1,

This implies that the matrices 7(c) and (c), which have rows 7(c;)? and x(c;)?, are

Using the expression (4.10.2), the above equations are
C.t = A, Cik =T,

where the scaled Vandermonde matrix C, is

2 p—1 D
Co= [ e c g ol ]
Since only methods which are stiffly accurate are being considered, no problem arises when one
of the abscissae equals one, because this stage is exactly equal to first output approximation and
therefore (4.10.4) still holds. Since the IRKS method is stiffly accurate it is sufficient to choose

px = p and T and & as
T=C""4, k=CT'U

Notice these conditions satisfy the expression (4.10.3).






CHAPTER 5
Numerical experiments

Comparing numerical methods is always a difficult process. This is due to the number of design
decisions that need to be made when implementing a numerical method. These experiments
performed below are of a preliminary nature. Their inclusion will hopefully verify that the
IRKS methods have the potential to be the kernel of a competitive code.

5.1 Framework

Much effort has been placed in the development of numerical methods for ordinary differential
equations. Comparing numerical methods is difficult because there is usually so many particular
features or heuristics that need to be used when implementing any particular method. The paper
by Hull, Enright, Fellen and Sedgwick [84] provided a basis for making comparisons. However,
the DETEST program is really designed to compare implementations which have been well
tested. It does not really explain which parts of the implementation may need to be improved.
The approach used in this chapter is to compare the IRKS methods with traditional methods
using a range of tests to determine which parts of the implementation need more emphasis.
All the preliminary codes based on IRKS methods have been written in Matlab and since the
program DETEST is written in Fortran it makes it difficult to compare anyway. The problems
used in all the tests are those listed in [84]. There are five classes of problems A, B, C, D
and E, each class containing five problems. For the convenience of the reader these problems
have been listed in Appendix II. It should be noted that all the experiments performed in this
chapter are on non-stiff problems. The thesis of Huang [83] contains more thorough analysis of
the implementation questions and experiments for stiff problems.

The first experiment compares three well known Runge-Kutta methods with three IRKS methods
using fixed stepsize. This should provide evidence as to whether the method in itself is likely
to be competitive with traditional methods. The second experiment will consider the effect of
variable stepsize on the method. This will be done in a controlled way, that is to say the method
will be required to vary the stepsize to a pre-described pattern. Varying the stepsize in this
way makes it possible to determine the effect variable stepsize has on the method. Fixed order,
variable stepsize IRKS implementations will be compared with various fixed order, variable
stepsize Runge-Kutta methods in experiment three. In order to avoid the effects of the heuristic
choices that need to be made in any implementation the stepsize control procedure will be
the same as that of the Runge-Kutta method being compared. In experiment four a suite of
fixed order, variable stepsize methods will be compared with a variable order, variable stepsize
implementation based on the same set of methods. Does the variable stepsize, variable order
implementation choose the best method available? The final experiment compares the variable
order, variable stepsize implementation with the code based on the Adams-Bashforth, Adams-
Moulton predictor corrector method from the Matlab ODE suite [109].
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5.2 Fixed stepsize

The first experiment compares three well known and competitive Runge-Kutta methods with
three IRKS methods. The first Runge-Kutta method was developed by Bogacki and Shampine
[6] and is of order three, it has the first same as last (FSAL) property and is the method used
in the code ode23 from Matlab. The second Runge-Kutta method was developed by Ngrsett,
the coefficients are included in [66] and is of order four with five stages. The third Runge-Kutta
method is the well known method developed by Dormand and Prince [63]. The method is of
order five has seven stages but has the FSAL property. This method forms the basis of the
code ode45 from Matlab. The three IRKS methods are of orders three, four and five and have
one more stage than the order of the method. All are strictly stable and have been found by
minimising the local error coefficients of the underlying one-step method. In Appendix III all
the methods are given with some extra information concerning error constants and the like.

Since the Runge-Kutta method of order three has effectively three stages and the IRKS method
of order three, has four stages then for fair comparisons the Runge-Kutta method uses a step
3/4h, where h is the size of the stepsize of the IRKS method. For the same reasons the stepsize
for the Runge-Kutta and IRKS methods of order four and five are the same.

All problems of the DETEST set were solved using each of the six methods. What is plotted
in the three figures is the relative accuracy of the IRKS method over the Runge-Kutta method.
Relative accuracy is measured as follows: the logarithm, to the base 10, of the absolute value of
the ratio of the Runge-Kutta and the corresponding IRKS errors. Therefore +1 indicates that
the IRKS method is exactly one decimal place more accurate than the Runge-Kutta method
and —1 indicates that the Runge-Kutta method is exactly one decimal place more accurate than
the IRKS method.

- - s B
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Figure 5.1: Relative accuracy of the IRKS method over the third order Runge-Kutta method.
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Figure 5.2: Relative accuracy of the IRKS method over the fourth order Runge-Kutta method.
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Figure 5.3: Relative accuracy of the IRKS method over the fifth order Runge-Kutta method.

On the majority of problems the IRKS methods outperformed the corresponding Runge-Kutta
methods. It is now of interest to compare the effects when variable stepsize is used.

5.3 Prescribed variable stepsize

The second experiment compares exactly the same six methods discussed in the previous section.
Again the DETEST set were solved by each of the six methods and again the relative accuracy
of the IRKS method over the Runge-Kutta method is plotted in the six figures. The difference
in this test is that constant stepsizes are not used but rather a particular stepsize pattern was
performed. For each sequence of five steps, the steps are in the ratio 1 : 7 : 72 : r : 1, where r = 2
is chosen. Obviously this sort of stepsize pattern would never be used in practice but it is a good
means of determining how a method reacts to stepsize change. The expected performance of an
order p method using this stepsize changing pattern can be determined if asymptotic behaviour
is assumed. The global truncation errors would be scaled up by the factor F,(r) if the number

of steps is independent of r, where

() = (22t T (9 4 gt 4 2004
r)= 5 5 .

To understand this formula first notice that the length of a five constant steps over the interval
L+7r+7r247+1is (24 2r +72)/5 so the error contributed in the constant stepsize case is

<2+2r+7’2>p+1
5 .

However in the variable stepsize case each step has an error; summing these errors and averaging

gives
<2 4 orptl T2(p+1)>
3 .

Taking the ratio gives the required formula. It would be expected that the factor F)(r) would
be a minimum scale up factor as this factor does not take into account that additional errors are
introduced by the stepsize changing process. Included in the six figures below is a dashed line
this indicates where the relative accuracy of the IRKS method over the Runge-Kutta method
would have been provided no error was introduced by the process of changing stepsize. This
enables an easy comparison and determines the net effect of changing stepsize. For orders three,
four and five F},(2) is 3.6250, 6.8125 and 13.206 respectively.
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All problems of the DETEST set were again solved using each of the six methods. What is
plotted in the three figures is the relative accuracy of the IRKS method over the Runge-Kutta
method with constant stepsize with the dotted line and the relative accuracy of the IRKS
method over the Runge-Kutta method with variable stepsize with the thick line. Thus it is easy
to compare the effect of the variable stepsize.

I
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Figure 5.4: Relative accuracy of the IRKS method over the third order Runge-Kutta method.
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Figure 5.5: Relative accuracy of the IRKS method over the fourth order Runge-Kutta method.
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Figure 5.6: Relative accuracy of the IRKS method over the fifth order Runge-Kutta method.

On the majority of problems the IRKS methods still outperforms the corresponding Runge-Kutta
methods. It is apparent from the figures that the negative effect of variable stepsize of the IRKS
methods increases as order increases. It is also interesting to note that the IRKS methods are
affected more by the change in stepsize than the corresponding Runge-Kutta methods. It turns
out that this depends very much on the method but in what way is not clear. Determining
what features a method should have in order to minimise the effects of variable stepsize will be
considered in future work.
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5.4 Variable stepsize

When solving, for example, Hamiltonian problems with symplectic methods it is necessary to
keep the stepsize of the method constant. Otherwise certain properties of the method are de-
stroyed. In fact it is quite common in the field of geometric numerical integration to require fixed
stepsize. Unless the problem requires fixed stepsize, in practice ordinary differential equations
are never solved using fixed stepsize schemes. This is because the solution can be rather smooth
and easy to integrate in parts of the trajectory while, for example, very oscillatory in other
parts requiring a much smaller stepsize. It is therefore important to compare different methods
implemented in a variable stepsize scheme. This in some sense compares the effectiveness of
the different local error estimates. As mentioned above, IRKS methods incur more error in the
process of changing stepsize change than corresponding Runge-Kutta methods. This is because
the higher derivative approximations need to be rescaled.

The following figures record the number of function evaluations rather than etime or flops. The
reason for this is that with shared computer resources etime is a very unreliable measure. While
flops and function evaluations should be relatively similar, function evaluations are easier to
measure. The following three figures plot the number of function evaluations versus the global
error in a double logarithm scale. Figure 5.7 compares the order three methods, Figure 5.4
compares the order four methods and finally Figure 5.9 compares the order five methods. There
are fifteen plots in each figure. The five rows represent the problem classes A, B, C, D and E
from the DETEST set, and the three columns represent the problems 1,3 and 5 within these
classes. These tests are run with many different tolerances, rtol= 107% i = 2,3...,8 and
atol=rtol. Each tolerance has the same initial stepsize. The IRKS methods are plotted using
a continuous line with x at the output points, whereas the Runge-Kutta method is plotted using
the dot dashed line with o at the output points.

The order three IRKS method outperforms the corresponding Runge-Kutta on almost all prob-
lems. The number of rejected steps is slightly less for the general linear method, this can be
attributed to the fact that the local error estimate is asymptotically correct whereas the local
error estimate of the Runge-Kutta is not. This situation is likely to improve when for example
the effect of rescaling the Nordsieck vector is better understood. That is determine what prop-
erties a method should have, in order to minimise this effect. The order four and five IRKS
methods outperforms the corresponding Runge-Kutta methods on almost all problems as well.
It is worth noticing that the difference in the methods is narrowing as the order increases. This is
partly due to the fact that the order five Runge-Kutta method is highly regarded as an optimal
method and also the effect of the rescaling error is increased because more information is being
passed from step to step.

Overall these results are very promising for the IRKS methods and encourage further inves-
tigation, namely the use of variable order as well as variable stepsize. Even though there is a
negative effect on the IRKS methods due to the rescaling, the local error estimates perform well.
Another use of high stage order is that order p continuous solutions can be obtained without
any additional function evaluations being required. It is becoming more and more important
to have continuous solutions rather than the discrete solutions, especially for plotting phase
portraits and for the use in solving delay differential equations. The relative performance of the
IRKS methods over the Runge-Kutta methods is likely to improve in these situations due to
the high order continuous solutions which are available. In fact several preliminary numerical
experiments were performed on delay differential equations and the results were very encour-
aging, even though no special care was taken about the discontinuities which are propagated
throughout the interval. A more thorough investigation of the use of IRKS methods for delay
differential equations will be conducted in the future.
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Figure 5.8: Order 4 Runge-Kutta and IRKS methods on all 1,3 and 5 DETEST problems.
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Figure 5.9: Order 5 Runge-Kutta and IRKS methods on all 1,3 and 5 DETEST problems.
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5.5 Comparing fixed and variable order implementations

Given a suite of IRKS methods, a variable order implementation using these methods could be
considered effective if given a tolerance the code performs exactly as the best code among the
fixed order implementations. The following experiment compares the order two method plotted
as a solid line, the order three method plotted as a dashed line, the order four method plotted as
a dash dot line, the order five method plotted as a dotted line. All fixed order methods have o
plotted at the output points. The variable order code based on the same methods is plotted with
solid line with x at the output points. This experiment compares the effectiveness of the order
changing strategy. This of course is a very important implementation question. An effective
code should not be integrating at a sub optimal order. Each test plots the number of function
evaluations versus the global error in a double logarithm scale. The DETEST problems A2,
B1, B4, C1, C5, D2, D4, E1 and E5 are plotted from left to right. These tests use tolerances
rtol= 10"% where i = 2,3,...,8 and atol=rtol.

10t " L " L " - " " " " " 10' - L L . " .
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Figure 5.10: Order 2,3,4,5 and variable order IRKS methods on selected DETEST problems.

Generally the variable order code is integrating with the best method available. It could be
said that in some cases it does not move up to the most efficient order quickly enough. What
seems to be an important question for a variable stepsize, variable order implementation is to
find a suite of methods which act well together. That is, if say a method of order g has bad
error coefficients the code may choose to integrate with order ¢ — 1 even though the optimal
order may be greater than order g. In this case the order changing strategy seems to be working
sufficiently well.
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5.6 Variable stepsize, variable order

For the solution of non-stiff problems, variable order implementations based on Runge-Kutta
methods are generally not available. This is primarily due to the fact that it is difficult to get
accurate estimates of the local truncation error of a method of higher order than is currently in
use. To obtain such an estimate for an explicit method would require a large number of additional
function evaluations. For stiff problems, variable order implementations are available because
methods exist with higher stage order. One such code STRIDE based on SIRK methods where
the stage order is equal to the order is given in [14]. Another approach which has proved useful
is to base the order changing strategy not on information about the higher order derivatives
as in the case of STRIDE, but on information about the convergence rates from the Newton
iteration process. This has been successfully used in the code RADAUP, see [80].

Generally all variable order implementations for non-stiff problems are based on Adams methods.
Usually a PECE approach is used since this enables the use of the Milne’s device as a means of
estimating the local truncation error. There are two main techniques available for adapting the
Adams methods to a variable stepsize environment. The first technique requires the coefficients
of the method to be derived each time the stepsize is changed. The second technique is based
on the use of Nordsieck vectors. This is the technique used for the IRKS methods.

The following experiment compares the IRKS methods with the ode14 which is a fully variable
stepsize, PECE implementation in terms of modified divided differences of the Adams-Bashforth-
Moulton family of formulas of orders one through to four. Local extrapolation is done. This
is exactly the same code as ode113 from Matlab except the maximum order has been limited
to four. The variable stepsize, variable order code based on the IRKS methods for orders one
through five is used in the comparisons. The maximum order is five rather than four since the
PECE code uses local extrapolation to increase the order. These tests will be run on all the
DETEST problems with indices 2, 3 and 4. The tolerances for both codes are, rtol= 10~
i1 =2,3...,8 and atol=rtol. Each tolerance does not result in the same initial stepsize. The
IRKS methods are plotted using a continuous line with x at the output points, whereas the
Runge-Kutta method is plotted using the dot dashed line with o at the output points.

The PECE code ode113 is a descendent of ODE/STEP, INTRP [110] which is regarded as a
highly efficient code. It is surprising that at this early stage in the development of IRKS methods
the IRKS and PECE implementations provide very similar results on almost all problems from
the DETEST set. The IRKS code has not been optimised in any way and it is likely that
further improvements can be made. Improvements are likely when more is understood about
how best to vary stepsize, vary order, approximate local truncation errors and various other
implementations issues of these methods.

The results in the chapter provide very encouraging results for the IRKS methods. It is likely
that these methods will provide the kernel for an efficient implementation. All the experiments
in this chapter have been concerned only with non-stiff problems. Since the implicit and explicit
methods are so similar, which is contrary to the case for both the Runge-Kutta and linear
multistep methods, it is likely that not only will it be possible to develop variable stepsize,
variable order codes based on stiff methods (this is the subject of a thesis by Huang [83])
but it may also be possible to obtain variable stiffness. This would use a suite of explicit and
implicit methods from order one through to say eight and swap between the explicit and implicit
methods when the stiffness changing procedure suggests. It is hoped that this possibility can be
investigated in the future.
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Figure 5.11: Variable order IRKS and PECE methods on all 2,3 and 4 DETEST problems.






CHAPTER 6
Conclusions and future work

The main aim of this thesis was to construct a class of general linear methods which has clear
advantages over the traditional methods, while avoiding many of their disadvantages. The IRKS
methods discussed in this thesis seem to provide an excellent balance between the advantages
and disadvantages of the traditional methods.

6.1 Framework

In Chapter 1 a review of the traditional methods used for numerically solving ordinary differential
equations was given. This showed the logical connections between the traditional methods and
the more recent attempts at locating competitive general linear methods. The phenomenon
of stiffness was discussed along with several other more recent problems which require either
methods with special properties or, for example, continuous rather than discrete solutions.

A review of general linear methods was given in Chapter 2. The use of the B-series to understand
the order of general linear methods in a general context was discussed. Also the concept of the
underlying one step method was considered, which was later used to search for IRKS methods
with minimal local truncation errors. Linear and non-linear stability for general linear methods
was included. This was used to justify the decision that practical general linear methods should
have Runge-Kutta stability. In order to develop practical general linear methods it is necessary to
relate the defining parameters, that is, the order, the stage order,the number of approximations
passed from step to step and the number of stages in a certain way. The main choice of these
defining parameters discussed in this thesis is when the order equalled the stage order, the
number of approximations passed from step to step was equal to the number of stages and the
number of stages was one greater than the order. This choice allows a Nordsieck vector to be
passed from step to step allowing a convenient means of varying the stepsize. When stage order
equals order, methods used for stiff problems do not exhibit order reduction, and asymptotically
correct error estimates and uniform order continuous solutions can be derived with no extra
cost.

Using the particular choice of defining parameters and the desire for the methods to have Runge-
Kutta stability, Chapter 3 considers the class of methods with IRKS. The IRKS conditions are
sufficient conditions which relate the defining matrices and ensure the method has Runge-Kutta
stability. In order to derive methods, a certain transformation is used to represent all the IRKS
methods in a standard form. This allowed a procedure to be developed which resulted in the
IRKS methods being able to be derived using only linear operations. There are several free
parameters of the methods which must be chosen a-priori. These are the abscissae vector c,
the coefficients 31, B2,..., B, the p X p unit lower triangular matrix 7', the 2PT1 coefficient of
the numerator of the stability function € and the (p + 1) x (p + 1) matrix W. If the matrix
W is chosen in a special way, the ESIRK and DESIRE methods are special cases of the IRKS
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methods. These new methods, where the number of stages was one greater than the order, may
have advantages over the previously known methods where the number of stages and the order
were equal. If the last row of the matrix 7~! was chosen in a particular way, methods which
are analogous to the stiffly accurate Runge-Kutta methods can be derived. These methods may
well have advantages for differential algebraic problems.

Chapter 4 discussed several issues regarding implementation. These are starting procedures,
error estimation, constructing continuous solutions, techniques for variable stepsize and variable
order, predicting the stages and computing the stages using a modified Newton’s method. Also
the error propagation of the IRKS methods was discussed when fixed or variable stepsize were
used. The error propagation of the IRKS methods in variable stepsize can act as if the imple-
mentation was a fixed stepsize. What was surprising is that the free parameters of the IRKS
methods, especially € and 31, B2, ..., 3p, have a large control over how the errors propagate.

Several codes based on the techniques described above were implemented in Chapter 5. These
were: fixed order, fixed stepsize; fixed order, variable stepsize; fixed order, fixed variable stepsize;
variable order, variable stepsize. All implementations compared extremely well with the standard
codes. The fact that these experimental implementations worked well seems to give sufficient
evidence that the IRKS methods may in fact be a suitable kernel for an efficient code.

6.2 Contributions

In writing this thesis, a style which emphasises uniformity of exposition has been used. Since
this is at the expense of a clear separation of new and existing ideas, the following summary
lists the main achievements of this thesis:

1. The derivation of methods which are directly in Nordsieck form. This leads to the use of
doubly companion matrices in the definition of IRKS methods.

2. Development of some results of doubly companion matrices, which were useful for the
derivation of IRKS methods.

3. Construction of IRKS methods which used the doubly companion matrices in the defini-
tion, using a suitable transformation which represented all methods in a standard form.
This results in the derivation of methods using only linear operations.

4. Showed how ESIRK and DESIRE methods can be considered as special cases of the IRKS
methods. In doing so, a new class of ESIRK methods where s = p 4+ 1 was developed. It
was also shown how the free parameters must be chosen so that the method is a DESIRE
method.

5. Conditions were found on the free parameters so that the resulting IRKS method has
a property known as strongly stiffly accurate, which is a slight extension of the stiffly
accurate Runge-Kutta methods.

6. The concept of the underlying one step method was used to search for IRKS methods in
which the underlying one step method had minimal local truncation error coefficients. This
approach of finding good general linear methods is only feasible if the class of methods in
consideration can be determined using linear operations.

7. Showed that the composition of two IRKS methods is again an IRKS method if the number
of approximations passed from step to step is the same, along with doubly companion
matrices of the methods being the same, except for the first row.
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8. Development of a set of fixed order, variable stepsize codes based on explicit IRKS methods.
These codes performed extremely well when compared to fixed order implementations of
well known Runge-Kutta methods.

9. A suite of IRKS methods of orders two through five was constructed using the underlying
one step method approach. These were then implemented in a variable order, variable
stepsize code, which performed at least as well as the implementations based on the well
known linear multistep methods.

6.3 Future work

The process of finding IRKS methods using the underlying one step approach has led to some
good methods; using more sophisticated searching routines may led to better methods of low
orders and also make it possible to find methods of high order. The use of backward error
analysis may lead to another approach of determining good methods. This approach is based on
the assumption that only constant stepsizes are used. Whether or not the methods developed
using a backward error analysis argument would be efficient for variable stepsizes would be
interesting. The other main extension that may yield interesting methods is when the matrix
A can have distinct eigenvalues, rather than the one point spectrum discussed in this thesis.
Allowing the IRKS methods to have this more general structure will make it possible to derive
methods where the first row is zero as was discussed for example in [40]. Another possibility is
when the the matrix A is diagonal, parallel methods may exist with order greater than two.

As the numerical experiments performed in this thesis are of a preliminary nature there are
several issues with regards to implementation that could be improved. For example the stepsize
changing procedure uses the traditional dead-beat or integral controller rather than the more
effective proportional integral controller which is used so successfully for Runge-Kutta methods.
The emphasis of the numerical experiments in this thesis have been on the explicit methods; the
thesis by Huang [83] addresses the implementation of the stiff methods thoroughly. It would be
nice to combine the approaches of the non-stiff and stiff methods so that a possible production
code could have available a stiffness switching option. Since the explicit and implicit methods
are so similar it may be quite convenient to switch from explicit to implicit methods, or vice-
versa, reasonably easily. As the needs of the users of numerical methods change it is important
to provide features that are required by the user. For example, it is now commonplace that
a user does not just want a highly accurate approximation of the solution at one point but
rather continuous solutions over the whole integration interval, and even the possibility of event
location. Certain events which are interesting are local minima or maxima and it also could
be possible that the final solution is wanted when one of these events occur, rather than at a
pre-decided final point.

Even though the methods constructed in this thesis provide many advantages over the traditional
methods there is scope for extending the methods to the case where s = p+ 2. This will provide
significantly more freedom and it would be interesting to see if there are relative advantages in
using more stages. The resulting matrices of the IRKS methods where s = p+ 2 are however not
square which makes computing the methods in a straight forward manner much more difficult
than in the s = p+ 1 case. Some preliminary work has already been done on these methods and
it is possible to obtain a very large class of methods, but it is not yet known to what extent this
comprises the set of all methods. One likely advantage of methods where s = p 4+ 2 will be in
the solution of oscillatory problems. For these problems it is possible to derive methods which
have a phase order and amplitude order which is greater than the order of the method.
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Systems which require information not only from the current state, but states in the past are
often best modelled using delay differential equations. Most numerical solvers for delay differ-
ential equations are based on Runge-Kutta methods. For problems of this type it is essential for
the numerical solution to be piecewise continuous throughout the interval of integration rather
than solutions given only at certain discrete points. This is due to the need to evaluate the
function at some point in the past which generally would not have been a grid point in the
integration. To obtain continuous output Runge-Kutta methods require many additional stages
to those required for the traditional order. It is for this reason that the IRKS methods may in
fact provide excellent alternatives to the Runge-Kutta methods, as piecewise continuous solu-
tions can be found without any additional evaluations of the function. The main consideration
which must be taken into account is the effect on the Nordsieck vector when a discontinuity
is reached. Many preliminary numerical experiments have been performed against the recently
released dde23 function in Matlab. The results showed an increased performance over the stan-
dard ordinary differential equation case even when no considerations of the Nordsieck vector
were taken into account.

Differential equations with algebraic constraints, commonly known as differential algebraic equa-
tions were briefly discussed in Chapter 1. These equations are a very important application area,
as they are often used to model problems arising for example in mechanics and electrical net-
works. According to Brenan, Campbell and Petzold [8], stiffly accurate implicit Runge-Kutta
methods perform very well when applied to general index one and semi-explicit index two and
three differential algebraic equations systems, even when there are small errors in the initial
conditions. The index is roughly the number of times the algebraic constraint needs to be dif-
ferentiated in order to be transformed to a well defined differential system. The IRKS methods,
which have strong stiff accuracy, should be well suited for solving differential algebraic equa-
tion systems because the solution component will satisfy the algebraic constraint and because
the IRKS methods have high stage order they will not be affected by the order reduction phe-
nomenon. The main consideration will be the effect the rest of the Nordsieck vector has on the
computation.



APPENDIX 1
Matlab and Maple codes

The codes in this appendix are included so that the interested reader can verify the methods
constructed within the text. The programs given have been written in such a way that they
beer as much resemblance as possible to the text.

The following Maple code is used to generate the starting procedure needed to construct the
initial Nordsieck vector. Section 2.3 gives relevant details about this starting procedure. When
the IRKS method is implicit the solution of the stage derivatives should be found using a variant
of Newton’s method. In the case of non-stiff problems it is sufficient to find the stage derivatives
using a fixed point iteration scheme. The vector ¢ used in the following program is generally
chosen so that the first abscissae is zero and the last abscissae is one. This means that the initial
condition is used.

# p—
start:=proc(p,c)
local J,C,A,B;

P - Defines the order.
List of the abscissae.

O
|

- Lower triangular shifter matrix.

- Scaled Vandermonde matrix with powers of c.

Singly implicit starting matrix.

- Appropriate linear combinations of stage derivatives.

:=band ([1,0,0],p+1) :

:=matrix(p+1,p+1,(i,j)->if j=1 then 1 else c[i]~(j-1)/(j-1)! £fi):
:=evalm(C&*J&*inverse(C)) ;

:=evalm(J&*inverse(C));

H W Qo HF H HHHHEHFE R
W= Q4
|

end:

The following Maple code is used to construct an IRKS method. The code is based on approach
one developed in Section 3.7. It is possible to change the program so as to use approach two if
this is desired. The notation used with the program is as close as possible to that used in the
text.
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# _____
IRKS:=proc(p,l,eps,c,beta,iT,iW)
local J,K,P,E,C,betaK,Km,eKm,F,T,psi,X,0Omega,Gamma,0TU,Btil,B,V,A,U,M;

:=band ([1,0,0] ,p+1):

:=band ([0,0,1] ,p+1):
:=band([1,seq(0,i=1..p),1,seq(0,i=1..p-1)]1,p+1):
:=exponential (K):

:=matrix(p+1,p+1,(i,j)->if j=1 then 1 else c[i]l"(j-1)/(j-1)! £fi):
betaK:=transpose (Lower (toeplitz(beta))):
Km:=matrix(p+1,p+1,(i,j)->if j=i+1 then p+1-i else O fi):
eKm:=subs (t=1,exponential (Km,t)):

#

#p - Defines the order.

# 1 - The eigenvalue of the matrix A.

# eps - Related linearly to the error constant or L-stability condition.
# c - List of the abscissae.

# beta - List of free parameters in the doubly companion matrix.

# iT - pxp free matrix used to ensure V has zero spectral radius.

# iW - (p+1)x(p+1) free matrix used to ensure A has desired structure.
T —
#J - Lower triangular shifter matrix.

# K - Upper triangular shifter matrix.

# P - Permutation matrix.

# E - Toeplitz matrix E=exp(K) where K is nilpotent.

# C - Scaled Vandermonde matrix with powers of c.

# betaK - Toeplitz matrix with elements from beta on diagonals.

# Km - Differentiation matrix.

# eKm - Upper triangular transformation matrix eKm=exp(1Km) .

# F - Upper triangular Toeplitz matrix.

# T - Used to ensure spectral radius of V is zero.

#

J

K

P

E

C

F:=evalm(inverse (eKm) &*E&*eKm) :
T:=stackmatrix(augment ([1] ,matrix(1,p,0)),augment (matrix(p,1,0),inverse(iT)));
N EEEES——————————————————..,
# psi - Upper triangular transformation matrix which links J and X.

# X - Doubly companion matrix.

# iW - Removing # gives methods of ESIRK type.

# Omega - Lumps conditions together.

# Gamma - Toeplitz except first column satisfying IRKS L-stability etc.

# Btil - The transformed matrix B.

R EEEEEEEEE—S——————————————————...,

psi:=evalm(betaK&+*eKm) :

X:=map (x->simplify(x) ,evalm(psi&* (J+band ([1],p+1))&*inverse(psi)));
#iW:=evalm(inverse(psi)&*E&*inverse(C)):
Omega:=evalm(iW&*C&* (Reverse (beta)&*transpose([1,seq(0,i=1..p)])+K&*psi)):
Gamma:=evalm(F+(J&*F-F&*J)&*P) :

Gamma[1,1] :=subs(x=1,simplify(eps+x*(-x) "p*LaguerreL(p,1/x))):
0TU:=LUdecomp (evalm(Omega&*T) ,L="0TL’) :
Btil:=evalm(T&*Lower (inverse (T)&*Gamma&*T&*inverse (0TU))&*inverse (OTL)) :
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# -
# The Nordsieck formulation of the method is found.
#

B:=evalm(psi&*Btil&*iW) :

V:=evalm(E-B&*C&*K) :

A:=evalm(inverse (B) &*X&*B) :

U:=evalm(C-A&*C&*K) :

M:=augment (stackmatrix (A,B),stackmatrix(U,V)):

#

end

#

The following Maple code is required by the previous procedure. This procedure commutes the
lower triangular part of a matrix see Section 3.7 for details.

H

+

Lower :=proc (M)

local Y, N;

H
i

b

N:=evalm(M) ;

Y:=matrix(p+1,p+1,(i,j)->if j>i then O else N[i,j] fi):

RETURN(Y) ;

end:

H
1

As a means of finding optimal methods using some searching routine, it is necessary to construct
the method using a language with searching facilities. Matlab has been chosen at this early
stage because it is easy to use. The following program constructs IRKS methods numerically.
Approach one is used from Section 3.7 as in the Maple program above.

b

function [A,U,B,V]=IRKSppss(p,lambda,eps,c,beta,iT,iW)

)
)
b
)
)
)
b

v 3

)
b
b
)
)
b
)
b

P
lambda

eps

beta
iT

Defines the order.
The eigenvalue of the matrix A.

Related linearly to the error constant or L-stability condition.

Column vector of the abscissae.

Row vector of free parameters in the doubly companion matrix.
pxp free matrix used to ensure V has zero spectral radius.
(p+1)x(p+1) free matrix used to ensure A has desired structure.

[ I @ ke v B> S RO

betak
Km

Lower triangular shifter matrix.

Upper triangular shifter matrix.

Permutation matrix.

Vandermonde matrix with powers of c.

Toeplitz matrix E=exp(K) where K is nilpotent.
Toeplitz matrix with elements from beta on diagonals.
Differentiation matrix.
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% eKm - Upper triangular transformation matrix eKm=exp(1Km) .
h F - Upper triangular Toeplitz matrix.
h T - Used to ensure spectral radius of V is zero.

% _____
J=diag(ones(p,1),-1);

K=diag(ones(p,1),1);

P=diag(ones(p,1),1)+diag(l,-p);

E=expm(K) ;

C=fliplr(vander(c))*diag(E(1,:));

betaK=triu(toeplitz(beta));

Km=diag([p:-1:1]1,1);

eKm=expm (lambda*Km) ;

F=inv (eKm) *E*eKm;

T=[1,zeros(1,p);zeros(p,1),inv(iT)];

% _____

% psi - Upper triangular transformation matrix which links J and X.

% X - Doubly companion matrix.

% oiW - Transformation used to force method to have effective order.
% Omega - Lumps conditions together.

% Gamma - Toeplitz except first column satisfying IRKS L-stability etc.
% Btil - The transformed matrix B.

b
psi=betaK*eKm;

X=psi*(J+lambda*eye (p+1))*inv(psi);

%iW=inv (psi) *Exinv (C) ;

Omega=iW*C* (betaK*diag(1l,-p)+K*psi);

Gamma=F+ (J*F-F*J) *P;

Gamma (1,1)=eps+lambda*xfliplr(1l./[1,cumprod(-[1:p])])*eKm(1,:)’;
[0TL,0TU]=feval (’LU’ ,Omega*T)

Btil=T*tril (inv(T)*Gamma*T*inv (0TU) ) *inv (0TL) ;

b
% The Nordsieck formulation of the method is found.
b
B=psi*Btil*iW; B(abs(B)<1le-10)=0;

V=E-B*Cx*K; V(abs(V)<1e-10)=0;
A=inv(B)*X*B; A(abs(A)<1le-10)=0;
U=C-A*C*K; U(abs(U)<1e-10)=0;

h

Since the LU factorisation program in Matlab 1u uses pivoting. Due to the nature of the way
methods are constructed see Section 3.7 it is necessary not use any pivoting. The following
Matlab program decomposes a matrix into the product of a unit lower triangular and an upper
triangular matrix.

% _____
function [L,U]=LU(A)
% _____

% L - Lower triangular part of matrix A.

hU - Upper triangular part of matrix A.
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b

[n,m]=size(A);

L=

eye(n) ;

U=zeros(n,m) ;
U(l,:)=AC1,:);
L(2:n,1)=A(2:n,1);
for i=1:n-1
U@i,i)=A@,i)-L(31i,1:i-1)*U(1:i-1,1);
for j=i+l:n
U(i,j)=1/L(i,1)*(A(i,j)-L(i,1:i-1)*U(1:i-1,3));
L(j,1)=1/U(i,i)*(A(j,i)-L(j,1:i-1)*U(1:i-1,1));

end

end
U(n,n)=A(n,n)-L(n,1:n-1)*U(1:n-1,n);

b

The following code computes the local errors of the underlying one step method see Section
2.6 for more details. This function is based on Algorithm 2.8 and is used in conjunction with
the Matlab program which generates the IRKS methods to search for methods where the local
errors of the underlying one step method are minimised. The IRKS methods generated and
given in Appendix III used only the basic search routine from Matlab fminsearch. Using more
sophisticated routines may well lead to more optimal methods.

/A

function le=UOSM(pmax,p,r,s,A,U,B,V)

b
b
)
b
b
b
b
b
)
b
)
b
)
)
b
)
)
)
b
)
)
b
b
)

pmax - The order the local errors are calculated to.
P - The order of the method.
r - Number of output approximations of the method.
s - Number of stages of the method.
A,U,B,V - Coefficient matrices of the method.
le - Local error coefficients of the underlying one step method.
t - Trees referenced by integers.
first - Index of the first tree of order p.
rho - Order of the tree.
decl - Standard decomposition of t.
dec2 - Standard decomposition of t.
xi - Elementary weight function of the stages.
igamma - Inverse of gamma.
igammaD - Inverse of the derivative of gamma.
igammaD - Inverse of the derivative of gamma.
phi - Elementary weight function of the underlying one step method.
S - Elementary weight function of the starting procedure.
xi - Elementary weight function of the stages.
xiD - Elementary weight function of the stage derivatives.
- Elementary weight function of the remainder.

o g ™

Left eigenvector of V.
Matrix (I-Vtil)“~{-1}.
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% _____
t=1;
first(1)=1;
rho(1)=1;
dec1(1)=1;
dec2(1)=0;
igamma(1)=1;
igammaD(1)=1;
phi(1)=1;
S(:,1)=[0;(V(2:r,2:r)-eye(r-1))\(-B(2:r, : ) *ones(s,1))];
xiD(:,1)=ones(s,1);
xi(:,1)=A*ones(s,1)+UxS(:,1);
R(:,1)=zeros(r,1);
le(1)=0;
s=struct(’disp’,0,’tol’,1e-20);
[evect,eval]l=eigs(V’,1,s);
v=evect’./evect(1l);
Q=inv(eye(r)-V+eye(r,1)*v);
for p=2:pmax
first(p)=t+1;
for g=1:p-1
for ti=first(q):first(q+1)-1
l=max(first(p-q) ,dec2(t1));
for t2=1:first(p-q+1)-1
t=t+1;
rho(t)=p;
decl(t)=t1;
dec2(t)=t2;
igammaD (t)=igammaD (decl (t))*igamma(dec2(t));
igamma (t)=igammaD(t)/rho(t);
xiD(:,t)=xiD(:,dec1(t)) .*xi(:,dec2(t));
R(:,t)=Rt(t,phi,S,p);
phi(t)=v*(B*xiD(:,t)-R(:,t));
S(:,t)=Q*(B*xiD(:,t)-R(:,t));
S(1,t)=0;
xi(:,t)=A*xiD(:,t)+U*S(:,t);
le(t)=phi(t)-igamma(t);
end
end
end
end

h

The following program calculates the residual R(t) of a composition of two B-series defined by
(2.5.6). As discussed in Section 2.5 it is possible to use Theorem 2.13 to write a program which
computes R(t) recursively. The following program gives the expressions explicitly for all trees
up to order five. It is possible to use the recursive program to generate these expressions for
orders greater than five. The advantage of using explicit representations of R(t) is that the
computational time is significantly reduced. This is especially significant as the order increases.
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% —_—
function R=Rt(t,c,d,p)
yA

ht - Trees referenced by integers.
% c - Scalar elementary weight function (underlying one step method) .
% d - Vector elementary weight function (starting method) .
%p - The order of the method.
v =
if t==
R=zeros(p+1,1);
elseif t==
R=c(1)*d(:,1);
elseif t==
R=c(1)*d(:,2)+c(2)*d(:,1);
elseif t==
R=2*c(1)*d(:,2)+c(1)"2*d(:,1);
elseif t==5
R=c(1)*d(:,3)+c(2)*d(:,2)+c(3)*d(:,1);
elseif t==6
R=2*c(1)*d(:,3)+c(1)"2*d(:,2)+c(4)*d(:,1);
elseif t==7

R=c(1)*d(:,3)+c(1)*d(:,4)+(c(1)"2+c(2))*d(:,2)+c (1) *c(2)*d(:,1);
elseif t==8
R=3*c (1) *d(:,4)+3*c(1)"2%d(:,2)+c(1)"3*d(:,1);
elseif t==
R=c(1)*d(:,5)+c(2)*d(:,3)+c(3)*d(:,2)+c(5)*d(:,1);
elseif t==10
R=2*c(1)*d(:,5)+c(1)"2*d(:,3)+c(4)*d(:,2)+c(6)*d(:,1);
elseif t==11
R=c(1)*d(:,5)+c(1)*d(:,6)+(c(1)"2+c(2))*d(:,3)+c(1)*c(2)*d(:,2)+c(7)*d(:,1);
elseif t==12
R=3*c(1)*d(:,6)+3*%c(1)"2%d(:,3)+c(1)"3%d(:,2)+c(8)*d(:,1);
elseif t==13
R=c(1)*d(:,5)+c(1)*d(:,7)+c(1)"2%d(:,3)+c(2)*d(:,4)+...
(c(D)*c(2)+c(3))*d(:,2)+c(1)*c(3)*d(:,1);
elseif t==14
R=c(1)*d(:,6)+2xc(1)*d(:,7)+2xc (1) "2%d(:,3)+c(1)"2*d(:,4)+...
(c(1)"3+c(@))*d(:,2)+c(1)*c(4)*d(:,1);
elseif t==15
R=2*xc(1)*d(:,7)+2*xc(2)*d(:,3)+c (1) "2*d(:,4)+2*xc(1)*c(2)*d(:,2)+. ..
c(2)"2xd(:,1);
elseif t==16
R=2*c(1)*d(:,7)+c(1)*d(:,8)+c(1)"2*d(:,3)+(2xc (1) "2+c(2))*d(:,4)+...
(2%c(1)*c(2)+c(1)"3)*d(:,2)+c (1) "2*c(2)*d (:,1);
elseif t==17
R=4*xc(1)*d(:,8)+6*c (1) "2*%d(:,4)+4*xc (1) "3*%d(:,2)+c(1)~4*d(:,1);

/A







APPENDIX I
Test problems

The following differential equations are from the DETEST set [84]. These are included for the
convenience of unfamiliar readers. The differential equations with initial conditions are given
along with the analytical solution where possible. There are four groups of problems with five
differential equations or systems in each group.

Group A: Single equations

A1l: The negative exponential.
y = -y, y(0) = 1, y = exp(—x).

A2: Special case of the Riccati equation.

Y 1
! = ——, 0 - 1, - .
y 2 y( ) Y ve+1

A3: Oscillatory problem.
y' = ycos(x), y(0) =1, y = exp(sin(z)).

A4: Logistic curve.

1=y <1 - i) 0) =1 - 20
Y=y 20/° y(0) ’ YT 1x 19exp(—z?)’

Ab: Spiral curve (solution in polar coordinates).

Yy—x
y/:y+x, y(0) = 4, r=4dexp(5—96).

Group B: Small systems.
B1: The growth of two conflicting populations.

v = 2(y1 — y1y2), y1(0) =1
Yy = —2(y2 — y1y2), y2(0) = 3.

B2: Linear chemical reaction.

YL = =1+ 2, y1(0) = 2
vh = y1—2ys+ys, y2(0) = 0.
Ys = Y2 — Y3, y3(0) =1
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Test problems

B3: Nonlinear chemical reaction.

Y=

Yh
s

—Y1,

B4: The integral surface of a torus.

B5: Euler equations of motion for a rigid body without external forces.

Yy =
Yh
Y

Group C: Moderate systems.

C1: Radioactive decay chain.

T
Yy

/
L Y10 |

-1
1
0

0

C2: Radioactive decay chain.

C3: Parabolic partial differential equation.

T
Y

!
L Y10 |

Yi —2
Y 1
S

Y10

yl_y%7
= 3,

Y293,
= —Y193,
= —0.51y192,
0
—1
1
-1
0 1
0
-2
2
-9
0 9
1 0
—2 1
1
-2
0 1

yl( 1.
yg( 0.
y3( 0.
y1(0) = 3.
y2(0) =0
y3(0) = 0.

y(
y2(
y3(

Y1
Y2

L Y10 |

Y1
Y2

| Y10 |

Y1
Y2

Y10 |

el )
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C4: Parabolic partial differential equation as in C3 with 51 equations.

C5h: Five body problem: the motion of the five outer planets about the sun. The three spa-
tial coordinates of body j are yi1j,v25,y3; and j = 1,2,...,5. Each satisfy the second order
differential equation
ik
3 bl
Tk

L2,...

5
Yij Yik — Yij
y;; =ko | —(mo —|—mj)% + E mp (lfm
7o dk
J k=1 J
=y

3 3
where r} and d ), are

3
3 2 3
Ty = Z Yik> djj, =
i=1
and the physical constants are

ko = 2.95912208286, (

mgp = 1.00000597682, (

my = 0.00095478610, (

mg = 0.00028558373, (Saturn)
(
(

3

> (i — v

i=1

k,j

',

m3 = 0.00004372731,
my = 0.00005177591,
ms = 0.00000277777, (Pluto).

The system is rewritten as a system of 30 first order differential equations with initial values

yi1 = 3.4294741518, wyo1 = 3.3538695971, w31 = 1.3549401715,
Yl = —0.5571605704, w4, = 0.5056967832, y4; = 0.2305785439,
yio = 6.6414554255, yoo = 5.9715695787, yzo = 2.1823149972,
Yo = —0.4155707763, yhy = 0.3656827228, yi, = 0.1691432132,
yiz3 = 11.2630437207, wyo3 = 14.6952576794, w33 = 6.2796052506,
Yl = —0.3253256691, yhs = 0.1897060219, w43 = 0.0877265322,
y14 =—30.1552268759, you = 1.6569996640, w34 = 1.4378575272,
yia = —0.0240476254, b, =—0.2876595326, yh, =—0.1172195431,
yis = 21.1238353380, w95 = 28.4465098142, y35 = 15.3882659679,
Yis = —0.1768607531, yhs =—0.2163934530, y4s =—0.0148647893.
Group D: Orbital equations.
Y = ys, y1(0) =1 —¢,
yé = Y4, y2(0) = 07
Y1
yg - _ﬁ7 Z/S(O) = 07
(Y1 +y3)2
Y2 14+¢
Y= o va(0) = /7
(y1 +¥3)2
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Test problems

D1: Low eccentricity € = 0.1.

D2: Small eccentricity € = 0.3.

D3: Medium eccentricity € = 0.5.

D4: Large eccentricity € = 0.7.

D5: High eccentricity € = 0.9.

All are derived from the orbit equations

" T

X :—m, .%'(0)21—8,
" Yy
with solution
x = cos(u) — &, 2 =

y=1+V1—¢e2sin(u), y =

where u — esin(u) —t = 0.
Group E: Higher order equations.

E1l: From Bessel’s equation of order 1/2.
/
Y1 = Y2,
2T M\ 4w+ 1)? z+1
E2: From Van der Pol’s equation.
Y1 =2,
r_ 2
Yo = (1 = yi)y2 — y1,

E3: From Duffing’s equation.

Y1 = Y2,
y3
yh = El — y1 + 2sin(2.78533x),

E4: From the falling body equation.

yi = Y2,
yh = 0.032 — 0.4y3,

E5: From a linear pursuit equation.

yi = Y2,

;143

Yo = (25_1‘)7

- sin(u)
1 —ecos(u)’
V1 — €2 cos(u)

1 — ecos(u)

)

y1(0) =2,
y2(0) =0
y1(0) =0,
y2(0) =0
y1(0) = 30,
y2(0) = 0.
y1(0) =0,
y2(0) =0



APPENDIX III
Methods

The following numerical methods are used in Chapter 5. Included in this appendix are three
Runge-Kutta methods of orders three, four and five and a description of the Adams-Bashforth,
Adams-Moulton methods. Also included are the coefficients of the IRKS methods of orders two,
three, four and five used in all experiments. The first embedded Runge-Kutta method is of order
three and was developed by Bogacki and Shampine [6], the method is given by the tableau

0

1 1

21 2

3 3

11 0 1
2 1 4

L § 35 3
2 1 4
59 3 9 0
7 1 1 1
24 4 3 8

The embedded method has four stages but has the FSAL property so it effectively has only three
stages. This method can be written as a general linear method with two output approximations.
The first method is of order three but the second is of order two and is used only to provide
an estimate of the local truncation error. This method forms the kernel of the code ode23 from
Matlab. The elementary weight functions and the density for the trees of order four are

t I FEEVENY
aft) | 0 % % %
_1 1 1 1 1
SO |24 12 08 1

The error coefficients of the elementary differentials corresponding to the middle two trees are
zero. Therefore contributions to the local truncation error only come from the tall and the bushy
tree. The second embedded Runge-Kutta method is of order four and was developed by Ngrsett
and given in [66], the method is given by the tableau

0

3| 3

8 8

9 9

1] 0 16
25|_125 325
32 672 336

1] 811 _200 w20
891 297 891

25 32 26 g LI
216 135 567
37 44 448
%5 117V 0
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The embedded method has five stages. Since by = 0 and a43 = 0 when the method is used
with a fixed stepsize then there is no need for the second method and the first method can be
represented with one less stage. This method is supposed to have good tolerance proportionality
[111]. The elementary weight functions and the density for the trees of order five are

TY YV YU W

t
a(t) | 0 64 128 256 24 192 704 128 256
4 (L L 1 L L1 1 L 1
v@® | 120 60 40 20 30 15 20 10 5

None of the order five trees have an elementary weight the same as ﬁ, in saying that none
of local errors associated with the trees of order five are that large. The last Runge-Kutta
pair used for comparisons is the famous method of Dormand and Prince [63], called variously
RK5(4)7FM, DOPRI5, DP(4,5) and DP54. This first method of this embedded pair is of order
five, the second method which is used for error estimation purposes is of order four. The pair is

represented by the tableau

0

1 1

5 5

3 3 9

10 10 10

4 44 _56 32

5 5 15 9

8| 19372 25360 64448 _ 212

9| 76561 2187 6561 729

1| 917 355 46732 49 _ 5103
3168 33 5247 176 18656

1 35 0 500 125 2187 11
384 1113 192 6784 84
35 0 500 125 2187 11
384 1113 192 6784 84
G 0 __1 71 17253 22 1
57600 16695 1920 339200 525 _ 40

The number of stages is seven, one greater than required for order five, however this method
also has the FSAL property and therefore effectively has only six stages. As for the first Runge-
Kutta method, this method can be represented as a general linear method with two output
approximations. This Runge-Kutta method is highly regarded as an optimal method, as the
error terms of the higher order elementary differentials are minimised. This method forms the
kernel of the code ode45 from Matlab. The elementary weight functions and the density for the
trees of order six which are not the same are

t[vavawwvw

Oé(t) 181 181 1 899 899 412 899 899
16200 10621 10800 5400 150 32400 16200 9899 10800 5400

1 1 1 1 1 1 1 1 1 1 1

~(t) 720 90 120 60 30 144 36 18 24 12 6

So it can be seen that there are only eleven trees above, therefore eight of the twenty trees
satisfy the order conditions exactly. Only four trees differ from their order condition by more
than m, therefore this method is a highly optimal one.
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The code ode113 from Matlab is used to compare the variable stepsize, variable order implemen-
tation of the IRKS methods. The ode113 code is a PECE implementation of Adams-Bashforth,
Adams-Moulton methods of order one through twelve. Local extrapolation is used to increase
accuracy of the solution. Since at this stage only IRKS methods of order up to five have been de-
rived with minimised local error coefficients it is necessary to make the comparisons meaningful,
the maximum order of the ode113 code four (not five since local extrapolation is done).

The following IRKS methods of orders two through to five were found using the programs given
in Appendix I. All methods are explicit that is W = I and A = 0 and have the strong strict
stability properties described in Subsection 3.9.2. The abscissae vector ¢ was chosen as

p
p+1 1]’
and € = #.

S This means the error constant is zero and the method could be interpreted as
one higher order, however as € is a free parameter it will always be chosen to be very close to this
value anyway. The coefficients (31, 32,..., 8, and the matrix T" have been chosen to minimise
the local error coefficients of the underlying one step method as described in Section 3.11. The
IRKS methods given below are in traditional Nordsieck form that means quantity ¢ + 1 of the
output approximation vector is %y,(f ),
method closer.

1

€= | 4T

_2 .« e
p1

This form makes magnitudes of the coefficients of the

The coeflicients of the order two method which are not zero or one are

A9 = 0.471407662653622, Az =—0.134639854910322, Agze =0.804212616739007,
Ui = 0.333333333333333, Uz = 0.111111111111111, Use =0.195259004013043,
Uas = 0.130172669342029, Usa 0.330427238171315, Usz =0.017476414288205,
B11 =—0.134639854910322, Bio = 0.804212616739007, Bs; =1.573932747069119,
B3y =—1.471888137403692, B33 = 0.956614509246088, Vi2 =0.330427238171315,
Vis = 0.174764142882053, V3z = 1.058659118911515.

The coefficients of the order three method which are not zero or one are

Ag1 = 0.470846446710038, Asz; = 0.261644146000365, Asz 0.382303173507494,
Aq1 = 0.802153740004660, Age2 =—0.495396054365736, A4z = 0.721019675308796,
U2 = 0.250000000000000, Uz = 0.062500000000000, U4 = 0.015625000000000,
Uz = 0.029153553289961, Usz = 0.014576776644980, Ugy = 0.036716291241867,
Usa = 0.106052680492140, Usz = 0.049374753492322, Usy 0.086089342494310,
Uso =—0.027777360947721, Uyz = 0.012789671400210, Uyy 0.004422512439833,

B11 = 0.802153740004660, Bia =—0.495396054365736, B3 0.721019675308796,
Bs; = 1.446455234275734, B3y =—5.176148401701250, B33 2.583210132961478,
B3y = 0.745416818553375, Ba = 3.640519215514662, DBy =—1.934848815659522,
B3 =—1.681895828039472, Bys = 1.564670138888888, V1o =—0.027777360947721,
Vis = 0.012789671400210, Vi34 = 0.004422512439833, V32 0.401066215910661,
Va3 = 0.087271948014413, Va4 = 0.015483389816615, V3o =—1.588444710704555,

Vi3 =—0.491907327816377,

Vi4 =—0.087271948014413.
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The coefficients of the order four method which are not zero or one are
Aoy = 0.2957311217040344, Az =—0.039934489325222, Azs =  0.425901689047481,
Aq1 = 0.423835213302159,  Aye =—0.009436403626320, Ay3 = 0.397304037858177,
As; =—0.296305846538338,  Ase = 1.216363885601977, Aszz = —0.747215466333825,
Asq4 = 0.653600660017554, Uy = 0.200000000000000, Uiz = 0.040000000000000,
U4 = 0.008000000000000,  Uis = 0.001600000000000, Uz = 0.104268878295965,
U3 = 0.041707551318386, Uaq = 0.028512265395515, Uss =  0.016136604105470,
Uso = 0.214032800277740, Uss = 0.035252444492103, Uss = 0.016359327976235,
Uss = 0.021847071262251, Uy =—0.011702847534016, Uss = 0.001250192150379,
Uyy = 0.036580887257542, Uys = 0.055182303793203, Uss = 0.173556767252632,
Uss =—0.003671266293743,  Usqy = 0.003781472902478, Uss = 0.005112643571594,
By1 =—0.296305846538338, Bio = 1.216363885601977, Bz = —0.747215466333825,
By = 0.653600660017554,  Bj3; = 10.000016496975997, Bss = —5.837474035968229,
B33 =—5.904712214292561, B3y = 4.500681103257683, Bss = 0.765845862194845,
By = 1.228682909898573, By = 9.999954175745015, Bys =—14.15295917400263,
Byy = 1.660756627244275, Bys = 2.686339938592741, Bs; = —0.632617651189480,
Bso = 5.410153771892855,  Bs3 =—4.046215909571658, Bss = —1.665749629987682,
Bss = 1.663894849785407, Vie = 0.173556767252632, Vi3 = —0.003671266293743,
Vig = 0.003781472902478, Vis = 0.005112643571594, V3o = —3.524357212167734,
V33 = 0.022845797533275, Viq = 0.040229444224309, V35 = —0.004714169797708,
Vi =—1.422774477477972, Vys = 0.462224023471394, Vi = 0.090103414290175,
Vis =—0.517738722736443, Vso =—0.729465430929441, Vi3 = 0.117792842856975,
Vs4 = 0.055508230191686, V55 =—0.112949211823450.
The coefficients of the order five method which are not zero or one are
A = 0.263372972232338, Asz; =—0.263053563397940, Aso = 0.441750625998773,
A4 =—0.807101161142095, Ay = 0.576841125717985, Aus = 0.260736476477041,
As1 =—0.300357326545973, Asy =—0.012056490728257, Ass = 0.493481701798725,
Asqg = 0.196335346754935, Ag1 = 0.584293901912358, Ago =—2.917005275237307,
Agz = 4.669954930744773, Ags =—2.597765649735092, Ags; = 0.931826640861966,
Us = 0.166666666666666, Uiz = 0.027777777777777, Uy = 0.004629629629629,
Uis = 0.000771604938271, Uig = 0.000128600823045, Use = 0.069960361100994,
Uss = 0.023320120366998, Uy = 0.015089289351008, Uss = 0.007468401748783,
Uss = 0.003099126907539, Uss = 0.321302937399166, Us3 = 0.043184103800131,
Usqy =—0.000329078383096, Uss = 0.001926825100143, Usg = 0.004996309982320,
Up = 0.636190225613734, Uyz = 0.068180937869444, Uyy =—0.024278006205638,
Uys =—0.003349000792875, Uye = 0.017713433211216, Use = 0.455930102053902,
Uss = 0.047339049639966, Usy =—0.024139427530338, Uss = 0.010166810706614,
Usg = 0.055656100424013, Uge = 0.328695451453301, Ugz =—0.009406249680509,
Usy =—0.056440233621147, Ugs = 0.008178456392172, Ugg = 0.037260018923659,
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By = 0.584293901912358, DBi2 = —2.917005275237307, DBz = 4.669954930744773,
By = —2.597765649735092, Bis = 0.931826640861966, DBs; = 15.915061239241016,
B3y =—14.176319893310838, B33 = 11.538908201124006, Bs4 =—12.148596781040178,
Bss = 3.452169061907394, B3 = 2.148869773618636, B4 = 17.683612455307627,
Bya = —9.137326426005964, By3 = 12.896934882903027, B4 =—16.658023145198315,
Bys = 0.659357867701929, DBy = 4.313338591509030, DBs; = —8.513792491139199,
Bsy = 38.844682504222445, Bss =—38.279871145369852, D54 = 18.712314794358732,
Bss =—11.425398233410481, DBsg = 4.811300746781537, Bg1 =—10.957591802735312,
Bga = 27.674473356035389, Bgz =—28.855294895329248, DBgs = 16.511267662248411,
Bgs = —6.741133239149936, DBgs = 1.683285163776493, Viz = 0.328695451453301,
Vis = —0.009406249680509, V14 = —0.056440233621147, Vi5 = 0.008178456392172,
Vie = 0.037260018923659, V3 = —6.730091601540036, V33 = —0.246274294359811,
Vag = 0.304504551881114, V35 = —0.152256173640385, V3¢ = 0.137941274718748,
Vio = —9.757894226217335, Vi3 = —0.214830852925117, Vi = 0.796459469907389,
Vis = —0.459067237437802, Vi = —0.238694721809408, Vso = —4.149236175443180,
Vs = —0.308677190755958, Vsq = 0.890416251997090, Vs5 = —0.432249547872500,
Vse = —0.390648241144361, Vg = 0.684993755154203, Vg3 = —0.088195219750214,
Vea = 0.308927910281421, Vg5 = —0.166931550695128, Vg = —0.117935627675077.
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