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Abstract

Some real-world applications involve situations where different physical phenomena
acting on very different time scales occur simultaneously. The partial differential
equations (PDEs) governing such situations are categorized as “stiff” PDEs. Stiff-
ness is a challenging property of differential equations (DEs) that prevents conven-
tional explicit numerical integrators from handling a problem efficiently. For such
cases, stability (rather than accuracy) requirements dictate the choice of time step
size to be very small. Considerable effort in coping with stiffness has gone into
developing time-discretization methods to overcome many of the constraints of the
conventional methods. Recently, there has been a renewed interest in exponential
integrators that have emerged as a viable alternative for dealing effectively with
stiffness of DEs.

Our attention has been focused on the explicit Exponential Time Differ-
encing (ETD) integrators that are designed to solve stiff semi-linear problems.
Semi-linear PDEs can be split into a linear part, which contains the stiffest part of
the dynamics of the problem, and a nonlinear part, which varies more slowly than
the linear part. The ETD methods solve the linear part exactly, and then explicitly
approximate the remaining part by polynomial approximations.

The first aspect of this project involves an analytical examination of the methods’
stability properties in order to present the advantage of these methods in overcom-
ing the stability constraints. Furthermore, we discuss the numerical difficulties in
approximating the ETD coefficients, which are functions of the linear term of the
PDE. We address ourselves to describing various algorithms for approximating the
coefficients, analyze their performance and their computational cost, and weigh their
advantages for an efficient implementation of the ETD methods.

The second aspect is to perform a variety of numerical experiments to evaluate
the usefulness of the ETD methods, compared to other competing stiff integrators,
for integrating real application problems. The problems considered include the
Kuramoto-Sivashinsky equation, the nonlinear Schrodinger equation and the
nonlinear Thin Film equation, all in one space dimension. The main properties
tested are accuracy, start-up overhead cost and overall computation cost, since these

parameters play key roles in the overall efficiency of the methods.
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1.1 Introduction

The numerical solution of ordinary differential equations (ODEs) is an old topic.
Various techniques have been devised over the years to solve such equations, and
astonishingly, the old well-established methods such as the Runge-Kutta methods
[78] are still the foundation for the most effective and widely-used codes. Neverthe-
less, there are several kinds of problems which classical methods do not handle very
effectively, problems that are said to be “stiff”.

The earliest detection of stiffness in differential equations in the digital computer
era, by the two chemists, Curtiss and Hirschfelder (1952) [20], was apparently
far in advance of its time. They named the phenomenon and spotted the nature of
stiffness (stability requirement dictates the choice of the step size to be very small).
To resolve the problem they recommended possible methods such as the Backward
Differentiation Formula [78] for numerical integration. In 1963, Dahlquist [21]
defined the problem and demonstrated the difficulties that standard differential
equation solvers have with stiff differential equations.

At about this time several authors participated in independent research for han-
dling and evading the problems posed by stiff differential equations. For example,
Gear [3I] in 1968, became one of the most important names in this field. More
articles on integrating stiff ODEs are listed in [44], 68].

Considerable efforts have gone into developing numerical integration for stiff
problems [72], and hence, the problem of stiffness was brought to the attention of
the mathematical and computer science community, see [33] for further details on
the topic of stiffness, and [30] for a comprehensive review of this phenomena.

Stiff differential equations are categorized as those whose solutions (or different
components of a single solution) evolve on very different time scales occurring si-
multaneously, i.e. the rates of change of the various components of the solutions
differ markedly. Consider, for example, if one component of the solution has a term

of the form e~

, where c is a large positive constant. This component, which is
called the transient solution, decays to zero much more rapidly, as ¢ increases, than
other slower components of the solutions. Alternatively, consider a case where a
component of the solution oscillates rapidly on a time scale much shorter than that
associated with the other solution components.

For a numerical method which makes use of derivative values, the fast component

continues to influence the solution, and as a consequence, the selection of the step

size in the numerical solution is problematic. This is because the required step size
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is governed not only by the behavior of the solution as a whole, but also by that
of the rapidly varying transient which does not persist in the solution that we are
monitoring.

In reality, the numerical values occurring in nature are frequently such as to
cause stiffness. Therefore, a realistic representation of a natural system using a
differential equation is likely to encounter this phenomenon. An example is the field
of chemical kinetics [20]. Here ordinary differential equations describe reactions of
various chemical species to form other species. The stiffness in such systems is a
consequence of the fact that different reactions take place on vastly different time
scales.

Another important class of stiff ODEs originates frequently from application of
the general approach ‘the method of lines’ [84] to stiff time-dependent PDEs. In this
method we first discretize the spatial derivatives of a PDE with a spatial derivative
approximation method, which results in a stiff coupled system of ordinary differential
equations (ODEs) in time only. Then, we apply any well established numerical
method to achieve an accurate approximate solution to the problem. Two broadly
applicable techniques include Finite Difference Formulas [58| 83], which are local
methods and Spectral Methods [25, [83] [84], which are global methods, see §2| for
further details.

The idea of using spectral representations for numerical solutions of ODEs goes
back at least to Lanczos [51] in 1938. Spectral methods are a class of techniques
used in applied mathematics and scientific computing to numerically solve certain
partial differential equations, often involving the use of the Fast Fourier Trans-
form (FFT) algorithm of Cooley and Tukey [I8]. A short historical summary
of the FFT can be found in [12], while a comprehensive survey and its mathemati-
cal applications can be found in Henrici’s article [34]. Spectral methods have been
widely used for spatial discretization in the context of solving time-dependent PDEs
since the early 1970’s, see for example the article published in 1972 by Kreiss and
Oliger [48]. The books by Trefethen [84] and Fornberg [25] are intended for
researchers interested in exploring this field of study.

If the differentiation matrix applied to discretize the spatial derivatives has eigen-
values with very diverse values, i.e. the ratio of largest to smallest (in magnitude)
eigenvalues is very large, or if a PDE has spatial derivatives of higher than second

order, then the problem is more likely to be stiff. The degree of stiffness depends
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on the grid spacing of the spatial discretization. As we decrease the grid spacing,
i.e. increase the number of points with which we are discretizing the operator, the
eigenvalues vary greatly in magnitude.

Given that stiffness has extensive practical applications and arises in many phys-
ical situations, the demand for special techniques that permit the use of a step size
governed only by the rate of change of the overall solution is very great.

Despite the fact that numerical integrations of stiff systems with constant coeffi-
cients have been considered in detail, a stiff differential equation does not lend itself
readily to numerical solution by classical methods [33]. In principle, the stability
region of the integration method must include the eigenvalues of the discrete linear
operator of a stiff PDE in order to be stable. Linear explicit schemes have a penalty
of requiring an extremely small step size in order to be stable, causing unaccept-
able increase in the number of integration steps and in the integration times and
even an excessive error accumulation. On the other hand, implicit schemes have an
advantage of the freedom of choice of the time step and nice stability properties.
However, discretization of a nonlinear PDE leads to a large nonlinear system of
equations that has to be solved at each time step. This renders implicit schemes
costly to implement. Thus, the goal of developing more efficient time integrators
for stiff systems is to provide alternative choices of more sophisticated schemes that
have better stability properties and require fewer arithmetic operations per time
step than standard explicit and implicit schemes respectively.

Various methods have been proposed to avoid the difficulties that appear when
trying to solve nonlinear equations with an implicit method. A popular strategy is
to combine pairs of an explicit multi-step formula to advance the nonlinear part of
the problem and an implicit method to advance the linear part. This strategy forms
the basis of the so-called Implicit-Explicit (IMEX) schemes. These schemes
were proposed to solve stiff PDEs as far back as the late 1970’s [87]. The direct
derivation of the linear-multi-step IMEX schemes and their stability properties is
fully documented in a paper by Ascher [4], and further stability analysis can be
found in [27]. Other more complicated forms of the IMEX schemes such as the
Runge-Kutta IMEX schemes are reported in [3], [16].

The most popular second-order linear-multi-step IMEX scheme (AB2AM2)
[4] utilizes the second-order Adams-Moulton [I4] and Adams-Bashforth [14]

schemes to advance the linear and the nonlinear parts of the problem in time re-
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spectively. Unfortunately, it is not always so easy to construct an IMEX scheme by
coupling two multi-step methods. From an accuracy point of view, the combination
of the order of accuracy of each coupled implicit and explicit methods must give the
correct order of accuracy of the overall method.

IMEX schemes can be useful methods, especially when used in conjunction with
spectral methods, for approximating spatially discretized reaction-diffusion prob-
lems [66] arising in chemistry and mathematical biology. For these problems the
nonlinear reaction term can be treated explicitly while the diffusion term is treated
implicitly. Examples for reaction-diffusion systems from a biological standpoint can
be found in [62].

IMEX methods are restricted from having an order higher than two if A—stabilitylﬂ
is required (this is the second Dahlquist stability barrier [78]). Therefore, despite
their simplicity and frequent usage, they are not extendable to higher order. A
subset of these schemes are the backwards differencing schemes. These schemes are
frequently used in stiff problems because, although they may not be A-stable for or-
der greater than two, they do correctly damp non-oscillatory decaying perturbations
(but not those which are oscillatory in general) [43].

Nonlinear methods or methods with non-constant coefficients are not restricted
by the Dahlquist Barrier and may be generalized to arbitrary order. Such schemes
have been explored by several authors [37, [82] to solve stiff DEs. In 1960, Certaine
[17] observed that the negligible rapidly varying transient solution, in a system of
first-order coupled differential equations, is a hindrance to any conventional scheme
to give an accurate solution to the system (an example is the Trapezium Rule
[14]). He resolved this by coming up with a new class of nonlinear schemes based on
the Adams-Moulton methods of second and third order. A distinctive feature of
these schemes is the exact evaluation of the linear part of the differential equation
(and so the schemes are automatically A-stable). That is, if the nonlinear part is
zero, then the scheme reduces to the evaluation of the exponential function of the
operator (or matrix) that represents the linear part.

Historically, various constructions of Certaine schemes with various names

have been derived since the 1960’s. In 1969, Ngrsett [63] modified the Adams-

! A-stability is the property that physically decaying solutions are numerically damped for any
choice of time step. This feature is highly desirable for stiff problems, as fast decaying perturbations

would be damped even with time steps much longer than their life time.
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Bashforth formulas to be A-stable methods of arbitrary order, suitable for the
numerical integration of a stiff system of ODEs. In 1998, Beylkin et al. [9] con-
structed implicit and explicit schemes of arbitrary order, which they called Exact
Linear Part (ELP) method. They analyzed, in detail, the stability of the meth-
ods when applied to solve nonlinear PDEs. However, the formulas of the methods’
coefficients were not given explicitly. Later in 2002, a clear derivation of the ex-
plicit ELP schemes of arbitrary order was given by Cox and Matthews [19], where
they referred to these methods as the ‘Exponential Time Differencing (ETD)’
methods (the term used arose originally in the field of computational electrodynam-
ics [40, 65, [71]). The authors also broadened these schemes to more accurate ETD
‘Runge-Kutta’ (ETD-RK) methods, and illustrated the superior performance of
the ETD methods when they were applied to both dissipative and dispersive PDEs.
Furthermore, a class of exponential propagation techniques known as Exponen-
tial Propagation Iterative (EPI) schemes were introduced by Tokman in [81].
These schemes were constructed by reformulating the integral form of a solution to
a nonlinear autonomous system of ODEs as an expansion in terms of products of
matrix and vector functions. To trace the history of discovering and developing the
ETD schemes see [89].

The formula of the ETD schemes is based on integrating the linear parts of the
differential equation exactly, and approximating the nonlinear terms by a polyno-
mial, which is then integrated exactly. A similar approach is used in the Integrating
Factor (IF) schemes, which were introduced first in 1967 by Lawson [52]. In the
approach of the IF schemes [7, 11} 19, [44], 45, [49] [84], we multiply both sides of
an ODE by an appropriate integrating factor and obtain a differential equation in
which we change variables so that the linear part can be solved exactly. Afterwards,
we apply any numerical scheme (multi-step or Runge-Kutta methods) to integrate
the transformed nonlinear equation. Then we transform back the approximated so-
lution which becomes an approximate solution for the original variable, see [8, 57]
for a comprehensive review.

Methods like ETD and IF, based on the exact treatment of the linear terms,
require the computation of matrix exponentials (or matrix functions) for the linear
operators. However, as pointed out by Cox and Matthews [19] in their imple-
mentation of the ETD methods, a computational problem arises when evaluating

the methods’ coefficients. When we discretize a stiff semi-linear PDE in space, the
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linear operator of the resulting system of coupled ODEs, which is represented by a
diagonal (in case of discretizing with Fourier spectral methods) or a non-diagonal
matrix (in case of discretizing with finite difference formulas or Chebyshev polyno-
mials [I1], 25| [83], 84]), might have zero, large and small (in magnitude) eigenvalues.
For eigenvalues approaching zero, the ETD coefficients give imprecise results be-
cause of the large amount of cancellation in their formulas. This problem gets worse
with the higher order ETD methods. For eigenvalues equal to zero, we are actually
dividing the numerator by zero denominator in the explicit formulas for the coef-
ficients, which renders them useless in this case. To deal with the problem in the
case where the linear operator is represented by a diagonal matrix, the authors of
[19] used the Taylor series to evaluate such coefficients for small eigenvalues and
used the explicit formulas of the ETD coefficients for large eigenvalues. However,
this process cannot be applied in case of the linear operator being a non-diagonal
matrix because the eigenvalues of small and large magnitude are indistinguishable.
It is therefore important to have an accurate numerical algorithm for evaluating the
ETD coefficients.

We note that the problem of computing the exponential of large matrices has
been of interest in numerical analysis for a long time [59]. Recently, Moler and
Van Loan [60] updated the publication of “Nineteen Dubious Ways to Compute
the Exponential of a Matrix, Twenty-Five Years Later”, in which they analyzed the
efficiency of various algorithms and gave further developments in computing a matrix
exponential. One example is the algorithm that is based on scaling and squaring
which proved its efficiency in approximating a matrix exponential accurately [9].
Additionally, various algorithms have been devoted to compute non-diagonal matrix
functions efficiently by many authors [2], 8 35 37, [47, 53], 54}, 56, 57, [67, [70}, (76}, [80,
81]. Recently, Kassam and Trefethen [44] 45] proposed a modification of the ETD
Runge-Kutta schemes of Cox and Matthews [19], to ameliorate the numerical
difficulties associated with these schemes. The key idea is to evaluate the ETD
coefficients by means of contour integrals in the complex plane using the well-known
Cauchy Integral Formula [55]. Further discussion of this issue is detailed in

Exponential Time Differencing methods have extensive applications in solving
stiff systems [15, B9]. For example, in the field of chemical kinetics problems, the
author of [81] conducted some numerical comparisons in which he deduced that

explicit exponential integrators are highly competitive relative to those standard
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integrators. The authors of [22, 23] indicated that the higher order ETD based
schemes can be several orders of magnitude faster than low-order semi-implicit
methods in some simulations of micro-structure evolution (a core component of
phase field modeling) in two and three dimensions. Moreover, Kassam and Tre-
fethen [44], [45] compared various fourth-order methods, including the ETD methods
of [19], and their results revealed that the best is the ETD4RK method of [19] for
solving various one-dimensional diffusion-type problems. However, more recently
Krogstad [49] presented a fourth-order ETDRK4-B method with better accuracy
than the ETD4RK method of [19] and illustrated its efficiency in solving several
semi-discretized PDEs, such as the Kuramoto-Sivashinsky (K-S) equation [41]. A
recent report [57] also showed that the ETD type of exponential integrators sur-
pass integrators of Lawson type [52] in solving parabolic semi-linear problems, such
as the K-S and the nonlinear Schrodinger (NLS) equations [77]. Again and under
certain circumstances, Berland and Skaflestad [7] solved the NLS equation and
found that the performance of a fourth-order Lawson integrating factor method was
demonstrably poorer than the fourth-order ETD4RK method of [19].

Related work in numerical simulations of stiff problems has made extensive use
of the ETD methods [8, 37, 46]. The explicit ETD methods have proved their ef-
ficiency in numerous applications, for example, in computational electrodynamics
[71], in reaction kinetics [61] and in solving incompressible magnetohydrodynamics
equations [53]. This further motivates our theoretical and numerical investigation
on the various properties of the ETD schemes while carrying out more computa-

tional studies for real application problems.

1.2 Layout Of Thesis

The main objective of this thesis is to present the Exponential Time Differencing
(ETD) schemes as a viable alternative to classical integrator methods for solving
stiff semi-linear PDEs. In semi-linear PDES, the linear part contains higher order
spatial derivatives than those in the nonlinear part. We place emphasis on the
stability, accuracy, efficiency and reliability of these numerical integrators.

The purpose of chapter [2] is to present the “Method of Lines” procedure for

solving initial boundary value problems. This procedure starts with discretizing
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the spatial derivatives in the PDE with algebraic approximations. We include two
spatial derivative approximation techniques: Finite Difference Formulas and
Spectral Methods. We show through examples how to formulate the resulting
semi-discrete problem, which is a stiff system of coupled ODEs with time as the
only independent variable.

The next step in the procedure is to search for an accurate and fast numerical
method and apply it to these initial value ODEs to compute an approximate nu-
merical solution to the PDE. Hence, we consider in chapter [3| the ETD schemes of
arbitrary order as time-discretization methods. We give in detail the derivation of
these methods following the approach in [0} 17, [19] [63], and present the ETD-RK
type constructed in [19]. In addition, we examine analytically the methods’ stabil-
ity properties to present the advantage of these methods in overcoming the stability
constraints that are imposed on any conventional explicit method utilized to solve
a stiff system of ODEs. The approach is to compute the boundaries of the stability
regions in two dimensions for a general test problem, where the stiffness parameter
is negative and purely real.

In chapter [4, we go through the difficulties occurring in the computation of the
ETD coefficients (as mentioned previously in the introduction, the evaluation of
coefficients for eigenvalues approaching zero suffers from numerical rounding errors
due to the large amount of cancellation in the explicit formulas). We conduct com-
parison experiments on various algorithms and analyze their performance and their
computational cost for an accurate evaluation of the coefficients and an efficient im-
plementation of the ETD methods. The algorithms included are the Taylor series,
the Cauchy integral formula, the Scaling and Squaring algorithm, the Composite
Matrix algorithm and the Matrix Decomposition algorithm for non-diagonal matrix
cases. The matrices considered are the second-order centered difference differenti-
ation matrix for the first and second derivatives and the Chebyshev differentiation
matrix for the second derivative to show that the algorithms’ efficiency is by no
means restricted to any special structure of certain matrices. We have published in
the article [5] (in press) some of the results developed in this chapter.

In chapter 5] we demonstrate the effectiveness of the ETD methods for integrat-
ing real application problems. For the simulation tests, we consider three one space-
dimensional problems with periodic boundary conditions. We apply Fourier spectral

approximation for the spatial discretization, and employ first, second and fourth-
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order ETD methods, first-order Implicit-Explicit (IMEX) method and first, second
and fourth-order Integrating Factor (IF) methods for time discretization. The first
two problems considered are the time-dependent scalar Kuramoto-Sivashinsky
(K-S) equation and the nonlinear Schrédinger (NLS) equation. In these two
equations, the linear terms are primarily responsible for stiffness. The stiffness in
the K-S equation is due to the strong dissipation of high wave number modes on
a time scale much shorter than that typical of the nonlinear term, whereas, the
stiffness in the NLS equation is due to the rapid oscillations of high wave number
modes. The third model considered is the nonlinear Thin Film equation. Solving
this equation is a more challenging task since the nonlinear terms are the ones re-
sponsible for stiffness. To facilitate numerical studies of the thin film equation, we
consider a perturbation to the uniform solution of the equation and obtain after a
few algebraic manipulations two split parts of the linear and nonlinear terms. The
stiffness in the problem is again due to the strong dissipation.

The main testing factors in differentiating between the methods are the stabil-
ity, the accuracy, the start-up overhead cost and the CPU time consumed by the
methods. To address the question of stability and accuracy of the methods we per-
form a series of runs with different choices of final times which are computed, for all
methods, with various time step sizes. The time step values are selected to ensure
that all methods achieve stable accurate results. We measure the accuracy in terms
of the relative error evaluated in the integrated error norm. Then, we turn our
attention to the accuracy of the methods as a function of CPU time. All the cal-
culations presented in this chapter are performed using Matlab codes. We evaluate
the coefficients of the ETD methods, once at the beginning of the integration for
each value of the time step sizes, using the ‘Cauchy integral’ approach proposed by
Kassam and Trefethen [44] [45].

Finally, in chapter [0, we conclude with a brief discussion of the work carried out
and the main results drawn from this research and reiterate the main conclusions;
additionally, we outline a number of possible extensions to this work in further future

studies.
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Spatial Discretization Methods



Outline of Chapter

Our physical world is most generally described in scientific terms with respect to
three space dimensions and time. Time-dependent partial differential equations
(PDEs) provide a mathematical description for a large range of physical space-time
problems, and are very widely used in applied mathematics.

A general numerical procedure for solving initial boundary value problems is the
“Method of Lines”. This procedure starts with discretizing the spatial derivatives
in the PDE with algebraic approximations. The resulting semi-discrete problem,
which is a system of coupled ordinary differential equations (ODEs) with time as
the only independent variable, must then be integrated. The method of lines is
an efficient tool that allows standard (accurate) general methods that have been
developed for the numerical integration of ODEs to be used.

The purpose of this chapter is to present two spatial derivative approximation
techniques: Finite Difference Formulas [58, [83] and Spectral Methods [25]
83, 84], and show, through examples, how to formulate the system of ODEs that

approximates the original PDE.
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2.1 Introduction

The field of partial differential equations (PDESs) is broad and varied, as is inevitable
because of the great diversity of physical phenomena that these equations model.
Much of the variety is introduced by the fact that practical problems involve different
geometric classifications (hyperbolic, elliptic, parabolic), multiple space dimensions,
systems of PDEs, different types of boundary conditions, varying smoothness of the
initial conditions, variable coefficients and frequently, nonlinearity.

A well-known numerical approach to solve a time-dependent PDE, whose solu-
tions vary both in time and in space, is the Method of Lines [84]. In the approach
of this method, firstly, we construct a semi-discrete approximation to the problem
by setting up a regular grid in spaucef'_-]7 i.e. the spatial independent variables that
have boundary constraints are discretized. Thereby, we generate a coupled system
of ordinary differential equations (ODESs) in the time independent variable ¢, which
is associated with the initial value. Secondly, we numerically approximate solutions
to the original PDE by marching forward in time on this grid. Now we can apply
any existing, and generally well established, numerical methods (such as the Expo-
nential Time Differencing methods, see §3[ for more details) for these initial value
ODEs to compute an approximate numerical solution to the PDE.

The idea of semi-discretization focuses attention on spatial difference operators
as approximations of spatial differential operators. Two broadly applicable spatial
derivative approximation techniques are Finite Difference Formulas [58| [83] and
Spectral Methods [25, 83 [84]. The key factors in selecting among these tech-
niques are the nature of the grid, the complexity of the domain and the required
levels of accuracy of differentiation. These techniques are discussed in and

respectively.

2.2 Finite Difference Formulas

The purpose of discretizing time-dependent PDEs is to obtain a problem that can
be solved by a finite procedure. The simplest such kind of finite procedure is the

Finite Difference Formula (FDF). A FDF is a fixed formula that approximates a

"When solving a one-dimensional time-dependent PDE, we assume (throughout the thesis) a
fixed space step h > 0 and a fixed time step At > 0 for discretizing the spatial part x and temporal
part ¢ respectively. Thereby, we are defining the points (z,,t;), for any integers n and j, in a two

dimensional regular grid, formally, the subset hZ x AtZ of R2.



Chapter 2. Spatial Discretization Methods 14

continuous function by a function of a finite number of grid values; thereby, we
obtain a finite system of equations to be solved.

In this section we describe FDF's as discrete approximations to the spatial deriva-
tives of a PDE. Given a function on a set of uniform grid points, Finite Difference
Approximations (FDAs) approximate the derivative of the function by the derivative

of the local interpolators on the grid [84].

2.2.1 Finite Difference Approximation

Suppose that a function f(x), defined on an interval 0 < x < L that is divided into
q subintervals, has some known values at a finite number of points on a uniform
mesh of size h = L/q. FDAs approximate the first and second numerical derivatives

df (z)/dx and d?f(x)/dx? of f(x) respectively for example, as follows,

df(x) _ f(xn-i-l) — f(fl:n)
and
2 — T T
| = T e o,

The two approximations above are derived using the Taylor series and are called
Forward Differentiation. Note that the first derivative df (x)/dz is obtained using
the values of f(x) at the points z,, and x,1, and the second derivative uses the
points Xy, T,+1 and z,49. These approximations have a truncation error (obtained
from truncating the Taylor series) of O(h), that is local to the interval enclosing the
sampling points. For sufficiently small h, the errors are then proportional to h, and
the approximations are first-order in h.

When using finite differences, it is important to keep in mind that there are
several sources of errors: the truncation error (which is introduced by truncating
the Taylor series approximation), roundoff error and condition error. Roundoff error
comes from roundoff in the arithmetic computations required. Condition error comes
from magnification of any errors in the function values. It arises typically from the
division by a power of the step size, and so grows with decreasing step size. This
means that in practice, even though the truncation error approaches zero as h does,
the actual error starts growing beyond some point.

To obtain higher-order approximations to the derivative, it is easy to invoke

many function values further away from the point of interest. Thus, the second-
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order forward finite difference approximation for df (z)/dz is

df () _ =3f(wn) +4f(vni1) — f(Tni2)
dx 2h

+O(h?),

T=In

and for d? f(z)/dx? is
& f(z)

dz?

_ 2f(xn) — 5f(Tnt1) ‘;;24f(xn+2) — f(#nt3) + O(h?).

T=xnp

The simplest finite difference approximations are centered and symmetrical, i.e.
they use values of the function at points either side equally and always have even or-
der of accuracy. Using the Taylor expansions for f(z,+1) and f(z,—1), the second-

order centered finite difference approximation for df (z)/dz is

df (x)
dx

_f(xn )_f(xn—)
= S O(h),

T=Tn

and for d? f(z)/dz? is
& f(z)

dxz?

= f(Zns1) — Qf}gn) + f(#n—1) + O(hQ).

T=Inp

Note that it is not possible to use centered finite difference approximations in some

cases as follows:

e If we are near the boundary, required values of f(z) may not be available.

e For certain problems, the stability is improved with one-sided forward finite

differences,

and hence one-sided forward finite difference approximations are sometimes used
instead.

In general, formulas for any given derivatives of any chosen order can be derived
from Taylor expansions as long as a sufficient number of sample points are used.
However, these approximations become cumbersome beyond the simple examples
shown above. We refer the reader to the book by Fornberg [25], where the centered
and one-sided Finite Differences formulas for approximating derivatives up to fourth-
order, for equi-spaced grids, with order of accuracies up to the eighth are readily

available in tables.

2.2.2 An Example

As a basic illustrative example of a PDE, we consider the linear heat (diffusion)

equation
ou(x,t) 0%u(x,t)
v

ot ozx?2

to <t <T, g <z <z, (2.1)
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where
e u(x,t) is the dependent variable,

e ¢ and x are the independent variables representing time and one-dimensional

space respectively,
e v is a real positive constant,

subject to an initial condition at tg = 0

and two boundary conditions, corresponding to boundaries of a physical system

(there are other possibilities)

u(@ = wo,t) = f(t), u(z = wq,t) = g(t),

where f(t) and g(t) are given boundary values of u for all ¢.
To illustrate the method of lines procedure to solve the heat equation (2.1),
suppose that wu(z,t) is discretized in space with ¢ + 1 points, of which ¢ — 1 are

interior points, on a uniform grid with step size h as follows
w(xn,t) R uy(t), 0<n<gq,

where the index n designates a position along the grid in x. To approximate the
spatial derivative 0%u/0z? in equation (2.1)), we use for example, the second-order

centered finite difference approximation

0*u(x,t) U1 (t) = 2un(t) + up—1(t)

0z2 - h?

+ O(h?). (2.2)

T=Tn

Substituting equation (2.2)) into ([2.1)), gives a system of ¢ — 1 approximating ODEs
uo(t) = f(t),

duy (t)/dt = v(ug(t) — 2ui(t) + uo(t))/h?,

dug(t)/dt = v(ug(t) — 2uz(t) +uy(t))/h?, (23)

g1 (8)/dt = v{utg() — 2uq-1(8) + ug-2(8)) /12,
uq(t) = g(t),

subject to the initial conditions

up(t =0) = uo(xn), 0<n<gqg. (2.4)
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To complete the solution of the original PDE ({2.1), we compute a solution to the
approximation system of ODEs (2.3). The system (2.3) and the initial conditions
(2.4) now constitute the complete method of lines approximation of equation (2.1)).

2.2.3 Matrix Form

Since differentiation and finite difference approximation are linear operations, an
alternative way of representing an approximation to the differential operator is with
a matrix. This matrix is referred to as a differentiation matrix.

Using second-order centered FDAs, for example, to approximate the spatial
derivatives on a uniform grid of ¢ + 1 points, reduces the problem to ¢ — 1 cou-
pled ODEs. Hence, for any given non-periodic boundary conditions, the differenti-
ation matrix representing the second derivative, for example, is a (¢ — 1) x (¢ — 1)

tridiagonal matrix of the form

-2 1 0 00 0 O
1 -2 1 00 0 0
1
My = 5l 0 1 =210 0 O
0o 0 o0 00 ... 1 =2

For periodic boundary conditions, Ms is of the same form but has a 1 in the top right
and bottom left corners. Similarly, for the fourth-order centered approximation, the
resulting differentiation matrix, representing the second derivative is pentadiag-
onal. As a result, the order of the approximation determines the sparsity of the

matrix.

2.3 Spectral Methods

In spectral methods, instead of representing a function by its values at grid points,

the function is written as an expansion in terms of smooth basis functions ¢y (x) as

N
fl@) = arn(x), (2.5)
k=1

for some integer V.
Spectral methods are global approximations since the values of the spectral coef-

ficients ay, influence the function and its derivatives for all x, whereas finite difference
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methods are local approximations since the value f(x,) of f(z) at a grid point
only has influence near that point.

The definitive advantage of spectral methods lies in their remarkable accuracy
properties. For any given analytic function, spectral approximations approximate
the function and its derivatives within an exponential accuracy. It was shown [79]
that when differencing analytic functions on regular grids using spectral methods,
the errors decay to zero at an exponential rate as the grid is refined, rather than at
(much slower) polynomial rates obtained by finite difference formulas. This behavior
is essentially due to the corresponding exponential decay of the spectral coefficients
as the number of grid points is increased.

The basis functions ¢x(x), k= 1,..., N used in the expansion must satisfy

three criteria [25]:

(i) The coefficients ar must decrease rapidly with k, which ensures the rapid

convergence of the approximation (2.5)) of f(z).

(ii) It should be easy to write the first derivative df (x)/dz as an expansion in the

same basis functions with the coefficients b, such that

g (N N
T (Z ak¢k($)> = bidi(x),
k=1 k=1

for given coefficients ay.

(iii) One must be able to convert from the coefficients ay in the ‘spectral’ space

and the function f(x) in ‘physical’ space.

Usually, each spectral method is named after choosing a function class for the
basis functions. For non-periodic problems, the preferred choice is the orthogo-
na]E| Chebyshev polynomials and the method is referred to as the Chebyshev
Spectral method. Boyd [11] and Trefethen [83] are valuable references for this

case.

2The set of functions {¢o, ¢1,...¢n}, defined on an interval [a, ], is said to be an orthogonal

set, with respect to the weight function w, if

b 0 for j # k,
[ w@os@on(e) de =
a ar >0 forj=k.
for some constant ai. In addition, if ax = 1 for each £k = 0,1,...,n, the set is said to be

orthonormal.
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For periodic problems, the natural choice of basis functions is the trigonometric
functions, and the function is ideally represented by its Fourier series. Here the

method is referred to as the Fourier Spectral method [83] [84].

2.3.1 Fourier Spectral Methods

Fourier analysis occurs in the modeling of time-dependent phenomena that are ex-
actly or approximately periodic. Examples of this include the digital processing of
information such as speech; the analysis of natural phenomena such as earthquakes;
in the study of vibrations of spherical, circular or rectangular structures; and in the
processing of pictures. In a typical case, Fourier spectral methods write the solution
to the PDE as its Fourier series. Fourier series decomposes a periodic real-valued
function of real argument into a sum of simple oscillating trigonometric functions
(sines and cosines) that can be recombined to obtain the original function. Sub-
stituting this series into the PDE gives a system of ODEs for the time-dependent
coefficients of the trigonometric terms in the series (this series is usually written in
complex exponential form); then we choose a time-stepping method to solve those

ODEs.

1. Fourier Series.

The Fourier series of a smooth and periodic real-valued function f(z) € C|[0,2L]

with period 2L is
oo
ag
=5 + Z (an cos (nmx/L) + b, sin (nmx/L)).
n=1
Since the basis functions cos(nmz/L) and sin(nmz/L) are orthogonal, i.e.
2L
/ cos(nmzx/L)sin(mnrz/L) dz = 0,
0
2L
/ cos(nmx/L) cos(mmx/L) dx = Lo,
0

2L
/ sin(nwz /L) sin(mnx /L) dv = Loy,
0

where
0 for m # n,
5mn =
1 for m = n,
the coefficients are given by
1 2L
ap = — f(z)cos (nwz/L) de, foreachn=0,1,...,

L Jo



Chapter 2. Spatial Discretization Methods 20

and
1 2L
by, = 7 (z)sin (nmz/L) dx, for eachn=1,2,....
0
If f(x) is odd (f(—z) = —f(x)) then a, = 0. Similarly, if f(z) is even

(f(=z) = f(x)) then b, = 0.

2. Complex Form.

Fourier series can be expressed neatly in complex form as follows

o0
_ An  inrx/L —inmx/L bj intx/L _ —inwz/L
f(ﬂj)—2+Z|:2(6 +e )+2@'(6 e )
n=1
If we define
_ag _ap —iby _ap +iby
Cco = 2 y Cn = 2 s C—n — 2 5

where c_,, is the complex conjugate of ¢,, i.e. c_, = ¢, then f(x) can be

written as

flx) = i cne /L (2.6)

n=-—oo
where the coefficients ¢,, can be determined from the formulas of a,, and b,, as
1 2L

- —inmz/L
oL ), f(x)e dx. (2.7)

Cn

In many applications, particularly in analyzing of real situations, the func-
tion f(x) to be approximated is known only on a discrete set of “sampling
points” of x. Hence, the integral cannot be evaluated in a closed form
and Fourier analysis cannot be applied directly. It then becomes necessary to

replace continuous Fourier analysis by a discrete version of it.

3. Discrete Fourier Transform.

The linear discrete Fourier transform [84] of a periodic (discrete) sequence

of complex values ug,...,un,—1 with period Nz, is a sequence of periodic
complex values o, ..., un,-—1 defined by
| Neol
= — > wje HNF g =01, Nr-1. (2.8)
Nr =

The linear inverse transformation is
Ng—1
uj = Y N =01, Np— 1. (2.9)
k=0

The most obvious application of discrete Fourier analysis consists in the

numerical calculation of Fourier coefficients. Suppose we want to approximate
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a real-valued periodic function f(z), defined on the interval [0,2L] that is

sampled with an even number Nz of grid points
€ :jh, h=2L/N]:, j:O,l,...,N]:—l,

by its Fourier series (2.6). First we compute approximate values of the Fourier
coefficients ¢,, (2.7) by the discrete Fourier transform (2.8))

1 Nr—1
A —2mijk/N
ol 2_3 fag)em2m b, (2.10)

and then truncate the Fourier series (2.6) formed with these approximate
coefficients. Because the discrete Fourier transform and its inverse exhibit
periodicity with period Nz, i.e. @y n, = Uy (this property results from the

2mijk/Nr ), it makes no sense to use more than Nz terms

periodic nature of e
in the series, and it suffices to calculate one full period. Thus, the range of
Fourier modes distinguishable on the grid, discretized with an even number
Nz of grid points, is k = —Nx/2+1,..., Nr/2 and the Fourier series
formed with the approximate coefficients is

Ng/2
fay~ > et (2.11)
k=—Ngz/2+1
The function f(as) not only approximates, but actually interpolates f(x) at

the sampling grid points z;.

The approximation of large amounts of equally spaced data by trigonomet-
ric polynomials can produce very accurate results. Fourier’s theorem states
that at a point where the function f(z) is continuous, the Fourier series con-
verges to the value of f(z), with a speed related to the smoothness of the
function. The smoother the function f(z) is, the more rapidly the series con-
verges. The subsequent rapid decay of the coefficients implies that the Fourier

series can be truncated after a few terms.

For discontinuous functions with bounded variation, at the point of discon-
tinuity the Fourier series converges to the average of the values on either side
of the discontinuity, and the rate of the coefficients’ decay is O(1/n); and if
f(z) is continuous but the first derivative df (x)/dz is discontinuous, then the

rate is O(1/n?) and so on.
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4. Matrix Form.

In matrix form, the discrete Fourier transform (2.8) can be written as

1
Gy = N—kajuj, k,j=0,1,...,Nr—1, (2.12)

where Mj; = Wk and w = e 2™/N7 ig the Nzth root of unity, so

1 1 1 1 e 1
1 w w? w3 e whVF—1
M = 1 w? w? W .. w2(NF=1)
1 wNF—1 2(NF-1)  B3(Ng-1)  (Np—1)(Nz-1)

Similarly, the inverse discrete Fourier transform (2.9)) has the form
Uj:ngﬂk, k,j:o,l,...,N]:—l, (2.13)
where My, = (w*)* and w* is the complex conjugate of w.

In the early years, the impact of discrete Fourier analysis was limited by the
very large number of arithmetic calculations required by the theory in its naive
form (number of multiplications required is O(N%)). This was changed in 1965 by
the invention of the mathematical algorithm of Cooley and Tukey [I§], which has
become known as the “Fast Fourier Transform” (FFT).

The FFT algorithm reduces the computational work required to carry out a dis-
crete Fourier transform by reducing the number of multiplications and additions of
(2.13) (computational time is reduced from O(N%) to O(Nzlog Nr)). This algo-
rithm is useful in situations where the number of grid points can be chosen to be
a highly composite number. Since 1965, the FFT usage has expanded and led to a

revolution in the use of trigonometric polynomial approximations.

2.3.2 Numerical Derivatives

To apply spectral methods to a partial differential equation we need to evaluate
derivatives of functions. Suppose that we have a periodic real-valued function f(z)
with period 2L, defined on the interval [0, 2L] that is discretized with an even number
Ny of grid points, so that the grid size h = 2L/Nz. The complex form of the Fourier

series representation of f(z) is

Nz /2

fay~ > et (2.14)

k=—Ng/2+1
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At k = N /2, the above series gives a term éNF/zeiN”/(zL), which alternates
between +Cy, /o at the grid point z; = jh, j =0,1,..., Nz —1, and since it cannot
be differentiated, we should set its derivative to be zero at the grid points.

The numerical derivatives of the function f(x) can be illustrated as a matrix
multiplication. For the first derivative, we multiply the Fourier coefficients
by the corresponding differentiation matrix

. N N T
[h::[hag(O,L2,&..wér——lJL——<:; —1>,.“,—3,—2,—1)<L,

for an even number N of grid points. This matrix has non-zero elements only
on the diagonal. For an odd number Nz of grid points, the differentiation matrix

corresponding to the first derivative is diagonal with elements
0,1,2,...,(Nr—1)/2,—(Ng—1)/2,...,—1)in/L.

Then, we compute an inverse discrete Fourier transform using (2.11)) to return to
the physical space and deduce the first derivative of f(z) on the grid.

Similarly, taking the second derivative corresponds to the multiplication of the
Fourier coefficients by the corresponding differentiation matrix Do which is

diagonal with elements

Ng 2 /Ng\? /Ng 2 72
—lo0,1,4,.... (=X -1 s L) L4 =
<O7 ) )] ) < 2 > ) ( 2 ) ) 2 ) ) ) L2 )

for an even number Nx of grid points.

In general, in case of an even number N of grid points, approximating the mth
numerical derivatives of a grid function f(x) corresponds to the multiplication of
the Fourier coefficients by the corresponding differentiation matrix which is
diagonal with elements ((ikm/L)™) for

Nr Nr [(Ng
k=0,1,2,3,...,~— 1,2 (X _1),...,-3,-2,-1
b b ) ) ) 2 bl 2 ) ( 2 ) b ) ) b

with the exception that for odd derivatives we set the derivative of the highest mode
k = Nz/2 to be zero.
2.3.3 An Example

Discrete Fourier transforms ([2.10)) are often used to solve partial differential equa-

tions. The exponential basis functions are eigenfunctions of differentiation, which
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means that this representation transforms any linear differential equation with con-
stant coefficients into ordinary differential equations. Omne then uses the inverse
DFT to transform the result back into the ordinary spatial representation.
Such an approach is called a spectral method.

Consider again the linear diffusion equation

ou(z,t)  d*u(a,t)
ot | 922

to<t<T, 0<uz<2L, (2.15)

subject to periodic boundary conditions and an initial condition at tg =0

Suppose that the space interval [0,2L] is discretized with an even number Ng of

grid points and the solution u(x,t) is represented by its Fourier series as follows

ao(t) Nz /2 Ng/2-1
u(z,t) = 5 + Z an(t) cos (nmx /L) + Z by (t) sin (nmz/L). (2.16)
n=1

Note that the Fourier series (2.16|) satisfies the boundary conditions of the problem,
ie. u(0,t) =u(2L,t), u(x,t) = u(x + 2L,1).
Differentiating (2.16]) with respect to t once, and with respect to x twice yields

Ng/2 Ng/2—-1
ou(xz,t)  1dag(t) day,(t) dby(t) .
= — L L), (2.1
5 5 di + ngl s (nmx/L) + ngl o sin (nmx /L), (2.17)
and
5 Nz /2 Nz/2-1
0“u(x,t) I L) b )2 si I
g = Z:l an(t)(nm/L)? cos (nma /L) Z t)(nm/L)*sin (nmx/L),
n=

(2.18)
respectively. Substituting (2.17)) and (2.18) into the diffusion equation (2.15)), and

equating for the Fourier coefficients reduces the PDE to an uncoupled system of

ODEs

dao(t) _

dt
day,(t)

= —v(nm/L)%an(t),

t
dby(t)
i —v(nm/L)?b,(t).

This system can be solved analytically, i.e. a,(t) = a,(0)exp(—v(n7/L)%t), etc.,
where a,(0) are the Fourier coefficients of the Fourier series representation of the

initial condition ug(x), and so no numerical solution is needed.
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For nonlinear PDEs, the nonlinear terms are evaluated by transforming from
spectral space to physical space to find the values of these terms at the grid points.
Then one transforms back to Fourier space to work out derivatives. The resulting
system of ODEs is coupled through the nonlinear terms, while the linear part is
represented by a diagonal matrix in the Fourier basis. In this case, the system is

not trivial to solve analytically and a numerical method is needed.



Chapter 3

Exponential Time Differencing (ETD)
Methods



Outline of Chapter

The basic idea of the method of lines is to replace the spatial derivatives in a partial
differential equation (PDE) with algebraic approximations. Thus, we have a coupled
system of ODEs with only time remaining as an independent variable. Now we can
apply any existing well established numerical methods to compute an approximate
numerical solution to the PDE.

Exponential Time Differencing (ETD) schemes are time integration methods
that can be efficiently combined with spatial approximations to provide accurate
smooth solutions for stiff or highly oscillatory semi-linear PDEs. The work reported
in this chapter gives the derivation of the explicit ETD schemes for arbitrary order
following the approach in [9 17, 19, [63], and presents the explicit Runge-Kutta
(ETD-RK) versions of these schemes constructed by Cox and Matthews [19].

In addition, the work contains an analytical examination of the methods’ sta-
bility properties, which determines the range of time step for which the method is
numerically stable. The approach computes the boundaries of the stability regions
for a general test problem for the explicit ETD methods of multi-step or RK type
up to fourth-order. The stability regions are illustrated in two-dimensional plots
for various negative and purely real stiff parameters of the test problem. The plots
demonstrate the ability of these methods to use large time-step sizes. This gives
them an advantage over the ordinary explicit time-discretization methods which
have severe restrictions on the selection of time step size for reason of stability when

solving stiff problems.
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3.1 Introduction

Many physical phenomena can be represented by partial differential equations (PDEs).
When discretizing the spatial part of these equations (see §2)), one commonly ob-
tains a stiff system of coupled ordinary differential equations (ODEs) in time ¢. Stiff
systems are routinely encountered in scientific applications and are characterized
by having a large range of time scales. Often the large-scale solution sought varies
much more slowly in time than small scales that decay or disperse rapidly, or have
both features of rapid decay and rapid oscillation. In other words, stiff problems
arise in areas where vastly different time scales all play a role in the overall solution
of the PDE.

Stiffness can also be inherent in the problem due to the wide range of the eigen-
values, (i.e. the eigenvalues differ greatly in magnitude), of the differentiation matrix
applied to discretize the spatial derivatives in a PDE (see and . These
eigenvalues spread out and become even larger as we increase the number of points
with which we are discretizing the spatial operator. The stiffness problem is also
exacerbated when a PDE has higher order spatial derivatives than the second. For
such problems, numerical integrators require particular handling to achieve a precise
solution to the problem.

As mentioned in {I] applying conventional explicit time stepping schemes to
a stiff system requires the least number of computations per time step, but the
stability requirement restricts the size of the time step to be very small to resolve
the transient (rapidly-varying) part of the solution. Implicit time stepping schemes
have much better stability properties compared to conventional explicit integrators,
and allow significantly larger time steps that do not introduce instabilities. However,
the number of computations required to solve a large nonlinear system of ODEs at
each time step increases significantly.

Numerous time discretization methods that are designed to handle stiff systems
have been developed. One example is the family of Exponential Time Differ-
encing (ETD) schemes. This class of schemes is especially suited to semi-linear
problems which can be split into a linear part, which contains the stiffest part of the
dynamics of the problem, and a nonlinear part, which varies more slowly than the
linear part. These schemes have been rediscovered several times in various forms
and under various names [15, 17, 37, [49] 53, [61), 63, 82]. An example is the Exact
Linear Part (ELP) schemes that were derived in [9] for arbitrary order. However,

the authors of [9] did not give explicit formulas for the methods’ coefficients. In
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a subsequent paper, Cox and Matthews [19] gave an explicit derivation of the
explicit ELP methods, for arbitrary order s, with explicit formulas for the meth-
ods’ coeflicients and referred to these methods as the Exponential Time Differencing
(ETD) schemes (the term used arose originally in the field of computational elec-
trodynamics [40, [65] [71]). In addition, the authors of [19] further constructed new
explicit Runge-Kutta (ETD-RK) versions of these schemes up to fourth-order.

In §3.2] we follow the approach in [9, 17, 19, [63] and present the algorithm
derivation for the explicit ETD schemes. In the first step, the ETD schemes recover
the exact solution to the linear part, which (numerically) is the difficult part (stiff or
oscillatory in nature) of the differential equation, in a similar way to the approach
of the Integrating Factor (IF) schemes [7, 8, 111 19, 44} [45] 52, 57, [84] (see
for further details concerning the approach of the IF methods). The next step
in the derivation is to integrate exactly an approximation of the nonlinear terms.
We may approximate the nonlinear parts by some polynomial in time ¢ that may be
calculated using previous steps of the integration process, thus producing multi-step
ETD methods (see or by RK-like stages, resulting in ETD schemes of Runge-
Kutta type (see . The coefficients of the ETD methods are the exponential
and related functions of the linear operators. These coefficients can be evaluated
once before the integration begins if a constant time step is used throughout the
integration, see §4] for further details.

The convergence analysis for the explicit s-step exponential schemes was carried
out in [7, 15, [57] for solving semi-linear equations. The analysis showed that the
schemes achieve order of accuracy s, for appropriate starting values at the nth and
previous time steps. In addition, the authors of [37, 39] analyzed the convergence
behavior of the explicit exponential Runge-Kutta methods for integrating semi-linear
parabolic problems. They gave a new derivation of the classical order conditions
and showed convergence for these methods up to order four.

In §3.3] we illustrate some key features of the explicit ETD schemes such as their
stability properties. We follow the approach developed in [9, [19] for constructing
stability regions of the ETD (in and the ETD-RK (in schemes of
orders up to four. The stability regions are plotted in two dimensions, considering
the case where the stiffness parameter in a general test problem is negative and
purely real. We analyze these plots in order to show that these methods are capable

of avoiding the rigorous ceiling imposed on the selection of the time step size when
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solving stiff problems with conventional explicit time discretization methods. The

overall results are summarized in

3.2 Algorithm Derivation

We begin by giving briefly the main idea behind the Lawson Integrating Factor IF
methods [52], then we give, in detail, the algorithm derivation for the explicit ETD
schemes [9), 17, 19, [63].

Consider stiff semi-linear PDEs that can be written in the form

(%E,;’t) = Lu(x,t) + F(u(x,t),t), (3.1)
where the linear operator £ contains higher-order spatial derivatives than those con-
tained in the nonlinear operator F, and is mainly the term responsible for stiffness.
For problems with spatially periodic boundary conditions, we use Fourier spectral
methods [25] [83], 84] to discretize the spatial derivatives of (see 2| for more
details), and hence obtain a stiff system of coupled ODEs in time ¢

du(t)
dt

= Lu(t) + F(u(t), t). (3.2)

The linear part L of the system is represented by a diagonal matrix, and F' represents
the action of the nonlinear operator on u on the grid. For problems where the
boundary conditions are not periodic, we use finite difference formulas [58, 83] or
Chebyshev polynomials [11), 25, 83| [84], and in this case, the linearized system is
represented by a non-diagonal matrix. For dissipative PDEs, the eigenvalues of the
matrix L are negative and real, whereas they are imaginary for dispersive PDEs.
Dissipation in a dynamical system represents the concept of important mechanical
modes, such as waves or oscillations, losing energy over time. Such systems are
called dissipative systems. On the other hand, a dispersive PDE represents a system
in which waves of different frequencies propagate at different phase velocities (the
phase velocity is the rate at which the phase of the wave propagates in space).

For the stiff system of ODEs (3.2), the eigenvalues of the matrix L vary widely
in magnitude, and the stiffness is caused by the eigenvalues of large magnitude. A
competitive time stepping method should be able to integrate the system accu-
rately without requiring very small time steps for the largest magnitude eigenvalue.

Simultaneously it should be able to handle small eigenvalues. The nonlinear term F
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requires an explicit treatment since fully implicit methods are too costly for a large
system of ODEs.

To derive the time discretization methods (IF and ETD methods), we consider
for simplicity a single model of a stiff ODE

du(t)
dt

= cu(t) + F(u(t),t), (3.3)

where the stiffness parameter c is either large, negative and real, or large and imagi-
nary, or complex with large, negative real part and F'(u(t),t) is the nonlinear forcing

term.

3.2.1 Integrating Factor Methods

The main idea behind the IF schemes is to use a change of variables
w(t) = u(t)e™,

so that when differentiating both sides of this equation we obtain

- ()

and then substituting from equation (3.3]) we get

dw(t) _ —ct
— = F(u(t),t)e”,

= F(w(t)e, t)e . (3.4)

The aim now is to use any numerical integrator (IF schemes can be generalized
to arbitrary order by applying any multi-step or Runge-Kutta methods) on the
transformed nonlinear differential equation (3.4]). The approximated solution is then
transformed back to provide an approximate solution for the original w variable.
For example, we can choose to apply the Euler method [14] to the transformed

differential equation (3.4)) as follows
Wny1 = Wy + ALF (wpe™ t,)e

where At is the time step size and w,, denotes the numerical approximation to w(t,),
and then transform back to the original variable to obtain the solution approxima-
tion. This yields the first-order Integrating Factor Euler (IFEULER) method
[111 [84]

Upt1 = (up + AtFn)eCAt, (3.5)
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where u,, and F,, denote the numerical approximation to wu(t,) and F(u(ty),tn)
respectively.

The purpose of transforming the differential equation to equation , is
to remove the explicit dependence in the differential equation on the operator c,
except inside the exponential. Now the problem is no longer stiff since the linear
“stiff” term of the differential equation , that constrains the stability, is gone.
Therefore, it can be solved exactly with the possibility of larger time steps. However,
for PDEs with slowly varying nonlinear terms, the introduction of the fast decay
time scale into the nonlinear term introduces large errors [7), 11l 19, 49] into the

System.

3.2.2 Exponential Time Differencing Methods

To derive the s-step ETD schemes (the derivation is taken from [9, 17, 19} 63]), we
follow an approach similar to that of deriving the IF schemes, i.e. we multiply (3.3

C

through by the integrating factor e~“, and then integrate the equation over a single

time step from t = ¢, to t = t,41 = t, + At to get
At
U(tni1) = u(ty)e™t 4 oAt / e TF(u(ty +T),tn + 7)dT. (3.6)
0

This formula is ezact, and the next step is to derive approximations to the integral
in equation . This procedure does not introduce an unwanted fast time scale
into the solution and the schemes can be generalized to arbitrary order.

If we apply the Newton Backward Difference Formula [14], using information
about F'(u(t),t) at the nth and previous time steps, we can write a polynomial

approximation to F(u(t, + 7),t, + 7) in the form

s—1
F(u(tn +7),tn +7) = Gup(t, +7) = Z(—l)m (_Tn/lAt

m=0

)VmGn(tn), (3.7)
where V is the backward difference operator defined as follows

V"Gy(tn) = i(—l)k (Z) Gk (tn—k),

and

m'<;i\) C(CA) A —1) (A —m 1), m=1,. . s—1.
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(note that 0!(70/\) = 1). If we substitute the approximation 1' in the integrand

(B:8). we get

s—1 1
—A
U(tni1) — ulty)e™ = ALY (=1)" / eeAtI=A) ( - )dAVmGn(tn), (3.9)
m=0 0

where A = 7/At.
We will indicate the integral in (3.9) by

1 —A
g, = (—1)m/ ecAt(l—A)< >dA, (3.10)
0

m
and then calculate the g,, by bringing in the generating function. For z € R, |z| < 1,

we define the generating function

x
T(z) = > gnz™
m=0

1 oo A
_ cAt(1-A) < ) —\™dA
e E z ,

/0 m=0 m ( )

1
_ / ecAt(l—A)(l _ Z)_AdA,
0

ecAt(l T echt)

= . 3.11
(1 —2)(cAt +log(1 — 2)) (3.11)
Rearranging (3.11)) to the form
(cAt +1log(l — 2))[(2) = At — (1 — 2) 7L,
and expanding as a power series in z
2 2 2 At 2_ .3
<0At—z—2—3—-~> (gp+giz+gez“+-)=€e"Fr —1—z—2"—2°—--,

we can find a recurrence relation for the g,, for m > 0 by equating like powers of z

cAtgy = At — 1,

(3.12)
CAtg 1+ 1 =80+ 58m 1T 58m o+ + ﬁgo = o m Sk
Having determined the g,,, the ETD schemes (3.9 then can be given in explicit
forms.

Substituting (3.8]) and (3.10)) in (3.9), we deduce the general generating formula
of the ETD schemes of order s [19]

s—1 m
Unt1 = e + ALY g, > (=1)F (3’;) For, (3.13)
m=0 k=0

where u,, and F, denote the numerical approximation to wu(t,) and F(u(t,),ty)

respectively, and the g,, are given by (3.12]).
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ETD Schemes

The first-order ETD1 scheme [9, [15, 19] 61]
Unt1 = une™ + (e — 1)F, /c, (3.14)

is obtained by setting s = 1 in the explicit generating formula (3.13)). Setting s = 2
in (3.13)) gives us the second-order ETD2 scheme [19]

Ung1 = Une®™ + {((cAt + 1)e™ — 2eAt — 1)F), + (—e™> + cAt + 1)F,_1}/(3AL).
(3.15)
If s=3in , we obtain the third-order ETD3 scheme
Unt1 = Un e + {((2c2 A2 + 3cAt + 2)e A — 62 At? — 5eAt — 2)F),
+(—(4eAt + 4)eAt + 62 AL + 8cAt + 4)Fp, 4 (3.16)
+((cAt 4 2)e> — 2c2At? — 3cAt — 2)Fy, o} /(2 At?).
Set s =4 in to achieve the fourth-order ETD4 scheme
Uni1 = Une® + (D1 F, — By Fp_1 + B3F,_o — D4F,_3)/(6¢*At?), (3.17)
where
Dy = (63AL3 + 112 ALE 4 12¢At + 6)e> — 243 AL — 262 At? — 18cAt — 6,
Dy = (18P AL + 30cAt + 18)e™ — 36 At® — 5T AL? — 48¢At — 18,
By = (6c2AL2 + 24cAt + 18)e A — 243 AL? — 422 At? — 42cAt — 18,
By = (22AL + 6cAt + 6)e> — 63 AL — 112 A2 — 12¢At — 6.

Note that as ¢ — 0 in the coefficients of the s-order ETD methods, the methods
reduce to the corresponding order of the Adams-Bashforth schemes [43], 84]. For

example, if we expand the exponential function, using Taylor series, in the first-order

ETD1 method as follows

(cAt)? N (cAt)3 cAt? N AN >
2 3! 2 3! ’

and then take the limit as ¢ — 0, while keeping terms of O(At), we obtain

Unt1 = Up + At(cuy, + Fp) = up, + Atdu(t)/dt,

which corresponds to the forward Euler method. In fact, in the case of ¢ = 0,
the explicit formulas of the coefficients involve division by zero, and for very small
values of ||, the coefficients suffer from rounding errors due to the large amount of
cancellation in the formulas. To tackle this problem we can use the Taylor series
instead of using the explicit formula of the coefficients, see §4|for a detailed discussion

of this issue.
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3.2.3 Exponential Time Differencing Runge-Kutta Methods

Generally, for the one-step time-discretization methods and the Runge-Kutta (RK)
methods, all the information required to start the integration is available. However,
for the multi-step time-discretization methods this is not true. These methods
require the evaluations of a certain number of starting values of the nonlinear term
F(u(t),t) at the nth and previous time steps to build the history required for the
calculations. Therefore, it is desirable to construct ETD methods that are based on

RK methods.

ETD Runge-Kutta Schemes
Cox and Matthews [19] and Friedli [2§] constructed a second-order ETD Runge-

Kutta method, analogous to the “improved Euler” method given in [78], as follows.

Putting s = 1 in (3.13)) gives the first step
an = Upe + (A —1)F, /c. (3.18)

The term a,, approximates the value of u at t,, +At. The next step is to approximate

F in the interval ¢, <t < t,41, with
F = Fy+ (t — t)(F(an, t, + At) — F,) /At + O(At?),
and substitute into to give the ETD2RK1 scheme
Ung1 = an + (€28 — ¢AL — 1)(F(an, tn + At) — ) /(PAL). (3.19)

In a similar way, we can also form an ETD2RK2 scheme analogous to the

“modified Euler” method [78]. The first step
ay = unecAt/Q + (ecAt/Q _ 1)Fn/C,

is formed by taking half a step of (3.18]); then use the approximation

(t - tn)

F=F,
AL

(F(an,tn + At/2) — F,) + O(At?),
in the interval [ty t, + At] in (3.6 to deduce the ETD2RK2 scheme

Up g1 = Une D H{((cAt—2)e A 4 cAt42) Fy+2(e“A —cAt—1)F(an, ta+At/2) } P AL.
(3.20)
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In fact there is a one-parameter family of such ETD2RK schemes. For 3 € RT,
one can start with any fraction 1/7 of At for the first step (3.18)) which gives

an = Upe1 4 (AT 1) F, /.

The term a, approximates the value of u at t,, + At/j. Next use the approximation

(t - tn)

At/] (F(an,tn + At/.]) - Fn) + O(AtZ)a

F=F,+

in the interval [t,,t, + At] in (3.6) to deduce the general ETD2RKj schemes as

follows
_ cAt cAt cAt 2
Unt1 = U +H{((cAt—7)e“ " +()—1)cAt+)) Fo+9(e“2 —cAt—1) F(ap, t,+At/7) } /(¢ At).

In a similar way, for different values of the fraction 1/7 there are infinitely
many third-order and fourth-order ETD-RK schemes. For example, the third-order
ETD3RK scheme [19] which is analogous to the classical third-order RK method

[14] is given by

ay = unecAt/Z + (ecAt/Q _ 1)Fn/c,
by = une®t + (2t — 1)(2F (an, tn + At/2) — F,) /e,
Unt1 = Une™ + {((PAL? — 3cAt + 4)e> — cAt — 4)F,
+4((cAt — 2)eAt + cAt + 2)F (an, t, + At/2) (3.21)
+((—cAt + 4)e“Bt — At? — 3cAt — 4)F (by, tn, + At)}/ (B AL2).
The terms a,, and b, approximate the values of u at t,, + At/2 and t,, + At respec-
tively. The formula is the quadrature formula for derived from quadratic
interpolation through the points ¢, t, + At/2 and t, + At.
Introducing a further parameter, a fourth-order scheme ETD4RK (taken from

[19]) is obtained as follows:

= uneS2 4 (D2 1V /e,
by = une? 4 (A2 — 1) F(an, t, + At/2)/c,
Cn = €% 4 (eAY2 _1)(2F (b, t, + At/2) — F,)/c,
Unt1 = Upe® + {((CCAL? — 3cAt + 4)eA — cAt — 4)F,
+2((cAt — 2)eAt + cAt + 2)(F(an, tn + At/2) + F(by, t, + At/2)) (3.22)
+((—cAt + 4)eAt — A2 — 3cAt — 4)F(cp, tn + A1)}/ (B AL2).
The terms a, and b, approximate the values of u at ¢, + At/2 and the term ¢,

approximates the value of u at t,, +At. The formula (3.22) is the quadrature formula
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for derived from quadratic interpolation through the points t,, ¢, + At/2 and
tn, + At, using average values of F' at a,, and b,,.

In general, the ETD4RK method has classical order four, but Hochbruck
and Ostermann [38] showed that this method suffers from an order reduction. This
is due to not satisfying some of the stiff order conditions. These conditions were de-
rived [38] for explicit exponential Runge-Kutta methods applied to stiff semi-linear
parabolic problems with homogeneous Dirichlet boundary condition and under ap-
propriate temporal smoothness of the exact solution. They also presented numerical
experiments which show that the order reduction, predicted by their theory, may in
fact arise in practical examples. In the worst case, this leads to an order reduction
to order three for the Cox and Matthews method [19] and gives order four
for Krogstad’s method (ETDRK4-B) [49]. However, for certain problems, such as
the numerical experiments conducted by Kassam and Trefethen [44 [45] for solving
various one-dimensional diffusion-type problems, and the numerical results obtained
in §5|for solving some dissipative and dispersive PDEs, the fourth-order convergence
of the ETD4RK method [19] is confirmed numerically.

Finally, we note that as ¢ — 0 in the coefficients of the s-order ETD-RK meth-

ods, the methods reduce to the corresponding order of the Runge-Kutta schemes.

3.3 Stability Analysis

The stability of a given method for solving a system of ODEs is a theoretical measure
of the extent to which the method produces satisfactory approximations. Stability is
related to the accuracy of the methods and refers to errors not growing in subsequent
steps. Such methods are called numerically stable. The stability analysis determines
the range of time step for which the method is numerically stable. The stability
region is the subset of the complex plane consisting of those At\ € C for which,
with time step At, the numerical approximation produces bounded solutions when
applied to the scalar linear model problem du(t)/dt = Au(t).

In general, the linear stability analysis of time discretization methods is valid for
a linear autonomous system of ODEs, linearized about a fixed point. This analysis
only gives an indicator as to how stable the numerical methods are. It cannot be

directly applied to solutions of nonlinear time-dependent PDEs with large amplitude
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since convergence and stability are solution-dependent issues.

Beylkin et al. [9] studied the stability for a family of explicit and implicit ELP
schemes, and showed that these schemes have significantly better stability properties
when compared with known Implicit-Explicit schemes. In addition, Krogstad [49]
analyzed the stability regions of various time integrating methods, including the
fourth-order ETDRK4-B method and multi-step generalizations of the IF methods,
all of which he proposed, and the ETD4RK method of Cox and Matthews [19].
He deduced that the ETDRK4-B method has the largest stability region. Cox and
Matthews [19] also studied the stability properties of the second-order ETD type
schemes, while in [23], the study was for the ETD-RK schemes of [19] of orders
up to and including the fourth. All authors concluded that ETD type schemes
maintain good stability properties and can be widely applicable to dissipative PDEs
and nonlinear wave equations.

The approach developed in [9, [19] for the stability analysis of composite schemes,
i.e. schemes that use different methods for the linear and nonlinear parts of the
equation, computes the boundaries of the stability regions for a general test problem.
That is, to analyze the stability of the ETD schemes, we linearize the autonomous

ODE
dou(t)
dt

about a fixed point ug (so that cug + F(ug) = 0), to obtain

= cv(t) + F(v(t)), (3.23)

du(t)
dt

= cu(t) + Au(t), (3.24)

where u(t) is the perturbation to ug and

_ dF(u(t))

A
du

w(t)=uo
In order to keep the fixed point ug stable, we require Re(c + ) < 0 (note that
the fixed points of the ETD methods are the same as those of the ODE , in
contrast to the IF methods which do not preserve the fixed points for the ODE that
they discretize [19]. It seems desirable for a numerical method to fulfill this property
with respect to capturing as much of the dynamics of the system as possible).

If both ¢ and X\ are complex, the stability region is four-dimensional. But if both
c and \ are purely imaginary [26] or purely real [19], or if A is complex and c is fixed

and real [9] then the stability region is two-dimensional.



Chapter 3. Exponential Time Differencing (ETD) Methods 39

Our study concentrates on two cases, where first, A is complex and c is fixed,
negative and purely real and second, c is negative and both ¢ and A are purely real.

The stability regions are constructed for the ETD and the ETD-RK methods in
43.3.1] and §3.3.2 respectively.

3.3.1 Stability of Exponential Time Differencing Methods

When applying the first-order ETD1 method ([3.14)) to the linearized problem (3.24]),

we obtain

Upyl = unecAt + )\un(ECAt _ 1)/6.

Defining 7 = up+1/un, © = AAt and y = cAt, leads to

r=el+ g(ey —1). (3.25)

If the second-order ETD2 method (3.15)) is applied to (3.24]), the linearization of
the nonlinear term in the numerical method yields a recurrence relation involving
Up+1,Up and u,—1, and the equation for the factor r [19] by which the solution is

multiplied after each step is
y2r? — (yPe¥ + [(y + 1)e¥ — 2y — 1]z)r + (¢¥ —y — 1)z = 0. (3.26)

In a similar way, when applying the ETD3 and the ETD4 schemes
to , a recurrence relation is obtained from the linearization, and the equation
for r is a third and fourth-order polynomial for the ETD3 and the ETD4 schemes
respectively. The formulas of the factor r for the ETD3 and the ETD4 methods are
not given explicitly here since they are very cumbersome.

We commence our analysis by choosing real negative values of the constant ¢, i.e.
varying y = cAt, and looking for a region of stability in the complex x plane where
the solution u, remains bounded as n — oo. The solution for r = w41 /u, can be
sought in the form » = r1e?. Evidently, the solution decays if 71 < 1. Hence, the
boundary of the stability region is determined by writing r = €%, 0 € [0, 27] in each
equation for the factor r for the ETD1 , the ETD2 , the ETD3
and the ETD4 methods and then by solving for x = AAt. The corresponding
family of stability regions are plotted in the complex = plane and displayed in figures
and Note that, in these figures, the horizontal and the vertical axes

represent real x (Re(x)) and imaginary = (Im(x)) respectively.
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FIGURE 3.1: Stability regions in the complex x plane. The four methods are: ETD1 (blue-
solid), ETD2 (blue-dashed), ETD3 (red-solid), ETD4 (green-solid).

In figure notice first that, for each fixed value of y = —1, -5, —10, —15, the
stability region of the ETD1 and the ETD2 schemes is the interior of the curves,
which are simple and closed; while for the ETD3 and the ETD4 schemes, it is only
the interior of those portions of the curves that contain the origin. Next, observe
that the ETD1 scheme has the largest stability region while the ETD4 scheme has
the smallest. In fact, as shown in figure the stability region, for each fixed value
of y, shrinks as the method’s order increases.

Figures and illustrate the complex plot of the same four methods with
different values of y. The outer curves for the ETD1, the ETD2 and the ETD3

schemes correspond to y = —6, and to y = —3 for the ETD4 scheme. The inner blue
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ETCA ETD2

FIGURE 3.2: Stability regions in the complex x plane. The curves for the ETD1 and the
ETD2 schemes correspond toy = —6, —5, —4, —3, —2, —1, from the outer curve

to the inner curve respectively. The inner red curves correspond to y = 0.

curves for all four schemes correspond to y = —1. The inner red curves correspond to
the case y = 0, where the stability regions coincide with those of the corresponding
order Adams-Bashforth schemes [43] [84]. This is expected since in the limit
y — 0, ETD schemes turn into the corresponding order explicit Adams-Bashforth
schemes [9]. In the limit y — —oo, we find that the stability region of each of the
four methods preserves its shape and each grows larger, which allows the methods
to use a large time-step size (At = O(1) as |¢| — oo) when solving stiff problems.
On the contrary, the stability regions of the conventional explicit numerical methods
preserve their size whatever the value of the stiffness parameter is (for example, the
stability region of the Euler methods is a fixed circle of radius 1), which forces the
methods to use very small time-step sizes (At = O(1/|c|)) when integrating stiff
problems, see §5| for illustrative examples.

As shown in figure[3.2] the boundary of the stability region for the ETD1 and the
ETD2 schemes passes through the point x = —y (this is true for any fixed value of
y), which agrees with the result found in [I9] for the ETD2 schemes. This feature is
consistent with the true stability boundary of the differential equation of the
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ETD3 ETDC4

FIGURE 3.3: Stability regions in the complex x plane. The curves for the ETD3 scheme
correspond to y = —6, —5, —4, —3, —2, —1, from the outer curve to the inner
curve respectively. The same holds for the ETD4 scheme for y = —3, -2, —1.

The inner red curves correspond to y = 0.

test problem, namely, the solution decays for Re(c+ \) < 0 and it grows otherwise.

For the ETD3 method, we find that for values of y € [—6,0) the curves of
its region do not cross and hence the stability region has a simple structure and
passes through the point x = —y, see figure As y decreases, the curves of
the region cross over and the region develops to a more complicated structure,
separating into several portions. The stability regions for the ETD3 method for
values of y € [-10, —6) (not shown) are the interior of those portions of the curves
that contain the origin, and the interior of those portions of the curves where the
boundary passes through the point x = —y, whereas for values of y = —10,..., —00
they are only the interior of those portions of the curves that contain the origin, see
figure for y = —10, —15.

For the ETD4 method, we find that the curves of its region cross and hence the
region separates into several portions. For values of y € [—2,0) the stability regions
are the interior of those portions of the curves that contain the origin, see figure |3.3
For values of y € [-3, —2) (not shown) the stability regions are the interior of those

portions of the curves that contain the origin, and the interior of those portions of
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FIGURE 3.4: Stability regions (shaded) in the real (x,y) plane for the ETD1 l} and the

ETD2 methods.

the curves where the boundary passes through the point x = —y. Finally for values
of y = —3,..., —oc0 the stability regions are the interior of those portions of the
curves that contain the origin, see figure [3.1] for y = —10, —15.

In the real (z,y) plane, the right-hand boundary for both the ETD1 and
the ETD2 schemes, corresponding to substituting » = 1 in equations (|3.25))
and respectively, is the line z+y = 0. The left-hand boundaries for the ETD1
and the ETD2 schemes, corresponding to substituting » = —1 in equations
and respectively, are the curve

— Y
o= Y+
ey —1
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FIGURE 3.5: Stability regions (shaded) in the real (z,y) plane for the ETD3 || and the

ETD4 methods.
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and the curve [19]
—y* (e +1)
(y+2)ev —3y — 2’

respectively.

Similarly, the right-hand boundary for both the third and fourth-order ETD
methods, corresponding to r = 1, is the line x 4+ y = 0, but only for the specified
values of y in the ranges mentioned previously (for values outside the ranges, there
is no simple formula for the right-hand boundaries due to the complicated structure
of the stability regions, and so, the plots of the stability regions of the ETD3 and
the ETD4 methods in the real (z,y) plane are produced using Maple). For r = —1,
the left-hand boundaries for the ETD3 and the ETD4 methods are the

curves

B —y*(e? +1)
(Y2 + 4y +4)e¥ — Ty2 — 8y — 4’
and
—3y*(e’ +1)
T (3y3 + 2042 + 36y + 24)e¥ — 4513 — 68yZ — 60y — 24
respectively.

The stability regions for the ETD1 and the ETD2 schemes are illustrated in
figure whereas those for the ETD3 and the ETD4 methods are illustrated in
figure Note that the horizontal and the vertical axes in these figures represent
Re(x) and Re(y) respectively. In line with the previous case of the complex x plane,
we find that the stability region of the ETD1 method is broader than those of the
other three higher-order methods, whereas it is very narrow for the ETD4 method.
Additionally, we find that the region of stability for all schemes includes the negative

y-axis [19] and grows larger as y decreases.

3.3.2 Stability of RK Exponential Time Differencing Methods

The basic question of stability is again addressed by applying each of the ETD-RK
schemes to the linearized problem ([3.24)), and determining the boundary separating
growing and decaying solutions u,,.

When applying the ETD2RK1 method (3.19)) to (3.24)), we obtain

Uny1 = €“Plu, 4+ {((cAt — 1)eA + 1) Auy,

+ (B — cAt — 1) (A" + X2 (e — 1) /c)un }/ (PAE).
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Defining r = up41/upn, © = AAt and y = cAt, leads to [19)

T:ey+<ey‘1>2x+((ey‘”(ey‘y‘”>x2. (3.27)

Y y3

Similarly, for the ETD2RK?2 scheme ([3.20)), r satisfies

(2(ey —y—1)ed? 4 (y — 2)e +y+2> ot (2(ey —y— (e - 1)> 22

r=e’+
y? y3

(3.28)

In a similar way, when applying the third-order ETD3RK and the fourth-
order ETD4RK ([3.22) schemes to , the equation is linear for the factor r for
each scheme. The formulas for the factor » for the ETD3RK and the ETD4RK
methods are not neat and simple, hence, they are not given explicitly here.

We note that the equations for the factor r are different for the different formulas
of an s-order ETD-RK scheme. This is in contrast to the fact that the different
formulas of an explicit s-order (s = 1,2, 3,4) RK scheme have the same equation for
the factor r [84], that is r = [14+y+y?/2+- - -+y®/s!|. This curve for r is obtained by
applying an explicit s-order RK scheme to the linearized problem du(t)/dt = cu(t)
where 7 = up4+1/u, and y = cAt.

In the limit y — —o0, equations (3.27) and (3.28]) become

AT, (3.29)
for the ETD2RK1 scheme, and
SES (3.30)

for the ETD2RK2 scheme, respectively, and the equations for the factor r for the
ETD3RK (3.21)) and the ETD4RK (3.22) schemes become

9 3 2
- y% - % ~r, (3.31)
and
9 4 2
= Toar (3.32)
Yy Yy
respectively.

Our analysis below depends on choosing real negative values of the constant ¢
and looking for a region of stability in the complex = plane where the solution u,,
remains bounded as n — oo. The boundary of the stability region is determined

by writing 7 = ¢, 6 € [0,27] in each equation for the factor r = u,1/u, in the
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ETD2RKA ETDZRKZ

ETD3RK ETD4RK

FIGURE 3.6: Stability regions in the complex z plane. The curves correspond to
y=—6,—b5,—4,—-3,—2,—1, from the outer curve to the inner curve respec-

tively. The inner red curves correspond to y = 0.

ETD2RK1 (3.19), the ETD2RK2 (3.20), the ETD3RK and the ETD4RK
methods and then by solving for x = AAf. The corresponding families of
stability regions are plotted in the complex x plane and displayed in figures
and Note that, in these figures, the horizontal and the vertical axes represent
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FIGURE 3.7: Stability regions in the complex z plane for different values of y. The
four methods are: ETD1 (red-solid), ETD2RK1 (circle), ETD3RK (cross),

ETD4RK (point).

Re(x) and Im(z) respectively.
Figure [3.6] exhibits the complex plot of the stability regions of the four schemes
with different values of y. The outer curves correspond to y = —6 and the inner

blue curves correspond to y = —1. Generally, the stability regions of the ETD-RK
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FIGURE 3.8: Stability regions in the complex z plane for different values of y. The
four methods are: ETD1 (red-solid), ETD2RK2 (circle), ETD3RK (cross),
ETD4RK (point).

schemes are larger than those of the explicit multi-step ETD schemes. We also find
that for all schemes, the origin belongs to the stability regions and the boundary of
the stability regions passes through the point z = —y [19, 23]. This is consistent with
the true stability boundary of the differential equation of the test problem,
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namely, the solution decays for Re(c + \) < 0 and it grows otherwise. Clearly, as
shown in figure the region of stability for all ETD-RK schemes grows larger as y
decreases. The red curves correspond to the case y = 0, where the stability regions
of the ETD-RK schemes coincide with the those of the corresponding order RK
schemes [84]. This is expected since in the limit y — 0, ETD-RK schemes reduce to
the corresponding order explicit RK schemes (this result was also found in [23] for up
to fourth-order ETD-RK schemes and by Krogstad [49] for the ETD4RK and the
ETDRK4-B methods). Note that the stability regions of the RK schemes increase
as the order of the methods increases. Also note the fact that the different formulas
of an explicit s-order RK scheme have the same stability regions [84]. However,
we find, as shown in figure that the stability region of the ETD2RK?2 scheme
is smaller than that of the ETD2RK1 scheme for any given value of y, and thus,
generally the different formulas of an s-order ETD-RK scheme do not have the same
stability region.

Figure illustrates the plot of the ETD1, the ETD2RK1, the ETD3RK and
the ETD4RK methods all in one diagram for different values of y. For y = —1,
we find that the stability region increases as the order of the ETD-RK schemes
increases, that is, the ETD2RK1 scheme has the smallest stability region
while the ETD4RK scheme has the largest. As y decreases, see figure
we find that the stability regions of the ETD1 and the ETD2RK1 schemes become
slightly larger than those of the other schemes. As y — —oo, the explicit ETD1
and ETD2RK1 schemes coincide in their stability regions and become the largest,
and simultaneously simplify to the disc |z| < |y| [19] (this corresponds to substitut-
ing |r| = 1 in equation (3.29)), while the stability region of the ETD3RK scheme
becomes the smallest.

Figure[3.§|illustrates the plot of the ETD1, the ETD2RK2, the ETD3RK and the
ETD4RK methods all in one diagram for different values of y. We notice that as the
order of these schemes increases the stability regions increase in size for any given
value of y. Furthermore, as y — —oo the stability region of the ETD4RK scheme
contains those of the ETD3RK and the ETD2RK2 schemes of which the latter is
the smallest, though, the stability region of the ETD4RK schemes is contained by
those of the ETD2RK1 and the ETD1 schemes [23], see figures (3.7 and

In the real (z,y) plane, the left-hand boundaries for the ETD2RK1 and
ETD2RK2 schemes, corresponding to substituting » = 1 in equations (|3.27))
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FIGURE 3.9: Stability regions (shaded) in the real (x,y) plane for four methods.

and (3.28) respectivelyfl} are the curve [19]

e —y—1

No stability boundaries corresponding to r = —1 are obtained for the ETD2RK1, ETD2RK2

and ETD4RK schemes.
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and the curve
P R Gl
2(evy —y—1)°
respectively, while in the same situation, the right-hand boundary for both schemes
is the line z + y = 0.

Similarly, the equation for the factor r is a third and fourth order polynomial
in z for the ETD3RK and the ETD4RK schemes respectively, and
for both schemes, the right-hand boundaries (corresponding to r = 1) are the line
x4+ y = 0 (note that the right-hand boundary is the same for all four schemes
[23]). The formulas of the left-hand boundary for the ETD3RK and the ETD4RK
methods, corresponding to r = —1 and r = 1 respectively, are complicated and
hence not given explicitly. The real stability regions for these four methods are
shown in figure where the horizontal and the vertical axes represent Re(x) and
Re(y) respectively.

In figure 3.9 we notice that the region of stability for all schemes includes the
negative y axis [19] and grows larger as y decreases. In addition, the stability region
of the ETD2RK1 scheme is broader than that of the ETD2RK2 scheme, which
agrees with the previous case of the complex z plane.

In the limit y — —oo, the right-hand boundaries for the ETD2RK1 [19],
the ETD2RK2 and the ETD4RK (3.22]) schemes correspond to

= -y,

which is the same for all schemes. The left-hand boundaries for the ETD2RK1,
the ETD2RK2 and the ETD4RK schemes, corresponding to substituting » = 1 in

equations (3.29)), (3.30) and (3.32)) respectively, are

and

and

(22 + %) (2" — ) 0 =z~ y,
respectively, see figure In the same limit, the right-hand and the left-hand
boundaries for the ETD3RK scheme, corresponding to substituting r = 1
and r = —1 respectively in equation , are

222 —zy+y*) (2 +y) 0=z ~ —y,
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and

z ~ 0.657y,

respectively.

3.4 Conclusion

In our study of the ETD methods we have found that these methods possess the

following features:

e If the nonlinear part F(u(t),t) of the differential equation (3.3|) is zero, the
integrator produces the exact solution to the ODE and so is automatically

A-stable.

e If the linear part is zero (¢ = 0 in (3.3))), the ETD and the ETD-RK inte-
grators reduce to linear multi-step or classical explicit Runge-Kutta methods

respectively.

We have also discussed the stability properties of the ETD and ETD-RK schemes
up to fourth-order. We have found that the various formulas of the explicit second-
order ETD-RK schemes do not have the same stability region, in contrast to the fact
that all RK schemes of a given order have the same stability region. In addition, we
have found that as the order of the ETD-RK methods increases the stability regions
increase in size, i.e. the stability region of the ETD4RK scheme contains those of
the ETD3RK and the ETD2RK2 methods. However, as the stiffness parameter
¢ — —oo in (3.23)), the stability region of the ETD2RK1 method contains those of
the ETD4RK, the ETD3RK and the ETD2RK2 methods. This is in contrast to
noted properties of the stability regions of the multi-step ETD methods. We have
found that the stability region of the fourth-order ETD scheme is contained by those
of the lower order ones, i.e. the stability regions of the ETD methods shrink as the
order of the methods increases. In general, we have found that the stability regions
of the ETD-RK methods are larger than those of the multi-step ETD methods.

To conclude, the stability characteristics of the ETD and the ETD-RK methods
(the stability regions grow larger as the stiffness parameter ¢ — —o0) reveal that
when solving stiff problems the selection of the time step size for these methods is

only limited by accuracy and not stability. This indicates the possibility of using a
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large time step and consequently these methods provide computational savings over

conventional explicit methods.



Chapter I

Various Algorithms for Evaluating the
ETD Coefhicients



Outline of Chapter

The coefficients of the Exponential Time Differencing (ETD) methods are the ex-
ponential and related functions of the linear operators of a semi-discretized partial
differential equation (PDE). When applying the ETD methods, the computations
of the coefficients need only to be carried out once at the start of the integration
if a constant time step is used during the integration. The computation of these
functions depends significantly on the structure and the range of the eigenvalues of
the linear operator and the dimensionality of the semi-discretized PDE. The linear
part should not be explicitly time dependent and, if possible, should be represented
as a diagonal matrix in order for the exponential integrators to be computation-
ally competitive. On the other hand, the linear part might have eigenvalues equal
to or approaching zero, which leads to complications in the computation of the
coefficients.

In this chapter, we discuss methods for the accurate computation of the ETD
coefficients and the efficiency of implementation. We first explain why the ETD
methods need further development, and then address ourselves to describing the
various algorithms. We analyze their performance and their computational cost, and
weigh their advantages for improving the numerical difficulties in approximating the
ETD coefficients. This gives us the chance to distinguish between the algorithms

and choose the one that is best for the success of the methods.
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4.1 Introduction

When a stiff partial differential equation (PDE) with periodic boundary conditions is
discretized in space using Fourier spectral methods [25],[83] [84] (see §2.3)), a system of
coupled ordinary differential equations (ODEs) in time ¢, for the Fourier coefficients,
is obtained. The linear part of this system is represented by a diagonal matrix in
the Fourier basis, which might have eigenvalues of both large and small magnitude.
A complication [19] arises in using the time discretization ETD methods (see §3)
for problems which have eigenvalues equal or close to zero in the diagonal linear
operator. These difficulties are twofold: firstly, when some of the eigenvalues are
equal to zero, the explicit formulas for the coefficients g, cannot be used
directly since they involve division by zero, i.e. ¢ = 0. Instead, the limiting form of
the coefficients as ¢ — 0 must be used. Secondly, these methods suffer from rounding
errors occurring due to the large amount of cancellation in the ETD coefficients g,

(3.12) for eigenvalues approaching zero.

To identify the problem, consider evaluating numerically the expression

ef —1

fi(z) = 7 (4.1)

z

that appears in the ETD1 scheme , for z a scalar. f1(z) is an analytic function
and has a removable singularity at z = 0. The limiting form of the expression fi(z)
as z — 0% should result in 1. Undesirably, as z gets close to zero, the expression
does not approach 1 when evaluated numerically. The terms in the expression do
not cancel precisely and the small errors of cancellation become substantial as we
are dividing the result by a number approaching zero. This problem gets worse in
higher order methods.

The expressions

fk’(z) - ‘ _Z€k<2)7 k=12...s, (42)
where
k—1 j
z
Gy(z) =32, (4.3)
=07’

is the first k terms in the Taylor series approximation to the exponential function
fo(z) = e*, are at the core of the ETD and ETD-RK methods of order s.
In fact the coefficients of these methods are really a combination of the expressions
fi(z) (4.2). Aswith fi(2) (4.1)), the expressions fx(z) for k > 1 suffer from numerical
evaluation errors as z — 0%. In fact, in the limiting form of the expressions as z —

0%, the numerator and denominator are of O(z*). Hence, in order to implement the



Chapter 4. Various Algorithms for Evaluating the ETD Coefficients 58

ETD and ETD-RK methods accurately, we need an accurate algorithm to evaluate
the fk:
Figure shows a plot of the exponential function fy(z), the formulas fi(z)

(1), and
e —1—z
fa(z) = ———, (4.4)
and
(e —1—2—22/2)
>3

f3(Z) = ) (4'5)

for values of z over the range [—2, 2]. Analytically, for values of z — oo, f1(z) = €?/z,

fa(2) =~ €*/2% and f3(2) = /2% and generally, as z — oo
62’
~ — k=1,2,3,...,s. 4.
fk(z) Zk7 ) 737 y S ( 6)

Also, for values of z — 0%, fi(z) ~ 1, fa(z) ~ 1/2 and f3(z) ~ 1/6 and in general,
as z — 0F

1
fk(z)%g, k=1,2,3,...,s. (4.7)

And as z — —o0, f1(2) & —1/z, fa(2) & —1/z and f3(2) &~ —1/(22) and in general,
as z — —00
-1

fk(z)%m, k=1,2,3,...,s. (4.8)

Numerically however, as z gets close to zero, these formulas fi(z) suffer from
serious cancellation e1r1rorsE|7 as we are dividing the result by a number approaching
zero and raised to a power, see for example the plot of the function f3(z) in
figure over a range of very small values in magnitude of z.

In order to make the ETD and ETD-RK methods practical in this case
(where the linear part of a discretized PDE is represented by a diagonal matrix in the
Fourier basis) only the scalar form of fi(z) is required, since the exponential of
a diagonal matrix can be obtained by just exponentiating every entry on the main
diagonal independently. A simple approach here is to use a Taylor series expansion
[19] to approximate such expressions for values of z less than some chosen threshold

value z;,, as follows

[e.9]

fr(z) ="

j=k

Ik

J!

, 2< zp, k=1,2,...s, (4.9)

!These errors depend on the computer precision. So, in single computer precision these errors

get worse.
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FIGURE 4.1: The values of the exponential function fo(z) and the function fi(2) 1) of

orders k = 1, 2,3 versus the values of z.

and to use the explicit formulas of the ETD coefficients g, for values of
z larger than zy,.

On the other hand, if we discretize a PDE in space using finite difference for-
mulas [58, B3] (see or Chebyshev polynomials [11, 25] [83], [84], for instance, a
system of coupled ODEs is obtained. Thus, the linear operator is represented by
a non-diagonal matrix that might have eigenvalues with values of both large and
small magnitude for stiff problems. Applying the ETD methods here requires the
computation of a non-diagonal matrix exponential, which in itself is not a straight-
forward task [60]. Furthermore, having eigenvalues equal to or close to zero in the
non-diagonal matrix, again leads to inaccuracies in evaluating expressions of the
form . In this case we cannot distinguish between eigenvalues of small and
large magnitude and simply switch between using the Taylor series expansion and
the explicit formulas of the ETD coefficients respectively. It is therefore im-
portant to have an accurate numerical algorithm for evaluating the function fi(z)

(4.2) in both scalar and non-diagonal matrix cases. One would like a single algo-
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FIGURE 4.2: The values of the function f3(z) 1) versus a range of very small values in

magnitude of z, evaluated numerically with 16-digit precision.

rithm that is simultaneously accurate for all values of z in the scalar case, and also
performs well in the non-diagonal matrix cases.

In we describe some of the algorithms that appear to be practical for
approximating the expression fx(z) of orders k = 1,2, 3, since these expressions
are the most frequently used in the ETD methods , for the scalar z with values
of large and small magnitude. Then in we set up some tests on the second-
order centered difference differentiation matrix (see for the second derivative,
to represent the non-diagonal matrix case. We also conduct similar tests on the
Chebyshev differentiation matrix for the second derivative and the second-order
centered difference differentiation matrix for the first derivative, in §4.4] and
respectively. The aim is to show that the algorithms also work well for these non-
diagonal matrices, and that their efficiency is by no means restricted to any special
structure of certain matrices.

The algorithms considered are Taylor series, an algorithm based on the Cauchy

Integral Formula [44] [45], different forms of the Scaling and Squaring algorithms
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[8, @, B5), 37, 47, (53|, [60} [76], the Composite Matrix algorithm [2, 54], 67], and the
Matrix Decomposition algorithm [60] for non-diagonal matrix cases. We assess the
effectiveness of these algorithms by considering their stability, accuracy, efficiency,
ease of use and simplicity. The accuracy of an algorithm refers primarily to the error
introduced by the algorithm. Efficiency of the algorithms is measured by the amount
of computer time required to approximate such expressions, and this is the primary
focus of Also, we outline the issues that contribute to our understanding of the
limitations of the algorithms if they fail to produce accurate enough results. The

overall conclusions of the comparison tests are given in §4.7]

4.2 The Scalar Case

To demonstrate the effectiveness of the algorithms, we test them against each other
for the scalar z with values of large and small magnitude to approximate the ex-
pression fr(z) (4.2) of orders k = 1,2,3. We compute the relative error of each

algorithm, given by

lexact value — approximate valuel

relative error = , (4.10)

lezact value|

where the exact values of the expressions were approximated using 50 digit arith-
metic in Matlab code. Figures and [4.4] show the relative errors of each algorithm
to approximate the expressions fi(z) and f3(z) versus the values of z
(we find that for fo(z) (4.4), the algorithms behave in a qualitatively similar way
to f3(z)). The figures also show the errors for the use of the explicit formulas;
this means simply evaluating the formulas fi(z) and f3(z) with standard double

precision (16 digits) arithmetic.

4.2.1 Taylor Series

The formula
2 a1 22 23 z
e = +Z+5+§+“'+m,

m

for some integer m may be used to approximate the exponential in the expression

fr(2) (4.2)) of orders k = 1,2, 3, so that fi(z) becomes

—_

<
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Attention to where to truncate the series is important if efficiency is being con-
sidered. We can simply sum the series until adding another term does not alter the
accuracy of the algorithm.

In doing the test described in we find that for |z| < 1, the explicit formulas
for fi(z) and f3(2) are imperfect due to the cancellation errors, but the
Taylor expansion with 30 terms is remarkably good, see figures and For
|z| > 1, the explicit formulas fi(z) and f3(z) give acceptable results but the Taylor
expansion is imprecise. For z < —1, the errors in using the Taylor series are due
to the “catastrophic cancellation”. This term refers to the extreme loss of accuracy
when small numbers are additively computed from large numbers. The errors in
using the Taylor expansion can actually be larger than the correct exponential,
and the answer will not be correct, no matter how many terms in the series are
summed (it should be emphasized here, that the difficulty is not the truncation of
the series, but the truncation of the arithmetic). In the limit z — oo, see figure
the numerical relative errors for the Taylor approximation approach 1 since the
exponential values in the explicit formulas fi(z) and f3(z) dominate over the Taylor
expansion.

The primary advantage of this algorithm is the simplicity and ease of implemen-
tation. Note that figures and [£.4) show that, in the scalar case, it is possible to
use the Taylor series for |z| < 1 and the explicit formulas for fi(z) and f3(2)
for |z| > 1, without significant loss of accuracy.

4.2.2 The Cauchy Integral Formula

To overcome the numerical difficulties in the ETD and ETD-RK methods
of order s, a different tactic for evaluating the function fi(z) (4.2) of orders k =
1,2,...,s was proposed by Kassam and Trefethen in [44, [45]. The key idea is to
approximate the functions (for matrices or scalars) by means of contour integrals in
the complex plane.

The well-known Cauchy Integral Formula [55]

f(z) = ;m/ﬂ{(_T)sz, (4.11)

evaluates the analytic function f via an integral along a closed contour I' that
encloses z. The Cauchy integral formula (4.11]) says that the values of f on T’

completely determine the values of f inside I'.
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The simplest choice of the contour I' is a circle with radius R centered at some
point zg,

L= {T(0) =2+ Re” : 0<6<2n}.

Then by the definition of the contour integral for any function H

/ H(T)dT = / H(T(0))dT(6)do, (4.12)
r 0

the Cauchy integral (4.11)) of a function of a scalar z along the circular contour T’
becomes

2m f(ZO + ReiG)R z@de _ = 2 f(Z(] + Reze)

flz) =5 IO - o T(0) - - (T(0) — z0)df, (4.13)

which is a periodic integral of our function evaluated at points on the circumference

of the circular contour. If we employ the periodic Trapezium Rule defined by

2T 277']
/0 0)do ~ 7213 =5 (4.14)

to approximate the integral on the right-hand side of (4.13]), we obtain the formula

proposed by Kassam and Trefethen [44], 45] for a circular contour,

N
o) ~ ;7; ) ((Z;()Hi)l (T(0) — 20). (4.15)

Referring to [44], [45], 84], the authors stated that the periodic Trapezium Rule is
simply the Fourier spectral method for integrating a periodic function. The conver-
gence of spectral methods in general, and Fourier methods in particular, depends
on the smoothness of the function that is being interpolated. For analytic functions,
the Fourier coefficients decay exponentially [79] and we have correspondingly expo-
nential convergence of spectral methods, including the periodic Trapezium Rule.

This algorithm has turned out to be very powerful, as figures and show.
Testing the algorithm as described in shows that the algorithm performs very
well when approximating the expression fi(z) of orders k = 1, 3 for the scalar
z with values of large and small magnitude (qualitatively similar results are found
for k = 2). For each value of z, the chosen contour is a circle of radius R = 1,
centered at zp = z, and sampled at N = 32 equally spaced points {6;}, and f(z) is
approximated by as follows

1 N
~ N > #(T(6))), (4.16)
j=1
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which is an average of the function values at the N points T/(0;) = z + Re®% around
the discretized circumference of the circle (it is important to ensure that none of the
points on the contour are close to or at the origin, otherwise the original problem
of rounding errors reappears).

In the case where the linear part of a discretized PDE is represented by a diagonal
matrix in the Fourier basis which may have eigenvalues that are zero or of small
magnitude, we can compute the expression fi(2) of orders k = 1,2,...,s for
each element on the diagonal independently by again using the above formula (4.16))

[44, [45], for circles centered at each element on the matrix diagonal.

4.2.3 Scaling and Squaring Algorithm: Type I

One of the most widely used of the algorithms that have been proposed for ap-
proximating expressions such as f(z) , k=1,2,...,s that appear in the ETD
and ETD-RK methods of order s, is the Scaling and Squaring algorithm
[8, @, B35, 37, [47, (53], [60L [76]. This section considers the algorithm in the form in
which we scale up from small values of |z|; the alternative approach of scaling down
from large values of |z| is discussed in (for ease of presentation we outline the
theory for the scalar case, but the algorithm is equally applicable to matrices, to be
described in .

Consider first the accurate evaluation of the exponential function, fo(z) = e*. It
is possible to use the Taylor series or Padé approximation [35], B7, [47, [76] for
|z| <1, but to avoid loss of accuracy for |z| > 1, we use the Scaling and Squaring

algorithm [60], based on the identity

fo(22) = (fo(2))* = (¢*)*. (4.17)
First we compute fo(27!2) for some [ chosen to be the smallest integer such that

log(|2]/0)
L2 = (4.18)

so that for some threshold value § we have [27z| < §. This computation is efficiently
and accurately performed using the Taylor expansion or Padé approximation. Using

(4.17)), the resulting value is then squared [ times to obtain the final answer

folz) = [fo(2712)%. (4.19)
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A similar approach can be used for computing the expression f;(z) (4.2) of orders
k =1,2,3. The algorithm uses either the identities (taken from [9])

7122) = 5 (o) 1(2) + (=), (4.20)
£2(22) = 1 (R(2)F() +25(2), (4.21)
1522) = § (F(VR(2) + () + 24s(2)), (422
or the identities (taken from [54])
1122) = 5 (o (2) + F12)), (423)
£2022) = § (o) a2) + Fi(2) + £o(2)). (1.21)
729 = § (REBE + 55+ Fa) + 5(2)) (4.25)

A general form of the squaring relations (4.23) - (4.25]) stated with proof in [76] is

k
(2 = 5 [ I () +;(,€_1j)!fj(2)}, F=12...5  (426)

The authors of [76] pointed out that the choice of the squaring laws is very important
as generally this is the main source of errors committed in the algorithm (as will
be explained later in this section) and concluded from their experiments that their
choice results in the minimum accumulation of errors.

In addition, the algorithm can also be based on the identity (taken from [37, 53])

fu(22) = (52h1(2) +1) A2) (427)
and either the identities (4.21)) - (4.22)) or (4.24)) - (4.25).
Note that we refer to the algorithm based on the identities - or
(4.23) - (4.25) or (4.27) as the Scaling and Squaring algorithm.
Before we illustrate the algorithm, we verify the identities - and
. For

faz) = EC=EED ) (o) ).
For (L21)
e A
1 e’ +1 1
- () -5
= ifl(z)fl(z) + % (ez_zl_z> ;
= 2 (ADAE) +2£2(2).

4
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And for (4.22))
(e =1)(e*+1) 14z

fo22) = 823 BAYOR
- %fﬂz)b(z) Le-t-z ;;2/2 —2*/2 N e;z—z17
@R+ e + CLE
= % (F1(2) fa(2) + falz) + 2f3(2)) .

The identity (4.27) can be derived from the relation

f(2) = S ),
and the relation
filz) = ¢ z_l =e*=zf1(2)+1,
so that
fioz) = SO H2 o) (BAE) ),

In implementing the Scaling and Squaring algorithm, we use a 30-term Taylor
series to compute the expression fi(z . k =1,2,3 (as explained in for
values |z| < ¢, for some threshold value 6. But for values |z| > 9, the algorithm starts
by the computation of f1(27'2), f2(27'2) and f3(27'%) for some I, again selected by
the formula so that the value of [27!z| < 6. For this evaluation we use a
30-term Taylor seriesﬂ We then proceed by applying the identities -
or (4.23)) - (4.25) (or (4.27) and either (4.21) - (4.22) or (4.24) - (4.25)) ! times to
compute the expression fi(2) of orders k = 1,2, 3, for the required values of z.

To demonstrate the algorithm’s validity, we compute the relative error
of using this algorithm based on the identities - m ) to approximate the
expression fi(z ., k = 1,3 (qualitatively similar results hold for k = 2) for
values of z with small and large magnitude and with the choice of the threshold
value § = 1. As displayed in figures [4.3] and [£.4] this algorithm is one of the most
effective and powerful algorithms. It is stable for small positive values and for

all negative values of ZH. However, this algorithm is one of the most complex to

2Reasons for favoring the Taylor series than the Padé approximation are explained in &
3Qualitatively similar results hold when applying the identities (4.23) - (4.25) or (4.27) and

either (I4.21[) - (I4.22[) or m[) - qmp.
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FIGURE 4.3: Relative errors in fi(2) 1D and f3(2) || versus the values z > 0 in the

scalar case. The algorithms are: Explicit Formula (red circles), 30-term Taylor
series (blue diamonds), the Cauchy Integral Formula (magenta stars), Scaling
and Squaring Type I based on the identities - (black stars),
Scaling and Squaring Type II based on the identities - (green

circles) and Composite Matrix (cyan squares).
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FIGURE 4.4: Relative errors in fi(2) lb and f3(2) |j versus the values z < 0 in the

scalar case. The algorithms are: Explicit Formula (red circles), 30-term Taylor
series (blue diamonds), the Cauchy Integral Formula (magenta stars), Scaling
and Squaring Type I based on the identities - (black stars),
Scaling and Squaring Type II based on the identities - (green

circles) and Composite Matrix (cyan squares).
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implement and its accuracy decreases as the value of z > 1 increases. This is due to
the amplification of the truncation errors and the rounding errors (resulting from
using the Taylor series) by the scaling and squaring process (these errors will be
analyze shortly in this section).

It has been noted [35] that for a better performance of the algorithm, we should
increase the threshold value § as well as increasing the number of terms used in
the Taylor series, so that the algorithm has fewer squarings to undo the effect of
the scaling in approximating fo(z) = e* using . These computed squares can
be contaminated by rounding errors that are doubled at each scaling. To examine
the effects of the squaring phase, in using the relation , on the approximated
rounding errors, assume that the function fo(27'2) (for I selected by so that
|27!2| < §) is contaminated by some error € in its computation and that the relative
error is €/|fo(27'2)|. Then, squaring fo(27'2) using the identity (4.19) I times to

approximate fo(z) at |z| > 1 has rounding errors with

(fo27'2) + 9% = fo(27'2)*|

TR (4.28)

relative error ~

Applying the binomial series
" /n . n n!
(x+y)" = ( .)x”‘fyf, < ) =, (4.29)

to the relative error (4.28)) gives

120 fo(2712)2 ~Le + O(e?))
| fo(2712)| ’

N 2le zle/d
T @) T [fo(27)]

which shows that the errors are doubled at each scaling and we expect the relative

Q

relative error

x |z, (4.30)

error to increase linearly, by a factor of 2! = |2]/§ (see formula (4.18)), as |z|
increases. Figure [4.5] confirms the above analysis and illustrates the linear increase
of the computed relative errors of using to approximate fy(z) = €*
for |z| > 1 with threshold value 6 = 1. Hence, it seems desirable to minimize the
number of squarings in the algorithm.

For more analysis of this algorithm, the reader is referred to a paper by Higham
[35] who gave a backward error analysis (in exact arithmetic) of the algorithm com-
bined with Padé approximation (for computing the matrix exponential) that em-

ploys sharp bounds for the truncation errors in the approximant, and identified that
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Relative Errar

Relative Errar

(b) z>0

FIGURE 4.5: Relative errors of using the Scaling and Squaring Type I algorithm based on
the identity (4.19)), versus the values (a) z < 0 and (b) z > 0, for approximat-

ing the function fy(z) in the scalar case.
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the loss of accuracy in the computed results is related to the number of squaring
steps used and that larger values of the threshold may be optimal for the algorithm’s
optimal efficiency.

By looking at the relations - and - , we find that they
involve fyp(z) = e, which for its approximation depends on the scaling and squaring
process using the identity . Therefore, the errors in the squaring process
will directly affect the use of these relations for approximating fx(2) , k=1,2,3

at large positive values of z. So if z > 1, then e* > 1 and therefore according to

(4.6) the identities (4.20) - (4.22) become

£122) % 3 fo(2)(2), (4.31)

£2022) % R() () (43

15(22) = S () al2), (4.3
respectively, and - become

£2022) = ol fo(), (434

15(22) ~ () fa(2), (4.35)

respectively. This shows that applying the above identities to compute fi(2) (4.2)),
k = 1,2,3 for the required large positive value of z, will be affected by the error

(4.30). But if z < —1 then e* < 1 and therefore according to (4.8]) the identities
(4.20) - (4.22]) become

f1(22) % S11(2), (4.30)
£2(22) ~ S fal2), (4.37)
a(22) ~ S2(2) + 1(2), (1.38)

respectively, and (4.24]) - (4.25) become
1
f2(22) = 2 (fi(z) + fa(2)), (4.39)

1,1
f3(22) = S(5f1(2) + fa(2) + f3(2)), (4.40)
respectively. Hence, the identities (4.36)) - (4.40)) do not involve fy(z) = e?, the error
(4.30) in applying the identity (4.19) has no effect on these identities when they are

applied for all required values z < 0, and thus the algorithm becomes more stable

and accurate.
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The above analysis explains the behavior of the algorithm based on the identities

(4.20]) - (4.22)), displayed in figures and where the errors grow for z > 1 but

not for z < —1.
To analyze the rounding errors resulting from applying the identity (4.27))

1
f122) = (5201() +1) fu(2),
to compute f1(z) (4.1, assume that the exact value of fi(z) is contaminated by

some error €1 in its computation so that

relative error = —— (4.41)

(=)
Applying the identity (4.27)) then has rounding errors with

| 1appros (22) = f1egaet (22)]

€1
z

relative error ~

’flezact (2Z)| ’
|f1(2)ze1/2 4+ e12f1(2)/2 + €]
N (4.42)
f1(2)2f1(2) /2 + f1(2)]
As z — 00, €* > 1, f1(z) = e€?/z, the relative error (4.41) becomes
relative error ~ %7 (4.43)
62
and (4.42) becomes
relative error ~ le*e1/2 + €167 /2 + €1
le22/2z + €% /2]
2€12
Y e (4.44)

which shows that the errors are doubled at each scaling and that the algorithm
becomes less accurate as the value of positive z increases. In this case, the identities
and will also be affected by the error when they are applied to
compute fo(=) () and f3(=) (@E5).

On the other hand, for values of z — —o0, ¢* < 1 and fi(2) =~ —1/z and
therefore the order €; terms in (4.42) simplify to

relative error = 0,

which shows the algorithm’s validity when applying the identities (4.27) (and when
subsequently applying either identities (4.21f) - (4.22)) or (4.24) - (4.25)) for approxi-
mating fr(z) (4.2), k =1,2,3 for all values z < 0).

In further experiments on the Scaling and Squaring algorithm, we investigate

what the best choice of the threshold value ¢ is, among certain chosen values § =
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0.5,1,2,3. In figure [4.6] and for each chosen value of the threshold §, we plot
the computed relative errors (4.10) of using the algorithm, based on the identities

(4.20]) - (4.22), to approximate f3(z) (4.5) (qualitatively similar results hold for the

expressions f1(z) (4.1) and fo(z) (4.4)) for positive values of zﬁ The figure reveals
that, the choices of threshold values 6 = 0.5,1,2 are all good, giving better results

than the value § = 3. At larger value § > 3, we experimentally find that increasing
the value of the threshold requires an increase in the number of terms used in the
Taylor series combined with the algorithm for better accuracy.

In addition, in figure we note that the computed relative errors of
using the Scaling and Squaring algorithm to approximate f3(z) (qualitatively similar
results hold for the expressions f1(z) and f2(z)) for positive values of z are, firstly,
similar regardless of which relations (the identities (4.20]) - (4.22)) or (4.23)) - (4.25) or
and either (4.21)) - (4.22)) or (4.24) - (4.25))) are used and whatever the chosen

value of the threshold § is (in the figure 6 = 1). Secondly, these errors increase
linearly for z > 1, which agrees with the above analysis. On the other hand, in
doing the same experiment for negative values of z (figures are not shown), we find
that the errors are smaller (errors of O(107%)) and they do not grow linearly for

values of z — —oo as our above analysis suggests.

4.2.4 Scaling and Squaring Algorithm: Type II

Recall that the numerical evaluation of the explicit formula fz(2) , k=1,31is
accurate for scalar values |z| > 1 but not for |z| < 1 (the same qualitatively holds for
k = 2), see figures and This suggests a second type of Scaling and Squaring
algorithm, based on scaling down from |z| > 1.

Consider again the evaluation of the exponential function. For values of |z| > 7,
for some threshold value v, we use the function fy(z) = e*, but for values |z| < v, we
use the Scaling and Squaring algorithm based on the identity, which we now write

in the form
fo(2) = (fo(22))"/? = (e¥)"/2. (4.45)

First we compute fo(2!12) using the exponential function for some I; chosen to be

4Qualitatively similar results hold when the algorithm is based on the identities (4.23)) - (4.25)
or 1) and either (I4.21|) - (I4.22|) or (I4.24|) - (I4.25|) and for negative values of z.
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FIGURE 4.6: Relative errors of using the Scaling and Squaring Type I algorithm based on
the identities (4.20) - (4.22)), versus the values of z, for approximating the
expression f3(z) l} for different values of threshold ¢ (see formula )

the smallest integer such that

log(v/|2])
1 > —=—"1—= 4.46
L= log 2 ( )

so that the value of |2!1z| > ~. Using 1} the resulting value is then square-rooted

{1 times to obtain the final answer

fo(2) = [fo(212)) /2", (4.47)

A similar approach can be used for computing the expression fi(z) (4.2)) of orders
k = 1,2,3. For values of z with large or moderate magnitude we can simply use
the formula fi(z) (4.2)), which give accurate results, but for values of z with small

magnitude we use either the identities
fi(2) = 2£1(2)/(fol2) + 1), (1.45)
fal2) = 2(22) = 3 A (2) (4.49)
fo(2) = 443(22) = 31(2)fa(2) = 3 o(2), (4.50)
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f,(2)=(e%1-2-2°2)iz*

Relative Error

FIGURE 4.7: Relative errors of using the Scaling and Squaring Type I algorithm, versus the
values of z, for approximating the expression f3(z) (4.5). The blue line (circles)
uses the identities (4.20)) - , the cyan line (stars) uses the identities (4.23))

- (#25), the green line (diamonds) uses the identities (4.27)), (4.21)) and (4.22)
and the black line (squares) uses the identities (I4.27I), (]4.24[) and (I4.25|).

or

f1(z) = 2£1(22)/(fo(2) + 1), (4.51)
fa(2) = (4f2(22) — f1(2))/(fo(2) + 1), (4.52)
f3(2) = (8f3(22) — %h(z) — fa(2))/(fo(2) +1). (4.53)

The identities - and - are formed by rearranging the
identities - and - respectively.

We start by computing f1(2"12), f2(2"12) and f3(2"2) using the formula fi(2)
for k = 1,2, 3 respectively, which will be accurate, for some [ selected by the
formula , so that the value of [2/1z| > ~, which we choose here to be v = 1.

The identities (4.48)) - (4.50|) or (4.51)) - (4.53)) are then applied /; times to compute

the expression fi(z) (4.2) of orders k = 1,2,3 for the required values of z.
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To examine the effects of using to compute fy(z) = e* on rounding errors,
assume that the function fo(212), for I; selected by the formula , is contam-
inated by some error € in its computation so that the relative error is €/|fo(212)].
Taking the square-root of fo(2"12) I1 times, it follows that using the identity ,

to approximate fy(z) at |z| < 1 has rounding errors with

(fo(212) + 0" — fo(222)* |

relative error ~ 454
fo(2hz)2 ™| (4.54)
Applying the binomial series [4.29) to the relative error (4.54) gives
9—h ol 2=h—1 2
relative error ~ | fo(22) j + O(e )|’
| fo(2h12)27 |
27N

g L kS |21, (4.55)

T 1R@2)] T If@)
which shows that the errors are halved at each scaling and we expect the relative
error to decrease linearly with |z|, by a factor of 211, as |z| is halved [ times.

We may carry out a similar analysis to analyze the rounding errors resulting
from applying the identity
2f1(2z)
fo(z) +1

to compute the function fi(z . ) for the required values of z. To do this, we first

fi(z) =

assume that errors in approximating fo(z) by applying (4.47) are negligible, due to
the result (4.55), and that the exact value of the function fi(2z) is contaminated
by some error €1, with relative error €1/]f1(2z)|. Thus, applying the identity (4.48)

has rounding errors with

| fLappros (2) = fiezaet (2 )I
|flea:act( )’
2f1(22’) + 261 — 2f1 22’ ’/’ 2f1 ‘
fo(2) )+1
€1

[f1(22)]

This shows that there is no amplification of the errors at each scaling and that

relative error =~

Q

Q

(4.56)

the algorithm’s accuracy remains the same. For |z| < 1 and according to (4.7)),
f1(2z) = 1 and the relative error (4.56)) becomes

relative error = €. (4.57)

When applying the above ideas to analyze the rounding errors resulting from

applying the identities (4.49) and (4.48) to compute fa(z) (4.4)), we now assume
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that the errors in applying the identity (4.48|) are negligible, because these errors
are not amplified (not growing) according to (4.57)). Then if the relative error in
approximating f2(2z) is

relative error = ——2— (4.58)

| f2(22)]
for some error €, the relative error in applying the identity fo(z) (4.49)) is

2€9

2f2(22) = 5 f1(2) fu(2)]
As z — 0% and according to (4.7)), f1(2) = 1, f2(22) ~ 1/2, the relative error (4.58)

becomes

relative error ~ (4.59)

relative error = 2es, (4.60)

and (4.59) becomes

relative error = 4e,

which shows that errors are doubled at each scaling and we expect the rel-
ative error to increase linearly, by a factor of 2", as |z| is halved I; times, i.e. the
relative error o« 1/|z|.

As above, we may analyze the rounding errors resulting from applying the iden-
tities - , assuming again that the errors in applying are negligible,
because these errors are not amplified according to (4.57)). If the relative error in

approximating f3(2z) is

relative error = —> (4.61)

| f3(22)]’
for some error €3, then the relative error in applying the identity (4.50) is

463 — 62(f1(Z) + 1)/2
14f3(22) — $ f1(2) f2(2) — 3 f2(2)]

Since the relative error in approximating f3(z) is growing faster by a factor of 2 than

(4.62)

relative error ~

that of approximating f2(z) (due to (4.59) and (4.62])), we assume that the relative

error of approximating f2(z) is small compared to that of approximating f3(z) and

therefore it can be ignored, and so (4.62)) becomes

463

|43(22) = 5 f1(2) fa(2) = 5f2(2)|
As z — 0% and according to (4.7), f1(z) = 1, fa(2) ~ 1/2, f3(2z) ~ 1/6, the relative
error (4.61]) becomes

(4.63)

relative error ~

relative error = 6es, (4.64)
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and (4.63) becomes

relative error ~ 24e3,

which shows that errors are amplified by a factor of 4 at each scaling, and we
expect the relative error to increase by a factor of (21)? as |z| is halved I; times, i.e.
the relative error oc 1/22.

Regarding the test described in and according to figures [4.3] and [4.4] the
Scaling and Squaring algorithm based on the identity performs well overall
when evaluating the simplest expression f1(z) (4.1). But when numerically comput-
ing the relative error (| of applying the identities (4.48)) - to compute the
function f3(z . ) for values of z with small magnitude, we find that the results
are inaccurateﬂ The results of using the algorithm shown in figures and 4
agree well with the above analysis, and thus, for values of z — 0%, the Scaling and

Squaring type II algorithm is not a very stable nor a useful algorithm.

4.2.5 Composite Matrix Algorithm

Although this algorithm is not explicitly given in earlier work, related algorithms
appear in 2], [56] 67, [73]. The algorithm starts with the construction of an (s+ 1) x

(s + 1) matrix with the structure

z 1 000 0
001 00 0
00010 0
Bl = (4.65)
000 0O0 ... 1
000 O0O0...0
If we exponentiate the matrix Blg, the resulting matrix is
e* fi(z) fa(z) f3(2) fa(z) - fs(2)
0 1 1 /2 1/30 - 1/(s—=1)!
0 0 1 1 1/2 -+ 1/(s—2)!
e S (4.66)
0 0 0 0 0 e 1

>Qualitatively similar results are found when using the 1dent1tles Q-D H
zolix)

SQualitatively similar results are found when approximating the function
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which can be verified directly using the Taylor series expansion of the exponential
function. We note in particular that, due to the structure of Bl,, any power of
the matrix Bl, contains as an element the corresponding power of the value z in
the same position where B1, contains z, and therefore, the exponential of z will be
generated in the same position.

To prove the result , we start by exponentiating the matrix Bl

using the Taylor series expansion which gives

>, B1"

Bls __ S

© = E:O n!’
= I+ Bl,+ B12/2!+ B13/31 + B14/41 + .. .. (4.67)

Note that B1? = I and

P anl ZO 0O 0 O 0
0 0 0 100 0
0 0 0 010 0
,ifn <s

0 0 -+ 0 00 0 - T ppi)x(st1)
0 0 0 00 0 0

. 0 0 0 0 0 0 0

B1" =
o =l n—2 .n-3 .n—4 .n-5 2"
, if n > s.

0 0 0 0 0 0 0
0 0 0 0 0 0 0

(4.68)
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Therefore, using (4.68)) we can rewrite (4.67)) as follows

Bl, _

s—1
>
n=0
0
0

0

n—3

o s—1 1 s—1 -2 s—1 R
nl Z n! Z n! n!
1 /10 1/2!
0 1 1/1!
0 0 0
0 0 0
0 0 0
2n S anl ) Zn72 S zn73
nl Z nl Z nl Z nl
n=s n=s n=s
0 0 0
0 0 0
0 0 0
0 0 0
0 0 0

1 1/1! 1/2!
0 1 1/11
0 0 1
n—s+2 S n—s+1 &0 n—s
= n! Z = n! Z = n!
n=s n=s
0 0 0
0 0 0
0 0 0
0 0 0
0 0 0

The first matrix arises from the sum of the terms in the series (4.67) for which n < s

and the second arises from the terms in the sum with n > s. Adding together these

two matrices gives the result of

Bl

o0

n—

R

00

Z’I’L

o
n

=1
1 /1 1/2!
0 1 1/1!
0 0 0
0 0 0
0 0 0

zn—l i Zn—2 i Z’n—3 .
n! ) n! 5 n!
n= n=

[e.°]

2

Zn—s+2

n!

n=s—2

1/(s —3)!
1/(s—4)!

n—s

nis Zn!
1/(s—1)!
1/(s—2)!

O Zn—s-&-l
>
n=s—1

1/(s —2)!
1/(s —3)!

1/1! 1/2!
1 1/1!
0 1

If we consider expanding the expression fi(z) (4.2), & = 1,2,...,s using the

Taylor series expansion as in equation (4.9)), then we have completed the proof of
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(4.66), that is

e* filz) fa(z) fs(z) - fim2(2)  fema(2) fs(2)

0 1  1/1 1/20 o 1/(s—3) 1/(s—2)! 1/(s—1)!

0 0 1 11 e 1s—4) 1/(s—3) 1/(s—2)!
eBls: . . . . . .

o 0 0 0 - 1 1/1! 1/2!

0o 0 0 0 - 0 1 1/11

0 0 0 0 0 0 1

This algorithm evaluates the expression fi(z) (4.2) of orders k = 1,2,...,s,
which are contained in the matrix (4.66) and can be extracted easily, assuming
that we have a reliable function for computing the matrix exponential (such as the
Matlab function expm, which uses a scaling and squaring method combined with
Padé approximation (4.94])) [35], 37, 47, [76]).

This algorithm is very attractive, being very simple and easily programmed.
The approximations of the expressions fi(z) and f3(z) for small positive
values of z, shown in figure [£.3] and for all values z < 0, shown in figure [£.4] are
accurate to within machine precision (qualitatively similar results are found for the
expression fo(z) (4.4)). As the value of positive z increases, the performance of the
algorithm deteriorates, see figure [£.3] This is due to the increase in the norm of the
matrix Bl , which leads to an increase in the number of scalings needed to
approximate the matrix exponential eBls . This scaling and squaring process
amplifies the truncation errors and the rounding errors resulting from the matrix
inversion and the repeated matrix multiplications when using the Padé approxima-
tion, see In fact these errors are doubled at each scaling, as shown in ,
and we expect the relative error to increase linearly as the value of positive z in-
creases (see in the analysis of the rounding errors in using the Scaling and

Squaring algorithm for approximating the exponential function).

4.3 Non-Diagonal Matrix Case

Implementing the ETD methods [I9] as a time discretizing method for a system
of ODEs, where the linear operator is represented by a non-diagonal matrix, re-

quires the computation of matrix functions that involve the matrix exponential.
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As discussed at the start of the chapter, in addition to the difficulties inherent in
computing the matrix exponential itself, accurate evaluation of the matrix functions
can be problematic when the matrix has small eigenvalues. This is a well known
problem in numerical analysis. Various algorithms have been proposed by many
authors [2, 8, 35, 47, 54, 56, 57, 67, 80, [8I], and have been investigated in terms
of their practical efficiency. For example, Schmelzer and Trefethen [69, [70] dis-
cussed the efficient computation of matrix functions. They proposed two methods
for the fast evaluation of these functions building on previous work by Trefethen
and Gutknecht, Minchev, and Lu. The first method is based on computing opti-
mal rational approximations to the matrix functions on the negative real axis using
the Carathéodory-Fejér procedure [85]. The second method is an application
of the Trapezium rule on a Talbot-type contour encircling the eigenvalues of the
matrix.

Computing the matrix exponential alone has also attracted several authors’ at-
tention. For example, Beylkin et al. [9] used the algorithm that is based on scaling
and squaring to approximate a matrix exponential. Also, following an original paper
on this problem [59], Moler and Van Loan [60] recently revisited this problem in
“Nineteen Dubious Ways to Compute the Exponential of a Matrix, Twenty-Five
Years Later”, in which they described recent developments in computing the ex-
ponential of a matrix, and provided some interesting analysis and applications of
some of the algorithms mentioned previously in this chapter. They cautioned that
practical implementations are ‘dubious’ in the sense that implementation of a sole
algorithm might not be entirely reliable for all classes of problems.

To investigate the algorithms’ performance in the non-diagonal matrix case,
we set up a large number of computational experiments on various orders g of

the second-order centered difference differentiation matrix (see §2.2) for the second

derivative,
-2 1 0 00 ... 0 O
1 -2 1 00 ... 0 0
Ms = 0o 1 -2 10 ... 0 O , (4.69)
0O 0 0 OO0 ... 1 =2

(note that if the order of the matrix My (4.69) is g, the scaling of My is such that

it corresponds to the second derivative on an interval of length g + 1).



Chapter 4. Various Algorithms for Evaluating the ETD Coefficients 83

Tests on the Chebyshev differentiation matrix for the second derivative [11, 25,
83, 84] and the second-order centered difference differentiation matrix for the first
derivative are described in §4.4] and respectively.

We use the Matlab function ezpm to approximate the exponential function e

of a matrix M, and the function inv to find (AtM)~!, and 50 digit arithmetic to

approximate the exact values of the expressions

eAtM -7
F(AIM) = —r (4.70)
eAM T AtM
fo(AtM) = (A2 , (4.71)
and
AtM 1 o 2
Fy(ALM) = e I — AtM — (AtM)?/2 (4.72)

(AtM)3 ’
where [ is the ¢ x ¢ identity matrix and At is the time step, that are required for
the ETD1 (3.14) and the ETD2 methods, respectively, in the matrix case.
For the ETD3 and higher order methods (also the ETD-RK methods), the

coefficients are really a combination of the expression

eAM _ GL(AtM)

fe(AtM) = (AL , k=12 ...,s, (4.73)
where 1
- J
Gr(AtM) = M, (4.74)
— J!
j:

is the first k terms in the Taylor series approximation to the exponential function
fo(AtM) = 2™ and (AtM)Y = I. These coefficients can be evaluated using the
algorithms (to be explained later in this section), in a manner similar to evaluating
the expression fi(AtM) , k=1,2,...,s by those algorithms.

The definition of the 2—norm of a matrix [7§]

HAtM.’L‘HQ

|AtM |}y = mag 1222
[l

where z € R = R7\{0}, is equivalent to the formula

IAEM 12 = \/ Gras (AEM)T (ALM)), (4.75)

(the square root of the maximum eigenvalue (q, of the matrix multiplied by its
transpose). Formula (4.75]) are used in our experiments to find the numerical rela-
tive errors of using each algorithm to approximate the expression f(AtM)
, k = 1,2,3 for large and small values of the time step At. In figure we
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present only the results of our experiments for the expressions fo(AtMs) and
f3(AtMo) in the 40 x 40 matrix case, since those for the expression fi(AtMs)
are qualitatively similar. The size of the matrix used is limited not by the time
used by the algorithms but by the much greater time needed to obtain the ‘exact’
50-digit results. Results for smaller and larger matrices are qualitatively similar.
Note that figure [£.§ also shows the errors for the use of the explicit formulas; in the
matrix case this means simply evaluating the formulas fo(AtMs) and f35(AtMs) us-
ing the Matlab commands expm and inv with standard double precision (16 digits)
arithmetic (the function ezpm uses a scaling and squaring method combined with

Padé approximation (4.94) [35l 37, 47, [76], and therefore is not quite explicit).

4.3.1 Taylor Series

The approximation

(AtM)? N (AtM)3 - (AtM)™

AtMN ..  —
e ~ 1+ AtM + 51 T T

where [ is the ¢ X ¢ identity matrix, for some integer m may be used to approximate
the exponential in the expression fi(AtM) (4.73)), so that

" (AtM)IE

fe(AtM) = i

. k=123, (4.76)
j=k

where (AtM)? = I. However, it is well known that although in principle this series
is convergent, in practice the algorithm is very inaccurate when ||AtM|| is large
(see, for example [60]).

The 30-term Taylor series algorithm is one of the easiest algorithms to implement
in the matrix case. However, as expected, it does not perform very well for large
values of At, as is indicated in figure[4.8] The problem in using the Taylor expansion
directly is that it results in a loss of accuracy, because some of the eigenvalues of
the ¢ x ¢ matrix AtMs are negative and much less than —1 for large values of At.
Therefore the problem of cancellation reappears (see . The eigenvalues A; of
the matrix AtMsy (4.69) can be derived analytically (see [43]) in the form

g .
Ai=(—-242cos | —— | | At, =1,---,q,
’ < <q+1>> ’ !

so the eigenvalue of largest magnitude is A, = —4At and the smallest is A\ ~

—m2At/(q +1)% = —0.0059At for ¢ = 40.
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FIGURE 4.8: Relative errors in fo(AtMs) 1' and f3(AtMs) 1' versus the values of At
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in the 40 x 40 matrix case. The algorithms are: Explicit Formula (red stars),

30-term Taylor series (blue circles), the Cauchy Integral Formula (magenta

circles), Scaling and Squaring Type I based on the identities (4.20) - (4.22)

(black stars), Composite Matrix (cyan diamonds) and Matrix Decomposition

(green squares).
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Figurealso shows that, for small values of At, the explicit formulas fi(AtMa)
(4.73), k = 2,3 are inaccurate (qualitatively similar results are found for formula
f1(AtMs) (4.70)) due to the cancellation errors arising from the small eigenvalues
that are close to zero. For large values of At, the norm of the matrix AtMs (4.69)
gets larger, and as already noted, the computation of the matrix exponential 22
in the explicit formula, depends on the Matlab function expm, which is based on
the Scaling and Squaring algorithm combined with Padé approximation . In
this case, the algorithm also yields inaccurate results due to the increase in the
number of scalings needed to approximate the matrix exponential e®*2. Each
scaling doubles the errors due to cancellation, truncation and rounding, resulting
from the matrix inversion and the repeated matrix multiplications when using the
Padé approximation. The analysis of the rounding errors in using the Scaling and
Squaring algorithm for approximating the exponential function (see also formula
(4.30])) is explained in §4.2.3

In the matrix case, there is a large range of values of At for which both the
explicit formulas and the Taylor series algorithm are inaccurate, so we cannot simply

switch between the two algorithms in this case as we proposed in the scalar case in

2.1

4.3.2 the Cauchy Integral Formula

A less well known Cauchy integral formula is the matrix form

FAtM) = /F TIf_(Z)thT, (@.77)

2

where f is an analytic function of the matrix AtM, I is the ¢ X ¢ identity matrix
and the contour I is sufficiently large to enclose all the eigenvalues of the matrix
AtM (see [32], 44, 45]). Formula is an analogous to the formula (4.11]), for
the scalar case, presented in

Suitable contours I' may vary from one problem to another. For example, ellipti-
cal contours were investigated by Kassam and Trefethen [44] [45] and Livermore
[53]. The ellipse is centered at some point zy = g + iyo in the complex plane and
has a semi major axis a and a semi minor axis b and can be expressed parametrically
as

T(0) =zp+acosf +ibsinf, 0<6 <27,
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Plugging this into the Cauchy integral formula (4.77)) and employing the periodic
Trapezium Rule (4.14) to approximate the integral we obtain the formula for an

elliptical contour,

N
f(AtM) =~ %Z(b cos0; + iasin 0;)(T(0;)I — AtM) 1 £(T(6;)), (4.78)
j=1

where T'(6;) = 20+ acosf; +ibsiné;, ; = 2mj/N are N points along the bounding
ellipse.

The simplest choice of the contour I' is a circle with radius R centered at some
point zp on the real line. By making the substitution d7'(0) = Ty(6)df, where
T(0) = 2o + Re® : 0 < § < 2, the Cauchy integral becomes

1 [*™ f(zo+ Re")

fAtM) = o— ; m}zz‘ewda
= % 2W(T(e) — 20)(T(0)T — AtM) ™ £(T(6))d6. (4.79)

Employing the periodic Trapezium Rule (4.14) to approximate the integral
on the right-hand side of (4.79)), we obtain the corresponding formula proposed by

Kassam and Trefethen [44] [45] for a circular contour

f(AtM) Z — 20)(T(0;)T — AtM) ™1 f(T'(6)), (4.80)

where T'(0;) = 2o + Re'%, 0; = 2% are the NV points around the circumference of
the circle centered at zg.

To approximate the function fx(AtM),k = 1,2,...,s (required for the ETD
methods of order s) with this algorithm, we simply evaluate the scalar function
fe(z) .2), k = 1,2,...,s respectively at a set of N points T(6;) = zp + Re'i in
the complex plane, and then apply

Fre(AtM) Z — 20)(T(0,)T — AtM) ™! (T (0;)). (4.81)

Our experience shows that many different choices of the contour work well, so long
as one is careful to ensure that none of the points on the contour are close to or at
the origin (otherwise the original problem of rounding errors reappears), and that
all the eigenvalues of the matrix AtM are indeed enclosed by I'

However, formula shows that, in order to do this, we need to work out
N matrix inverses (T'(0;)I — AtM)~!, and this consequently restricts the good per-

formance of the algorithm to matrices of moderate norm. This is because of the
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approximation of the integral for matrices with large norm (the spread of the
eigenvalues increases) via the circular contour algorithm , requires us to en-
large the circle so that it encloses all the eigenvalues of the matrices. Consequently
we must increase the number N of points around the circle required to give accurate
results. We therefore also increase the amount of work required for computing the
large number N of matrix inverses (one for each point on the discretized circle).
This adds a disadvantage in terms of the high cost in computer time (see .

In addition to the difficulties mentioned above, the eigenvalues (if not already
known) must be computed beforehand — or at least, the eigenvalue of largest absolute
value must be determined — in order to choose a suitable integration contour (for the
matrices we consider, the eigenvalues are already known). Some of these difficulties
were also noted by Livermore [53]. However, Kassam and Trefethen [44, [45]
recommended that, if the functions that we want to calculate are real, we can
halve the amount of work by exploiting the +¢ symmetry of the algorithm
and evaluate in equally spaced points on the upper half of a circle centered on the
real axis, then take the real part of the results. Also, Schmelzer and Trefethen
[69, [70] had a new perspective on contour integrals that improves some of these
difficulties. The authors have shown that the function fip(AtM),k = 1,2,...,s
can be evaluated efficiently using a Hankel contour and a different form of the
integral . Rather than working with circles and ellipses as contours, they
enclosed the eigenvalues by open contours winding around the negative real line.
The authors claimed that the use of Hankel contours in the Cauchy integral avoids
the expensive computation of eigenvalues to estimate the shape of an enclosing
contour, and overcomes the algebraic decay of the functions in the left half-plane
which makes this approach flexible and efficient. Unfortunately, we received this
information too late to incorporate it in our experiments.

In our experiments, we take the contour to be a circle centered at half the
minimum eigenvalue (\p,;,,) of the matrix AtMy (4.69)) (the eigenvalues of the matrix

AtMj are on the negative real axis), and sampled at 128 equally spaced points in

(4.81)). The radius

is varying for each value of At to ensure that the circular contour encloses all the
eigenvalues of the matrix AtMs and does not pass too close to any. The above

choice of R was found to be suitable for values of At > 0.6, but less accurate for
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small values of At. An interesting observation from our practical experiments is
that the algorithm is sensitive to the choices of the center and the radius of the
circular contour relative to the range of the eigenvalues of the matrix AtMs. For
values of At < 0.6 the contour is a circle centered at the minimum eigenvalue (Apip)

of the matrix AtMs sampled at 128 equally spaced points. The radius in this case
R= *)\min + ]-7

also varies for each value of At to ensure that the circular contour encloses all the
eigenvalues of the matrix AtMs and that the algorithm yields the desired error
levels.

Regarding the test described in we find that, when computing the numerical
relative errors of using this algorithm to approximate the expression fj(AtMs)
, k = 2,3 for matrix size ¢ = 40 and small values of At, the algorithm
performs very well and the results are very satisfactory, see figure (qualitatively
similar results are found for formula f;(AtMs) (4.70)). However, this algorithm
is slightly less accurate than the Scaling and Squaring algorithm type I and the
Composite Matrix algorithm (to be described in and respectively), and
the deficiency of its performance is particularly pronounced for large values of At.
As is apparent in figure [4.8] there is a sharp increase of the relative errors, due to
enlarging the circular contour to enclose all the eigenvalues of the matrix AtMos,
without increasing the number N of points around the circle (more than 128 points
are needed to give accurate results; in fact 512 points are needed for At = 100).

The form of this error is analyzed in the following section.

4.3.3 Varying the Radius of the Circular Contour

To investigate the effects of varying the circular contour radius, we set up two
experiments, one for the scalar case and one for the matrix. For the first, we use
the Cauchy integral algorithm to compute the scalar expression f(2) of
orders k = 1,2,3 for a fixed number of points N = 32 and a fixed value of z = 107!
(the circle center). We start with a radius R = 1 and work up to a radius R = 20. In
figure we plot the relative errors for each value of the radius R, where the
‘exact’ values of these expressions were calculated using 50 digit arithmetic. With
increasing the radius R for a fixed number of discretization points N, we observe

the huge growth of the errors.
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Relative Error

radius

FIGURE 4.9: Relative errors of using the Cauchy integral formula , for z =10~! and
fixed number of points N = 32, versus the contour radius R, for approximating
in the scalar case, the expressions: fi(z) (4.1) (blue diamonds), fo(z) (4.4)
(black circles) and f3(z) (4.5) (red squares). The estimated error lines are F;

(4.86) (cyan), Es 1) (green) and E3 1) (magenta).

For the second experiment, we use the matrix Cauchy integral formula (4.81)) to
compute the expression fi,(AtM;) [1.73), k = 1,2,3 and ¢ = 40, for a fixed number
of points NV = 32 and fixed value of At = 0.25, with the circle centered at zero. We
again start with a radius R = 1 and work up to a radius R = 20. In figure [4.10]
we plot the relative errors , using the 2—norm of a matrix in Matlab
code for each value of the radius. As usual, the ‘exact’ values of these expressions
were calculated using 50 digit arithmetic. The experiment shows that changing the
radius R of the contour for a fixed number of discretization points /N has a dramatic
effect on the errors. Firstly, if we decrease the radius R so that it is too small
to enclose all the eigenvalues of the matrix, we see the huge growth of the errors.
Secondly, when the radius R is just enough to enclose all the matrix eigenvalues, the

errors are minimized and the accuracy is good. Thirdly, with increasing the radius
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R far beyond the eigenvalue with maximum absolute value, we see the errors grow
unboundedly again, in the same way as in the scalar case.

We can explain this increase in the error of the algorithm with R by an exami-
nation of the leading error term in the periodic Trapezium rule

Lo _2mj

N
1
— P ~ — P(6; ; 4.82
5 | PO Nj}:; 05, 0= (4.82)

P(6) is a periodic function of 0, so it can be written as a Fourier series
0 .
P(9) = Z ane™.
n=0

Plugging this into and interchanging the order of summation, we have
1 L= 1 XML
N Z Z ane™i = N Z an, Z e2mimi/N . (4.83)
j=1n=0 n=0 j=1
The second summation in the last expression above is simply the sum of the NV roots
of unity. This is zero in general, unless the exponent n is an integer multiple K of

N, ie. n = NK. Therefore, the periodic Trapezium rule (4.83)) gives us

1
N(Nao—l—NaN—l—NagN—l—---). (484)

Equivalently, in terms of aliasing errors [84], with N points we cannot distinguish
between the constant function 1 and the functions (e2™"/N pn = NK), since these
functions are 1 at all mesh points ¢;. In addition, because of the exponential decay
[79] of the Fourier coefficients, we deduce that the coefficient asy is much less than
ay. Therefore, since the true value in the periodic Trapezium rule (4.84) is ag, the
leading error term is just ay and the relative leading error term is |ay/aol.

We use this theory to estimate the error when using the Cauchy integral formula
to approximate the scalar expression fi(2) with a fixed number of points IV,
while increasing the contour radius K. We have

0
ezelte” — 1

0\ __
filz + e = 2z + Ret? 7

(4.85)

and if we assume that |z| < R, we can neglect z and write the right-hand side of

(4.85)) as a Fourier series
14+ Re®? /2! + R2¥0 /31 ... + RNNO /(N 4 1)1 4 -+

Hence the estimated leading relative error in the trapezium rule, |ay/agl, is the

coefficient of eV, which is

Ey=RY/(N +1). (4.86)
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FIGURE 4.10: Relative errors of using the Cauchy integral formula , for At =
0.25, ¢ = 40 and fixed number of points N = 32, versus the contour radius
R, for approximating in the matrix case, the expressions: f1(AtMs) (4.70)
(blue diamonds), fo(AtMs) (4.71) (black circles) and f3(AtMs) (4.72)) (red
squares). The estimated error lines are 4 (cyan), Ea (green)

and Fs || (magenta).

Similar calculations can be made for the expression fi(z) (4.2) of orders k = 2,3,

and the leading relative errors for these cases are found to be
Ey =2RN /(N +2)!, (4.87)

and

E3 =6RY /(N +3)!, (4.88)

respectively.

Figure shows that the theoretically estimated errors E; (4.86)), Eo (4.87) and
Es (4.88]) agree very well with the numerical relative errors of using the Cauchy

integral algorithm (4.16)) for approximating the expression fx(z) (4.2]) of orders k =

1,2, 3 respectively, for large radius R at fixed values of discretization points V.
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On the other hand, applying the same theory to estimate the error when using
the Cauchy integral formula to approximate the expression fi,(AtM), k=1,2,...,s
in the matrix case is cumbersome, though our numerical experiments show
that the above analysis and results hold. Figure shows that the theoretically
estimated errors E1, Fs and E3 agree very well with the numerical relative errors
of using the Cauchy integral algorithm for approximating the expressions
f1(AtMy) (A.70), fo(AtMs) and f3(AtMs)(4.72)) respectively.

In a third experiment, we found that two criteria need to be met for the error
formulas F; (4.86)), Fo (4.87) and E3 (4.88)) to agree accurately with the numerical
relative errors of using the Cauchy integral algorithm (4.16)) for approximating the

expressionsﬂ
1. In the scalar case |z] < 1 and |z| < R,

2. The center of the circular contour, in the non-diagonal matrix case, should be

Zero.

If one of the criteria is breached, the theoretically estimated errors E;, Fo and FEj
will not agree with the numerical relative errors of using the Cauchy integral algo-
rithm for approximating the expression fi(z), for large radius R at fixed values of
discretization points N. Figure shows a case of testing the Cauchy integral for-
mula for computing f1(AtMs) [A.70), fo(AtMs) and f3(AtMs) (4.72)
with ¢ = 40, for a fixed number of points N = 128 and fixed value of At = 10. Here
the circular contour is centered at half the minimum eigenvalue (A,ip) of the matrix
AtM, . In the plot, we can see that the estimated error lines F; , FEs
and Fjs do not agree with the numerical relative errors for each value
of the radius, ranging from R = —M%'" +1lupto R= _Ame + 60.

Our error formulas can be used to determine the value of the radius R at which
the algorithm becomes inaccurate for a given value of N. More usefully, for larger
values of the radius R, we can also estimate the number of points N required to
achieve a relative error of some chosen tolerance ¢, in terms of the radius R and e.
For large integers N, we use Stirling’s formula [I]

N

N
N!'=V2rN—
s eN,

"These criteria are not required for the accuracy of the Cauchy integral algorithm when approx-

imating the expressions.
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FI1GURE 4.11: Relative errors of using the Cauchy integral formula , for At =10, ¢ =
40 and fixed number of points N = 128, versus the contour radius R, for ap-
proximating in the matrix case, the expressions: f1(AtMs) (4.70) (blue dia-
monds), fa(AtMs) (4.71) (black circles) and f3(AtMz) (4.72) (red squares).

The estimated error lines are E; (4.86) (cyan), Eo (4.87) (green) and Ej
(4.88) (magenta).

to approximate (N + 1)!, in the formula E; = RV /(N + 1)! (4.86)), so that

RN = eV2r(N + 1)N+%e_(N+1),

Nlog R = log e + log V2 + <N+ g) [logN+log (1 + %)] — (N +1)(4.89)

12

Applying the series expansion to the logarithmic function

o1+ 1) =3 0 (1) < Lo k)

Jj=1

ap
N Y

and substituting in (4.89)), ignoring the terms of O(1/N), since they are small com-

pared to our assumption that R and N are large gives us

NlogR&log6+log\/27r+(N—Fg)logN—N. (4.90)
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Equating the largest terms in leads to
log R ~log N = R =~ ¢y,
for some constant cg. If we substitute this result in we obtain
Nlogco’éloge%—log\/ﬂ%—glogN—N, (4.91)
and again equating large terms leads us to
logeg = —1 = N =~ eR.
Now set

N=~eR+e, e<eR, (4.92)

so that the added e term provides a more accurate approximation. If we again

substitute in (4.90)), we get

3
(eR+¢)log R = loge + log V21 + <€R+€+§) [logeR%—log(l%—%)

- (€R+€)a

and applying again the series expansion to the logarithmic function in the equation

above gives

3 2
(eR+¢)log R = loge + log v2m + (6R+€+ 7> [1 +log R + S O<i> }
2 eR eR
— (eR+¢),
3 3
0 = loge+logV2r + ¢+ 3 + §logR7
3 3
e = —loge —logv2m — 3~ ilogR.
Substituting the last result for € in (4.92)) leads to the approximate condition
3 3
N = eR —loge — log vV2m — 5~ §logR,

for the error E; to be of order €, assuming that the radius R is large.

4.3.4 Scaling and Squaring Algorithm: Type I

In the non-diagonal matrix case, we use a 30-term Taylor series, as explained in

§4.3.1} to compute the expression fi(AtMs) (4.73), k = 1,2, 3 if the largest absolute
eigenvalue \p,q, of the matrix AtMs (4.69) is less than some threshold value 0. If

not, we use the following Scaling and Squaring algorithm.
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FIGURE 4.12: Relative errors of using the Scaling and Squaring Type I algorithm based on
the identities (4.20) - (4.22)), versus the values of At, for approximating the
expression f3(AtMs) (4.72)) for ¢ = 40, for different values of threshold ¢;

(see formula )

In a manner similar to the scalar case discussed in §4.2.3] we first use a 30-term
Taylor series to compute f1(272AtMy), fo(2 2 AtMs) and f3(27"2 AtM,), for some
l2 chosen to be the smallest integer such that

log(Amax/él)

lo >
2 log 2

: (4.93)

so that the largest absolute eigenvalue of the matrix 2-2A¢My, is less than the
threshold 471, which we choose to be §; = 1 in our experiments. We then proceed by
using the identities (4.20]) - (4.22) or (4.23) - (4.25]), or (4.27)) and either the identities
(4.21)) - (4.22) or (4.24) - (4.25)), I times to compute the expression fi(AtM2) (4.73),

k = 1,2, 3 to obtain the final answer. Note that as for the Cauchy integral algorithm,
the Scaling and Squaring algorithm requires the knowledge of the eigenvalue of
largest magnitude.

Regarding the test described in §4.3] we find that the Scaling and Squaring
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FIGURE 4.13: Relative errors of using the Scaling and Squaring Type I algorithm, versus the
values of At, for approximating the expression f3(AtMa) for ¢ = 40.
The blue line (circles) uses the identities - ([422), the cyan line (stars)
uses the identities - (4.25), the green line (diamonds) uses the identities
(4.27), (4.21) and (4.22), and the black line (squares) uses the identities
(]4.27]), q4.24|) and (]4.25[).

algorithm based on the identities - is very good in the non-diagonal
matrix case, being the most accurate for approximating the expression fi(AtMs)
, k = 2,3 for matrix size ¢ = 40, for small values of At, as displayed in figure
(the same holds qualitatively for the expression fi(AtMs) (4.70])). The reasons
for favoring this algorithm are that it is accurate and efficient for both diagonal
and non-diagonal matrix problems (for small values of At), compared with the
other algorithms. The accuracy depends on the norm of the matrix AtMs ,
however. As the value of At increases, the norm of the matrix increases. Therefore,
more scaling operations are needed, leading to an amplification of the cancellation
errors and the rounding errors resulting in the repeated matrix multiplication when

using the Taylor expansion. In fact these errors are doubled at each scaling, and we
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expect the relative error to increase linearly as the value of At increases (in fact,
the simple arguments for the scalar case in about how errors do not grow for
z < —1, cannot be applied directly to the matrix case).

In further tests, we compute the relative errors of using the Scaling and Squaring
algorithm, based on the relations - or (4.23) - (4.25), or (4.27) and
either the identities (4.21)) - (4.22)) or (4.24) - (4.25)), to approximate the expression
fr(AtMy) , k = 1,2,3, for different choices of the threshold values §; =
0.5,1,2. We find, firstly, that any choice of the threshold values d; < 3 is desirable.

Figure illustrates the relative errors of using the algorithm based on (4.20)
- for approximating f3(AtMa) with ¢ = 40, demonstrating that the
accuracies of the algorithm for the threshold values §; = 0.5, 1, 2 are more acceptable
than that for the threshold 6; = 3. In addition, we find that there is a direct relation
between larger values of the threshold and the number of terms used in the Taylor
series combined with the algorithm. As the value of the threshold gets larger, it
is necessary to increase the number of terms in the Taylor series to maintain the
efficiency of the algorithm.

Secondly, we find that a similar level of accuracy is achieved when computing the
relative errors for both families of the Scaling and Squaring formulas -
and - for approximating the expression fi(AtMsy) (4.73), k = 1,2, 3.
However, these errors are found to be larger than those resulting from using the
identities , and . These last formulas have turned out to be
the most accurate out of all other formulas tested in this chapter and have the
property that we need never compute a matrix exponential (the analysis, see
in using the Scaling and Squaring algorithm type I, shows that there are rounding

errors (4.30) in applying the identity (4.19) to approximate a matrix exponential.

However, our analysis also shows that these errors have no effect on the Scaling
and Squaring algorithm type I based on , and , since they do not
involve computing a matrix exponential to approximate the expression f(AtMs)
for z < —1 in the scalar case. And hence, they have shown the best accuracy).

Figure provides numerical evidence of the algorithms’ validity when using

the identities (4.27)), (4.21) and (4.22)) for approximating the expression f3(AtMa)
(4.72)), for matrix size ¢ = 40, and a threshold value §; = 1, and also illustrates no

significant differences between the errors for the two different forms of the scaling

identities (4.20) - (4.22)) and (4.23) - (4.25). However, the relative errors of using
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all the Scaling and Squaring formulas, except the formulas (4.27)), (4.21)) and (4.22)),

are seen to increase significantly as At increasesﬂ This is due to the increase in
the number of scalings needed (due to the increase in the norm of the matrix AtM,
(4.69))) to approximate the expression f3(AtMs). This process doubles (see formula
(4.30)), at each scaling, the cancellation errors and the rounding errors resulting
in the repeated matrix multiplication when using the Taylor expansion, and we
expect the relative error to increase linearly as the value of At increases (the simple
arguments for the scalar case in about how errors do not grow for z < —1,
cannot be applied directly to the matrix case). This leads us to the conclusion
that, the smaller the norm of the matrix, the fewer the number of required matrix
squarings, and the smaller the errors.

A similar conclusion was arrived at by Higham [35] who gave a new rounding
error analysis that shows that the computed Padé approximant of the scaled matrix,
for computing the matrix exponential, is highly accurate owing to the fact that it

requires fewer matrix squarings.

4.3.5 Padé Approximation and the Taylor Series

It is more common in the literature (especially in the matrix case) to use a Padé
approximation [35, 37, 47, [76] rather than Taylor series. The (n,m) Padé approxi-

mation to the exponential function e2*™ is defined by
Trm (AtM ) = Uy (AEM) /W (AEM ), (4.94)

where Upp (AtM) and Wy, (AtM) are polynomials of degrees at most n and m

respectively, both defined as follows

n

B (n+m—j)n!
Upim (AtM) = ;) CESIICET S(AtM ), (4.95)
and .
W (AEM) Z (n+m — j)m! (—AtMY. (4.96)

(n+m)ljl(m —j)!

8We also test formulas , and , with different values of the threshold 4, in
approximating the function fr(A¢tM) , k = 1,2, 3, for different matrix sizes g of the Chebyshev
differentiation matrix for the second derivative [11 25| [83] [84] and of the second-order centered
difference differentiation matrix AtM; for the first derivative (results are not shown). Our
tests show that these formulas are the most accurate ones out of all identities used in this chapter,

and that errors are seen not to increase as At increases. This confirms our analysis in
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_ At
fo(AtM,) = e,
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FIGURE 4.14: Relative errors of using the 16-term Taylor expansion (blue line) and the (8, 8)
Padé approximation (green line) versus the values of At, for approximating

the function fo(AtMsy) = eA*Mz for matrix size ¢ = 20.

Nonsingular behavior of W,,,, (At M) (4.96) is assured if the eigenvalues of the matrix
AtM are negative [60]. The order of the approximation is equal to the sum of the
degrees of the numerator and the denominator, which matches the Taylor series
expansion up to order n + m.

The function fi(AtM) can be approximated accurately using the Padé
approximation near the origin i.e. when the norm of the matrix AtM is not
too large. Moreover, the diagonal Padé approximation, which uses equal degree
in the numerator and the denominator is, in general, more accurate and compu-
tationally economical for a matrix argument than the off-diagonal approximation.
However, we favor the Taylor series combined with the Scaling and Squaring algo-
rithm type I over the Padé approximation, for three reasons. Firstly, we find that
the Padé approximations lead to rounding errors roughly double those of the Taylor
series, which is significant in view of the amplification of these errors caused by the

scaling and squaring process, discussed in §4.2.3| For large m, W, (AtM) (4.96)
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approaches the series for e 2M/2 whereas U (AtM) tends to the series
for e2M/2 Hence, cancellation error can reduce the accuracy. This is illustrated in
figure where we plot the relative errors of using the 16-term Taylor expansion
and the (8,8) Padé approximation to the exponential function fo(AtMy) = e~tM2)
of the matrix My (4.69) of order ¢ = 20, versus the values of At. The exact values
of the exponential function e®*™2 are approximated using the Matlab code expm
and 50 digit arithmetic. Secondly, in addition to the cancellation problem, the
Padé approximation requires a more expensive matrix inversion. The denomina-
tor matrix Wi, (AtM) may be very poorly conditioned with respect to inversion,
and this is particularly true when the matrix AtM has widely spread eigenvalues
[60]. Thirdly, it is possible to keep the number of matrix multiplications reasonably
small because of the relation Uy, (AtM) = Wi, (—AtM), which reflects the prop-

MM — =AM " and by using the Paterson-Stockmeyer [64] algorithm (this

erty 1/e
algorithm minimizes the number of matrix multiplications in an efficient way, by
grouping the terms together and using the partitioning within a matrix polynomial;
see [86] for more detail). However, we find that, when the Paterson-Stockmeyer
algorithm is used, the (n,n) Padé approximation for a general function requires a
number of matrix multiplications that scales as 2v/2n, which is exactly the same as
for the corresponding Taylor series of degree 2n.

To sum up, for the reasons mentioned above (the Padé approximation is less
accurate than the Taylor series and requires a matrix inversion), we favor the Tay-

lor series combined with the Scaling and Squaring algorithm type I in all of our

experiments.

4.3.6 Composite Matrix Algorithm

Analogous to the scalar case (see §4.2.5)), we now consider the ((s+1)q) x ((s+1)q)

composite matrix

ANtM I 0 0 0 ... 0
0 0171200 0
0O 0070 ...0
e e (4.97)
0 0000 I

()
(=)
o
o
()
()



Chapter 4. Various Algorithms for Evaluating the ETD Coefficients 102

where ¢ is the order of the matrix AtM, 0 is the ¢ X g zero matrix and [ is the g x ¢

identity matrix. If we exponentiate the matrix Bg, the resulting matrix

A fI(AEM) - f2(AtM) - f3(AtM) - fa(AtM) ... fs(AtM)
0 I I 1/2 /3 o I)(s—1)!
. 0 0 I I 12 e Ij(s—2)
e’ = ,
0 0 0 0 0 I
(4.98)

returns the coefficient fi(AtM) , k=1,2,...,s, required by the ETD methods
of order s, which can again be extracted easily. The proof of the resulting matrix
is essentially the same as in the scalar case (see , which uses the Taylor
series expansion of the exponential function. We note in particular that, due to the
structure of the matrix By, any power of the matrix Bs contains as a sub-matrix
the corresponding power of the matrix AtM in the same position where B, contains
AtM, and therefore, the exponential of the matrix AtM will be generated in the
same position.

This algorithm is implemented using the Matlab function expm to approximate
the exponential e?s , and has the advantage of being one of the simplest of all
the algorithms to code. Figure shows that, when computing the relative error
of using this algorithm for approximating the expression fi(AtM>) ,
k = 2,3 of matrix size ¢ = 40 for small values of At, the results are very satisfactory
(the same holds qualitatively for the expression fi(AtMsy) (4.70)). As the value
of At increases, the norm of the matrix By also increases. Therefore more
scaling operations are neededﬂ7 leading to an amplification of the cancellation errors
and the rounding errors resulting from the matrix inversion and the repeated matrix
multiplications when using the Padé approximation, see and to an increase
in the computational expense. In fact, referring to formula , these errors are
doubled at each scaling and we expect the relative error to increase linearly as the
value of At increases (see in the analysis of the rounding errors in using
the Scaling and Squaring algorithm for approximating the exponential function).

In addition, the algorithm uses a much larger matrix than the other algorithms,

9As already noted, the Matlab code ezpm uses a scaling and squaring method combined with

Padé approximation ll 135, 37, [47, [76].
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because the order of the matrix B (4.97)) is (s + 1) times that of the matrix AtMo
(4.69)). This also leads to a significant increase in the computational effort that slows
the algorithm (see §4.6)).

4.3.7 Matrix Decomposition Algorithm

One class of efficient algorithms for problems involving large matrices and evaluation

AtM

of the exponential e is based on factorizations or decompositions [60] of the

matrix AtM.

Such matrix decompositions are based on transformations of the form
AtM =VDV L,
and the power series definition of e2*™ then implies
MM — Py -1,

The idea is to find a matrix V for which e” is easy to compute. This provides
a useful algorithm in the case where matrices can be diagonalized. The simplest
approach [60] is to take V' to be the matrix whose columns are the eigenvectors of
the matrix AtM, that is
V=[] o)

and

AtM’Uj:CjUj, jzl,...,q,

where (; are the eigenvalues of the matrix AtM of order q. These ¢ equations can
be written

AtMV = VD,

where D = diag((i, ..., (y). The exponential of the diagonal matrix D can be found

easily, since it only requires computing the exponential of a scalar
eP = diag(e®,. .., e%).

Using the above considerations, we can write the expression fi(AtM) (4.73)),
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k=1,2,...,s as follows:
aor N (AtMY
Sty = (A0 =37 IZEE0Y A,
=0 7
1N—k Dt —1 — (VDv—1)
— (VDVY (Ve v —Zf)
=0
k—1
— ypkePy-t VDDV kD]V :
J:
-1 DJ
- VD_k(eD— —)V‘
— 5!
J=0
= VD)WV L (4.99)

Here, we have simplified the evaluation of a function of a non-diagonal matrix ex-
ponential to that of a diagonal matrix exponential D, whose elements are the eigen-
values (j, j =1,...,q of the matrix AtM.

In our numerical experiments, firstly, we use the command [V, D] = eig (AtMa),
in Matlab code, for matrix size ¢ = 40, to produce a diagonal matrix D whose
elements on the main diagonal are the eigenvalues A\;, j = 1,2,...,q of the matrix,
and another matrix V whose columns are the corresponding ¢ eigenvectors. Then,
we use the Taylor expansion with 30 terms, as described in to approximate
the exponentials e%, j = 1,...,q in fi(D - k =1,2,3 for those eigenvalues
satisfying |A\;| < 1, and the explicit formula fi(2) of orders k = 1,2,3 re-
spectively for those eigenvalues satisfying |A;| > 1. Finally, we compute the matrix
inverse of the matrix V', using the command inv in Matlab code, then apply
to approximate the expression fi(AtM>) , k =1,2,3 and find the numerical
relative errors of using this algorithm.

According to figure this algorithm is remarkable when we compare its ac-
curacy with that of the explicit formula fi(AtMs) , k = 2,3, over all, and
with that of the Taylor series and the Cauchy integral formula for large values of
At. However, it is less accurate than the Cauchy integral formula, the Scaling and
Squaring type I algorithm, and the Composite Matrix algorithm for small values of
At (qualitatively similar results are found for the formula fi(AtMs) (4.71))).

The theoretical difficulty with this algorithm obviously occurs when a matrix
does not have a complete set of linearly independent eigenvectors. In this case
there is no invertible matrix of eigenvectors V', and the algorithm in the conven-

tional eigenvector approach breaks down (a more general Schur decomposition can
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be used in this case [50]).

4.4 Chebyshev Spectral Differentiation Matrices

In this section, we carry out some tests on Chebyshev spectral differentiation ma-
trices [1I, 25, 83, [84]. The formulas for the entries of the (@ + 1) x (Q + 1)
Chebyshev differentiation matrix for the first derivative on the Chebyshev points
zj = cos(jm/Q), 7 = 0,1,...,Q, = € [—1,1] are given in [84]. To compute the
Chebyshev differentiation matrix M, for the second derivative with Dirichlet bound-
ary conditions, we square the Chebyshev matrix for the first derivative and then strip
the first and last rows and columns to obtain a matrix M, of order ¢ = () — 1. These
rows and columns have no effect, since the rows are multiplied by zero and the
columns are ignored. Note that these matrices are dense and have widely-spread
eigenvalues.

In order to compare the results for the Chebyshev matrix M. with those of
our earlier experiments on the finite difference matrix My , we re-scale M, so
that it applies to an interval of arbitrary length ¢ + 1 = @ (this ensures that its
eigenvalues of small magnitude are almost identical to those of M5). Thus we work
with the matrix Mc = 4M,./Q?, for the second derivative, of order ¢ = @ — 1 = 40.

We again use the Matlab function ezpm, to approximate the exponential function
eAtMo | the function inv to find (AtMc)~!, 50 digit arithmetic to approximate the
exact values of the expression

eAMMo _ [ — AtMe — (AtM¢)?/2
(AtMc)?’ ’

f3(AtMc) = (4.100)

and we use the 2—norm of a matrix, given by , to find the numerical rela-
tive errors of using each algorithm to approximate the expression for a range
of values of At. In figure we present the results for the expression f3(AtM¢)
with the errors for the use of the explicit formula; this means simply evaluat-
ing the formula f3(AtM¢) using the Matlab commands expm and inv with standard
double precision (16 digits) arithmetic (results for the expressions fi(AtM¢) (4.70)
and fo(AtMc)([4.71)) are found to be qualitatively similar).

The test exhibits qualitatively similar results to the case of the finite difference

matrix AtMs (4.69)), shown in figure except that the errors are typically larger,
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(8 tM) = (&% ™Mo 1 -4 tM (8 tM)272)a tM )

Relative Error

FIGURE 4.15: Relative errors for the expression f3(AtM¢) (4.100)) versus the values of At
in the 40 x 40 matrix case. The algorithms are: Explicit Formula (red stars),

30-term Taylor series (blue circles), the Cauchy Integral Formula (magenta

circles), Scaling and Squaring Type I based on the identities (4.20) - (4.22))
(black stars), Composite Matrix (cyan diamonds) and Matrix Decomposition

(green squares).

due to the larger eigenvalues of the Chebyshev matrix AtM¢c. The eigenvalue of
largest magnitude is approximately —319.5At and the smallest is approximately
—0.0059A¢ for g = 40.

The values of At, for which the explicit formula, the Taylor series and the Cauchy
Integral Formula algorithms start to be inaccurate when numerically evaluating the
function f3(AtMc), are smaller (errors are also larger and worse) than that when
approximating f3(AtMs), again this is due to the larger eigenvalues of the Chebyshev
matrix AtMe, see figure [4.15]

For the Cauchy Integral Formula algorithm, we take the contour of integration
in to be a circle centered at half the minimum eigenvalue (&) of the matrix

AtM¢ (the eigenvalues of the matrix are on the negative real axis), and sampled at
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128 equally spaced points. The radius

gmin
R=-— 5
2 to

is varying for each value of At > 0.025 to ensure that the circular contour encloses
all eigenvalues of the matrix AtM¢, and does not pass too close to any. The above
choice of R was found to be less accurate for small values of At, so the radius

fmm
R=-3mn g
2 T

is chosen for each value of At < 0.025; this again varies to ensure that the circular
contour encloses all the eigenvalues of the matrix and that the algorithm yields the
desired error levels.

For the Composite Matrix algorithm, we compute the exponential of the matrix
By (that contains the matrix AtM¢), using the Matlab code expm, which is
based on the Scaling and Squaring algorithm combined with Padé approximations
(4.94). We find that for small values of At, see figure the expm function
leads to significantly greater rounding errors than those when using the Scaling
and Squaring algorithm type I based on identities - , combined with
the Taylor series, with a threshold value §; = 1 for approximating the function
f3(AtMc¢). This confirms our reasons, explained in for favoring the Taylor
series to combine the Scaling and Squaring algorithm than the Padé approximation.
On the other hand, as the value of At increases, the norm of the matrices Bs and
AtM¢ increases, as the eigenvalues of the matrix AtMe spread widely, and the
performance of the Composite Matrix algorithm resembles that of the Scaling and
Squaring type I algorithm, both being the second least accurate algorithms. This is
due to the amplification (in fact, it is doubling) of the rounding errors caused by the
increase in the number of scaling and squaring operations needed to approximate
the function f3(AtM¢c) and the matrix exponential efs . And so, we expect
the relative error to increase linearly as the value of At increases (see in
the analysis of the rounding errors in using the Scaling and Squaring algorithm for
approximating the exponential function, leading to formula )

Finally, according to figure the performance of the Matrix Decomposition
algorithm surpasses that of all other algorithms for large values of At, though for
small At, the algorithm’s performance resembles that of the Composite Matrix algo-

rithm, both being less accurate than the Taylor series, the Cauchy integral formula,
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o th, ) = (@2 Mkt - (A 207 th,

Relative Errar

FIGURE 4.16: Relative errors in f3(AtM7) (4.102) versus the values of At in the 60 x
60 matrix case. The algorithms are: Explicit Formula (red stars), 30-term
Taylor series (blue circles), the Cauchy Integral Formula (magenta circles),

Scaling and Squaring Type I based on the identities (4.20) - (4.22) (black

stars), Composite Matrix (cyan diamonds) and Matrix Decomposition (green

squares).

and the Scaling and Squaring type I algorithm.

4.5 Matrices With Imaginary Eigenvalues

To investigate further the efficiency of the algorithms described in for approx-
imating the function fi(AtM) 4.73), £ = 1,2,...,s, we conduct similar tests on
the 60 x 60 second-order centered difference differentiation matrix (see §2.2)) for the

first derivative,

0 1 000 0 0
-1 0 100 0 0
1
Mi=2] 0 -1 010 ... 0 0f. (4.101)
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Note that if the order of the matrix M; is ¢, the scaling of the matrix M;
is such that it corresponds to the first derivative on an interval of length ¢ 4+ 1, and
that the eigenvalues of the matrix are all pure imaginary. The eigenvalues 7; of the
matrix AtM; can be derived analytically (see [43]) in the form

nj:iCOS<q]_:-1>At7 j:]-)"'7Q7

so the eigenvalue of largest magnitude is 9yq. = 0.998¢At and the smallest is 7,5, ~
0.0257iAt for g = 60.

As usual, we use the Matlab function expm, to approximate the exponential func-
tion eAtM1 the function inwv to find (AtM;)~!, 50 digit arithmetic to approximate
the exact values of the expression

MMy T AtMy — (AtM7)?)2
(AtM,)3 ’

F3(AtMy) = (4.102)

and we use the 2—norm of a matrix, given by , to find the numerical relative
errors of using each algorithm to approximate the expression. In figure
we present a comparison of the results for the expression f3(AtM7) (4.102)) using the
same six algorithms as in the previous sections (results for the expressions f1(AtM;)
and fo(AtM;) are found to be qualitatively similar).

For the Cauchy Integral Formula algorithm, we take the contour of integration
in to be a circle centered at zero, and sampled at 128 equally spaced points.
The radius R = |Mmaz| + 3, where |nmqz| is the largest absolute eigenvalue of the
matrix AtM; , is varying for each value of At to ensure that the circular
contour encloses all eigenvalues of the matrix AtM;, and does not pass too close to
any so that the algorithm yields the desired error levels.

The test exhibits qualitatively similar results to the case of the finite difference
matrix Mo and suggests that the algorithms are efficient for approximating
the function fi(AtM) , k=1,2,...,s, for small values of At, whatever the

type and the magnitude of the eigenvalues of the matrix M.

4.6 Computation Time

The main computational challenges in the implementation of the ETD methods are

the need for fast and accurate algorithms for approximating the ETD coefficients.
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F1GURE 4.17: CPU time of using each algorithm for approximating the expression

f3(AtMs) (4.72)) versus the order g of the matrix AtM, (4.69). The al-

gorithms are: Taylor series (blue stars), the Cauchy Integral Formula (circle

black), Scaling and Squaring Type I based on the identities (4.20) - (4.22)

(green diamonds), Composite Matrix (magenta circles) and Matrix Decom-

position (black pluses).
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The preceding subsections investigated the accuracy of the various algorithms; we
now study the computational time of each.

We calculate in Matlab code the CPU time of using each algorithm to approxi-

mate the expression (4.72))

eAM2 [ AtMy — (AtM3)? )2
(AtMs)3 ’

J3(AtMy) =

of the matrix AtM, versus the order of the matrix ¢ for values ranging from
q = 40 to ¢ = 200. We perform our numerical experiments for two values of the
time step At. In the first experiment At = 0.6. For the Cauchy integral formula
algorithm we use N = 32 points to discretize the circular contour, centered at the
minimum eigenvalue (A\p,i,) of the matrix AtMs (the eigenvalues of the matrix M,
are on the negative real axis) with radius R = —\,;, + 1 varying to enclose all the
eigenvalues of the matrix. In the second experiment At = 10, and so the eigenvalues
of the matrix AtMy have a larger spread. Thus, for the Cauchy integral formula
algorithm we use N = 128 points around the circular contour centered at half the
minimum eigenvalue (Ayipn) of the matrix AtMsy, with radius R = — A\ /245 again
varying to enclose all eigenvalues.

Figure provides the timing results for the two different values of At. The
figure shows that most of the algorithms exhibit a CPU time proportional to ¢>;
this is to be expected since both matrix multiplication and matrix inversion scale
in this way.

The Matrix Decomposition algorithm does extremely well over all, and is the
cheapest algorithm in terms of CPU time for non-diagonal matrix problems. The
majority of the time is consumed by finding the eigenvalues A; of the matrix AtM,
and applying the 30-term Taylor series to approximate the exponentials
e, j=1,...,qin f3(D) for those eigenvalues satisfying |\;| < 1.

The CPU time for the Taylor series and the Scaling and Squaring type I al-
gorithms follows the same pattern for the two values of At. The 30-term Taylor
series algorithm is the second most economical in time (having no need compute a
matrix exponential), and the CPU time does not depend on the value of At. Most
of the CPU time is spent on working out the matrix multiplications needed for the
algorithm.

The Scaling and Squaring type I algorithm, used with a 30-term Taylor series,

has a start-up time overhead, as it requires us to carry out matrix multiplications
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and compute several values of the identities - to begin. The time
consumption of this algorithm depends on the norm of the matrix, the value of the
threshold (here the threshold §; = 1), and the number of terms used in the Taylor
series: when the norm gets larger (as the value of At increases) or when the chosen
value of the threshold is smaller, more scaling operations are needed. Also, when the
chosen value of the threshold is larger, more terms of the Taylor series and therefore
more work on matrix multiplications are needed. Hence in both cases the algorithm
becomes expensive.

The Cauchy integral formula algorithm is very expensive computationally as one
has to compute N matrix inverses (128 for the largest value of At) and take the
average of the function values at the N points. As we enlarge the contour to
enclose all the eigenvalues of the matrix, we must also increase the number of points
N required to discretize the contour accurately, and therefore, the computation time
of this algorithm increases.

Lastly, the Composite Matrix algorithm requires the evaluation of the exponen-
tial function eBs (4.98)), which is a non-diagonal matrix of size 4q x 4q, so this is
often the slowest algorithm. In Matlab this evaluation uses the code expm which
depends on the Scaling and Squaring algorithm. Hence, for larger matrix order ¢
and for larger values of At, i.e. larger matrix norm, more scaling operations are

required, and thus the time cost increases.

4.7 Conclusion

In our investigation of the accuracy and the efficiency of six algorithms for approx-

imating the ETD coefficients we found the following:

1. Taylor Series: The primary advantage of this algorithm is the simplicity and
ease of implementation for both scalar and matrix cases. In addition, it is the
second least costly in time. However, it is not accurate when approximating
the ETD coefficients for large values (in magnitude) of the argument (matrix

norm in the matrix case).

2. The Cauchy Integral Formula: This algorithm exhibits significant varia-
tion in performance in different cases. It has turned out to be very accurate for

diagonal matrix problems, but it can be inaccurate for non-diagonal matrices
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with large norm. The large errors that can arise in such case are caused by
the chosen method of implementation: matrices AtM with large norm have a
large spread of eigenvalues, and a circle of large radius is thus required to en-
close all eigenvalues. This requires an a priori contour radius which in general
is problem dependent, and not trivially available. In addition, the location of
the eigenvalues must be known, which in general adds to the expense of the
algorithm. If a fixed number of points NV is used to discretize the contour then
as the radius of the required circle increases, the method’s accuracy decreases.
To avoid this, N must be chosen to increase as the matrix norm increases (i.e.
as At increases). This results in a large increase in computational time, as a
matrix inverse has to be calculated for each point on the contour - a disadvan-
tage to the algorithm in non-diagonal matrix cases. However, improvements

to this algorithm have recently been developed [69, [70].

3. Scaling and Squaring Algorithm Type I: This algorithm is the most
complex to implement. But it is one of the most effective and powerful algo-
rithms for diagonal and non-diagonal matrix problems. In the non-diagonal
matrix problems, knowledge of the eigenvalue of largest magnitude is required.
The algorithm based on the identities - , which has been used in
our main experiments of which the results are illustrated in figures [4.8] and
- has proved to be efficient in terms of computation time and accu-
racy for a good range of At-values, although, the errors are seen to increase in
proportion to At. But testing the algorithm with the identities ,
and has shown that it is the most accurate out of all identities used in
this chapter. Moreover, errors have not grown for a large range of At-values,

which gives these identities an additional advantage.

4. Scaling and Squaring Algorithm Type II: This algorithm performs well
when approximating the coefficient f;(z) that appears in the ETD1 method
, but when computing the coefficients in higher order ETD methods for
small values (in magnitude) of the argument the results are very inaccurate,
because of the amplification of rounding errors at each scaling. Thus, the

Scaling and Squaring type II algorithm is not a useful algorithm.

5. Composite Matrix Algorithm: From a practical point of view, the algo-

rithm is successful for approximating the ETD coefficients accurately, and is
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also very easy to program. However, finding the exponential of a large matrix
in non-diagonal matrix problems can lead to high computational cost, caused
by the larger number of operations needed to approximate the exponential

matrix.

6. Matrix Decomposition Algorithm: For non-diagonal problems, the ma-
trix decomposition algorithm is the cheapest algorithm in time. Most of the
CPU time is spent on determining the eigenvalues required for the algorithm.
Furthermore, it is remarkably accurate when compared with the explicit for-
mula for ETD coefficients (over all At values considered), and with the Taylor
series and the Cauchy integral formula for large values of At. For small values
of At, however, it is slightly less accurate than the Cauchy integral formula,

the Scaling and Squaring type I and the Composite Matrix algorithms.

We can sum up this set of comparisons by saying that the Scaling and Squaring
type I algorithm is an efficient algorithm for computing the ETD coefficients in
diagonal and non-diagonal matrix cases. It exhibits some loss of accuracy as the
matrix norm increases, but this is much less severe than for the Taylor series and the
Cauchy integral formula when approximating the ETD coefficients for large values
(in magnitude) of the scalar arguments and large norm matrices respectively. Also, it
compares favorably with the high computational cost of the Cauchy integral formula
and the Composite Matrix algorithm in non-diagonal matrix cases. The Matrix
Decomposition algorithm, in the conventional eigenvector approach, also performs
well, and is very efficient computationally, though it is slightly less accurate when

the matrix norm is small, and is not applicable to all matrices.
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Numerical Experiments



Outline of Chapter

In this chapter, we perform a variety of numerical experiments on real application
problems. For the simulation tests, we choose periodic boundary conditions and
apply Fourier spectral approximation for the spatial discretization. We employ first,
second and fourth-order ETD methods and compare them with other competing
stiff integrators including: first-order Implicit-Explicit (IMEX) method and first,
second and fourth-order Integrating Factor (IF) methods for integrating in time
three stiff partial differential equations (PDEs) all in one space dimension. The
problems considered are: the time-dependent scalar Kuramoto-Sivashinsky (K-
S) equation, the nonlinear Schrédinger (NLS) equation and the nonlinear Thin
Film equation. In the K-S and the NLS equations, the linear terms are primarily
responsible for stiffness, whereas in the third equation the nonlinear terms are the
stiffest. The main testing parameters are the accuracy, the start-up overhead cost
and the CPU time consumed by the methods, since these parameters play key roles

in the overall efficiency of the methods.
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5.1 Introduction

Over the last decade there has been a renewed interest in applying Exponential
Time Differencing (ETD) schemes [15, B9, 53] 61, [71] to the solution of stiff
systems. A Matlab package recently designed by Berland et al. [§] aimed to
facilitate easy testing and comparison of various exponential integrators, of Runge-
Kutta, multi-step and general linear type methods, applied to semi-linear problems
such as, the Kuramoto-Sivashinsky (K-S) [41] and the nonlinear Schrédinger
(NLS) [77] equations.

One of the main reasons for this renewed interest is the improvement in the
accurate computation of the coefficients that arise in ETD schemes [2, B [8, [35]
47, 54, 56l 57, 67, [70], 0L [81] (this includes the exponential and related functions;
see also . Following these efforts, the exponential integrators have emerged as
viable alternatives to classical ones. The numerical comparisons presented in [81],
for solving chemical kinetics problems, and the numerical experiments performed in
[37], for solving large stiff systems of DEs, reveal examples where explicit exponential
integrators outperform standard integrators. A similar conclusion was reached by
Du and Zhu [22] 23] when they performed some simulations of micro-structure
evolution (a core component of phase field modeling) in two and three dimensions.
The authors found that the higher order ETD based schemes can be several orders
of magnitude faster than low-order Implicit-Explicit (IMEX) [87] methods.

The superior performance of the ETD methods, for solving some dissipative
and dispersive PDEs, was also illustrated in [I9] by Cox and Matthews. In
addition, Kassam and Trefethen [44, 45] compared the ETD methods of [19]
with various fourth-order methods for solving various one-dimensional diffusion-
type problems. They concluded that exponential integrators are highly competitive
and accurate, with the best, by a clear margin, being the ETD4RK method of
[19]. However, more recently Krogstad [49] presented an alternative fourth-order
ETD method (ETDRK4-B), and found that it is slightly more accurate than the
ETD4RK method of [I9] when solving several semi-discretized PDEs, such as the
Kuramoto-Sivashinsky (K-S) equation.

A recent report [57] on six different types of exponential integrators showed that,
especially for parabolic semi-linear problems, such as the K-S and the nonlinear
Schrodinger (NLS) equations, the ETD type of exponential integrators outperform
integrators of Lawson type [52]. Again, Berland and Skaflestad [7] used the NLS

equation as a numerical test problem, and found that under certain circumstances
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the performance of a fourth-order Lawson integrating factor method was demon-
strably poorer than the fourth-order ETD4RK method of [19]. Further studies on
solving numerically the NLS equation were presented in [46]. The author compared
the performances of several fourth-order methods (mainly related to exponential
integrators), and found that in specific cases, these methods can be efficiently used
to solve accurately the test equations numerically.

The aim of this chapter is to make some observations regarding the efficiency of
a variety of exponential integrators of different orders (including the ETD and the
ETD-RK methods proposed by Cox and Matthews [19], see §3.2) when compared
with other competing stiff integrators. These methods are listed in §5.2] with details
of the implementations. We conduct numerical studies and comparison experiments
on three model problems all in one space dimension. In and we consider
the numerical solution of the time dependent scalar Kuramoto-Sivashinsky (K-
S) equation [41] and the nonlinear Schrédinger (NLS) equation [77] respectively.
The third model considered is the nonlinear Thin Film equation [36] (to our knowl-
edge, no work containing the application of the exponential integrators to the thin
film equation has been done). In the K-S and the NLS equation equations, the
linear terms of the equations are primarily responsible for stiffness whereas in the
thin film equation the nonlinear terms are the stiffest. However, we show in §5.5
that this equation can be treated within the same framework as the K-S and the

NLS equations.

5.2 Numerical Experiments

Our comparison experiments are based on the simulation of three model prob-
lems, all in one space dimension: the time-dependent scalar dissipative Kuramoto-
Sivashinsky (K-S) equation [41], the nonlinear dispersive Schréodinger (NLS)
equation [77] and the nonlinear Thin Film equation [36] which is characterized as
a dissipative and a dispersive PDE. All the calculations presented in this chapter
are performed using Matlab codes.

For the simulation tests, we choose periodic boundary conditions. This leads
conveniently to the application of the Fourier spectral approximation [I1} 12], 25|

83, [84]. This approximation provides very high accuracy for smooth solutions of



Chapter 5. Numerical Experiments 119

the test model problems. In the resulting system of ordinary differential equations
(ODEs), the linear part of the model becomes diagonal, i.e. an uncoupled system
of equations for each Fourier mode. The nonlinear term is transformed to physical
space and evaluated at the uniform grid points and then transformed back to spectral
space. Hereafter, we advance the system of ODEs in time by a numerical integration
that can be used effectively in combination with the spectral approximation.

For the time discretization, all comparable methods, listed below, are expressed
with respect to the model problem

du(t)
dt

= cu(t) + F(u(t),t), (5.1)

where the constant c is either large, negative and real, or large and imaginary, or

complex with large, negative real part, and F'(u(t),t) is the nonlinear forcing term,

see

In our study of first-order accurate methods, we analyze the performance of the

first-order ETD1 method [9, [15] 19, [61]
Un i1 = upe™ + (€D —1)F, /e, (5.2)

where At represents the time step and u,, and F;, denote the numerical approxima-
tion to u(t,) and F'(u(ty), ty) respectively, and compare its accuracy with the Euler
method

Upt1 = Up + At(cu, + F). (5.3)

The Euler method is used only to obtain the numerical solution for the K-S equation
[41] and the nonlinear thin film equation [36]. The comparison also includes the

first-order Integrating Factor Euler (IFEULER) method [11], 84]
Uny1 = (un + ALF,)e A, (5.4)
and the first-order Implicit-Explicit (IMEX) method [4] (see
Unt1 = Up + At(Cupi1 + Fp). (5.5)
For second-order accurate comparison, we compare the two-step ETD2 method [19]
Un i1 = Une S H{((cAt+1)e At —2cAt—1) F4-(—eAt e At+1)F, 1}/ (P AL), (5.6)
the ETD2RK1 method [19]

Un = Upe®™ + (At — 1)F, /c,

(5.7)
Uny1 = A + (€2 — cAt — 1)(F(an, t, + At) — F,)/(2At),
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and the ETD2RK2 method (derived in §3.2))
a, = unecAt/Q + (ecAt/Q _ 1)1_7171/67
Ung1 = e + {((cAt — 2)e™ + cAt + 2)F, (5.8)
+2(eA — cAt — 1) F(an, tn, + At/2)}/(c2At),

against the second-order ETD2CP method introduced by Calvo & Palencia [15]

Ung1 = Un_1€2A +{(€2A —2eAt — 1) Fp + ((cAt—1)e® A 4 cAt+1)F, 1}/ (AL,
(5.9)
and the ETDC2 method

Upt1 = un et + (eCAt —1)(3F, — Fy,—1)/2c, (5.10)

presented by Livermore [53] in the solution of the incompressible magnetohydro-
dynamics equations. In addition, we apply the second-order Integrating Factor

Runge-Kutta (IFRK2) method [19]
a, = AtF,eAt
by = AtF((u, + AtE,)e™ t, + At), (5.11)
Upt1 = et + %(an + by).

For higher order ETD methods, we consider particularly the comparison of the

fourth-order ETD4 method (derived in
Uni1 = UneD 4 (D1 F), — ®oF 1 + O3F, o — O4F, _3)/(6c*At?), (5.12)
where

63 AL + 11 AL 4+ 12¢At + 6)e“> — 243 AP — 26 At? — 18¢At — 6,
182 At? + 30cAt + 18)e™ — 363 At3 — 572 At? — 48¢At — 18,

Oy =

= (
= (
(62 AL + 24cAt 4 18)e A — 243 A3 — 422 At? — 42¢At — 18,
= (

22 A% + 6cAL + 6)eA — 63 ALS — 112 A2 — 12¢At — 6

against the ETD4RK method [19]

= D2 4 (N2 _1)F /e,
bp = upe®®2 4 (A2 — 1) F(apn, t, + At/2)/c,
(A2 — 1)(2F (bn, tn + At/2) — Fy) /e,
Unt1 = une®™t + {((PAL? — 3cAt + 4)eA — cAt — 4)F,
+2((cAt — 2)eAt + cAt + 2)(F(an, tn + At/2) + F(by, tn + At/2))
+((—cAt + 4)eBt — A2 — 3cAt — 4)F(cy, ty + A}/ (BAL2),

Cn = an ecAt/2

(5.13)
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and the Integrating Factor Runge-Kutta (IFRK4) method [7], 44] [45]

an = AtF,,
b = AtE((up + an/2)e™2 t, + At/2),
Cn = AtF(u,e®®/? +b,/2,t, + At/2), (5.14)

d, = AtF(uneCAt + cpetAt/2 ¢ 4 At/2),

Ups1 = Une™t + %(aneCAlt + 2(bp + €0)eA2 1 dy).

Our tests are broken into two parts, each designed to show a particular aspect
of the methods’ performance. The goal of the first set of tests is to address the
question of stability and accuracy of the methods. Therefore, we perform a series of
runs with different choices of final times ¢ which are computed, for all methods, with
various time-step sizes. The time-step values are selected to ensure that all methods
achieve stable accurate results. In the second set of tests, we turn our attention to
the accuracy as a function of CPU time to top up the differentiation factors between
the methods for each model tested. The CPU time is one of the factors that affects
the efficiency of the methods, that is because a method could be stable and achieve
a good accuracy in few steps, but, it could be more costly, due to the larger number
of operations per time step, and consequently less efficient than others.

We measure the accuracy in terms of the relative error evaluated in the maximum
norm, the 2-norm and the integrated error norm, between the results of each time
stepping method (for different time-step sizes) and an “exact” solution. The relative

error of the maximum norm is given by

max |numerical solution| — max |exact solution|

relative max error = , (5.15)

max |ezact solution)|

the relative error of the 2-norm is given by

(Z |[numerical solution\2)1/2 — (Z lexact solution!2)1/2

relative norm error =

(3" |ezact solution|?)*/? ’
(5.16)
and the relative error of the integrated error norm is given by
o (3" |numerical solution — exact solution\2)1/2
relative integrated error = 72 ,
(3" |exact solution|?)
(5.17)

where the sum is taken over the number of grid points in the spatial discretization.

For the K-S and the nonlinear thin film equations, no explicit general analytic
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solutions exist, and the exact solution is approximated numerically using a fourth-
order method with a very small time-step size. On the other hand, when considering
the NLS equation, we focus primarily on the traveling solitons [10] as explicit exact

solutions when evaluating the errors.

Experimentally, we find that the relative errors (5.15) and (5.16|) do not repre-

sent appropriate measurements of accuracy. For example, the relative error
focuses on an error occurring in the difference between a local maximum point of
the numerical and the exact solution. This could be misleading as it could yield a
zero error even when the numerical and exact solutions are different. Therefore, the
desirable choice for a measure of accuracy is the relative error of the integrated error
norm . This error is more meaningful and gives a representative measure of
the error in the entire solution space. Also, it does not yield a zero error unless the
numerical and the exact solution agree at all points. Hence, in our tests, we plot
the numerical relative error of the integrated error norm as a function of the
time step and of the CPU time for each model tested for various initial conditions.

Considering the implementation of the above time discretization methods, we
find that the task is straightforward for the first-order methods. However, as the
order of the methods increases, the complexity of the implementation grows. The
higher order methods require more memory space, and need a relatively large compu-
tational effort. For example, the multi-step ETD and the ETD-RK methods require
an accurate algorithm for evaluating the coefficients of F'(u(ty),t,) to avoid numer-
ical difficulties (see . We use the ‘Cauchy integral” approach (fully detailed in
§4.2.2)) proposed by Kassam and Trefethen [44] [45]. In this approach, we evaluate
the coefficients (one coefficient for the ETDC2 method (5.10)), three coefficients for
the ETD2 (5.6), the ETD2CP (5.9)), the ETD2RK1 and the ETD2RK?2
methods, four coefficients for the ETD4RK (/5.13]) method and eight coefficients for
the ETD4 method ), once at the beginning of the integration for each value of
the time-step sizes, by means of contour integration in the complex plane approxi-
mated by the Trapezium rule . In addition, the multi-step ETD methods need
to store the nonlinear terms at several previous time steps in order to advance the
solution. So, preceding the integration loop and for each value of the time-step sizes,
we obtain, for the two-step methods (ETD2, ETD2CP and ETDC2), one starting
value of the nonlinear term using the ETD1 method , and three starting values
of the nonlinear term for the ETD4 method using the ETD4RK method. Addition-
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ally, we store one value of the solution at the previous time step for the ETD2CP
method. Moreover, the ETD2RK1, the ETD2RK2, the IFRK?2 , the ETD4RK
and the IFRK4 methods carry out two (for the second-order methods) and
four (for the fourth-order methods) function transforms per time step in the main
loop of integration.

For the IF schemes, we find that they require the evaluation of one or more matrix
exponentials, for which acceptable algorithms are well known [9] [60]. However, the
schemes have some disadvantages. For example, they do not preserve fixed points
for the differential equations, and are also known for having rather larger error
constants [7, [11) [19] 49, 57] (for PDEs with slowly varying nonlinear terms) than
other methods of the same order.

The investigation of the methods’ performances and the results of the exper-
iments are outlined in and for the numerical solution of the K-S

equation, the NLS equation and the nonlinear thin film equation respectively.

5.3 Kuramoto-Sivashinsky (K-S) Equation

The Kuramoto-Sivashinsky equation, which we will refer to as the K-S equation, is
one of the simplest PDEs capable of describing complex (chaotic) behavior in both
time and space. This equation has been of mathematical interest [29, [75] because
of its rich dynamical properties. In physical terms, this equation describes reaction
diffusion problems, and the dynamics of viscous-fluid films flowing along walls, and
was introduced by Sivashinsky [74] as a model of laminar flame-front instabilities
and by Kuramoto [50] as a model of phase turbulence in chemical oscillations. A
fairly large number of numerical and theoretical studies have been devoted to the K-S
equation; the reader is referred to the review paper of Hyman & Nicolaenko [41].

The K-S equation in one space dimension can be written in “derivative” form

ow(w,t) ow(z,t) Pw(x,t) O*w(z,t)
T G P PR (5-18)
or in “integral” form
ou(z,t) 1 /0u(x,t)\2 O*u(w,t) O*u(z,t)
o 2( Oz > Ox? ozt (5:19)

where w(z,t) = du(z,t)/0x.



Chapter 5. Numerical Experiments 124

Equation has strong dissipative dynamics, which arise from the fourth-
order dissipation (0*w/dz*) term that provides damping at small scales. Also, it
includes the mechanisms of a linear negative diffusion (9%w/dx?) term, which is re-
sponsible for an instability of modes with large wavelength, i.e. small wave-numbers.
The nonlinear advection/steepening (wdw/dz) term in the equation transforms en-
ergy between large and small scales.

The zero solution of the K-S equation is linearly unstable (the growth rate A(k) >
0, for perturbations of the form e*e?*) to modes with wave-numbers |k| = |27 /] <
1 for a wavelength ¢, and is damped for modes with |k| > 1, see figure these
modes are coupled to each other through the non-linear term.

We can write the K-S equation with 2L periodic boundary conditions in
Fourier space as follows

diiy (1)
dt

ik

= (8~ KYan(t) - 5

fFt (w(t)?), (5.20)

where fft is a Matlab command that represent the fast Fourier transform FFT. The
stiffness in the system is due to the fact that the diagonal linear operator,
with the elements k? — k%, has some large negative real eigenvalues that represent
decay, because of the strong dissipation, on a time scale much shorter than that
typical of the nonlinear term. Thus the dynamics are dominated by a relatively
few large scale modes. However, we expect all methods except the Euler method to
work reasonably well regarding the stability analysis.

The nature of the solutions to the K-S equation varies with the system size L.
For large L, enough unstable Fourier modes exist to make the system chaotic. For
small L, insufficient Fourier modes exist, causing the system to approach a steady
state solution. In this case, the ETD methods integrate the system very much more
accurately than the IF methods, since the ETD methods assume in their derivation
that the solution varies slowly in time.

For the simulation tests, we choose two periodic initial conditions

wi(x,0) = exp(cos(x/2)), x € [0,4n], (5.21)

wa(x,0) = 1.7cos(x/2) 4+ 0.1sin(z/2) + 0.6 cos(z) + 2.4sin(z), = € [0,47]. (5.22)

When evaluating the coefficients of the ETD and the ETD-RK methods via the
‘Cauchy integral’ approach [44] 45] (see §4.2.2)), we choose circular contours of radius
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L2 ! ! ! ! :

At

FIGURE 5.1: The growth rate A\(k) for perturbations of the form e*e?*? to the zero solution

of the Kuramoto-Sivashinsky (K-S) equation 1'

R = 1. Each contour is centered at one of the elements that are on the diagonal
matrix of the linear part of the semi-discretized model . The contours are
sampled at 32 equally spaced points and approximated by .

In figure we show the numerical solution of the K-S equation with the
initial condition wy(xz,0) = exp(cos(z/2)), = € [0,47] (5.21), using Nz = 64 grid
points in the Fourier spatial discretization. We integrate the system using the
ETD4RK method with time-step size At = 2719 and up to final time ¢ = 60.
The solution, in the figure, appears as a mesh plot and shows waves propagating,
traveling periodically in time and persisting without change of shape. The compu-
tations are performed using Matlab code in a program described in Appendix A.

In the following section, we present the results of integrating the system
for the two initial conditions and , up to final time ¢t = 30, utilizing the
methods described in Again, we use Nx = 64 grid points in the Fourier spatial
discretization. The results are supported by figures and analysis of the methods’

efficiency.
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FIGURE 5.2: Time evolution of the numerical solution of the K-S equation (5.18) up to

t = 60 with the initial condition wi(x,0) = exp(cos(z/2)), = € [0,4n] (5.21).

5.3.1 Computational Results

The results of our experiments are presented in figures and for the initial

for the initial condition ([5.22]). In figures

FAandf

the numerical relative integrated error (5.17))

and in figures

21)),

5

condition

, of using each time dis-

P

and

cretization method to obtain the numerical solution of the K-S equation ([5.18)), is

a function of the time step. The exact solution is approximated numer-

plotted as

64 grid points in the Fourier spatial discretization. For the time

ically using Nr

with a very small

14]

-Kutta method |
5.4)) indicate the largest time-step size,

order Runge

discretization, we use the fourth-

and

i.e. the fewest number of steps, that each method requires to converge to a solution

in figures

time-step size. The plots (

The first aspect to emphasize in

within a fixed given relative error in the figures.

such figures is that the plots confirm the expected order of the methods. Secondly,

a fixed reduction in the time-step size will effectively improve the accuracy, but
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considerably increases the computation cost, which is illustrated in figures [5.5 and
5.6, where we plot the methods’ accuracy as a function of the CPU time.

When testing the Euler method we find that this method, obviously, re-
quires the smallest number of operations per time step out of all the methods we
test. However, because of the numerical stability constraints, the time-step size is
limited. Tests show, in figures and that the Euler method performs well
at a very small time-step size, though it breaks down for time-step size larger than
At ~ 2716 This adds to the computation cost as is shown in figures and
Therefore, the Euler method is not in the competition for the “best” method.

Larger time steps may be taken using the other methods that are designed for
stiff problems, where there is no such severe restriction for reasons of stability and
the time-step size selection is only limited by accuracy.

For the other first-order methods (the ETD1 (5.2)), the IFEULER and the
IMEX (j5.5) methods), figure indicates that, for the initial condition , all
methods behave similarly and the corresponding errors lie approximately on the
same line for all values of the time-step. Furthermore, all methods are inaccurate
(errors are of O(1)) for time-step sizes larger than At ~ 27%. On the other hand,
figure reveals a different behavior of the methods for the initial condition :
it shows a better performance and accuracy of the ETD1 method compared to the
other first-order methods. Also, we find that for the time step restriction imposed
by the linear term, all methods remain stable at a large value of the time-step
At ~ 272, but the ETD1 method produces the most accurate solution. Considering
the computational cost of the methods, it is clear from figure that, for the initial
condition , the methods have an almost identical computation cost per time
step. However, in figure for the initial condition , the ETD1 method
outperforms the other methods both in speed and in the accuracy of the obtained
solution.

For the second-order accurate methods we consider, the ETD2RK1, the ETD2RK2,
the ETD2, the ETD2CP, the ETDC2 and the IFRK2 methods. Second-order con-
vergence is confirmed in figure for the initial condition . The performance
of all second-order methods is very nearly equivalent here, and the errors for small
time steps are almost identical. In addition, the variation in time consumption,
for a given level of accuracy, is insignificant, see figure [5.5] However, the ETD2CP
method slightly outperforms the others both in accuracy and speed referring
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to figures [5.3] and [5.5] respectively.

On the other hand, for the initial condition , we find that of all comparable
second-order methods, the ETD2RK2 method is the most accurate, for a given
time-step size, and the least time consuming for a given level of accuracy, see figures
and respectively. The TFRK2 and the ETD2CP methods do not do
well for the initial condition . The ETD2CP method is the least accurate
and the most time costly. In addition, figure shows that the ETD2 and
ETDC2 (j5.10) methods consume about the same CPU time per time step, while the
ETD2RK1 method has a longer computation time.

All second-order methods successfully integrate the system for time-step sizes less
than At ~ 272 and At ~ 27! for the initial conditions and respectively.
However, the ETD2CP method fails to be accurate for a larger time-step size than

At =~ 274 for the initial condition (5.22)), see figure
For the fourth-order methods, as is evident from figures and the ETD4
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(5.12)), the ETD4RK (5.13]) and the IFRK4 (5.14])) methods behave in a similar way
for the two initial conditions. The performance of the IFRK4 method resembles that

of the ETD4 method, and the errors for small time steps are almost identical. Clearly
the methods have a superior performance, as the accuracy is improved significantly
compared to lower order methods. Referring to figures and the most accurate
for a given time step is the ETD4RK method. The ETD4RK method has the
advantages (relative to the other fourth-order methods) of being stable for larger
time Stepsﬂ7 having fewer coefficients to evaluate via the Cauchy integral formula
approach, and having no starting values to obtain. Also, the ETD4RK method uses
slightly less CPU time than the ETD4 method for a given level of accuracy, while
the most time-consuming is the IFRK4 method for the two initial conditions
and , see figures and

Second-order time discretization methods have been used often for obtaining
numerical solutions for a wide range of PDEs. Reasons for their choice include the
difficulties introduced by the combination of nonlinearity and stiffness of a PDE,
the increase in complexity both of analysis and implementation for higher-order
methods, and in addition, higher-order methods usually require increased computer
storage and CPU time. However, when we do a comparison test between the per-
formance of the ETD1 , the ETD2RK2 and the ETD4RK methods
for solving the K-S equation with the initial condition , we find that the
fourth-order method can be very accurate and less costly than the second-order one
(the same conclusion was reached by Kassam and Trefethen [44] [45]. The authors
found that it is entirely practical to solve nonlinear PDEs to a high accuracy by
fourth-order time-stepping methods). In our comparison test we plot, in figure
the accuracy of these three methods, measured in the relative integrated error ,
as a function of CPU time. In the figure, we can see that within the same level of
accuracy, the ETD4RK method is less costly than the ETD2RK2 method, whereas
the most expensive with high computational cost is the ETD1 method. Thus, the
greater accuracy of the ETD4RK and the ETD4 methods more than compensates

for the additional computational cost per time step.

!This agrees qualitatively with our analysis for the stability region of the ETD4 and the ETD4RK
methods in



Chapter 5. Numerical Experiments 134

5.3.2 Conclusion

We have demonstrated how for stiff problems such as the K-S equation , ETD
methods provide an efficient alternative to standard explicit integrators. We have
found that the s-step ETD methods (for s = 1,2,4) all achieve order s and exhibit
high accuracy with superior stability properties compared to the explicit method
(the Euler method), which imposes a ceiling on the time-step size selection.

To time step our test problem with a second-order method, we can say that, in
practice, the consideration of accuracy and computational cost indicates that some
of the methods are preferable to others, but all are completely satisfactory. The
most efficient choice is the ETD2RK2 method.

Higher order methods are more advantageous. They exhibit higher accuracy and
maintain good stability. We have found that the ETD4RK method is marginally
the best for the test problem considered.

Regarding accuracy and CPU time in the solving process, we can conclude that
the ETD4RK method is clearly favored in most general cases. It is found to be
the most stable method with reasonable computational effort. Even at fairly large
time-steps, it still maintains good stability and produces high accuracy.

As a final point, this conclusion is limited to the studies of the Kuramoto-
Sivashinsky (K-S) equation with the two initial conditions and (5.22)). The
experiments have shown that the performance of the methods varies from one case
to the other, and that the ETD and ETD-RK methods of [19] outperform the com-
pared methods for solving the test model for the initial condition .
These results cannot be generalized, as they may differ for other choices of initial

conditions and for other problems.

5.4 Non-Linear Schrédinger (NLS) Equation

The nonlinear Schrédinger (NLS) equation in one space dimension [10]

Z,(9u(gc, t)  0*u(z,t)

ot 5.2+ (V@) + u(z, ) )u(w,?), (5.23)

where V(z) is the potential function, arises in several different areas of physics,
including multi-scale perturbation theory, gravity of electromagnetic waves in a

plasma, and the propagation of intense optical light pulses in fibers. The equation
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gives the wave amplitude u(z,t) as a function of independent variables x (space)
and ¢ (time), and it possesses several conservation laws, notably conservation of
density, energy and momentum. In addition, it yields a rich variety of nonlinear
wave structures, including solitons with arbitrary amplitude and velocity, several
kinds of periodic nonlinear wave, and uniform wave-train solutions. The derivation
of this equation for the propagation of a plane electromagnetic wave in a nonlinear
medium can be found in [10, [42], and an introduction to its mathematical theory is
given in [77].

The major application of the NLS equation is to the analysis of the propa-
gation of dispersive wave-packets in a nonlinear medium. This equation governs the
envelope of wave-packets in the presence of the competing effects of linear disper-
sion (which tends to smear them out) and nonlinear amplitude dependence (which
tends to compress the pulse) of the material properties in a one-dimensional system.
When these two competing effects balance, the formation of optical envelope soli-
tons is possible. “Soliton solution” means that the envelope of the nonlinear wave
takes the shape of a simple pulse. Solitons are localized waves and are often used
to transmit information along optical fibers. They can be ordered in a fashion with
the taller solitons moving faster, and the shorter ones moving slower [13]. They
also have certain properties, such as clean overtaking of two solitons and clean colli-
sions, i.e. they retain their individual identities (which in addition persist over long
distances) after a nonlinear interaction [77].

In our numerical experiments, we use the cubic nonlinear Schrodinger equation

Z,8u(:}u, t)  0*u(z,t)

5t 5.2+ lu(z, t)*u(z, t), (5.24)

with V(z) = 0 in equation . Equation is an example of a problem whose
linearization has imaginary eigenvalues, and whose dispersion relation (A(k) = ik?
for wave-numbers k) obtained from a linear stability analysis shows that perturba-
tion to the zero solution neither grow nor decay, but oscillate and travel at speed —k.
The stiffness in this problem comes from the term 9?u/dx?, which results in rapid
oscillations of high wave number modes. Transforming equation to Fourier
space, assuming that the solution satisfies periodic boundary conditions, gives

di(t)

o = iR (t) — fe(fu(t) Pu(1))), (5.25)

where fft is the Matlab command that represents the fast Fourier transform FFT.
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We focus primarily on the traveling soliton solutions [10]
u(z,t) = asech(b(z — vt))e'ort+dt), (5.26)

where b = %, co = —%v and d = C% —b? are real numbers, as explicit exact solutions
for the NLS equation , in testing the efficiency of the first, second and fourth
order time discretization methods stated in The Euler method is never
stable for solving the NLS equation for any time-step size. This due to the imaginary
eigenvalues of the linearized NLS equation, which are outside the stability region of
the method.

Since the exact solutions are known, the numerical results really provide only a
check on the numerical methods. The parameters are the speed v and the amplitude
a, which are independent. In particular, the larger the velocity v, the more rapid the
spatial variation in u(x,t). The amplitude of the wave u(z,t) vanishes at infinity,
so, provided we solve on a sufficiently large domain, we can treat the problem as
essentially periodic. These solitary waves are known as bright solitons [10]. We
direct interested readers to the book by Billingham and King [10] for a different
kind of solitons, known as “dark soliton solutions” for the NLS equation.

Note that, a special case of , is the non-traveling wave soliton solutions,
i.e. v =0, given by

u(z,t) = asech(bx)e',

with one complete period of soliton oscillation in time ¢ = 27/|d|, frequency d = —b?
and amplitude a = /2b.

When evaluating the coefficients in the ETD and the ETD-RK methods via the
‘Cauchy integral’ approach [44] 45] (see , we choose circular contours of radius
R = 1.2. Each contour is centered at one of the elements that are on the diagonal
matrix of the linear part of the semi-discretized model . The contours are
sampled at 32 equally spaced points and approximated by .

The plots in figure give a picture of the solutions of the NLS equation
, with the choice of the wave amplitude a = /2, b = 1 and speeds v = 0 and
v = 4 shown in cases (a) and (b) respectively. For the spatial discretization we use
Nz = 256 grid points for x € [—57, 57| (for case (a) v =0) and = € [—6m, 107] (for
case (a) v = 4). We integrate the system using the ETD4RK method
with time-step size At = 278 up to final time ¢t = 27 and t = 6 for cases (a) and

(b) respectively. The solution, in the figure, appears as waterfall plot and shows, in
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case (a), waves oscillating without change in form, while in case (b), the waves are
oscillating and traveling with displacements in position.

The results of our experiments in testing the efficiency of the numerical methods,
for producing accurate solutions of the NLS equation , are illustrated in
and and final conclusions are revealed in

5.4.1 Computational Results

The comparison results of our experiments are presented in figures and
for the first-order, second-order and fourth-order methods stated in re-
spectively. We consider the soliton solutions as exact solutions for the NLS
equation and plot, in these figures, the numerical relative integrated error
of using each time discretization method for solving the test model as a func-
tion of the time step. In figures [5.10] [5.12] and [5.14], we plot the accuracy as a

function of the CPU time to give an insight into the computation timing. In each
figure, we consider integrating the system (/5.25)) up to final time ¢t = 6 for the initial
condition

u(z,t = 0) = asech(bz)e ™2, a =2, b=1, (5.27)

with speed v = 0 in case (a), while cases (b) and (c), consider the speeds v = 2,4
respectively.

The plots (in figures and confirm the expected order of the meth-
ods and indicate the largest time-step size, i.e. the fewest number of steps, that
each method requires to converge to a solution within a fixed given relative error in
the figures. Improved accuracy is assured if we reduce the time-step size, but this
considerably increases the computation cost, which is illustrated in figures
and , where we plot the methods’ accuracy as a function of the CPU time.

For the first and second-order methods, applied to the initial wave , the
spatial discretization is performed using Nx = 256 grid points on the space interval
x € [—bm, br] for wave speed v = 0. Although the wave’s amplitude is not periodic,
it vanishes at infinity, so we can still treat the problem as periodic by enlarging the
space domain. For the wave with speeds v = 2,4, the solutions travel, and hence,
we use Nz = 512 grid points on the space interval = € [—5m, 157].

The spatial discretization in the case of utilizing fourth-order methods varies.

Generally, an estimate of the total accumulated errors during a time integration
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consists of the truncation error of the local time step and the rounding errors of
the space discretization. Using fourth-order methods with very small time-step size
leads to a small truncation error, of O(At)?*, though, with spectral methods the
rounding errors are important too. Therefore, to ensure periodicity of the solution
and accurate approximation in the space discretization, it is required to enlarge the
domain with an increase in the number of grid points. In the case of the initial
condition (5.27) with speed v = 0, the computations are carried out on a space
domain z € [-10m7, 107], using Nr = 512 grid points. For speeds v = 2,4, we use
Nz = 1024 grid points on a spatial domain z € [—107, 307].

The comparison results for the first-order methods, shown in figure (a), in-
dicate that, for the initial condition with speed v = 0, the best accuracy for
a given time-step is achieved by the ETD1 method , followed by the IMEX
method (which takes essentially similar CPU times, for a given level of ac-
curacy, as the ETD1 method, see figure (a)). The IFEULER method
requires a smaller time-step and consumes more CPU time than the other compa-
rable first-order methods to produce the same accuracy.

Figure (b) shows similar results for the ETD1 method when increasing the
speed up to v = 2. Clearly the method’s performance is superior to the other
comparable first-order methods. The method uses the largest time-step size to
reach a desired accuracy. The IMEX and the IFEULER methods perform almost
identically in achieving the same level of accuracy, with similar CPU times, as
illustrated in figure (b).

For large speed v = 4, the ETD1 method seems to perform slightly worse than
the IFEULER method (the most accurate method) for a given time-step size, see
figure (c¢). In addition, a considerable variation in CPU times is noticed in
figure (¢) when running the first-order methods on a high-speed (v = 4) wave
solution. The IFEULER method consumes the least CPU time for a given error,
while a large amount is used by the IMEX method. This is due to the fact that a
much smaller step size is required for the IMEX method to obtain the same level of
accuracy obtained by the other comparable first-order methods.

Further tests are done on the first-order methods for integrating the system at
high speeds (v = 6,8, ...). In these tests we find that the IFEULER method is the
best for producing accurate solutions for the test model , for a given time-step

size. Moreover, increasing the speed v has no effect on its performance, i.e. as the
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speed increases, we obtain the same quantitative results for the errors over the same
range of time-step sizes. This behavior is in contrast with that of the ETD1 and the
IMEX methods, which both suffer considerably as the wave speed increases (figures
are not shown here as the results resemble those in figure (c), for the case of the
speed v = 4. However, the errors for the ETD1 and the IMEX methods get larger
as the speed increases (v = 6,8, ...), for the same range of the time-step sizes). The
IMEX method needs a much smaller time-step size and much more CPU time to
be accurate to the same level obtained by the other first-order competitor methods.
In we further investigate the computational advantages of the IFEULER
method and the disadvantages of the ETD1 method.

When integrating the system using second-order methods for the initial
wave with speed v = 0, we find that for a given time-step size, the ETD2RK2
method is the most accurate and the ETD2 method (j5.6]) is the third least
accurate, while the IFRK2 method is the least accurate, see figure (a).
The performance of the ETD2CP and the ETDC2 ([5.10) methods is seen to
be very similar to that of the ETD2RK2 and the ETD2 methods respectively.

In the case of increasing the speed up to v = 2, illustrated in figure (b),
the performance of the ETD2RK1 method resembles that of the previous case
(v = 0), while that of the ETD2CP method deteriorates. For a given time-step size,
the ETD2RK1 method is the second least accurate and the ETD2CP method is
third least accurate. The ETD2, the ETDC2 and the IFRK2 methods have almost
identical errors and are the least accurate methods for obtaining the numerical
solution of the NLS equation ([5.24]).

Among all comparable second-order methods, the ETD2RK2 shows the best
performance overall (in cases of v = 0,2,4,6) and is the most accurate method for
a given time-step size (see figure (c) for the case of v = 4, although errors are
equivalent to that of the IFRK2 method in the case of v = 6 (not shown)). Increasing
the speed up to v = 4,6, ... has a significant effect in reducing the performance of
the ETD2RK1, the ETDC2, the ETD2 and the ETD2CP methods. See the case
of v = 4 in figure (c), where these methods require a smaller time-step size
than that used by the ETD2RK2 method to obtain a desired accuracy. On the
other hand, increasing the speed has no impact on the performance of the IFRK2
method. This method is seen to have the same quantitative error for a given time-

step size as the speed increases, see figure (a), (b) and (c). For larger speeds
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v = 6,... and for a given time-step size, the IFRK2 method is the most accurate
method.

Regarding CPU time consumption, figure [5.12|reveals that, generally, the varia-
tions in CPU time between the comparable second-order methods are insignificant
(when required to be accurate to some specified level). However, figure shows
that, in cases (a) v =0 and (b) v = 2, the IFRK2 method is the most expensive in
timing, as it uses a smaller time-step size than that used by the other second-order
methods to reach a desired level of accuracy. In case (c) v = 4, we find that the
ETD2RK?2 method achieves a required accuracy level fastest, while the ETD2RK1
is the most time consuming.

We finally consider the performance of the fourth-order methods. It can be seen
in figure that all methods show a clear fourth-order behavior. For speed v = 0
in the initial condition (figure (a)), the IFRK4 method is slightly
less accurate, for a given time-step size, than the ETD4 and the ETD4RK
(5.13]) methods, which show the best performance in producing accurate numerical
solutions (errors are seen to be very similar for a given time step).

As the speed increases v = 2,4,..., we find that the IFRK4 method has the
same accuracy for a given time-step size (this is similar to the behavior of the
IFEULER and the IFRK2 methods. The analysis applied to explain the behaviors
of the IFEULER method’s performance in can also be used to analyze the
performance of the IFRK2 and the IFRK4 methods). In addition, the performance
of the ETD4RK method deteriorates gradually as v increases, while that of the
ETD4 method deteriorates dramatically (see figure (b) and (c), of which the
case of speed v = 4 (c) shows that, for a given time-step size, the IFRK4 method is
most accurate for obtaining the numerical solution).

In figure we find that the exponential integrators rely on the fast evalua-
tion of the exponential and related functions. The computations of the ETD and
the ETD-RK methods coefficients (which are done once at the beginning of the
integration for each time-step size) have a noticeable effect on the CPU times, as
they impose a significant timing overhead when the methods use large time-step
size. As can be seen in figure (a), (b) and (c), the differences in timing between
fourth-order methods, for large time-step size, become significant for a required level
of accuracy. In general, the ETD4 method is the most computationally expensive,

since most of the CPU time is spent on setting up the coefficients, via the com-
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plex integration (four more coefficients than the ETD4RK method). In addition,
as we decrease the time-step size, the variation in the time consumed by ETD4
and ETD4RK methods is negligible for a considerable range of specified error toler-
ances. However, for small time-step, and for non-traveling solitons v = 0, the ETD4
method in fact consumes least CPU time, as it can use the largest time-step size to
reach a desired accuracy. The IFRK4 method is marginally the slowest for v = 0, as
shown in figure (a). As the speed increases v = 2,4, see figure (b) and (c)
respectively, the IFRK4 method maintains its rapidity in accomplishing the com-
putations, whereas the computation times of the ETD4 and the ETD4RK methods
increase gradually. For higher speeds these methods use a smaller time-step size to
obtain a level of accuracy similar to that obtained for v = 0.

We note finally that, for accurate and economical computations, it is often ad-
vantageous to utilize fourth-order methods. The benefits of these methods are that
they can use a much larger time-step size than that for the lower order comparable

integrators for an equivalent level of accuracy, and hence they are cheap.

5.4.2 Error Analysis of the ETD and the IF Methods

Our analysis in this section investigates the computational advantage of the Integrat-
ing Factor IF methods and the disadvantage of the Exponential Time Differencing
ETD methods in solving the nonlinear Schrodinger (NLS) equation (5.24). The
previous tests in revealed that, increasing the speed v = 0,2, ... of the soliton
solutions has no effect on the IF methods’ performance, i.e. as the speed
increases, we obtain the same quantitative results for the errors over the same range
of the time-step sizes for an s-order IF method. This behavior is in contrast with
that of the ETD methods, which suffer considerably as the wave speed increases,
and so, in cases of large speeds v = 4,5,... and for a given time-step size, the IF
methods are the best for producing accurate soliton solutions.

The usual way to analyze the accuracy of a numerical method is to study the
local truncation error in time. So if we consider the model

du(t)
dt

= cu(t) + F(u(t),t),

then the local truncation error, for example, of the ETD1 (5.2) and the IFEULER



Chapter 5. Numerical Experiments 149

(5.4) methods are
At?
LT.E ~ TdF(u(t),t)/dt, (5.28a)
Atz —ct
LT.Ey ~ Td(F(u(t),t)e )/dt, (5.28b)

respectively. The derivation of equations (5.28a)) and ([5.28b)) is given in Appendix B.

For cases where the nonlinear term F'(u(t),t) is slowly varying, i.e. the value of
dF (u(t),t)/dt is small, the ETD1 method is highly accurate, while in cases where the
term F(u(t),t)e” is slowly varying (d(F(u(t),t)e”)/dt is small), the IFEULER
is the most accurate.

To understand clearly how this analysis can be applied to the numerical methods
in case of the soliton solutions , we need first to apply the analysis to simple
exact periodic solutions of the NLS equation of the form

u(x,t) = Ae!wttCr)

with amplitude A, and frequency w = C? — A2,

According to (5.28)
LT.Ey ~ APwAP@HC) 19 [ T.Ey n — A2 AP C= A% jo,

Hence, L.T.F; x wA3 = (C? — A2)A3 and L.T.Fy x A°. For cases in which w
is small, i.e. C and A are quantitatively similar, the ETD1 method should
therefore show the best accuracy for a given time-step size, while if A is small and
C is large, i.e. w is large, the IFEULER method should be the best.

In figure [5.15] we plot the numerical relative error of the integrated error norm
as a function of the time-step size, for two different values of w. The choices

of our exact solutions are

wy (z,t) = 3+ T/4) 190 e [0, 8],

up(z,t) = ' 6382) 0 e [0, 7/4].

We use Nr = 64 grid points for the space discretization, and integrate the sys-
tem up to one period of time ¢t = 27/|w|, utilizing the ETD1 and the
IFEULER (5.4)) methods. We evaluate the coefficients in the ETD1 method using
the ‘Cauchy integral’ approach. Figure case (a) confirms that, for the initial
condition

uy(z,0) = /42,
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with the small value of w = —3/16, the ETD1 method gives the best accuracy for a

given time-step size, while, case (b) of the figure shows that for the initial condition
ug(z,0) = %,

with the small value of A = 1 and large value of w = 63, the IFEULER method is
the most accurate method for solving the NLS equation (5.24)).

The above analysis can also be applied in a similar way to the soliton solutions
u(x, t) = asech(b(z — vt))ellc0r+dt), (5.29)

of the NLS equation ([5.24)

ou(x,t) _ (82u(a:, t)

o o e, ) (e, ).

For these solutions, the non-linear part takes the form
F(u(t),t) = —ilu|?*v = —ia3sech? (a(z — vt)/\/ﬁ) et(—v/2H(v?/4=a?/2)t) (5.30)

and the linear operator (—i9%u/dz?) corresponds to the term ¢ = ik? for waves with
wave-number k. If we look again at , we find that if the soliton solutions
vary slowly in time, then the non-linear part F'(u(t),t) also varies slowly in
time, and the ETD1 method is highly accurate. As we increase the speed v,
however, the value of dF(u(t),t)/dt increases, and the ETD1 method becomes less
accurate (this was seen in our earlier experiments illustrated in figure (c) for the
case of the speed v = 4). On the other hand, if we look at again for the
non-linear term F'(u(t),t) , we find that if the term F(u(t),t)e™ varies slowly
in time, then the IFEULER method should be the most accurate for a given
time step. Here, as we vary the value of the speed v, the value of d(F(u(t),t)e™")/dt
does not change, and therefore, the IFEULER method obtains the same quantitative
results for the errors over the same range of time-step sizes (this is illustrated in
figure 5.9 (a) v =0, (b) v =2 and (c) v = 4).

To give a more evident view of the above analysis, fix a = v/2 (as in our earlier
experiments in and assume that the dominant wave-number is approximately
k= —v/2 = ¢ = iv?/4, and hence for the nonlinear term F(u(t),t) (5.30))

dF (u(t),t)/dt < (v?/4 — a®/2)a®.

Therefore, as the speed v increases, the nonlinear term F'(u(t),t) varies rapidly and

the value of dF(u(t),t)/dt increases, and according to (5.28al), the ETD1 method
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become less accurate than the IFEULER method for a given time step.
We would expect the ETD1 method to be highly accurate when v = 0 and v?/4 =
a?/2, i.e. v =2, which agrees with our results in figure (b). On the other hand
the term
F(u(t),t)e” = —ia®sech?(a(x — vt)/\/ﬁ)ei(_mﬂ_azt/?),

and hence, the value d(F(u(t),t)e”")/dt is not influenced by increasing the speed
v, and the truncation error does not change and therefore the IFEULER
method obtains the same quantitative results for the errors over the same range of
time-step sizes.

Finally, we note that the above investigation can also be useful to explain the

behaviors of the second and fourth-order ETD and IF methods in solving the NLS
equation ([5.24)), illustrated in figures and in our earlier experiments.

5.4.3 Conclusion

We have implemented several competing exponential integrators for a large stiff sys-
tem of ODEs arising from the space discretization of the NLS equation . Our
simulations for soliton solutions have revealed considerably different performances
of the compared numerical methods in different cases, which make it clear that the
best choice of method depends on the specific problem to be solved. However, all
compared methods have been able to resolve oscillatory solitons to a required error
tolerance without the severe time-step size restrictions of the standard schemes.

Experimentally, we have found that, in the non-traveling wave soliton solution
case (v = 0 in (5.26]), the most efficient methods of those we have compared are
the ETD and ETD-RK methods of Cox and Matthews [19]. The best of these
methods are the first-order ETD1 , the ETD2RK2 and the ETD4RK
(5.13]) methods. Similar conclusions have been found in the case of slowly traveling
soliton solutions (i.e. the speed v = 2 in our tests).

In addition, we have found firstly that, the performance of IFEULER ,
IFRK?2 and IFRK4 (5.14]) methods is not influenced by varying the values
of the speed v, i.e. if we compare the performance of similar order IF methods,
as the speed increases, we get the same quantitative results for the errors over the
same range of time-step sizes. Secondly, to produce accurate numerical solutions of

the NLS equation for larger speeds v, the IF methods prove to be the most accurate.
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5.5 Thin Film Equation

As a next step towards solving nonlinear PDEs, we include the fourth-order thin

film equation [36]

OH(z,t) — OH () +§x (Hg(m, t) (’y cos x—a<837;:(£’ ) + 87_(;? t)>>), (5.31)

ot ox

where the film thickness H(x,t) is a 2m-periodic function. The authors of [36]
studied the time-dependent evolution equation for a free-surface of a thin
film viscous fluid flow exterior to a rotating horizontal circular cylinder in a vertical
gravitational field with a polar angle x of a point on the cylinder. The model is
based on a lubrication approximation assuming that the film is very thin compared
to the cylindrical radius, and includes the effect of cylindrical rotation (—9H/0x),
gravity (9(yH? cosx)/0x) and surface-tension (—d(aH3(0%H/0z® + OH /0x))/0x)
with corresponding parameters v and «. The theoretical analysis and physical
interpretation of equation in [36] revealed that distinct physical mechanisms,
governing a slow approach to a steady state, occur on different time-scales. Firstly,
there is the fast process of rotating with the cylinder. Secondly, surface-tension
squeezes the free fluid surface to a cylindrical shape. After this, oscillations decay
exponentially on a slow time scale. Their numerical investigation revealed that the
solution oscillates with time before eventually decaying to a steady state at large
time.

A very brief list of some recent research in fluid dynamics involving numerical
simulations of this class of problems includes [0, 24 [88]. The authors of [6] obtained
an evolution equation and analyzed the dynamics of a thin viscous film which lines
a rigid cylindrical tube and surrounds a core of inviscid fluid considering flow in the
2D cross section of the tube. When solving the full nonlinear system numerically,
they found that the film can evolve towards a steady solution of uniform thickness.
In addition, a model for the evolution of a thin liquid film flowing on and coating a
horizontal cylinder that is rotating uniformly about its axis is presented in [24]. The
authors of [24] obtained solutions to the evolution equation with implicit numerical
schemes based on finite differences. The results showed a wide range of possible
behavior depending on the rotation rate.

Solving the thin film equation numerically is a challenging task since the

numerical solution poses several problems:
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1. The fourth-order term is very stiff: the stability constraint on the time step

for explicit methods requires At ~ O(h*) for space step h.
2. When integrating the semi-discretized system of the equations, we find that

e Applying fully implicit methods requires at each time step the solution

of a system of nonlinear equations.

e Applying the IMEX methods requires at each time step the calculation of
either a pentadiagonal differentiation matrix inverse (in the case of dis-
cretizing with finite difference approximations [24]) or a full dense differ-
entiation matrix inverse (in the case of a Fourier spectral approximation).

For example, applying a first-order IMEX method gives
Hpr1 =+ T +aAtH3Dy) " Hy + - - -

where [ is the identity matrix, Dy is the corresponding differentiation
matrix for the fourth derivative and H,, denotes the numerical approxi-

mation to H(ty).

e We cannot apply exponential integration methods directly to solve such
problems since these methods are designed for PDEs that can be split

into linear and nonlinear parts.

To facilitate numerical studies of the thin film equation (5.31]), we set the per-
turbation

H(l’,t) = hO + u<$7t)7

where hg is the mean film thickness, to be the solution of the equation and obtain

N )

After some algebraic manipulation to split the linear and nonlinear terms we deduce

ou(z,t)  Ou(x,t) 5 0Mu(z,t)  O*u(z,t) 3 .
ot x| O‘ho( gt | aa? ) ~hpsing
0 3 .3 Ou(x,t)  Ou(x,t)
+ %<((ho + u(z,t))” — hg) (fycosx — a( B + o )))7 (5.32)

which is an exact reformulation of the original thin film equation (5.31)). The per-
turbation u(x,t) is either small, leading to a weakly nonlinear PDE or large, leading

to a strongly nonlinear PDE.
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FIGURE 5.16: Time evolution of the thin film equation 1' with a = 0.0048, vy = 0.0532
and initial film thickness H(z,0) = 1 (a) solution at polar angle x = 0, in

the time interval 0 < ¢ < 1000 (b) an approach to a steady state at ¢ = 1000.
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Discretizing the spatial derivatives of the thin film equation (5.32]), with periodic

boundary conditions, in Fourier space yields

= (—ik + ah3(k* — kY))a(t) — yhift(sin z)

+ ik [fft((y cos z + iaR (it (k> — k)0 (1)) ((u(t) + ho)® — h))], (5.33)

where k is the wavenumber and fft and ifft are Matlab commands that represent
the fast Fourier transform FFT and its inverse respectively. The FFT is a complex
transform, but in most applications, the data u to be differentiated is real, hence,
only the real part R is taken in the spectral differentiation. The semi-discrete system
(5.33) is a system of coupled ODEs in time. The stiffness in the system is due to
the fact that the diagonal linear operator, with elements —ik + och%(kQ — k%), has
complex eigenvalues of which some have large negative real parts that represent
decay, because of the strong dissipation (—9*u/dx%), on a time scale much shorter
than that typical of the nonlinear terms.

We solve the thin film equation in the time interval 0 < ¢ < 1000 with
periodic boundary conditions and initial film thickness H(z,0) = 1 + u(z,0), where
u(z,0) = 0. We set v = 0.0048 and v = 0.0532 (taken from [36]) and use Nr = 32
grid points in the Fourier spatial discretization. We utilize the ETD4RK method
with time-step size At ~ 276 for the time-discretization. When evaluating
the coefficients of the ETD4RK method (and similarly for the ETD and the ETD-
RK methods utilized for the comparison computations presented in via the
‘Cauchy integral” approach [44] [45] (see , we choose circular contours of radius
R = 1. Each contour is centered at one of the diagonal elements of the matrix of
the linear part of the semi-discretized PDE . The contours are sampled at
32 equally spaced points and approximated by . The numerical results are
presented in figure which shows in (a) that the solution, at the polar angle
x = 0, oscillates with time before eventually decaying to a steady state, shown in
(b), at large time. In addition, the figure demonstrates excellent agreement between
our numerical results and those of [36], providing a check on the accuracy of the
method.

In we solve numerically the thin film equation (5.32)) up to final time
t = 20 in a manner analogous to solving the former PDEs: the K-S and the
NLS equations. We utilize the time-discretization methods listed in and

discuss the results of the comparison tests and state our conclusion in §5.5.2)
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5.5.1 Computational Results

In our simulation tests, we numerically integrate the thin film equation up to
final times ¢ = 20 with periodic boundary conditions and again the initial film thick-
ness H(x,0) = 1+ u(z,0), where u(z,0) = 0. We set a = 0.0048,y = 0.0532 (taken
from [36]) and again use Nz = 32 grid points in the Fourier spatial discretization.

We measure the efficiency of each time-discretization method, listed in in
solving the test model, by computing the numerical relative error . The exact
solution is approximated utilizing, for the time discretization, the ETD4RK method
with a very small time-step.

In figure[5.17, we plot in (a), (b) and (c) the accuracy of first, second and fourth-
order methods as a function of the time step respectively. The aim is to look for the
most competitive method which takes fewer steps (larger time-step size) to achieve
a given error tolerance. Note that the accuracy is improved as time-step decreases,
and that the figures confirm the order expected for each method. In figure [5.18
(a), (b) and (c), we plot the first, second and fourth-order methods’ accuracy as
a function of CPU time respectively, to add a competing factor in differentiating
between the methods.

Considering the first-order methods, it appears from figure (a) that the
IMEX and the EULER methods are not reliable methods for solving the thin film
equation . In the plot, we find that these two methods are the least accurate for
a given time-step size. In addition, they are the most time consuming, see figure|5.18
(a), due to the very small time-step used by the methods (compared to the larger
time-step used by the IFEULER and the ETD1 methods) to produce a solution
that is accurate to any given level of accuracy. We find that the IFEULER method
outperforms the EULER, the IMEX and the ETD1 methods in both accuracy and
speed for any given level of accuracy.

To produce solutions for the thin film equation with higher orders of accuracy
in time, we utilize second-order methods. In figure (b), we find that, for a
given time-step size, the IFRK2 method produces more accurate solutions than the
IFEULER method does. However, for any given level of accuracy, it is the second
most accurate and the most time consuming method, see figure (b), comparing
to other second-order methods. Its performance resembles that of the ETD2RK1
and the ETD2CP methods, though, the ETD2CP method is the second most costly
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method. In addition, tests show that the most accurate method is the ETD2RK2
method with the smallest amount of time consumed for solving the equation to any
given level of accuracy, see figure (b).

Finally, we consider utilizing fourth-order methods with fourth-order conver-
gence, that guarantee higher order accuracy in time. As illustrated in figure [5.17
(c) and (c), the IFRK4 method has proven to be a satisfactory method, being
the most accurate and the least time consuming method for any given level of ac-
curacy. In addition, our simulations reveal that, whereas the ETD4 fails to produce
an accurate solution to the equation for time-step larger than At ~ 5 x 1073, the
ETD4RK method can use time-steps of a maximum size At ~ 8 x 1072 to produce
a solution with an accuracy of 1077, see figure (c). This indicates that the
ETD4RK method has larger stability region than that of the ETD4 method which
in addition, is smaller than that of the ETD2 method. This agrees with our stability

analysis in

5.5.2 Conclusion

Problems in the fluid dynamics of thin films have been solved to demonstrate the
effectiveness of exponential integrators. Under certain circumstances, we have found
that, whereas the first-order IMEX, the EULER and the ETD4 methods are imprac-
tical for solving the nonlinear thin film equation , the IF and the ETD2RK2
methods have proven to be accurate and reliable. It would be interesting in future
to analyze theoretically and understand the behavior of the numerical methods’
performance in the experiments that have been conducted.

Our conclusions have relied on only one case study, where we have considered
one fixed value of the surface-tension and the gravity parameters with an initially
uniform film thickness. However, the thin film equation is strongly nonlinear, hence
convergence and stability become solution-dependent issues, and our conclusions

could differ greatly for different cases.
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6.1 Overall Conclusions

This research aimed to employ Exponential Time Differencing (ETD) as a time-
discretization method to solve accurately stiff partial differential equations. We
considered the effectiveness of these methods for solving real application problems.
Throughout this project, we also presented the modifications that these methods
need in order to be effective. In essence, for semi-linear time-dependent equations,
these schemes provide a systematic coupling of the explicit treatment of nonlinear-
ities and the exact integration of the stiff linear part of the equations.

The thesis began with a review of the derivation of the explicit ETD method of
arbitrary order s, which includes the explicit formula of the methods’ coefficients,
and we presented the Runge-Kutta (ETD-RK) methods of Cox and Matthews
[19] up to fourth-order. We also derived the ETD2RK2 scheme (analogous to the
“modified Euler” method [78]) as an example of the one-parameter family of the

ETD2Rkj schemes for 7 € RT. We concluded that

e If the nonlinear part F(u(t),t) of the differential equation (3.3|) is zero, the
ETD integrators produce the exact solution to the ODE and so the schemes

are automatically A-stable.

e If the linear part is zero (¢ = 0 in (3.3))), the ETD and the ETD-RK inte-
grators reduce to linear multi-step or classical explicit Runge-Kutta methods

respectively.

This work raised the issue of defining other formulas for one-parameter families
of s-order ETD-RK}j schemes in future studies.

As a next step, we examined analytically the ETD and ETD-RK methods’ sta-
bility properties, up to fourth-order. Tests were illustrated with figures where we
computed and plotted the boundaries of the stability regions in two dimensions for
negative and purely real values of the stiffness parameter in the test problem .
The figures demonstrated that the stability regions of the ETD-RK methods are
larger than those of the multi-step ETD methods, which agrees with the conven-
tional fact that the RK methods have larger stability regions than the ordinary
multi-step time-discretization methods of the same order. However, we found that
the different types of an s-order ETD-RK schemes (for example, the ETD2RK1 and
the ETD2RK2 schemes) have different stability regions, in contrast to the stability
regions of different formulas of an s-order RK methods (which coincide). In addi-

tion, for any given value of the stiffness parameter, the stability regions of multi-step
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ETD methods get smaller as the order of the methods increases, which agrees with
the stability characteristic of the ordinary multi-step methods. This work illustrates
that the ETD and the ETD-RK methods have the advantage of avoiding the severe
restrictions on the time-step size when compared with any conventional explicit
method in solving a stiff system of ODEs. We found that the stability regions of the
ETD and ETD-RK methods grow larger as the stiffness parameter decreases, which
permits the usage of a large time-step size and consequent rapidity in computations.

Applying the ETD methods requires the computation of the coefficients, which
are matrix exponentials and related matrix functions of the linear operators. A
complication [19] arises in the computation of these coefficients, in addition to the
difficulties already inherent in computing a matrix exponential [60]. For matrices
which have eigenvalues equal to zero, the explicit formulas of the coefficients involve
division by zero, while for matrices which have very small eigenvalues approach-
ing zero, the coefficients suffer from rounding errors due to the large amount of
cancellation in the formulas.

At this stage of the research, the plan was to test various algorithms against each
other and assess their accuracy, efficiency and ease of use for improving the numerical
difficulties in approximating the ETD coefficients and for an efficient implementation
of the ETD methods. The algorithms studied in this thesis are the Taylor series,
the Cauchy integral formula, the Scaling and Squaring algorithm, the Composite
Matrix algorithm and the Matrix Decomposition algorithm for non-diagonal matrix
cases.

We now reiterate the main conclusions that were drawn from this work:

1. Taylor Series: This algorithm is known for its simplicity and ease of imple-
mentation. However, its efficiency deteriorates when approximating the ETD
coefficients for large values (in magnitude) of the argument (matrix norm in

the matrix case).

2. The Cauchy Integral Formula: The algorithm was proposed by Kassam
and Trefethen [44] [45] to evaluate the ETD coefficients by means of contour

integration in the complex plane approximated by the Trapezium rule (4.16]).

This algorithm turned out to be very accurate for diagonal matrix problems,
but it can be inaccurate and time consuming for non-diagonal matrices with

large norm. In addition, this algorithm requires a prior knowledge of the
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eigenvalue of largest magnitude, and we must ensure that none of the points
on the contour are close to or at the origin, otherwise the original problem of

rounding errors reappears.

We gave theoretical estimate formulas of the errors when using the Cauchy
integral formula to approximate the ETD coefficients for matrices with large
norm, and we used these formulas to estimate the number of points required
to discretize the contour to achieve a relative error of some chosen tolerance.

However, improvements to this algorithm have recently been developed [70].

3. Scaling and Squaring Algorithm Type I: This algorithm is one of the
most effective and powerful algorithms for diagonal and non-diagonal matrix

problems. However, it is the most complex to implement.

In diagonal matrix cases, it is stable for small positive values and for all
negative values on the diagonal. However, the algorithm performance deteri-
orates for large positive values. Due to our analysis, we found that the errors
resulting from the scaling and squaring process in approximating, for large
positive values, either the exponential of a diagonal matrix (when the algo-
rithm’s formulas include it) or the identity (if the algorithm is based on
it), are doubled at each scaling. The analysis in both cases also predicts that

these errors increase linearly as the positive values increase.

In non-diagonal matrix cases, the algorithm requires the knowledge of the
eigenvalue of largest magnitude. In the case of matrices with negative eigen-
values, we found that the performance of the algorithm, when it is based on
the identities , and , agrees well with that in case of the
negative values of the diagonal matrix. This is due to the advantage that we
do not need to compute a matrix exponential. However, when the algorithm

is based on (4.20) - (4.22), or (4.23)) - (4.25) or (4.27)) and (4.24]) - , we

found that the errors resulting from the scaling and squaring process cause

the performance of the algorithm to deteriorate for large norm matrices. This
behavior is contrary to that in the case of negative values of the diagonal

matrices, and it is consequently a task for future research to investigate.

Note that we favored Taylor series to combine with the algorithm rather
than the popular Padé approximation. Firstly, we found that Padé approx-

imations lead to larger rounding errors, due to cancellation problems, than
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Taylor series, which are then amplified by the scaling and squaring process.
Secondly, Padé approximations require a more expensive matrix inversion, in

which the matrix can be very poorly conditioned with respect to inversion.

4. Scaling and Squaring Algorithm Type II: This algorithm gave accurate
results when evaluating the coefficients in the first-order ETD1 method
for very small values (in magnitude) of the argument utilizing the identity
. Due to our analysis, we found that there is no amplification of the errors
and the algorithm’s accuracy remains the same at each scaling. However, this
algorithm did not perform well when computing the coefficients in higher order
ETD methods for very small values (in magnitude) of the argument, due to
the amplification of rounding errors at each scaling as our analysis suggested.

Thus, the Scaling and Squaring type II algorithm is not generally useful.

5. Composite Matrix Algorithm: Implementing this algorithm involves tak-
ing the exponential of a specially constructed matrix, via the Matlab routine
“expm”, which is based on the Scaling and Squaring algorithm. The resulting
matrix contains the values of the ETD coefficients which then can be extracted

easily.

For small positive values and all negative values in diagonal problems and
for small norm matrices in non-diagonal problems, the algorithm proved to
be successful in approximating the ETD coefficients accurately. But it is
inaccurate and computationally expensive in time for non-diagonal matrices
with large norm, due to the larger number of scaling and squaring process that

become inaccurate.

6. Matrix Decomposition Algorithm: This algorithm simplifies the evalua-
tion of a function of a non-diagonal matrix exponential to that of a diagonal
matrix exponential whose elements are the eigenvalues of the non-diagonal
matrix. This algorithm is remarkably accurate when compared with the ex-
plicit formula for ETD coefficients, and is the cheapest algorithm in time. For
small norm matrices, however, it is slightly less accurate than the Cauchy in-
tegral formula, the Scaling and Squaring type I and the Composite Matrix

algorithms.

Tests on the second-order centered difference differentiation matrix for the first and
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second derivatives and the Chebyshev differentiation matrix for the second derivative
exhibit qualitatively similar results, except that the errors are typically larger for
the Chebyshev matrix, due to the larger eigenvalues of this matrix.

The above results led us to agree with the quotation “practical implementations
are dubious in the sense that implementation of a sole algorithm might not be en-
tirely reliable for all classes of problems” [60]. However, in differentiating between
the algorithms considered, we concluded that the Scaling and Squaring type I algo-
rithm is an efficient algorithm for computing the ETD coefficients in both diagonal
and non-diagonal matrix cases. It exhibits some loss of accuracy for large values of
the scalar arguments and large norm of matrices, but this is much less severe than
for the Taylor series and the Cauchy integral formula. Also, it compares favorably
with the high computational cost of the Cauchy integral formula and the Com-
posite Matrix algorithm in non-diagonal matrix cases. The Matrix Decomposition
algorithm, in the conventional eigenvector approach is also very efficient computa-
tionally, though it is slightly less accurate when the matrix norm is small, and is
not applicable to matrices that do not have a complete set of linearly independent
eigenvectors (where no invertible matrix of eigenvectors exists).

The final part of this project aimed to conduct numerical comparison experi-
ments on three stiff PDEs, in one space dimension. We employed first, second and
fourth-order ETD methods, including the ETD and the ETD-RK methods proposed
by Cox and Matthews [19], and made some observations regarding their efficiency
against other competing stiff integrators including: the first-order Implicit-Explicit
(IMEX) method and first, second and fourth-order Integrating Factor (IF)) methods.
The problems considered were: the dissipative time-dependent scalar Kuramoto-
Sivashinsky (K-S) equation, the nonlinear dispersive Schrodinger (NLS) equa-
tion and the nonlinear (dissipative-dispersive) Thin Film equation. In the K-S and
the NLS equations, the linear terms of the equations are primarily responsible for
stiffness whereas in the thin film equation the nonlinear terms are the stiffest.

For the simulation tests, we chose periodic boundary conditions and applied
Fourier spectral approximation for the spatial discretization. In addition, we evalu-
ated the coefficients of the ETD and the ETD-RK methods via the ‘Cauchy integral’
approach [44] [45].

Our simulations revealed considerably different performances of the compared

numerical methods in different cases. Regarding accuracy and CPU time in the
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solving process of the K-S equation , we concluded that the ETD4RK method
is marginally the best. It maintains good stability and produces high accuracy
with reasonable computational effort. Furthermore, when solving the test model for
the specific initial condition , we found that the ETD and ETD-RK methods
of [19] outperformed the compared methods in both speed and accuracy.

For non-traveling or slowly traveling wave soliton solutions of the NLS equation
, we found that, the most efficient methods of those we compared are the
ETD and ETD-RK methods of [I9]. However, the performance of these methods
declines for solutions with larger speeds (fast traveling waves) and the IF methods
then prove to be the most accurate. Our analysis revealed that, as the soliton wave-
speed increases, the local truncation error of the ETD methods gets larger and the
methods become less accurate. On the other hand, the local truncation error of the
IF methods does not change as the speed varies and hence these methods maintain
their performance, and moreover we obtain the same quantitative results for the
errors (over the same range of time-step sizes) for an s-order IF method.

To apply our numerical tests to the nonlinear thin film equation, we introduced a
perturbation to split the equation into linear and nonlinear terms. For this equation
we found that the first-order IMEX and the ETD4 methods are impractical methods,
whereas the IF and the ETD2RK2 methods proved to be accurate and reliable. It
would also be interesting to analyze theoretically and understand in future work the
behavior of the numerical methods’ performance. Further studies on the thin film
equation should consider large and small perturbations to the constant solution.
We expect exponential integrators to perform well when the perturbation is small.
Large perturbations lead to nonlinear terms with a stiffer character, and hence the
performance of the exponential integrators could deteriorate.

In addition, we should consider cases of varying the surface-tension and the
gravity parameters in equation ([5.32). For example, increasing the surface-tension
makes the decay of the amplitude of the higher oscillating Fourier modes more rapid
and the complexity of the time-dependent solutions increases rapidly.

Overall we deduced that all the compared methods exhibited the order of accu-
racy expected, and proved to be efficient alternatives to standard explicit integrators
for computing solutions for stiff problems without severe time-step size restrictions.
Additionally, we noted that, for accurate and economical computations, it is often

advantageous to utilize fourth-order methods. The benefits of these methods are
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that they can use a much larger time-step size than the lower order comparable
integrators for an equivalent level of accuracy, and hence they are cheap. We also
found that the ETD integrators rely on the fast evaluation of the exponential and re-
lated functions. The computations of the methods’ coefficients, which are done once
at the beginning of the integration for each time step size, have a noticeable effect on
the CPU times, as they impose a significant timing overhead when the methods use
a large time step. However, ETD schemes can be efficiently combined with spatial
approximations to provide accurate smooth solutions for stiff or highly oscillatory
semi-linear PDEs. These methods were shown to perform extremely well in solving
various real application problems, while achieving high accuracy and maintaining
good stability. The ETD-RK methods were demonstrated to be more stable and
allow to use larger time-step size than that used by the multi-step ETD methods,
and we also found that the lower order multi-step ETD methods are more stable
than higher order ones, which agrees very well with our stability analysis in §3]

As a final point, we caution that our conclusions are restricted only to the cases
studied. These results cannot be generalized, as they may differ for other choices of
initial conditions and for other problems. It is clear that the best choice of method
depends on the specific problem to be solved.

Our research serves as a basis for more detailed theoretical and numerical in-
vestigations on time-discretization methods to be carried out in the future. It is
hoped that the future investigation will serve dual roles. Firstly, to confirm that
the ETD methods can be ideal methods to cope with stiff systems in a wide range
of applications. Secondly, to develop time-discretization methods that can facilitate
numerical studies of higher-order problems with nonlinear stiff terms arising from

mathematical models of a diverse range of physical phenomena.
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Appendix A

The Numerical Solution of the

Kuramoto-Sivashinsky Equation

This Matlab program is used to obtain the numerical solution of the Kuramoto-

Sivashinsky (K-S) equation (5.18)), utilizing the ETD4RK method ({5.13)), and to

produce figure [5.2

% Spatial grid

N =64; L = 2xpi; x = ([0:N-1]*2*xL/N)’; dt = 27(-10);

% Spectral differentiation matrices

D1

D2

D4

i*(pi/L)*[0:N/2-1 O -N/2+1:-17;
D1.72; D2((N/2)+1) = —(N*pi/(2xL))"2;
D2.72; ¢ = -D2-D4;

% Evaluating the coefficients of the ETD4RK method

% Using Cauchy integral formula

R=1; N1

= 32; r = R¥xexp(2*i*pi*(1:N1)/N1);

cl = cxdt; c2 = c1/2; E1 = exp(cl); E = exp(c2);

for k =
Cc1(k)
c2(k)

C3(k)

:N

real (mean((dt/2)*((exp(c2(k)+r)-1)./(c2(k)+r))));

real (mean (dt* ((-4-c1(k)-r+exp(cl(k)+r) .*(4-3*(cl(k)+r)+(cl(k)+r)."2))
./ (c1(k)+r)."3)));

real (mean(dt* ((2+c1 (k) +r+(c1(k)+r-2) .*exp(cl(k)+r))./(c1(k)+r)."3)));
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C4(k) = real(mean(dt*((-4-3%(cl(k)+r)-(cl(k)+r). 2+(4-c1(k)-r).*exp(cl(k)+r))
/(c1X)+r)."3)));

end

% Initial condition

u = exp(cos(x/2)); uhat = fft(uw);

% Solve PDE:
tmax = 60; nmax = round(tmax/dt); nc = 60; nplt = floor(nmax/nc);
udata = u; tdata = 0;

minl = min(u); maxl = max(u);

for n = 1:nmax
t = nxdt;

uhatl_x = D1.xfft(u."2)/2;

ahat = (E.*uhat)-(C1’.*uhatl_x); a=real(ifft(ahat));

bhat = (E.*uhat)-(C1’.*D1.xfft(a.”2)/2); b=real (ifft(bhat));

chat = (E.*ahat)-(C1’.*(D1.*fft(b. 2)-uhatl_x)); C=real(ifft(chat));
uhat = (E1.*uhat)-(C2’.*uhatl_x+C3’.*D1.*(fft(a. 2)+fft(b."2))

+C4° .#D1.*££t(C."2)/2);
u = real(ifft(uhat));
if mod(n,nplt) ==
udata = [udata u]; tdata = [tdata t];
minl = [minl min(u)]; maxl = [maxl max(u)];
end

end

% plot results:

set(gcf,’renderer’,’zbuffer’), clf, drawnow
mesh(x,tdata,udata’), colormap(le-6%[1 1 1])

xlabel x, ylabel t, zlabel u, grid on

axis([0 2*L 0 tmax floor(min(minl)) ceil (max(max1))])

set(gca, ’ztick’, [floor(min(minl)) ceil (max(max1))])



Appendix

Derivation of the Local Truncation

Errors

Local truncation errors or discretization errors are errors made by numerical algo-
rithms that arises from taking finite number of steps in computation. It is present
even with infinite-precision arithmetic, because it is caused by truncation of the
infinite Taylor series to form the algorithm.

To derive the local truncation errors L.T.E; ([5.28al)

At?
LT.FE ~ TdF(u(t)jt)/dt,

of the ETD1 method (5.2)
W(tns1) = u(tn)e™ + (eA — 1) F(u(ty),tn)/c,

and L.T.E, (5.28D)

AtQ —ct
LT.Ey ~ Td(F(u(t),t)e )/dt,

of the IFEULER method (5.4)
w(tni1) = (u(ty) + AtF(u(ty), t,))e?,

(both methods are performed with respect to the model du(t)/dt = cu(t)+ F(u(t),t)
(5.1))) let us assume that the function u(t,4+1) can be expanded formally in Taylor
series about t,, as follows,

dul(t) N At? d?uf(t) At dBuf(t)

dt o0 a2 |,_, 3 d |_,

w(tni1) = u(ty) + At

(B.1)

t=tn
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where

d?u(t) dul(t) N dF(u(t),t)

a2~ dt dt
= u(t) + cF(u(t),t) + dF(l;it)’t), (B.2a)
Bult)  dPu(t)  d*F(u(t),t)
a3~ ae a2
u 2 u
= Au(t) + AF(u(t),t) + ch(dit)’t) + d F(dtgt)’t), (B.2b)
dmu(t)‘ odm () d™ R (u(t), )
am —C agm—1 atm=1
= mu(t) + P (u(e) 1) + o2 D
N Cdm*QF(u(t),t) d™ L F(u(t),t) (B.2¢)

drm—2 drm—1
For the ETD1 method (5.2)), expand u(t,+1) utilizing (B.1), and substitute the

Taylor series expansion of the exponential function e to deduce

du(t) At? d?u(t) (cAt)?
DA coo—= (14 cA o ulty,
B N = (1 eat+ S5 Juttn)
At?
+ (At+c2, oo ) Fult) ). (B3)

Subtracting equivalent terms and substituting (B.2) in (B.3)) gives us

§ u
At(cu(ty) + F(u(tn), tn)) + %(c%(tn) + eF(ulty), tn) + dF(d(:)’t) t:t2 4=
(cAt + (c?lt)z + - )u(tn) + (At + Cgltz 4 )F(u(tn),tn).

Again, subtract equivalent terms in the above equation to deduce the local trunca-
tion error of the ETD1 method
LT.E ~ A;QdF(u(t),t)/dt.
For the IFEULER method
U(tni1)e” It = (u(ty) + AtF (u(ty), tn))e ",

expand u(t,1)e”“n+1 utilizing (B.1))
d(u(t)e=) At d?(u(t)e=)
dt 2! dt?

u(ty)e “n At

oo = (u(tn) FALF (u(ty), t))e M,

t=tn t=tn

then subtract equivalent terms to deduce

<At( dzt{(tt) _Cu(tn)—F(u(tn),tn)>+At2< d*u(t)

t=tn
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Substituting (B.2)) in (B.4) gives us

At? / dF(u(t), t)
o (—a

— CF(u(tn), tn) )¢~ 4+ = 0.
t=tn

Thus, the local truncation error ([5.28b)) of the IFEULER method is

At2 —ct
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