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1 Introduction

In this PhD thesis, we consider initial value problems for systems of stiff ordinary dif-
ferential equations (ODEs) in the form

y(t) = f(ty@), ylto) =y €R", € [to,te], (1.0.1)

with right-hand side f: R x R” — R. Such problems arise from the spatial semi-
discretization of time-dependent partial differential equations (PDEs) with the method
of lines (MOL). Of special interest is the numerical integration of convection—diffusion—
reaction problems with two or more dimensions in space which possess some stiffness
from diffusion coefficients or reaction terms. Due to the stiffness, implicit or linearly-
implicit methods must be used for the numerical solution of the problem (1.0.1). This
requires to solve algebraic equations which leads directly, or by Newton’s method, to
linear systems. For low and middle dimensions n of the problem (1.0.1), the solution
of the linear systems can be computed with direct solvers. But for high dimensional
problems (n > 10000), this can be very costly with respect to computer memory and
computation time. Therefore, it requires special approaches for an efficient solution of the
systems of linear equations. To this aim, one frequently uses Krylov techniques applied
in the well-known integration codes VODPK [9], ROWMAP [70] and EXP4 [29]. Another way
is to apply an approximate matrix factorization (AMF). This technique was applied in
the early papers by D’Yakonov [17] in 1964 and by Beam and Warming 2] in 1976. The
AMF approach is related to the class of alternating direction implicit (ADI) methods
which was mentioned for the first time by Peaceman and Rachford [45] in 1955. This can
be seen as the very first splitting method in the literature. An overview about AMF and
related splitting methods is given in the paper of van der Houwen and Sommeijer [31]
and in the book of Hundsdorfer and Verwer [32|. The idea of AMF is to split the full
Jacobian of the semi-discretized problem (1.0.1) into a sum of several terms with simpler
structures, i.e., the split Jacobian matrices are band matrices of small bandwidth. This
can be obtained directly or by rearranging components in the semi-discretization of the
PDE problems with the method of lines. Instead of computing the LU-decomposition of
a matrix with a large bandwidth, a sequence of linear systems of much simpler structure
is solved. Especially for high dimensional ODE problems, this is more efficient and
reduces the computation time significantly.

AMF methods have been widely studied in the literature. Linearly-implicit Runge—
Kutta methods with AMF approach are considered by Calvo and Gerisch [12| and Zhang
et al. [75]. Particularly, one-step AMF W-methods and Rosenbrock-type methods are
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investigated frequently. Besides that, classical Rosenbrock-type methods with AMF are
discussed in [32]. A two-stage second-order Rosenbrock AMF method was proposed by
Verwer et al. |65] in 1999. A two-stage third-order method has been applied by Lanser
et al. |43] to shallow water equations. In 2002, Gerisch and Verwer [18] suggested
a three-stage second-order Rosenbrock AMF method for arbitrary Jacobian matrices.
In later investigations, Rosenbrock-type methods and one-step W-methods with AMF
were studied intensively by Gonzélez-Pinto and co-authors, see e.g. [24-26]. More recent
research is concerned with parabolic problems and mixed derivatives [21,22] or with the
convergence analysis of one-step AMF W-methods [23].

Due to their low stage order, one-step W-methods may suffer from order reduction for
very stiff problems. Furthermore, the construction of higher order methods is rather
difficult. For these reasons, Podhaisky et al. [47] introduced the class of two-step W-
methods in 2002. These methods are linearly-implicit and stage values from the previous
step are involved in the numerical scheme. Parallel two-step W-methods are investigated
in [49,71] and high order parallel two-step W-methods with favourable stability prop-
erties are proposed by Jackiewicz et al. [34|. Parallel two-step W-methods also perform
well for the solution of large stiff ODE systems in combination with Krylov approxi-
mations. In Klinge et al. [38], a special class of stiffly accurate two-step W-methods
is presented. These methods are constructed with respect to an additional condition
leading to higher order methods for variable step size sequences. By this construction
principle, stage values can no longer be computed in parallel. In this thesis, results of
this kind will be discussed in detail. Two-step W-methods with application of AMF for
solving large stiff ODE systems have been treated recently by Klinge et al. [37].

Another class of two-step methods are peer methods as introduced by Schmitt and
Weiner [53] in 2004. In contrast to two-step W-methods, all stage values have the same
stage order, i.e., the stage order is equal to the order of consistency. This is why, these
methods are referred to as peer. Peer methods are a special class of general linear
methods (GLMs) which have been introduced by Butcher [7]. More information on
GLMs can be found in Butcher [8] or in the monograph by Jackiewicz [33]. Again, no
order reduction occurs for very stiff problems due to the high stage order of peer methods.
They are first considered as linearly-implicit methods for parallel computations [53].
Like Rosenbrock—Wanner methods (ROW-methods), linearly-implicit peer methods can
be obtained as a result of one step in Newton’s method of a fully implicit method. Later
investigations are concerned with fully implicit peer methods and up to ten Newton
steps [54]| and with sequential computations, see e.g. [46,48].

Peer methods have been considered frequently in the literature. Explicit peer methods
are investigated e.g. in [11,67,72]. Horvath et al. [30] derived explicit peer methods
with strong stability preserving (SSP) property. An application of SSP explicit peer
methods to discontinuous Galerkin discretizations is considered by Klinge et al. [39]. In
general, the nodes of peer methods are assumed to be pairwise distinct. In Klinge et
al. [40], optimally zero-stable explicit peer methods with variable nodes are proposed.
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Implicit and linearly-implicit peer methods with applications have been investigated in
several papers, see e.g. [19,35,44,48,63|. Implicit two-step peer methods for the solution
of large stiff ODE systems are introduced by Beck et al. |5]. Here the non-linear stage
equations are solved by the inexact Newton’s method with the Krylov solver FOM (full
orthogonalization method). In further investigations, peer methods with approximate
matrix factorization are developed and compared with peer methods and Krylov tech-
niques [3,4|. For stability reasons, a predictor of low order is proposed for the Newton
iteration in AMF methods. In numerical tests on problems of convection—diffusion—
reaction type, it is shown that AMF peer methods are superior, especially for low accu-
racy requirements, and are more efficient compared to standard codes from the MATLAB
ODE suite. Soleimani and Weiner [59] introduced a more general class of implicit peer
methods for stiff systems using in addition function values from the previous step. This
allows an increase in the order of the methods and makes the construction of optimally
zero-stable methods rather simple. Numerical tests are promising. These peer methods
are reliable, accurate and superior compared to existing implicit peer methods from [3].
Exponential peer methods are derived by Weiner and El-Azab [69] and an application of
exponential peer methods to stiff ODE systems of high dimension is discussed by Weiner
and Bruder [68].

Many initial value problems arising in practice can be split into a stiff and a non-
stiff part where the stiff part is integrated with an implicit numerical scheme and the
non-stiff part is treated explicitly. For parabolic PDE problems of convection—diffusion—
reaction type, the stiff term often originates from spatial discretization of the diffusion
and reaction parts and the non-stiff term is obtained from discretized convection parts.
With this splitting strategy, one can combine the advantages of implicit and explicit
methods which leads to so-called implicit-explicit (IMEX) methods. Such methods are
investigated frequently in the literature. IMEX peer methods are recently introduced
and studied by Soleimani et al. |58, 60|, Lang et al. [42] and Schneider et al. [55,56].
In contrast to IMEX Runge-Kutta methods, see e.g. [1,6,20], there are no additional
coupling conditions between the explicit and implicit part for IMEX peer methods.
With this and due to the high stage order, the construction of IMEX peer methods is
much simpler. Terms of the split Jacobian corresponding to the non-stiff part of the
ODE problem should not be considered in AMF schemes. This leads to the concept
of an inexact AMF approach which has been applied successfully to Rosenbrock-type
methods by Gonzalez-Pinto et al. [24]. Of course, an inexact AMF approach is also
desirable when some parts of the Jacobian are difficult to compute, are not needed to
ensure stability in AMF schemes, or are challenging for the solution of linear systems.

In this thesis, we will investigate two-step W-methods and two-step peer methods with
application of an AMF approach for large stiff ODE systems. We introduce the class of
two-step AMF W-methods, make a linear stability analysis and construct appropriate
methods. For AMF peer methods, we consider the more general class of implicit peer
methods introduced by Soleimani and Weiner [59]. This leads to an extension of AMF
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peer methods introduced and treated by Beck et al. [3,4]. A main contribution of
this thesis is a comparison of one-step AMF W-methods with two-step AMF methods.
Therefore, it is in our interest to investigate AMF peer methods with an arbitrary, but
fixed number of steps in the Newton iteration. This allows a more proper stability,
consistency and convergence analysis and comparison with linearly-implicit one-step
and two-step AMF W-methods. We propose a predictor for the Newton iteration in
AMF peer methods which is designed with respect to both accuracy and stability. The
influence of an inexact AMF approach is discussed and we consider IMEX peer methods
with AMF for large ODE systems. The test set in our numerical experiments with
AMF consists of the well-known two-dimensional Brusselator problem [27]| which has
already been considered in the investigations of AMF peer methods by Beck et al. [3,4].
Furthermore, we choose a diffusion—convection equation, see e.g. [70]. This test example
allows an adaption of IMEX methods by solving the convection part explicitly. We
completed our test set with a linear diffusion problem which is considered recently with
mixed derivatives for PDE-type W-methods [21] and AMF-type W-methods [22]. More
recently, this linear model is also treated in a convergence analysis of one-stage AMF
W-methods [23] and in general linear methods with ADI techniques [52].

This PhD thesis is organized as follows. In Chapter 2, we recall the formulation of
two-step W-methods. Order conditions and stability properties are discussed. We give
a new additional condition which allows the construction of s-stage stiffly accurate two-
step W-methods of order p* = s + 1 for variable step sizes. We construct new two-step
W-methods up to five stages and test their efficiency on standard stiff test problems.
A comparison with existing two-step W-methods and the well-known integration codes
RODAS and ode23s is included. It is shown that two-step W-methods do not suffer from
order reduction for stiff problems. Chapter 3 deals with two-step W-methods and the
application of AMF. We give the idea of an AMF approach and review one-step AMF W-
methods. We introduce the class of two-step AMF W-methods and show that the concept
of AMF does not influence the order of two-step AMF W-methods. Furthermore, we
prove that in contrast to one-step AMF W-methods, the time derivatives do not appear in
the numerical scheme for non-autonomous problems. A linear stability analysis is given
and we show a stability result for two-step AMF W-methods at infinity. We construct
new two-step W-methods which are suitable for an application with AMF. Peer methods
with AMF are considered in Chapter 4. We focus on investigations for a fixed number
of Newton steps in the AMF peer iteration. Consistency and convergence of AMF peer
methods are proved in this case. We also investigate the influence of an inexact AMF
approach. Stability properties are discussed for the linear test equation. We construct a
new three-stage AMF peer method of order three and propose a corresponding predictor
in the Newton iteration. Furthermore, we study the application of AMF in IMEX
peer methods and construct an appropriate three-stage AMF IMEX peer method of
order three. In Chapter 5, we show the results of our numerical experiments with
linearly-implicit one-step and two-step W-methods and two-step peer methods with
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application of AMF. The methods are tested on the autonomous 2D Brusselator problem,
a linear diffusion problem with homogeneous and time-dependent Dirichlet boundary
conditions and a 2D diffusion—convection equation. The influence of different predictors
in AMF peer methods in our numerical experiments with constant time step sizes is
demonstrated. Moreover, we present numerical tests for AMF IMEX peer methods on
the diffusion—convection equation with an inexact AMF approach. Finally, conclusions
are drawn and topics of future work are proposed in Chapter 6.



2 Two-step W-methods

In this chapter, we describe two-step W-methods. We give an overview about order
conditions and stability. A new additional condition allows the construction of stiffly
accurate methods which are convergent of order p* = s + 1 with s stages for variable
step size sequences. We construct and optimize new two-step W-methods up to five
stages in detail. Numerical tests on standard stiff test problems show the efficiency of
the new methods compared to well-known integration methods and existing two-step
W-methods. It is also illustrated that two-step W-methods avoid order reduction for
stiff problems.

2.1 Formulation of the methods

For the numerical solution of stiff initial value problems

y'(t) = ft,yt), wylte) =yo €R", telto,te], (2.1.1)

with right-hand side f: R x R" — R", Rosenbrock—Wanner methods (ROW-methods)
are applied frequently. There exist A- and L-stable methods. Due to their linear-implicit
structure, these methods are easy to implement. Well-known codes are GRKAT |28, 36],
RODAS [28] and RODASP |28, 62]. For more information on ROW-methods, we refer to
the review paper by Lang [41] and the references therein. However, due to their low
stage order, an order reduction can occur for very stiff problems, see e.g. [46]. Another
drawback of ROW-methods is the need to compute the Jacobian in every step. One-step
W-methods allow keeping the Jacobian constant for several steps. However, because of
additional order conditions, the construction of higher order methods is rather difficult.

To overcome these problems, Podhaisky and co-workers introduced and investigated two-
step W-methods [34,47,49,71| which retain the linear-implicit structure. Recently, these
methods were applied in combination with approximate matrix factorization (AMF)
for the solution of two-dimensional partial differential equations (PDEs) [37]. These
methods can be derived from implicit two-step Runge-Kutta methods by applying one
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step of Newton’s method. An s-stage two-step W-method (TSW-method) is given by

s i—1
Ym,i = Uy, + hm aijkm—l,j + hm Zaijkm,ja L= 17 - S
j=1 j=1
i—1
(I - hm’)/Tm)km,z = f(tm 17Ym z) + h Tm Z’yz] m—1,j + h Tm ZVZ] m,J» (2 1 2)
j=1 j=1 o

1=1,...,s,

um+1—um+h Z mj—i_vjml,])

Here w11 is an approximation to the exact solution y(¢,,.1) at each time step 41 =
tm + h,,. The matrix T, is arbitrary and the order of the method is independent of
the choice of T,,. For stability reasons, it should be an approximation to the Jacobian
fy(tm, wm), but it can be kept constant for some steps in practical computations. Note
that with 7}, = 0, the methods reduce to explicit two-step Runge-Kutta methods which
are not suited for stiff problems, see e.g. [14]. The s external stage values Y,,; are
approximations to y(t,,;), where t,,; = t,, + ¢;h, and k,,; represent approximations to
the corresponding stage derivatives, i.e., ky,; are approximations to y/'(t,,;). We always
assume that v > 0 and the nodes ¢; are pairwise distinct with ¢, = 1. The parameters of
the method can be collected in matrices A = (a); =1, A = (aw) I'=(v), I' = (3)

and vectors b = (b;)5_;, v = (v;), ¢ = (¢;). The coefficients A and T are strictly lower
triangular matrices. Note that some of the coefficients will depend on the step size ratio
0 = hp/hm—1. The methods are linearly-implicit. For every stage a system of linear
equations has to be solved with a coefficient matrix which is constant within the step,
i.e., only one LU-decomposition is required per step. Due to the two-step character, the
methods require additional starting values ko;, ¢ = 1,...,s. For A =0, I' = 0 and
v = 0, we obtain the classical one-step W-methods, cf. Section 3.1. Parallel two-step
W-methods with A = 0 and I' = 0 are investigated in [49, 71| and high order parallel
two-step W-methods are studied in [34]. Two-step W-methods with A # 0 and T’ = 0

are considered in [47].

2.2 Order conditions and stability issues

In this section, we review results about order and stability. The results are collected
from [47] and [49]. Order conditions can be derived by inserting the exact solution in
the numerical scheme and studying the Taylor series expansions of the residuals. The
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residual errors can be analyzed with the help of the following simplifying assumptions:

Clq): old/ll = aZalj N Z /(1 —1)! (2.2.3)

lzl,...,q, 1=1,...,s,

i—1
L(q): —ro'd™/(1-1) ‘—JZ%] (c; — D)L/ - '+0l2%jc§_1/(l—1)!,
j=1

(2.2.4)
l=1,...,q, 1=1,...,s,

B(p) : o—l/u:alzmcgfl/(z '—1—0sz (c; = 1)/ (1= 1), (2.2.5)
=1

A two-step W-method (2.1.2) is said to be of stage order ¢ if conditions C(¢q) and I'(q)
are satisfied. In contrast to multistep methods, two-step W-methods are stable for
hm — 0 (zero-stability) by design and hence convergence follows without additional
stability conditions. We denote the errors of the starting values by

g0 = [ly(to) —woll, v = max [y (to + ciho) — kogll-

-----

Analogously to the class of parallel two-step W-methods [49], one shows the following
theorem.

Theorem 2.2.1 ([47]). Assume that the initial errors satisfy eo = O(h) and vy = O(h{)
with p,q € N. Let the coefficients of a two-step W-method (2.1.2) and the step size ratio
be bounded, i.e., 0 = hp/hm1 < Omas- If the two-step W-method (2.1.2) satisfies
the simplifying assumptions C(q), I'(q) and B(p), then for arbitrary matrices T,, it is
convergent of order p* = min(q + 1,p) for a sufficiently smooth right-hand side f. O

The simplifying conditions (2.2.3)—(2.2.5) are linear relations between the coefficient
matrices. In the convenient case p = ¢ = s, i.e., the method has stage order s, we can
satisfy the order conditions by solving for A, I and v':

A= (CVyD™" = AVp) SV Y, (2.2.6)
= —(]+D)VpSVi (2.2.7)
T=@"D —b"Vy)SVh (2.2.8)

Here we use the notations
‘/E) = (Cg_l)i,jzl ) ‘/1 = ((CZ - 1)j—1>ij:1 ) D = dlag <1a s 75) )
C =diag(ci,...,c;), S=diag(l,0,....,0"), 17=(1,...,1) € R".

(2.2.9)
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Note that the Vandermonde-type matrices V, and V) are quadratic and non-singular
in the case of pairwise distinct nodes, i.e., the coefficients A, I" and v' are uniquely

defined by (2.2.6)-(2.2.8). The system (2.2.6)—(2.2.8) also allows the computation of the
coefficients when the step size is changed in a step size control implementation.

For stability investigations, we consider the usual scalar Dahlquist test equation [16]
y'(t)=Xy(t), AeC™. (2.2.10)

We consider T, = A. Then the application of the two-step W-method (2.1.2) to the test
problem (2.2.10) leads to the matrix recursion with z = h,, 1A in the form

(thm> _ () (hlem1> | (2.2.11)

Um+1 Um

where the (s + 1) x (s + 1) amplification matrix M(z) is given by

oW(z)5 W(z)1
M(z) = <a(bTW(z)ﬁ FoT) 14 bTW(z)n) (2:2.12)

-~ - -1
with Ky, i= (ks - k) s B := A+D, = A+T and W (2) = ((1 ) — z@) 2.
Of course, the stability matrix M (z) depends on the step size ratio o. From the order
conditions (2.2.6)—(2.2.8), we can derive

B=(CVWD™ =V = B1o) SV = (CVeD ™" + W'Vp) SV,

-1
with W, := W(o0) = — (7] + B) . In the following, we consider constant step sizes,

i.e., 0 = 1. Then stability is characterized by the spectral radius of M, which is denoted
by o(M(-)).

Definition 2.2.2. We call the set S = {z € C: p(M(z)) < 1} stability domain of the
two-step W-method (2.1.2). The method is called A(«a)-stable if {z € C: |arg(z) — 7| <
a} C S. It is said to be A-stable if a = 5. We call a method stiffly accurate if for all
fixed up,, k-1, @ =1,...,s, the condition

Hm g1 =0 (2.2.13)

holds. A method is called L(«a)-stable if it is A(a)-stable and the condition (2.2.13) is
fulfilled. It is said to be L-stable if a = 7. O

The condition (2.2.13) for stiff accuracy is equivalent to a vanishing last row in the
stability matrix M (z) for |z| = oo, i.e., e),;M(c0) = 0. This can also be achieved for
variable step sizes. We recall the following lemma.
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Lemma 2.2.3 ([47]). Let the two-step W-method (2.1.2) satisfy the conditions I'(s),
C(s) and B(s). Then we have e, M(00) = 0 if and only if cx = 1 for some k and

b= —e] Wl =¢] <7] + A+ f) , (2.2.14)

vl =e) (A+T) (2.2.15)

hold. U
With ¢s = 1, i.e., k = s, the conditions (2.2.14) and (2.2.15) for stiff accuracy give

A (71+E+f), (2.2.16)

v =el (A+T). (2.2.17)

In [47,49,71], stiffly accurate methods of order p* = s with I' = 0 were constructed.
However, Theorem 2.2.1 shows that the methods will have order of convergence p* = s+1
if B(s+1) is satisfied for variable step sizes. In the following, we will give a new additional
condition which allows the construction of a stiffly accurate two-step W-method which
satisfies B(s 4 1) and thus has order of convergence p* = s + 1 for variable step sizes.

2.3 Stiffly accurate methods of order p* = s+ 1

In this section, we will prove our main result of this chapter. We assume that the
order conditions (2.2.6)—(2.2.8) are satisfied, i.e., the simplifying assumptions C(s), I'(s)
and B(s) are fulfilled and therefore we have a two-step W-method of order p* = s by
Theorem 2.2.1. For B(s + 1) it remains to satisfy

s+1 s+1
(sa+ 0 e ety
where ¢® := (¢5,...,¢*)". Substituting condition (2.2.8) leads to
of =(s+1ob ¢+ (s+ 1) (A" D= bV SV e —1)5 (2.3.18)
Due to the appearance of S, this condition must be satisfied for variable o. This leads
to s + 1 conditions for the coefficients at powers o', | = 0,...,s. It turns out that it

is possible to find stiffly accurate two-step W-methods which satisfy in addition to the
order conditions (2.2.6)—(2.2.8), also the condition (2.3.18) for all o.

Theorem 2.3.1. Let the two-step W-method (2.1.2) satisfy the conditions I'(s), C(s)
and B(s) and let ¢ = 1. Then under the conditions

1 1
I (5,...,S+ 1) Vytet, (2.3.19)
~ ~ 1 1 —1,v—1 TA
(Vss -5 Vss—1,7Y) = 2SI Vo C7 —e, A, (2.3.20)
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the two-step W-method satisfies B(s + 1) and is stiffly accurate.

Proof. For B(s + 1) we have to show that condition (2.3.18) is satisfied. We denote
r =V Yc—1)® with x = (21,...,2,)". Considering the powers of &, condition (2.3.18)
is equivalent to the s + 1 conditions

1
0= (7—chll> x, l=1,...s,
1 (2.3.21)
0= —b'c
s+ 1 ¢

For [ = 1, we have by the definition of the matrix V; and because of ¢, = 1
ri=efa =]V e~ 1) = el (e~ 1) =0.

Furthermore, it is
CVo = (c,c?,...,c%)

and hence
b'OVy=(b'c,...,b'c*).

On the other hand, it holds with assumption (2.3.19)

1 1
b’ == ... .
oV (2, ,SH)

It follows that the remaining s conditions of (2.3.21) for all l = 2,...,s+ 1 are fulfilled,
i.e., the condition B(s + 1) holds.

To prove stiff accuracy, we have to show that (2.2.16) and (2.2.17) are satisfied. It holds

eJ(A+7I+T) =e] A+ (Far, - Fsse1:7)
~ 1 1 ~
T —1,v—1 T
= -, — - 3.2
esA+(2, ,SH)VO C'—elA  (by (2.3.20))

=b" (by (2.3.19)),
i.e., (2.2.16) is fulfilled. With (2.2.6) and (2.2.7), it follows

el (A+T) =el (CVuD™ — AVy — 4V — TV,) SV
=1"D=b"V)SVt (byelCVy=elVy=1" and (2.2.16))
=o' (by (2.2.8)),

i.e., (2.2.17) is satisfied, and thus the two-step W-method is stiffly accurate. |
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This theorem allows us to construct stiffly accurate two-step W-methods which are
convergent of order p* = s + 1 for variable step sizes. Note that the order p* = s of
two-step W-methods is guaranteed by the order conditions (2.2.6)—(2.2.8), i.e., it is not
influenced by the additional conditions (2.3.19) and (2.3.20). We summarize this in the
following corollary.

Corollary 2.3.2. Let a two-step W-method (2.1.2) be given which satisfies the assump-
tions of Theorem 2.8.1. If the initial errors satisfy o = O(hith), vy = O(hY) and the
step size ratio is bounded, i.e., 0 = hy/hym—1 < Opag, then the two-step W-method is
convergent of order p* = s+ 1 for variable step sizes.

Proof. With Theorem 2.3.1, the condition B(s + 1) is satisfied and the two-step W-
method is stiffly accurate. Convergence order p* = min(q + 1,p) = s + 1 for variable
step sizes follows with Theorem 2.2.1 and ¢ = s and p = s + 1. |

Remark 2.3.3. For explicit peer methods, superconvergence for variable step sizes can
be proved under certain assumptions and the condition given by

s—1

1
D radt = 7o l=2. 541, (2.3.22)
=1

cf. [72, Theorem 2/. Condition (2.3.19) can be rewritten with CVy = (¢, c?,...,c%) in
the form
- 1
ZbiCéilzj, ZIQ,...,S—l—l,
i=1

so that (2.3.19) can be considered as a special case of the condition for superconvergence
of peer methods with e] R =b", where R is a strictly lower triangular matriz. Actually,
the proof of Theorem 2.3.1 is based on arguments which are also used for the proof of
the superconvergence of explicit peer methods. Peer methods are discussed in detail in

Chapter 4. O

Remark 2.3.4. For peer methods, condition (2.3.22) is an overdetermined system for the
non-trivial elements of the last row of the matriz R. In contrast to that, the weights b
are uniquely defined by (2.3.19) and the pairwise distinct nodes c. Furthermore, the
coefficients b are independent of the step size ratio o. 0

Remark 2.3.5. By condition (2.3.20), the coefficients A and T can not be chosen as
zeros simultaneously since

fyeSTCVo:’yeSTVo:’y]lT #+ (1,..., L ) for all v > 0,

2 s+1
i.e., it 1s not possible to construct stiffly accurate parallel two-step W-methods which
satisfy B(s + 1) for variable step sizes. Of course, one can obtain stiffly accurate two-
step W-methods with I =0and A # 0 which satisfy B(s + 1) for variable step sizes,
e.g. TSW2B from [47]. O




TwoO-STEP W-METHODS AND PEER METHODS WITH APPROXIMATE MATRIX FACTORIZATION 13

Despite the additional conditions (2.3.19) and (2.3.20), there are free parameters left,
namely cq,...,Co_1, Aand T (except the last row). In the next section, we describe the
construction of stiffly accurate two-step W-methods of convergence order p* = s+ 1 for
variable step sizes with good stability properties and small error constants.

2.4 Construction of methods with B(s + 1)

In this section, the construction of two-step W-methods is discussed which satisfies the
order conditions (2.2.6)-(2.2.8) and the conditions for B(s+1) and stiff accuracy (2.3.19)
and (2.3.20), i.e., the methods are stiffly accurate and have the properties

C(s), I'(s), B(s+1) and ¢, = 1.

In this case, the parameters A, T', v, b", F,1,..., %1 and 7 are determined. The
remaining free s(s — 1) parameters are A, 7,5, i =1,...,s =1, j=1,...,i—1 and
¢1,...,cs—1 and should not depend on the step size ratio 0. Then 7;1,...,7ss—1 and 7y are

also uniquely defined by (2.3.20) with pairwise distinct nodes ¢ and independent of the
step size ratio. We search for suitable two-step W-methods with a large angle o of L(«)-
stability, small error constants and small spectral radius at infinity o(M(c0)) for o = 1.
For stiffly accurate two-step W-methods, this is equivalent to o(Gy), cf. [47, Sect. 3|,
where G, := W, 3. We consider as error constant ferr the sum of the magnitude of
the residual errors in C'(s + 1), I'(s + 1) and B(s + 2). It is also our aim to have small
coefficients for the methods. The optimization is done for constant step sizes, i.e., for
o = 1. We use fmincon from the optimization toolbox in MATLAB and the computer
algebra system MAXIMA for algebraic computations. In the following, we discuss the
construction of two-step W-methods for different numbers of stages s in detail.

2.4.1 Methods with s = 2 stages

In this case, we have only two free parameters, namely, ¢; and as;. One can determine
c1 with respect to the angle a of L(«)-stability and the spectral radius o(G ) for o = 1.
Figure 2.4.1 shows the angle o and 9(G ) as functions of the node ¢;. Note that one can
find methods with a = 90° only for ¢; > 1 and there is also a method with significant
minimal o(Gy), cf. Figure 2.4.1 (right). We denote this L-stable two-step W-method
with 2c. For ¢; < 1, we find a method 2a with maximal angle o and sufficiently small
spectral radius o(G), see Figure 2.4.1 (left). Furthermore, we obtain a method 2b
with minimal spectral radius and sufficiently large angle . Anyway, the conditions
0(Gs) = 0 and B(3) cannot be satisfied simultaneously. With fixed ¢;, we determine
as; of corresponding two-step W-methods to have small error constants and coefficients,
cf. Figure 2.4.2.
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Figure 2.4.1: Angle « of L(«a)-stability vs. ¢; (top) and o(Gw) vs. ¢ (bottom), with
c1 <1 (left) and ¢; > 1 (right).
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Figure 2.4.2: Error constant ferr vs. as; (top) and maximal magnitude of the coefficients
mazcoeff vs. ag (bottom), for method 2a (left), for method 2b (middle)
and for method 2¢ (right).

The coefficients of the methods are given by:
2a:

c1 = 3.0782143245063232e—1, co = 1.0000000000000000e+0, az; = 2.0690788660374544e+-0,
21 = —1.2868537668693829¢+0, v = 2.5921434947524624e—1.

2b:

c1 = 3.4450201538310682e—1, cp = 1.0000000000000000e+0, a2 = 1.7664815214862395e+0,
Y21 = —1.0284317978823534e+0, ~v = 2.4574038276551641e—1.
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2c:

c1 = 1.3943190448038838e+0, co = 1.0000000000000000e+0, az; = 0.0000000000000000e+-0,
o1 = —3.0313692240435608e—1, vy = 9.2266958409163080e—1.

2.4.2 Methods with s = 3 stages

In the case of three stages, we have six free parameters: as;, asi, ase, Y21, ¢1 and
¢2. Analogous to [47], we want to have methods with o(Gy) = 0 for ¢ = 1. The
characteristic polynomial is given by det(z] — G4,) = 23 + paz® + p1x + po. We compute
@91, a31 and asy so that po = p1 = pg = 0 are satisfied. Note that p» = p; = 0 is a
linear system in as; and ass. Inserting this into py = 0 yields a condition for as;. These
calculations are done with the computer algebra system MAXIMA. Note that we have
to add a further constraint in the optimization process to satisfy condition (2.3.20).
Then we optimize 721, ¢; and ¢y with respect to the angle a of L(a)-stability, error
constant and the magnitude of the coefficients, whereby we apply different heuristics to
find appropriate methods. The following method 3b has been found in this way:

3b:

c1 = 4.2451803798618165e—1, co = 1.2555618550820942¢+0, c¢3 = 1.0000000000000000e+0,

a21 = 5.1774789773658938¢+0, a3y = 6.3391015556851371e—1, age = —4.0773189037882983¢—2,
o1 = —4.3034644907058750e+0, 431 = —1.3659849627611041e—2, 730 = —6.4041956977805674e—3,
v = 2.9592668175830239¢—1.

Additionally, we present a method, for which o(G) = 0 does not hold, but with larger
angle « than 3b, see Table 2.4.1. This method is obtained by numerical search with
fmincon and with respect to the described properties above. The coefficients of the
method 3a are given by:

3a:

c1 = 2.7585435173749423e—1, co = 1.2974145641639010e+0, c¢3 = 1.0000000000000000e+0,
as1 = 4.6146103121913240e—1, a3y = —6.3013501027799779e—1, ase = 3.3481277271620247e—1,
Vo1 = 1.0038467404049227e+0, 731 = 1.2814081673484539e+0, 732 = —4.2958347323894375e—1,
v = 4.4330035256651801e—1.

2.4.3 Methods with s = 4 and s = 5 stages

In the case of four and five stages, we perform the numerical optimization with different
strategies to find good parameter sets for the two-step W-methods. Here, we have no
explicit conditions for o(G,) = 0, but we want to satisfy o(G) < 1 for o = 1. Again, we
optimize with respect to the angle « for L(a)-stability, error constants and coefficients.
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The optimization process is done by fmincon from the optimization toolbox in MATLAB.
The following methods 4a, 4b and 5a are obtained:

4a:

3.4475069518575380e—1, ¢ = —3.0199601869781884e—1, c3 = 1.2715954631040773¢+0,
1.0000000000000000e+0,

o1 = —1.3807276352109585e—1, a1 = 4.0288429533730259¢+0, ds2 = —1.6608358550657365¢+0,
Gu1 = 5.5395665635891145e—1, du = 5.7259556650406740e—1, du3 = 1.7058748218129905¢—2,
Fo1 = —1.3109542641248575e—1, Fs; = —2.7740318778345143e+0, 730 = 1.1944608079043511e+0,
Fu = 1.4615607370092432e—1, 7o = —5.4352830808888898¢—1, 73 = —7.4801424301146488¢—2,
v = 3.4083914367433077e—1.

C1

Cq

4b:

2.4902046482054652e—1, co = 1.8463585014782384e+0, c3 = 1.2904402196609168e+0,

1.0000000000000000e+0,

a1 = 1.2369099563404959¢+0, a3 = 4.6203540002585880e—1, aze = —9.1462206621367961e—2,

a4 = —2.7636893446018787e—2, a4o = —1.6369452680547052e—2, a43 = —6.4152678919227064e—3,

Yo1 1.2850995505590568e¢+0, 31 5.3577018410535193e—1, 732 = —3.9108197137041377e—3,

Ya1 6.2457914347561516e—1, a2 3.4191540363782635¢—2, 743 = —2.1472697867924981e—1,
v = 6.0381404956018603e—1.

C1

Cq

c1 = 3.2465871853888723¢—1, o = —5.7205917060903488¢—1, 3 = —1.1099213511352013e—1,
1.3004743005526314e+0, ¢ = 1.0000000000000000e-+0,

5.9748351460406468¢—1, 31 = 8.4900192603721406e—2, G0 = 5.3094512231111113e—1,
Qi1 = 8.8827878595016430e—1, dyp = 4.9147902177027525e—1, dus = 1.2679272894751348¢—2,
Gs1 = 5.6153469017790658¢—1, dsp = 6.2974213872145413¢—1, @53 = —6.1893110194158951e—1,
—1.3411914475329847e—1,

Fo1 = —1.4281493182994098¢—1, 751 = —1.3877813480227719e—1, 730 = —5.7036440762831186e—1,
Fu = 1.0635092143559879¢+0, Ao = —3.0330420318920742e—1, Fu3 = 7.0492608165871473e—1,
Y51 = 3.9600375095807683e—1, 752 = —6.5043986251488239¢—1, T3 = 1.2297356798131087¢+0,
Y54 = 9.9758762294221981c—2,

v = 2.8976577262256498¢—1.

N
N o
= L=
| I
|

54

2.4.4 Properties of the methods

We want to summarize the results of our numerical optimization. Some properties of
the optimized two-step W-methods are listed in Table 2.4.1. For comparison, we include
the two-step W-methods TSW2B, TSW3A and TSW3B with I' = 0 from [47]. For the new
two-step W-methods, we have convergence order p* = s + 1. We have tried different
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strategies and heuristics in our numerical search. Of course, we cannot claim that our
new methods are optimal.

label s p* ! 0(Gw) ferr mazcoeff
2a 2 3 81.85 0.1699 0.3354 2.0690
2b 2 3 83.00 0.4907 0.3459 1.7664
2c 2 3 90.00 0.5969 3.4435 3.2625
3a 3 4 88.68 0.1746 4.6259 4.7382
3b 3 4 76.81 0.0000 1.7578 5.3985
4a 4 ) 86.09 0.4832 10.8643 4.8077
4b 4 5) 89.87 0.4690 15.6969 16.0839
5a 5} 6 74.27 0.5842 33.2437 12.4194
TSW2B 2 3 82.75 0.3333 1.7778 1.0000
TSW3A 3 3 90.00 0.0000 5.3590 3.2000
TSW3B 3 3 83.49 0.0000 2.7344 3.5000

Table 2.4.1: Some properties of two-step W-methods: stages s, order p*, angle a of L(«)-
stability, spectral radius o(G ), error constant ferr and maximal magnitude
of the coefficients mazcoeff, new methods (top) and two-step W-methods
from [47] (bottom).

Our numerical optimization is done for constant step sizes, i.e., 0 = 1. Tt is interesting to
see how the properties of the obtained methods behave by changing step sizes. Therefore,
we illustrate for the methods 3a and 3b the error constant ferr, spectral radius o(G ) and
the maximal magnitude of the coefficients mazxcoeff as functions of o with 0.2 <o < 1.6
which is the crucial range for practical computations, cf. Figure 2.4.3. For method 3b,
we observe 9(Gs) < 1 for all 0.2 < o < 1.6. Furthermore, we have smaller error
constants compared to method 3a, but the coefficients are slightly larger.

Note that ¢; < 0 holds for some optimized two-step W-methods. In our following
numerical experiments, we use an appropriate starting process to avoid that ¢-values
move outside the interval of the time integration, see e.g. |64, p. 176]. Furthermore, we
have ¢; > 1 for some methods. In these cases, a special choice of the step size in the last
time step guarantees that t-values do not exceed the endpoint ..

2.5 Numerical tests

In this section, we test the constructed two-step W-methods from Section 2.4 and com-
pare them with two-step W-methods from [47]. All numerical experiments are imple-
mented in MATLAB. Furthermore, we include numerical tests with the standard codes
ode23s and RODAS. The code ode23s from the MATLAB ODE-suite [57| is based on a
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Figure 2.4.3: Error constant ferr (top), spectral radius o(G) (middle), maximal mag-
nitude of the coefficients mazcoeff (bottom) vs. step size ratio o, for
method 3a (left) and for method 3b (right).

Rosenbrock formula of order two and uses a third order method for error estimation and
step size control. The code RODAS is based on an L-stable ROW-method of order four
with an embedded method of order three [28].

2.5.1 Test case 1: Test of order reduction

First, we want to illustrate the effect of order reduction in ROW-methods. For that, we
consider the van der Pol equation from [28,64]

y =z,
e =(1-y’)z—y, e=10" t€]0,0.5],
y(0) =2, z(0)=0.

We test our new two-step W-methods 2a, 3a, 4a and 5a, cf. Section 2.4, and compare
them with RODAS. We have implemented the methods with constant step sizes. The
additional starting values for the two-step W-methods are computed with RODAS and
high accuracy. The exact Jacobian is used in each step and a reference solution y,.f with
high accuracy is computed with ode15s from the MATLAB ODE-suite [57]. The errors
are computed at the endpoint ¢, in a weighted maximum norm

‘um—l-l,i - yref,i|

err = max . 2.5.23
i=1,...,n 1+ |yref,i| ( )

In Figure 2.5.1, we present the logarithm of the obtained errors at the endpoint ¢, = 0.5
versus the constant step size h. The order reduction of RODAS can be clearly observed.
It behaves as a second order method numerically. As opposed to this, all two-step W-
methods show the expected orders which can be explained with their high stage order.
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Figure 2.5.1: Tllustration of order reduction for ROW-method RODAS: Errors vs. time
step size h.

2.5.2 Test case 2: Small dimensional problems with step size
control

Instead of (2.1.2), we use a transformed formulation for the numerical tests with step
size control given by

(I - hmﬁmi)(km,z + gm,z) = f(tm,ia Ym,z) + gm,h

1 iy 2.5.24
Emi = — (Z Yijhm—1,5 + Z%jkm,j> : ( )

T\iA j=1

This formulation avoids matrix-vector multiplications and is already used in [47]|. Fur-
thermore, this transformation allows the application of an approximate matrix factor-
ization, cf. Section 3.2. In all cases, the Jacobian f, (¢, uy,) is computed numerically in
each step and we use LU-decomposition for the solution of the linear systems. Again,
the additional starting values are computed with the ROW-method RODAS and high ac-
curacy. We follow [47] for the error estimation. We calculate the weights of an embedded
method by

by :==05b", v = ((17+02e])SD™ " —b VpS) V! (2.5.25)

e
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and obtain an embedded solution

am—i—l = Um + hm Z(be’jkm’j + Ue,jkm—l,j)- (2526)

=1

Because of the term 0.2¢] in (2.5.25) for v,, condition B(s) is not satisfied, i.e., the
embedded method is of order p; = s — 1. Then the local error errey, is estimated by

|um+1 i am+1 l|
) | | 2.5.27
lemb = INO%, atol + rtol || ( |

where atol and rtol denote the absolute and relative tolerances. In our tests, we used
the tolerances atol = rtol = 1072,...,1071%. We compute a new step size hnew by

hpew = h,, min (amax, max (amin, asaveerr;rlﬁ/f)) (2.5.28)

with agave = 0.7, amin = 0.2, and apa = 1.5 for all s < 4 and ap,, = 1.1 for all s > 4. If
erremp < 1, we set Nyi1 := Rpew. Otherwise, we put A, := hyey and the last time step
is repeated. We test our new two-step W-methods, the two-step W-methods from [47]
and compare them with ode23s and RODAS. Note that for ode23s and the two-stage
two-step W-methods, the tolerance 10710 is omitted for some problems because of high
computing time. Reference solutions for all problems are computed with high accuracy
with odel15s and the errors are computed at the endpoint ¢, in the weighted maximum
norm (2.5.23). We used the following standard stiff test problems which can be found
in [28]:

e HIRES: a stiff system of eight non-linear ordinary differential equations given by

y; = —1.71y; + 0.43y, + 8.32y3 + 0.0007,

Y, = 1.71y, — 8.75y,

Y, = —10.03ys + 0.43y, + 0.035ys,

Y, = 8.32ys + 1.71y; — 1.12y,

ys = —1.745y5 + 0.43y6 + 0.43y~,

Yl = —280ysys + 0.69ys + 1.71ys — 0.43y6 + 0.69yr,

Yy = 280ysys — 1.81ys7,

yg = —280ysys + 1.81y;
with initial value y;(0) = 1, y2(0) = y3(0) = ... = y7(0) = 0, ys(0) = 0.0057 and
endpoint ¢, = 321.8122.

e OREGO: a stiff system of three non-linear ordinary differential equations in the

form
Yy =T7.27 (y2 +y1 (1= 837510 %y, — 1)) ,

, 1
= — — 1
y2 7727 <y3 ( + yl) y2> )
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with initial value y1(0) =1, y2(0) = 2, y3(0) = 3 and endpoint t. = 360.
e VDPOL: the van der Pol oscillator of two ordinary differential equations given
by
Y
Y

= Y2,

= ((1=9i) 2 —m) /e

with € = 107% and with initial value 3;(0) = 2 and y»(0) = 0. We consider two
different endpoints t, = 2 and ¢, = 11.

e PLATE: a linear and non-autonomous problem, which is obtained by spatial
discretization of the PDE problem

N~ =~

Ut + WUt + TIA2U = f(xa yvt)a <x7y) €= [07 2] X [07 4/3] ) (2529)

where A? denotes the biharmonic operator and with the parameters w = 1000 and
1 = 100. The initial conditions are given by

u(z,y,0) =0 and w(z,y,0)=0
and we consider the endpoint ¢, = 7. The boundary conditions are given by
uw(z,y,t) =0 and Au(z,y,t) =0 forall (z,y) € .

The partial differential equation (2.5.29) is discretized on a uniform mesh grid in
space

(xi,y;) = 1Az, jAz), Ar=2/9, i=1,2,...,8 j=12,...,5.

The right-hand side f of (2.5.29) is idealized by the sum of two Gaussian curves,
which move in z-direction, and is given by

200 (e*5(t*m*2)2 + 675(t*’”’5)2> , ify=uysory=uyy,
0, for all other y.

f(af,y,t)z{

Transformation of the obtained second-order system of ordinary differential equa-
tions results in a system of first-order differential equations of dimension n = 80.

Furthermore, we used a PDE problem in one space dimension from [10] which leads to
an ODE system of higher dimension.

e BURGERS: a stiff system of 2500 ordinary differential equations obtained by
semi-discretization of Burgers’ equation

Up = VUgy + vty + p(z,t), v=0.1, z€[-1,1]
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with source term given by

0, ~1<z<-1/3,
3 1/3 —1/3<2<0
@(xat) = T(x) sin(t), r(q;) = (x + / )7 / <z <0,
3(2/3—x)/2, 0<x<2/3,
0, 2/3<x<1
and with initial condition wu(x,0) = sin(w(x 4+ 1)) and homogeneous Dirichlet

boundary conditions. We consider the endpoint ¢, = 2. Central differences of
second order with Az = 1/2500 are used for the spatial discretization. For the
two-step W-methods, we used as the constant Jacobian the discretization of the
diffusion part. As opposed to this, the code RODAS needs the exact Jacobian in
each time step. We computed the Jacobian using numjac from MATLAB where we
exploited the band structure by providing JPattern.

The results are presented in Figures 2.5.2-2.5.7. We show the computation time in
seconds versus the logarithm of the obtained errors at the endpoint t.. Our numerical
tests show the potential of the two-step W-methods. The step size control in two-step
W-methods works well. The methods of order three are clearly superior to ode23s and
the higher order methods are more efficient than RODAS for more stringent tolerances,
especially for PLATE. We observe that RODAS is the best method for crude tolerances
where it requires a small number of steps. Furthermore, RODAS can quickly adjust the
step size to the dynamics of the solution as the step size can be enlarged by a factor 5 in
a single step. For the two-step W-methods, we need to be more conservative and restrict
this factor to 1.5 (for the five-stage method even to 1.1) to avoid large changes in the
coefficients A and I'. Except for method 2c, the new two-step W-methods with two
stages are comparable to the two-step W-methods TSW2B, TSW3A and TSW3B from [47].
Despite the fact that method 2c is L-stable, this method has a larger error constant and
also a slightly larger spectral radius at infinity, cf. Table 2.4.1. Also ¢; > 1 may be a
disadvantage of this method. The new higher order methods become superior compared
to the methods TSW2B, TSW3A and TSW3B. In general, we can also observe the expected
orders for the two-step W-methods for variable step sizes. The achieved accuracy is
for most problems in much better accordance with the prescribed tolerance than for
RODAS. For the higher dimensional problem BURGERS, the possibility to use a constant
Jacobian for the two-step W-methods clearly pays off. Note that for non-autonomous
problems, the codes RODAS and ode23s also incorporate the time derivatives in contrast
to two-step W-methods.

Except for BURGERS problem, we computed in our numerical experiments for all two-
step W-methods, RODAS and ode23s the exact Jacobian at each time step. This is
necessary for RODAS and ode23s, but not for two-step W-methods due to the fact that
their order is independent of the choice of the matrix T,,. This drawback for RODAS and
ode23s can be clearly seen in Figure 2.5.7.
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Figure 2.5.2: Results for HIRES: Errors vs. computing time in seconds.
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Figure 2.5.3: Results for OREGO: Errors vs. computing time in seconds.
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Figure 2.5.4: Results for VDPOL with t. = 2: Errors vs. computing time in seconds.
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Figure 2.5.5: Results for VDPOL with ¢, = 11: Errors vs. computing time in seconds.
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Figure 2.5.6: Results for PLATE: Errors vs. computing time in seconds.
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Figure 2.5.7: Results for BURGERS: Errors vs. computing time in seconds.
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For BURGERS problem, we used a constant Jacobian for the two-step W-methods. We
can also hold the Jacobian constant for several time steps to reduce the computing time.
This is illustrated for the two-step W-methods 2a, 3a, 4a and 5a in Figure 2.5.8. We
show the results for the VDPOL problem with endpoint ¢{. = 11 when the Jacobian
is computed at each time step and when the Jacobian is computed only every second
step. We can clearly observe this potential advantage of saving computing time. But
we want to mention that a strategy for recomputation of the Jacobian requires further
investigations.

0 T T T T 2&—1 s
2a-2 —A—
3a-1 - [T
3a-2 - B
4a-1
4a-2
ba-1 —-@-
fa-2 --@-

lg(err)

_14 N R R R N

1 10 100 1000
time (sec)

Figure 2.5.8: Results for VDPOL with ¢, = 11: Errors vs. computing time in seconds.
For two-step W-methods, denoted with suffix -1, the Jacobian is computed
at each step, for methods with suffix -2, the Jacobian is computed only
every second time step.



3 Two-step W-methods with
approximate matrix factorization

In this chapter, we recall the concept of approximate matrix factorization (AMF), the
formulation of one-step AMF W-methods and summarize some results. We introduce
the class of two-step AMF W-methods. We show that in contrast to one-step AMF W-
methods, the time derivatives are not involved in the numerical scheme. Furthermore, we

prove a stability result at infinity and describe the construction of appropriate two-step
AMF W-methods.

3.1 One-step AMF W-methods
We first consider an autonomous initial value problem

y(t)=fy®), y(to) =y €R", t€ltte]. (3.1.1)

An s-stage one-step W-method for the solution of problem (3.1.1) is given by Steihaug
and Wolfbrandt [61]

i—1 i—1
(I — hm’YTm)km,z = ]’me (um + Z aijkm7j> + Z lijkm,jy 7 = 17 ey S,
=t =t (3.1.2)

s
U1 = U + E bjkm,ja

j=1

where 7, is an arbitrary matrix. Here u,,,; is an approximation to the exact solution
Y(tms1) at each time step t,41 = tm + hy. In formulation (3.1.2), A = (ay); -,
L = (lij); j=1, b = (bi)i=; and v are the parameters of the method, where A and L are
strictly lower triangular matrices. W-methods are linearly-implicit and only one LU-
decomposition is required per time step. In contrast to two-step W-methods, one-step
W-methods do not need additional starting values. For T}, = J,,, = 0, f(u,), the family
of Rosenbrock—Wanner methods (ROW-methods) is obtained [51,66]. Although T,
can be arbitrary, a reduced number of order conditions and better stability properties
are obtained when 7, is an approximation to the exact Jacobian J,,. Furthermore,
the construction of higher order methods is rather difficult for arbitrary matrix 7;,.

27
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Implicit integration methods require the solution of algebraic equations, which leads
directly, or by Newton’s method, to linear systems with matrix (I — h,,y7},), where
T, is usually an approximation to the Jacobian. For low and middle dimensions of
the problem (3.1.1) this can be done with direct solvers and LU-decomposition. But
for high dimensional problems (n > 10000), the solution of the linear systems can be
very expensive. Therefore, special approaches for the efficient solution of the algebraic
equations are necessary. One possibility is to apply Krylov techniques. Krylov methods
have been investigated and implemented in the well-known codes VODPK [9], ROWMAP [70]
and EXP4 [29]. Another approach is the use of an approximate matrix factorization
(AMF). For this purpose, we consider a general non-autonomous system of stiff ordinary
differential equations with a (d + 1)-term-splitting in the form

d
y'(t) = fty(®) = folt,y(t) + Z fity(t), y(t) =y €R", t€ltot] (3.1.3)

and a corresponding splitting for the Jacobian matrices into d+ 1 addends at the current
point (t,,, )

d
T = Jio + Y Imgs Img = Oy fi(tm ), (3.1.4)
j=1

where the matrices J,,;, j = 1,...,d, have simple structures or can be brought to
band matrices of small bandwidth. Problems of this structure arise, in general, when
solving time-dependent partial differential equations with the method of lines (MOL).
The matrix J,, o stands for the term of the split Jacobian which is not considered in the
AMF approach, i.e., J,, o collects parts of the Jacobian which are difficult to compute, or
are not important to ensure stability in AMF schemes. This is typical for PDE problems
where convection terms should be treated explicitly. If J,, o = 0, then the AMF approach
will be called ezact. Otherwise, it will be said to be inezact, cf. |24, Definition 1]. Inexact
AMF will be considered for peer methods in Section 4.2. The idea of AMF is now to
replace the matrix (I — h,,7yT},) by the approximation

d
(I = hyT) = [ [T = hn¥ i) =: 1 (3.1.5)

j=1
to exploit the special structure of the matrices J,,;, j = 1,...,d. The matrix Il

is called AMF matrix and d is the dimension of the AMF splitting. We obtain the
following relations between the AMF matrix and the Jacobian

d
My = [ [ = v Tons) =t (I = hinyJn)

J=1
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with

d
:]Vm — Z (]md. + <_hm’}/) Z Jm,iJm,j + (_hm’}/)2 Z Jm,z’Jm,ij,k
=1

1<i<j<d 1<i<j<k<d

+ -+ <_hm7)d_1t]m,1<]m,2 Tt Jm,d-
In the case of an exact AMF, i.e., J,,, o = 0, we observe jm = Jm + O(hy,) and hence
(I = by o) = (I = hopyJm) + O(h2).

On the other hand, in the case of an inexact AMF with J,, o # 0, we have jm =
Im — Jmo + O(hy,) and thus

(I = hoyd) = (I = honydn) + O(h,).

Of course, the replacement (3.1.5) in the AMF approach has influence on the accuracy
and stability of the numerical methods. AMF methods have been considered frequently
in the literature. The classical alternating direction implicit (ADI) methods first pro-
posed by Peaceman and Rachford [45] can be already interpreted as AMF methods. An
overview about basic strategies can be found in the paper of van der Houwen and Som-
meijer [31] and in the book of Hundsdorfer and Verwer [32]. One-step AMF W-methods
have been intensively studied by Gonzalez-Pinto and co-workers, e.g. [4,21-26]. The
application of AMF to linearly-implicit Runge-Kutta methods is considered in |12, 75].
In [75], a correction procedure is proposed to obtain higher order methods.

In this chapter, we always assume an exact AMF approach, i.e., fo(t,y(t)) = 0in (3.1.3)
and J,, o = 0. With this, the matrices 7T}, fulfil

Jin — T = O(hsy),  hum — 0. (3.1.6)

This assumption is frequently considered in the literature, e.g. [25,32,50]. Observe that
the formulation (3.1.2) allows the application of the AMF approach (3.1.5) directly.
One-step AMF W-methods for non-autonomous problems (3.1.3) are usually obtained
by application of a one-step W-method (3.1.2) to the equivalent autonomous problem
via the transformation z(t) = (y(t)", )"

() = [f“’y(t))} — g(=(1). (3.1.7)

By considering the corresponding Jacobian splitting, the Jacobians for the associated
autonomous problem (3.1.1) are given by

d
T =3 T Ty = [ayfj(é’?’“m) atfj(t(’)”’“m) . (3.1.8)

Jj=1



TwoO-STEP W-METHODS AND PEER METHODS WITH APPROXIMATE MATRIX FACTORIZATION 30

For exact Jacobians, the AMF matrix is then obtained from

d
(I = hyTn) = [ [ = By Tnsy)- (3.1.9)

j=1

We observe that in this case T,,, = Am+(’)(hm). This approach with AMF technique leads
to one-step AMF W-methods for non-autonomous problems (3.1.3) in the form [22,25]

i—1 i—1
Kz(O) — hmf (tm,iﬂ Uy + Z az-jk;m,j> + Z lijkm,ju

j=1

kmi =K, i=1,...s,

i
s
Um+1 = Um + E bjkm,]

j=1

Here are (p;)i_; = (I — L)™', (¢;)i; = ol with a = A(I — L)™' and t,,; =t + Cihm.
We observe that the time derivatives J, f; are incorporated for non-autonomous problems
in the numerical scheme.

We indicate the following three one-step W-methods. For more details, we refer to the
references given below.

(i) The well-known one-stage W-method with v = %, see [32, p. 153], which we denote
by W1, reaches order p = 2 whenever T,, fulfils (3.1.6).

(ii) The two-stage W-method from |32, p. 400] is of order p = 3 if (3.1.6) is satisfied.
We indicate this method with W2.

(iii) The three-stage W-method from [25, Eq. (37)] is also considered. This method,
denoted by W3, is of order p = 3 if (3.1.6) is fulfilled.

The corresponding methods W1 and W2 with AMF are A-stable when d = 2, cf. [32, pp.
400-403]. For the method W3 with AMF, A(«)-stability for d = 2 is obtained with
a ~ 0.5659 - 7, see [25, p. 571]. For one-step AMF W-methods, which are stable at
infinity, the maximal angle « for linear stability on a d-term-splitting, d > 2, fulfils
(d—1)a < 7, cf. [32, pp. 402-403]. Moreover, if z;, z; — oo, for at least two indices
1 < i < j <d, then the corresponding linear stability function Ry = R4(21,...,24) of a

one-step AMF W-method becomes |Ry| = 1, i.e.,

lim |Ry(z1,...,24)| = 1. (3.1.11)

24,2500

i

For comparison, these methods are used in our numerical experiments, see Chapter 5.
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3.2 Two-step AMF W-methods

We recall the formulation of an s-stage two-step W-method as considered in Chapter 2,
Equation (2.1.2)

s 1—1
Ym,i = Up, + I E aijkm—l,j+hm E aijkm,ja 1=1,...,s,
= =1

s i—1
(I - hm’YTm)km,z = f(tm,ia Ym,i) + hme Z ’7ijkm—1,j + hme Z ,’?ijkm,ja

Jj=1 J=1

(3.2.12)

1=1,...,s,

Um+1 = Um + hm Z(bjka + vjkm—lyj)'

j=1

For the application of an AMF approach, we have to avoid products of the matrix 7},
in the right-hand side of (3.2.12). Therefore, we consider the transformation

s i—1
1 ~
gm,@' = ; < E Vijkmfl,j + E ’Vijkm,j) y (3213)
J=1 Jj=1

which is already introduced in [47| and is also applied in our numerical tests of two-step
W-methods, cf. Section 2.5. This leads to a formulation of two-step W-methods in the
alternative form

s i—1
Ym,i = Upy + hm Z aijkm—l,j + hm Zaijkm,ja
j=1 j=1
(I — houYT) ki + Emi) = [(tmis Yomi) + Emis  i=1,...5, (3.2.14)

Upmt1 = U, + Iy Z(bjk/’mJ‘ + vikm-1,5)-

j=1
For the application of AMF, the matrix (I —h,,yT,,) is then replaced by the AMF matrix

d
o= 10U = by dng)s Img = 0ufs(tms ). (3.2.15)

Jj=1

The order of two-step W-methods is independent of the matrix 7,,. Due to this, the
replacement (3.2.15) does not influence the order of two-step AMF W-methods. This
leads to the following theorem.
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Theorem 3.2.1. Let a two-step W-method (3.2.12) satisfy the simplifying conditions
C(s), I'(s) and B(s), i.e., the order conditions (2.2.6)—(2.2.8) are fulfilled. Then the
corresponding two-step AMF W-method (3.2.14) with AMF matriz (3.2.15) fulfils the
conditions C(s), I'(s) and B(s).

Proof. The formulations for Y,,; and w41 in (3.2.12) and (3.2.14) are equal, i.e., the
conditions C'(s) and B(s) are obviously satisfied for the two-step AMF W-method. With
the AMF matrix (3.2.15), we get from the second equation of (3.2.14)

Ha(kmi 4 &mi) = [(tmis Yimi) +&mi, 1=1,...,5.

Inserting the exact values y(t,,;) for Y,,; and v/(¢,,,) for k,,;, then one has

0= y,(tm,z> + gm,i - Hd (y,(tm,i) + gm,z) )
0= (I - Hd) (y/@mw’) + gmﬂ) )
0=9(tmi) +&mi» i=1,...,5.

With (3.2.13), the statement for two-step AMF W-methods follows by Taylor series
expansion with the assumption I'(s) for the two-step W-method (3.2.12). |

In contrast to one-step AMF W-methods as considered in Section 3.1, the time deriva-
tives of f(¢,y(t)) for non-autonomous problems are not incorporated in the numerical
scheme of two-step AMF W-methods. To this aim, we consider a non-autonomous sys-
tem with a d-term-splitting in the form (3.1.3). We have the following theorem.

Theorem 3.2.2. Let a two-step W-method (3.2.14) fulfilling the simplifying conditions
C(1), T'(1) and B(1) be applied with the AMF (3.1.8) and (3.1.9) to a non-autonomous
system of stiff ordinary differential equations with a d-term-splitting (3.1.3). Then the
numerical scheme takes the form

s i—1
Ym,i = Uy, + hm E aijkm—l,j + hm E aijkm,j7
=1 j=1

s i—1
1 ~
Emi= — | D Yighmo15+ D Fiskmy |
T \= j=1

B = Pt Yons) + & (3.2.16)

km,i = k;g?i_gm7i, 1= 1,...78,

U1 = Upm + P Z(bjkmj + Ujkmfl,j)-

Jj=1
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Proof. The application of the two-step W-method (3.2.14) with transformation (3.2.13)
to the equivalent autonomous problem (3.1.7) gives

s i—1
Ym,i = Uy, + hm E aijkm—l,j + hm E aijkm,ja
= j=1

" i—1
. 1 ~ ~
Emi = — (Z Yijhm—1,5 + Z%jkm,j) )
T\ & p (3.2.17)
(I - hm/mi)(k:m,z + gm,i) = g(Ym,z) + gm,iv
U1 = Up + I Z(Uj/k?m—l,j + bj/k?m,j)v
j=1
with T, given by (3.1.8) and (3.1.9), and with }Afmi = (Yor i Tmi) | Emz = (6 @)

ki = (ks 1), Uiy o= (%Jrj,zf\mﬂ)T, forall j =0,1, and i = 1,...,s. The last

component in the equations for Y, ;, &y, and Uy,4q in (3.2.17) gives, respectively,

5 i—1 s i—1
T = tm + A (Zaij+zaij> ; sz‘:l (ZWz‘j‘i‘Z%j) ,
1 Jj=1 v j=1 j=1

j=
tm—i—l = tm + hm Z(Uj + b])
j=1

From C(1), I'(1) and B(1) we get, respectively, that 7,,; = t,,, + il = timi, ¢i = —1,
i=1,...,s and t;,11 = t, + hy. With the matrix 7, in (3.1.8) and (3.1.9), the first n
components in each equation of (3.2.17) give

s i—1
Ym,i = Uy, + hm E aijkm—l,j + hm E aijkm,j7
Jj=1 Jj=1

s i—1
1 ~
Emi == | D Vikmo1g+ D Fiskmy |+
T \i= j=1

(I = hnY0y £ (s ) ks = B TY 4 B YO, f (b ) (1 + 1),
j=1,....d,

km,i = kfii)l—fmﬂ, 1= ].,...787

U1 = U + P Z(bjkmj + Ujkmfl,j)-

j=1

This concludes the proof since 1 +¢; =0, 1 =1,...,s. |
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Remark 3.2.3. For a general two-step W-method (3.2.18), the time-derivatives of the
split terms f;(t,y(t)) are multiplied by 1 + ¢;. These quantities vanish for two-step W-
methods fulfilling the simplifying condition I'(1). However, for one-step W-methods, i.e.,
two-step W-methods with A =0, I' =0 and v = 0, condition I'(1) cannot hold. To see
this, observe that for one-step W-methods

I'(1) < (v +1)1 =0,

and this cannot hold since v > 0 and T s strictly lower triangular. Furthermore, com-
paring (3.1.2), (3.2.13) and (3.2.14), it is readily checked that the matrices L in (3.1.2)
and T in (3.2.13) are related by v(I — L)™' = (41 + f) From here, the quantities
(14 ¢i);_, appearing in (3.2.18) are just given by

(14 6 = (1 n %f) = (T L)1 = ()i

as presented in the non-autonomous formulation for one-step W-methods (3.1.10). O

3.2.1 Stability investigations

For the stability analysis of two-step AMF W-methods, we consider the linear scalar
Dahlquist test equation, see e.g. [31,32]

d
Y() =My(t), A= X, Re(\)<0, j=1....4 (3.2.19)

J=1

where d denotes the dimension of the AMF splitting. Here is T, = A\. We then apply the
two-step W-method (3.2.14) with constant step sizes h,,, = h to the test problem (3.2.19)
and obtain with

d
=hX, j=1....d z=) z (3.2.20)
j=1
and K., = (km.1,...,kms)" the following recursion for the numerical solution

()t
Um+1 Um
Here the stability matrix M, := My(z1, ..., z4) of dimension (s+1) x (s+1) is given by

W, (%(1 )T+ zA> Wil
bW, < (1— T + ZA> FoT 142 WL

1
v

Md(zl, ey Zd) = (3221)
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~ ~\ —1
with W, := (de — 11— 11T - zA) and AMF factor I1y, which is defined as

Iy = [J(1 = vz). (3.2.22)

In particular, for the special case d = 1 in (3.2.21), we get the usual stability matrix
M(z) of a two-step W-method (2.1.2), cf. [47]. Analogously to [47, Definition 1], we
introduce the concepts of A- and L-stability for two-step AMF W-methods. Again, the
spectral radius of a matrix is denoted by o().

Definition 3.2.4. The stability domain of the two-step AMEF W-method (3.2.16) is
the set S = {(21,...,24) € C? | o(My) < 1}. The method is called A(a)-stable if
{(z1,...,2q9) € C? | Jarg(z;) — 7| < o, i = 1,...,d} € S. We call a method stiffly
accurate if for all fixed wuy,, kn—1; ¢ = 1,...,s, and for at least two variables z;, z;,
i # j, the condition

Jlm g =0 (3.2.23)

i#]

holds. A two-step AMF W-method is called L(«a)-stable if it is A(a)-stable and the
condition (3.2.23) is fulfilled. The method is said to be A-stable if & = Z and L-stable

2

if a = 7 and (3.2.23) is fulfilled. O

In order to check linear stability, it is useful to consider a transformation Q~'M;Q
instead of the stability matrix M, directly, cf. [47]. We obtain with

-t )

the transformed stability matrix MSans

1 N T
s (Wd (20 =TT+ 24) + 2Watb sz]1> | (32.24)

vl +0b" 1

In general, the computation of the eigenvalues of M for arbitrary z; is a difficult
task. Our next result indicates that two-step AMF W-methods cannot be L-stable for
a d-term-splitting with d > 2. Indeed, all the eigenvalues of M, tend to be equal to
one whenever two variables z;, z;, © # j, tend to infinity. This property is shared with
one-step AMF W-methods, see e.g. [32].

Theorem 3.2.5. Let My = My(z1,...,24) be the stability matriz (3.2.21) of an s-
stage two-step AMF W-method (3.2.16) of stage order p = s with arbitrary d > 2. If
i, zj — 00, for at least two indices 1 < 1 < j < d, then the eigenvalues of My tend to

=& =...=& =1



TwoO-STEP W-METHODS AND PEER METHODS WITH APPROXIMATE MATRIX FACTORIZATION 36

Proof. The eigenvalues of M, are the same as those of the transformed stability matrix
MErans in (3.2.24). Since

1—-1I
lim — = 0 and lim ¢ — —1,
zi2j o0 1y zizjroo g
i#£j i#£]
we obtain that lim 2,1 =0 and
i
-1
. 1 1~ 1
lim Wy -(1-I)I+2A)=(I+-T ——I).
Zf;;‘x’ g g g

With notations (2.2.9), S = I and

_1 s
P:((Z_l» . Vi=VP (3.2.25)

ij=1

the order condition I'(s) in (2.2.7) gives

1-\"'/ 1
(1 + —r) (——r) — Vi = VPV

v v
Hence 1
WPV, 0
: trans __ 0 0
anzljrgoo Ma™ = (UT +b" 1) ’
i#]
whose eigenvalues are those of P in (3.2.25) and one additional eigenvalue 1. By the
definition of P, we have the eigenvalues {&; =& =... =&, = 1. |

Remark 3.2.6. With Theorem 3.2.5, the condition (3.2.23) for stiff accuracy cannot
be satisfied for two-step W-methods with arbitrary d > 2. By this, two-step AMF W-
methods cannot be L-stable for d > 2.

Remark 3.2.7. From Theorem 3.2.5, it follows that the eigenvalue & = 1 of the stability
matriz My has multiplicity s + 1 and there is only one eigenvector associated to it.

3.2.2 Construction of two-step AMF W-methods

In Section 2.4, we have presented s-stage stiffly accurate two-step W-methods of order
p* = s+ 1 for variable step sizes. These methods are optimized with respect to the
usual scalar Dahlquist test equation (2.2.10) and have performed well on standard stiff
test problems, c¢f. Section 2.5. Unfortunately, the stability of these two-step W-methods

becomes worse in the AMF case. Furthermore, numerical experiments with application
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of AMF have been far from satisfactory. Therefore, it is necessary to optimize new coef-
ficients of two-step W-methods with respect to AMF-stability and test equation (3.2.19).
In the following, we describe the construction of a three-stage two-step AMF W-method
of order three. Note that we have dropped the property B(4) to have more degrees of
freedom in the optimization process. The construction is done for constant step sizes
and with fmincon from the optimization toolbox in MATLAB. The nodes ¢; and ¢y Wlth
¢3 = 1 and the matrices A and I and ~ are chosen randomly. The coefficients A, T', v
and b" are computed for these values by the conditions (2.2.6)-(2.2.8) and (2.2.16). By
this, the method has stage order three and is stiffly accurate when d = 1. For stability,
we restrict to the case d = 2 and z; = 29 € C7, i.e., z = 2z;. For the computation of
the boundary of the stability domain, we vary the eigenvalues £ = €', ¢ € [0,27) on
the unit circle for the eigenvalue problem

Mtrans JI) — <I> , c CS, c C,
2 (y 3 y Z )

where Mirans .= MEaS(21) is the transformed stability matrix (3.2.24) for d = 2 with
21 = z5. This can be formulated with the substitution w = z;x as generalized eigenvalue
problem for each z; in the form

0 I AN I 0 T
Lo—&Ny Li—eN ) \w) =" N0 eNy— 1) \w)

2
Lo =0, L1:2r+2A+211bT+—1]1 (v +b"), Ly= AT,

where

No=1I, N;=-2vy]—2T—2A, Ny=~*+~l.

The set of eigenvalues z; contains the boundary of the stability region. We perform our
numerical search with different strategies to find good parameter sets with respect to
stability. The coefficients of the method are given by:

TSW-3a:

c1 = 2.4997279273105810e—1, co = 7.4989349830789720e—1, c3 = 1.0000000000000000e+0,

b1 = 5.9372545075163241e—1, by 1.5605376922224856e—1, b3 2.4970691193052155e—1,

v = —1.2005929847406374e—1, wvo 4.2059509659324684e—1, vz = —3.0002193002358563e—1,
a1 = 3.4726274738993569¢—2, a12 = —2.2905781747629211e—1, a13 = 4.4430433546835663e—1,
ag1 = 3.9573123773204316e—1, age = —1.8111728838297050e+4-0, agz = 1.6653078847681164e+0,
az1 = 7.1201967896131857e—1, azz = —3.0723662165046051e+4-0, asz = 2.6102911309612242¢+0,
a2 5.0002725963744266e—1, az; = 5.9378678348426617e—1, azs = 1.5626862309779524e—1,
Y11 = —8.3357876160813221e—2, v1o0 = 4.9987314306737002¢—1, 13 = —6.6654586967257279e—1,
Y21 = —5.0005232008426348e—1, a2 2.2492413581097495e+-0, y23 = —1.9992225172030529¢+-0,
v31 = —8.3360772658061766e—1, v32 3.4995486993682254e+0, 33 = —2.9159781249186900e+-0,
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Yo1 = 2.8764115509315574e—6, v31 = 8.2143371708270889e—6, V32 = —1.6649721048770168e—6,
v = 2.5003060276601602¢—1.

For comparison, we also give the coefficients for the one-stage two-step W-method of
order p* = 2, which are obtained with ¢; = 1 from the order conditions I'(1), C'(1) and
B(1) in (2.2.6)(2.2.8) and with the conditions (2.3.19) and (2.3.20) for b; and . The
one-stage two-step method is also stiffly accurate when d = 1 and convergent of order
p* = 2 for variable step sizes, cf. Theorem 2.3.1 and Corollary 2.3.2. In contrast to the
one-stage one-step W-method with v = %, see e.g. [32, p. 153], the order for the two-step
W-method is independent of the matrix 7,,. The following method is obtained:

TSW-1a:

c¢; = 1.0000000000000000e+0, b; = 5.0000000000000000e—1, v1 = 5.0000000000000000e—1,
Y11 = —5.0000000000000000e—1, a1; = 1.0000000000000000e+-0, v = 5.0000000000000000e—1.

Note that the methods TSW-1a and TSW-3a are L-stable when d = 1. The stability regions
of the corresponding two-step AMF W-methods TSW-1a (left) and TSW-3a (right) for
d = 2 when z; = 2z, € C™ are displayed in Figure 3.2.1. In particular, stability is at least
observed when 21,29 € R™.

200 T T T T 200
150 [ 8 150 |-
100 |- 8 100 [
50 8 50
5 5
E 0 E 0
=50 |- 8 —50 -
—100 - 8 —100 &
—150 |- 8 —150 |-
—200 - - - - —200 - - - -
—10000 —8000 —6000 —4000 —2000 0 —10000 —8000 —6000 —4000 —2000 0
Re(z1) Re(z1)

Figure 3.2.1: Stability region o(Ms(z1,22)) < 1 when 2z; = 2o € C~ of TSW-1a (left) and
TSW-3a (right).

If z;,2; — oo, for at least two indices 1 < i < j < d, then the stability matrix M, has
an eigenvalue £ = 1 with multiplicity s+ 1, c¢f. Remark 3.2.7. This can lead to problems
with respect to stability and accuracy. In our numerical tests for the two-step AMFEF W-
methods TSW-1a and TSW-3a, no stability problems occur and there is no reduction in
the convergence order, see Chapter 5. For illustration, we compute the maximum norm
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of the n-th power of Ms(2y,2y) for 21 = 2o with z; = —10% —103, —10* as function of
n, cf. Figure 3.2.2. For the two-step AMF W-methods TSW-1a and TSW-3a, we observe
that || M3 (21, 22)||,, tends to zero with an increasing number of steps n. This can be
explained by the fact that for larger n the time step size is smaller and z; = 2, will be
far from infinity. Note, that for methods with more stages s, the stability matrix can
cause more problems to guarantee stability.

1 2 3L i
=y

1= 4 |
0

.| _5 |- .|

- 76 . -

- 77 . -

10 160 10‘00 10600 100000 7810 100 1000 10000 100000
number of steps n number of steps n
Figure 3.2.2: | M3 (21, 22)||, for z; = 29 with z; = —10% —10%, —10* as function of n for

TSW-1a (left) and TSW-3a (right).



4 Peer methods with approximate
matrix factorization

In this chapter, we consider a class of implicit peer methods which uses additionally
function values from the previous step. Therefore, we introduce the application of an
approximate matrix factorization (AMF) and obtain a more general class of AMF peer
methods as developed by Beck et al. (2014). We investigate consistency, convergence
and stability properties for a fixed number of Newton steps in the AMF peer iteration.
The influence of an inexact AMF approach is also elaborated. We construct a new AMF
peer method of order three and give a proposal for the predictor in the Newton iteration.
Furthermore, we discuss IMEX peer methods with AMF.

4.1 Implicit peer methods

In this section, we recall the formulation of implicit peer methods, order conditions and
stability issues. An implicit peer method with s stages for the solution of an initial value
problem (2.1.1) as introduced in Soleimani and Weiner [59] is given by

Ui =Y bijUnm-1j+ hm Y _aij f(tmerjs Um—13) + hn Y _Gisf (tmgs Umoj), (4.1.1)
j=1 j=1 j=1 o

1=1,...,s.

Here B = (bi;); ;_y, A= (ay); j_y» G = (9i5); =, and ¢ = (cn, . .. .¢,) | are the parameters
of the method, where GG is a lower triangular matrix with g; =+ > 0. In the case of a
strictly lower triangular matrix GG, one obtains an explicit peer method which is suitable
for the solution of non-stiff initial value problems. The nodes ¢; are assumed to be
pairwise distinct with ¢, = 1. In general, the coefficients of the method depend on
the step size ratio 0 = h,,/h;,,—1. In contrast to two-step W-methods, s stage values
Un,i, 1t =1,...,s, are computed at each time step. Here U, ; is an approximation to the
exact solution y(t,, ;) where t,,; = t,, + c¢;h,. Peer methods are a special class of general
linear methods (GLMs), see e.g. [7,8,33], in which the approximations in all stages have
the same order. Using the vectors U, = (U,,;)i_; € R*" and F,,, = (f(tmi, Um,i))i
leads to a compact representation of the method

40
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where ® stands for the usual Kronecker product of matrices. Like multistep methods
and two-step W-methods, peer methods also need s starting values Up,;, ¢ = 1,...,s.
Implicit and explicit peer methods have been investigated in several papers, e.g. [11,19,
39,40,44,48,59,67,72].

We summarize some results for order conditions and stability from [59]. Conditions for
the order of consistency can be derived by considering the residuals A,, ; obtained when
the exact solution y(t,,;) is put into the method (4.1.1)

Am,z Z bzyy m—1 ] hm Z aijy/(tm—l,j) - hm Z gijy/(tm,j>7
— — (4.1.2)
j= j=
1=1,...,s.
We have the following definition.
Definition 4.1.1. The peer method (4.1.1) is consistent of order p if
Api=0MEN, i=1,...,s. O

Note that the stage order of the methods is equal to the order of consistency. By making
a Taylor expansion of the sufficiently smooth exact solution and putting these expansions
into the residuals A,, ;, we obtain

Am,i=<1—isz> +Z{0_wa —lzam -

_lzgw } /! y()( tm) + O(hfnﬂ)-

l—l

(4.1.3)

Theorem 4.1.2 ([59]). A peer method (4.1.1) is consistent of order p if and only if
AB(l) = (AB;(1));_;, =0, foralll=0,1,...,p, (4.1.4)

where

B; ( —c—wa —lZa,J - —lZgz] : O

Like for multistep methods, zero-stability and order of consistency p are required for
order of convergence p.

Definition 4.1.3. A peer method (4.1.1) is zero-stable if there is a constant K > 0 so
that for all m, k£ > 0 holds

[ Btk -+ B B || < K. 0
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We have the following theorem, see e.g. [46,59].

Theorem 4.1.4. A zero-stable peer method (4.1.1) with order of consistency p is con-
vergent of order p, i.e.,

Um,i — y(tm,z) = O(hp )7 7 = 1, NRNCE hmax — 0

max

with Ry, := max hy,. O

The condition (4.1.4) for [ = 0 is referred to as preconsistency and yields B1 = 1.
For arbitrary coefficients B and G, we can characterize methods of order of consistency
p = s. With the notations (2.2.9), the following theorem can be shown.

Theorem 4.1.5 (|59]). A peer method (4.1.1) is consistent of order p = s if Bl =1
and

1
A= (CVy—GV,D)D'SV{ ' — =B(C — DV,D~ 'V, . 0
g

Note that for pairwise distinct nodes ¢, the Vandermonde-type matrix V; is regular and
hence the matrix A is uniquely defined. Under certain assumptions, one can construct
superconvergent peer methods of order of convergence p = s+ 1. In [72] and [59], the
concept of superconvergence for explicit and implicit peer methods is explained in more
detail.

For stability investigations, the peer method (4.1.1) is applied to the usual Dahlquist
test equation (2.2.10) with constant step size h,, = h. This yields a numerical recursion
in the form

Un=M()Un_1, Mz)=I—-2G)"Y(B+z4), z=M\h, (4.1.5)

where M(z) denotes the stability matrix. It holds M(oo) = —G~'A. For peer methods
with A = 0, we have M (o0) = 0, i.e., L{a)-stability is implied for A(«a)-stable methods.

Definition 4.1.6. A peer method (4.1.1) is optimally zero-stable if the eigenvalues of
B satisfy

=1 &H=--=&=0 O

For implicit peer methods with A = 0, the application of an approximate matrix fac-
torization (AMF) and comparisons with implementation using Krylov techniques have
been studied in [4] and in the PhD thesis [3]. In the following, we introduce and consider
the more general case A # 0, i.e., using in addition the function values from the previous
step, and the application of AMF.
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4.2 AMF peer methods

In this section, we give the formulation of AMF peer methods. We prove a convergence
result for AMF peer methods with fixed number of steps in the Newton iteration. We
investigate the stability of AMF peer methods and describe the construction of a new
three-stage method of order three.

4.2.1 Formulation of the methods

In contrast to one-step and two-step W-methods, for the computation of stage values
Umi,» t=1,...,s,in (4.1.1), one has to solve a system of non-linear equations

Um,i_hm’yf(tm,iuUm,i) = Wy, 1= 17"‘a87

s s i—1
(4.2.6)
Wi = Z bijUn-1,; + him Z az’jf(tm—l,ja Um—l,j) + I Z gz‘jf(tm,ja Um,j)‘
j=1 j=1 j=1

Here w; summarizes already known stage and function values. Typically, the simplified
Newton’s method is applied, which leads to a recursion in the form

(I = b YT ) AU = w; = UL + hyy f (b UE ),

Ut = Uh, + AU

4.2.7
ke k=012, (4.2.7)

where T}, is an approximation to the Jacobian 0, f (¢,,-1s, Un—1,s). We denote the maxi-
mal number of steps in the Newton iteration by kmax > 1. Although only one LU-
decomposition is required per step, this can be still very expensive for high dimensional
linear systems (4.2.7). Therefore, we consider the application of AMF again. In this
chapter, we consider a non-autonomous system of stiff ordinary differential equations
with a splitting in d + 1 terms in the form

d
(1) = Fty®) = folt,y() + Y it y(t), ylte) =y R, L€ [to,t] (4.2.8)
j=1
with a corresponding splitting for the Jacobians into d 4+ 1 addends
d
Jm = Jm,0 + Z Jm,jy Jm,j - ayfj<tm—1,sa Um—Ls)a (429)
j=1
and with the AMF matrix Il

Iy = [[(I = huvTons), (4.2.10)
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see also Section 3.1. Again, J,,o stands for the term of the split Jacobian which is
not considered in the AMF approach, i.e., J,, o collects parts of the Jacobian which are
difficult to compute or are of no use in AMF schemes. This is typical for PDE problems
where convection terms should be treated explicitly. If J,, o = 0, then the AMF approach
will be called ezact. Otherwise, it will be said to be inezact, cf. |24, Definition 1].
Substituting the matrix (I — h,,vT),) in (4.2.7) by the AMF matrix (4.2.10) leads to the
formulation of AMF peer methods for the dimension of the AMF-splitting d > 2 in the

form
HdAUr]fz,i = W; — U]jm + oY f (T Uﬁz,i)a

UMY = Uk + AUY . k=0,1,... kmaz — 1, (4.2.11)
Upi=UFma §=1,...s.

For a fixed number of Newton steps kmax > 1, the choice of the predictor Uf,’m» in
(4.2.11) influences accuracy and stability. In the next section, we describe the order of
convergence of an AMF peer method (4.2.11) in terms of the order of the underlying
peer method (4.2.6), the accuracy of the predictor and the number of Newton steps.

4.2.2 Order of consistency and convergence of the methods

In the case that the Newton iteration has performed until convergence, the order of
consistency of the fully implicit peer method (4.2.6) is independent of the matrix T,,.
Therefore, it is clear that in this case the AMF approach does not influence the order of
consistency.

Theorem 4.2.1 ([3]). Let a peer method (4.2.6) be consistent of order p > 1. Then the
corresponding AMF peer method (4.2.11) is also consistent of order p > 1 if the Newton
iteration (4.2.11) converges. O

One-step AMF W-methods and two-step AMF W-methods are linearly-implicit. For
comparison, we are interested in AMF peer methods which only need a small number
of Newton steps. Therefore, we investigate consistency and convergence of AMF peer
methods for a fixed number of Newton steps kmax. The following result shows that
the order of consistency of an AMF peer method (4.2.11) depends on the order of the
underlying peer method (4.2.6), the accuracy of the predictor USM- and the number of
Newton steps kmazx.

Theorem 4.2.2. Let an AMF peer method (4.2.11) be associated to a peer method (4.2.6)
of order p > 1. We consider an exact AMF approach, i.e., Jy,0=0. If Ur?w- — yY(tmi) =
OMhL), i=1,...,s with0 < g < p+1, then the AMF peer method (4.2.11) is consistent
of order p for arbitrary d, i.e.,

Um,i - y(tm,z) = O(hf;rl), 1= 1, ey S,
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whenever Up,—1; = y(tm-14), i =1,...,s, and
1-— 2. ifg>1
kmag > P HL- @/ ez, (4.2.12)
(p+2)/2, if ¢ =0.

Proof. We denote the exact solution of (4.2.6) with Uy, ;. Then, the exact solution U, ;
with U* = Y(tm-1,) = Up—1, fulfils

m—1,2

Ui = bV f(tmi, Uy, i) = wy, izl,...,s,
U) _Zblj m— 1j+h Zaljf m— 1]7 m— 1] +h Zglj m]’ m])

From (4.2.11), we get

(4.2.13)

g (Uf;ril - U’:;’L) =14 (AUﬁm + (Uyl-fm - Ur*nz))
=w; — Ur]fz,i + AV f (tmis Uylf”) + Hd(Uj:z,i —Uni)
=w; — Ur]:;,i + hnV f (i, Uylfu) + Hd(Uylfz,i - Ur*m) + (w; — wy).

7

Using the first equation of (4.2.13), it holds that
Iy (Ur]z—;l - Ur*n,i> = (Hd - [)(U/;:m - U:z,i) + hm7 (f( m,is Uk ) f( m,is U* ))
+ (w; — wy).

Due to the exact AMF approach, the matrices T, fulfil the assumption J,,—T,, = O(h,,)
for h,, — 0. With (4.2.10), it follows IIg = I + O(hy,). Since Uy, ; = y(tm:) + O(hH),
it then follows that

g (Urls,ril - y(tm,i)) = (Hd - [)(Urlz,i - y(tm,i)) + hm’Y(f( m,is Uk )

X ) (4.2.14)
—f (s y(tm.0))) + (wi = wi) + O(R7).
Furthermore, we have
F iy Up i) = f (b y (b)) = Oy f (b Y (b)) (Ui = Y(timi))
) \ (4.2.15)
+0 (|[Uhs = ytm)]*)
Inserting this into (4.2.14) leads for all k = 0,..., kmaz — 1 to
Ma(Up ' = y(tma)) = (M = I + hin Y0y f (tinis Y(tm.i))) Up i — y(tmi)

(4.2.16)

+ (wi = w}) + O (A [|Uh ;= () |[*) + O™,

where Iy — I + hp Y0y f (tmi, Y(tmi)) = O(h2,) for h, — 0 holds with (4.2.10) and
I — T = O(hyy,) for by, — 0.
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We now prove the statement by induction on s. First, for i = 1, from (4.2.6), (4.2.13)
and with Uy, = y(tm-1;) = Un-1j, 1 < j < s, we have that w; = wj. Since
Uy = Y(tmy) = O(hd,), we get from (4.2.16) that Un1 — y(tm,1) = O(hE") whenever
(4.2.12) holds.

For the induction step, we assume that U, ; — y(t,,;) = O(hEFY), j=1,...,i— 1. This
implies from (4.2.6) and (4.2.13) that w; — w} = O(h2F?) and inserting this in (4.2.16)
concludes the proof in a similar way as for i = 1. |

With Equation (4.2.16) in the proof of the previous theorem, the accuracy of an AMF
peer method (4.2.11) can be characterized after each Newton step. For example, if
Uron,i — Y(tmi) = O(hY) for all i = 1,...,s with 0 < ¢ < p+ 1, then we have after one
Newton step, i.e., for k =0

(1 + O(hm)) (Up i = y(tma)) = O(hy,)O(hL,) + O(h*) + O(hyt™) + O(h)
= O(hi?*) + O(hp!™) + O(RL),

and hence, we obtain

O(hEf?) + O(hhH), if g >1,

Ul ; — Y(lmyi) =
mi ~ Yltma) {O(hm)+0(hgj1), it q=0.

This can be generalized and is summarized in the following corollary.

Corollary 4.2.3. Let an AMF peer method (4.2.11) be associated to a peer method
(4.2.6) of order p > 1. We consider an exact AMF approach. If U), ; — y(tm) = O(hS,)
for alli =1,...,;s with 0 < q < p+ 1, then for an AMF peer method (4.2.11) with
Un-1i=Y(tm-14), i =1,...,s and arbitrary d it holds

heFR) + O, ifg > 1
U ylt) = { O ) OU ) A=y k=,
’ ’ O(hiy ™) + OB, if ¢ =0.
whenever Uy, j — y(ty ;) = O(REFY), 5 =1,...,i—1. O

In Theorem 4.2.2, we consider an exact AMF approach, i.e., J,, o = 0. Therefore, it holds
Jn — Trn = O(hy,) for hy,, — 0 and we obtain Iy — I 4 hp Y0y f(tmi, Y(tmi)) = O(h2)
for h,, — 0 in the proof above. In the case of an inexact AMF, i.e., J,, o # 0, we have
Im — Imo — T = O(hyy,) for h,, — 0 and hence

Hd — I+ hmfy@yf(tm@ y(tm,z)) = hm’YJm,O - hm'YJm + hm’yayf(tm,i: y(tm,l))

4217
= O(hyp), hm — 0. (4.2.17)

We observe in this situation a different bound for the necessary number of Newton steps
to obtain order p in the AMF peer method. We summarize this in following theorem.
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Theorem 4.2.4. Let an AMF peer method (4.2.11) be associated to a peer method (4.2.6)
of order p > 1. We consider an inexact AMF approach, i.e., Jy, o # 0. If U,?M—y(tmi) =
OhL), i=1,...,s with0 < g < p+1, then the AMF peer method (4.2.11) is consistent
of order p for arbitrary d, i.e.,

Uni—Y(tmi) = OB, i=1,...s,
whenever Up,—1; = y(tm-1,), i =1,...,s, and
kmaxr >p+1—¢q, ¢q>0. (4.2.18)

Proof. The statement follows for an inexact AMF approach and with (4.2.17) analo-
gously to the proof of Theorem 4.2.2. [ |

Analogous to Corollary 4.2.3, the next corollary follows immediately.

Corollary 4.2.5. Let an AMF peer method (4.2.11) be associated to a peer method
(4.2.6) of order p > 1. We consider an inexact AMF approach. If U, ;—y(ty:) = O(hd,)
for alli =1,...;s with 0 < q < p+ 1, then for an AMF peer method (4.2.11) with
Un-1:=Ytm-14), i =1,...,s and arbitrary d it holds

Ui = Y(tms) = O(WGF) + O, q=0, i=1,....8 k=12
whenever Uy, j — y(ty ;) = O(REFY), 5 =1,...,i—1. O

In the following, we will show the convergence of AMF peer methods with a fixed
number of Newton steps. Therefore, we denote by U,, the numerical solution after
one step of an AMF peer method (4.2.11) obtained with exact starting values, i.e.,
ﬁm—l,i =y(tm-14), 1 =1,...,s, cf. Theorem 4.2.2. We also use the notation

y(tm + Clhm)
Y(tm) - :
y(tm + Cshm)

for the exact solution at time ¢,, and the global error is defined by

Em = Upn =Y (tn).

For simplicity, we suppose in the following theorem that all stage values U,,;, i =
1,...,s, are computed simultaneously by Newton’s method. This is not a restriction but
allows a more compact proof of the statement. Furthermore, we assume the same upper
bound kmax for all stages. Of course, this can be different in practical computations.
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Theorem 4.2.6. Let U,, be the numerical solution of a zero-stable AMF peer method
(4.2.11) and let U, be the numerical solution after one step of the AMF peer method
obtained with exact starting values, i.e., ﬁm—u =yY(tm-14), i =1,...,s, with Tm =T,.
Furthermore, we suppose that the coefficient matrices B and G are constant and A is
computed by Theorem 4.1.5. Then it holds

HU,‘; - (7};“ <1 +0h) lemall, k=0,... kmaz. (4.2.19)

Proof. For simpler notation, we consider scalar and autonomous initial value problems.
We get from (4.2.11) for Uptt and U, i =1,... s, with T,,, = T,

m,i

Hd(Uf:,rll - Uf%,l) = w]f - Ufz,1 + hm’Yf(Url;,l)a

: (4.2.20)
Ma(Upt! = Up o) = we = Up o+ hay f(Uy, )
and _ _ B _
Ma(Up ' = Upn) = @ = Upy + hiny f(Up, ),
(4.2.21)

Hd(ﬁrﬁzl - [77]’::175) = wf - [77176175 + hmq/f([fjrlfz,s)
Using the vectors UF = (Uffw)f:l e R, Uk = ((77’;““), F(Uk) = (f(UT’f”))j:l € R?,
F(O5) = (f(Th)) . wh = (b, € R and @ = (@) with
" i=1

s s i—1
wf = Z bijUmn—15 + hum Z aij f(Um-15) + hm Z 9. F(UN, ),
=1 =1 =1

s s i—1
wf = Z bijUn—1;5 + him Z aij f(Un-1;4) + hm Z 9i.f (Un ),
=1 =1 =1

we obtain from (4.2.20) and (4.2.21) for U¥™* and U5, respectively,
My (UEH — Uk) = 0™ — UF + b,y F(UE), (42.22)
[,(US — UF) = @M — UF + h,yF(UE). -

Note that by collecting all stage values, w**! and w**! depend on the Newton iterates

Uk and URH| respectively. Formally, this looks implicitly in terms of U¥t! and U*+,
but it can be solved successively via the stages. Subtracting the equations in (4.2.22)
leads to

I, <U:@+1 _ (7712-&-1) — (W — Y 4 (T — 1) (Urlf@ _ ﬁ:;)

1.2.23
+ By (F(U,’;) - F(ﬁ@)) . 4:2:29)
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We consider the case k = 0 and use the notation G = G + v, e, Gisa strictly lower
triangular matrix. From (4.2.6), and with the assumption U, 1 = Y (t,,_1) for @', we
have

w' = @' = Bepm1 4+ hA(F(Up—1) — F(Y (t-1))) + hinG(F(UL) — F(U)).
With the mean value theorem for vector-valued functions, we have

F(Um_l) — F(Y(tm_l)) = Hm_1€m_17 Wlth Hm—l = diag(fm_lvi),

! (4.2.24)
1 = [ O (0l + 001 = it 1,)) 0
and analogous to this also
FULY = F(U) = JL (UL = TUL). (4.2.25)
We have with (4.2.24) and (4.2.25)
w' — @' = Bep1 + hiyAHp16m-1 + hnGJE (UL — UL). (4.2.26)

With predictors in the form Ul = BU,, , +hmfA1F(Um_1) and with U,, | = Y (ty-1) for
UY . we obtain

US — U = B(Up1 — Y (tn1)) + hnA(F(Uppe1) — F(Y (tm-1)))

> v (4.2.27)
= Bgm—l + hmAKm—lgm—l

and
BV (F(US) = F(T2)) = huy LY,(US, = T9). (4:2.28)

Again, K, ; and LY are obtained by the mean value theorem as described above.
Inserting (4.2.26) and (4.2.28) into (4.2.23) leads to

T _ ) ~7lrrl 77l
Hd <Um Um> BSm_l + hmAHm:lEfm_l + hmGJm(Um~ Um) (4229)
+ Iy — 1)(UR, = U2 + hony Lo (US, — UY)

and hence, we obtain

(Il — hyGJ2) (U,; - ﬁ;) = Beyy + hn AH 1201

N (4.2.30)
+ (Mg = DI + hoy Ly, ) (U, = Up,).

With II; = 1+ O(h,,), we have

m m

(I +O(hy)) (U,; - (7,;) — Bepr + h AHpy 1601 + O(ho)(U° — T,
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The coefficient matrix G is constant and hence the matrices A are uniformly bounded
for o0 < opax. With

U,?l — (7791 = B\Sm_l + hm/Ale_lsm_l = O(l)ém_l,

we then get
U+owﬂwmgdm)23%4+omm%4,
UL — UL = Bepy + O(hp)em-1.

Due to the zero-stability, there exists a norm || - || such that ||B|| = 1 holds for the
constant matrix B. Then, it follows in this norm

| = T < 1B lem-ll + Om) llem-all = (1 + O(hn) el

Now, the statement follows recursively, i.e., we have

HW}iﬁHSO+OMMM&PJ,k:Q”mem

We now prove our convergence results.

Theorem 4.2.7. Let the assumptions of Theorem 4.2.6 be satisfied. Let an AMF peer
method (4.2.11) with an exact AMF approach be associated to a peer method (4.2.6),
which is consistent of order p > 1.
(a) If the predictor satisfies UY, ; — y(tm;) = O(hL,), i =1,...,5 with 0 < g < p+ 1,
then we have

HﬁH<{“+menmmﬂ+ow$%+omym fa>1,

(1 + O(hm)) ”gmﬂH + O(h%"_l) + (’)(hgjl)? ifq=0. (4~2-31)

(b) Additionally, if the starting values satisfy Uy, — y(tos) = O(hy), i =1,...,s, and

whenever
1-— 2. ifqg>1
fmaz > 4 P9/ ffq_ :
(p+2)/2, ifq=0
holds, then an AMF peer method (4.2.11) is convergent of order p for arbitrary d,
1.€.,

lemll = 11U = Y ()l = O(Phas)s Trmas — 0 (4.2.32)

mazx

with hpe, = max h,,.
m
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Proof.
(a) With L
ek =UF ~Y(t,)=Ur ~UF +U% ~Y(t,)
and Theorem 4.2.6, it follows

et < ||k = T + | T = Y )| < (1 + O lem-al + | T = Y ()|

With Corollary 4.2.3, the proof is complete.

(b) With the global error &, = U, — Y (), Un = U™ and a fixed number of
Newton iterations kmaxz > 1, we have with (a) and Theorem 4.2.2 the recursion
for the global error

lemll = 1Um =Y (ta) | = |[Un™** = ¥ (tn) || < (1 + O(hn)) lem-1ll + O(RF).

Taking into account that h,, = oh,,_1, the statement now follows with the as-
sumption for the starting values by standard arguments, cf. e.g. the proof of
Theorem 5.2.1 in [64].

[
Analogously, the following theorem is obtained for an inexact AMF approach.

Theorem 4.2.8. Let the assumptions of Theorem 4.2.6 be satisfied. Let an AMF peer
method (4.2.11) with an inexact AMF approach be associated to a peer method (4.2.6),
which is consistent of order p > 1.
(a) If the predictor satisfies U, ; — y(tm,) = O(hL,), i =1,...,5 with 0 < g < p+1,
then we have

[eb ]| < (1+ O(hm)) llemall + OhEF) + O(RE?), g > 0. (4.2.33)

(b) Additionally, if the starting values satisfy Up; — y(to) = O(RY), i =1,...,s, and
whenever
kmar >p+1—¢q, >0

holds, then an AMF peer method (4.2.11) is convergent of order p for arbitrary d,
1.€.,
lemll = 1Um = Y(tn)|| = O(h00s), gy — O (4.2.34)

mazxr

with hp,e, = max h,,. O

Remark 4.2.9. Note that zero-stability is an essential assumption of Theorem 4.2.6.
Hence, convergence of AMF peer methods for a fired number of Newton steps follows by
consistency and zero-stability, which is typical for multistep methods or peer methods,
see e.g. [15,64]. O
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4.2.3 Stability investigations of the methods

For stability investigations of AMF peer methods, we again consider the linear scalar
test equation, cf. also Section 3.2.1

d
J() =My(t), A=>_X, Re(N)<0, j=1....4d (4.2.35)
j=1

where d denotes the dimension of the AMF splitting. In [3], it is shown that AMF peer
methods with A = 0 are at most A(«)-stable with

< T
“=%a—1y

The same upper bound for the maximal angle o of A(«)-stability is proved for AMF
Rosenbrock methods and even one-step AMF schemes, in general, cf. [32]. We also show
this for AMF peer methods with A # 0. Therefore, we apply a peer method (4.2.6)
with constant step sizes h,, = h to the scalar test equation (4.2.35) and obtain with
notations (3.2.20)

U, = BU,,_1 + zAU,,_1 + zGU,,. (4.2.36)

We denote the exact solution of (4.2.36) by U, and then get
0=U; —2GU;, — (B+ zA)Up,_1. (4.2.37)
The application of Newton’s method to (4.2.36) leads to a recursion in the form
(I —2G) (U =UL) = (B+ 2A)Up1 + 2GUY, —UE, k=0,1,2,.... (4.2.38)

We apply the AMF approach and substituting the matrix (I — 2G) in (4.2.38) by the
corresponding AMF matrix I, yields
I, (UM = Ur) = (B+ 2A)Upy + 2GUY, — UE,

4.2.39
LU = T,UF + (B + 2A)U,, 1 + 2GUE — UF . ( )

We define the error of U* to the exact solution by A, := UX — U* and obtain with
(4.2.37) and (4.2.39) the following recursion for the error
MyA gy = IUET — T1,U7
= UF —T,U7 + (B + 2A)U,,q + 2GUE — UE
= uUF —T,U; + (B + 2A)Upy + 2GUE — UY
+ U, —2GU; — (B + zA)Up—1 (4.2.40)

= y(Uy, = Uy) + 2G(U,, = Uy) = (Uy, = Uy)

= II4Ar + 2GA, — Ay

= (IIg+ 2G — I) Ay,
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i.e., we have Ay 1 = R(z1,...,24)A, with iteration matrix given by R(z1,...,zq4) =
I—T0;'(I—2G). We observe that terms with U,, ; vanish in the error recursion (4.2.40).
Hence, we have the same recursion as in |3, Eq. (4.11)]. Analogous to [3], we assume
that all values z;, j = 1,...,d, are equal, i.e., 2y = --- = 24 € C7. Then, our state-
ment follows immediately with the approach in [3]. We summarize this in the following
theorem.

Theorem 4.2.10. Let z; =& € C forallj =1,...,d be given. If the iteration (4.2.39)
is convergent for all € € C™ with |arg(€) — 7| < « and for arbitrary predictors U°

m,i) L=
1,....,s, then it holds

m
< — 4.2.41

“=3%@-1) (4.2.41)

In particular, an AMF peer method (4.2.11) is at most A(a)-stable with angle o given
by (4.2.41). O

Again, we are also interested in characterizing stability of AMF peer methods for a
fixed number of Newton steps kmaz > 1. In this case, the predictor U}, ; in the AMF

peer scheme (4.2.11) influences stability. In [3], a very general predictor is considered to
derive the stability matrix of the Newton iteration with AMF, namely

s s i—1 i—1
US.M- — Z biij—l,j + hm Z&Z—ij_w + Z ?iij,j + hm Z /g\iijJ' (4242)
J=1 j=1 j=1 j=1

Predictors (4.2.42) with @;; = 7;; = 0 for peer methods are introduced in [48]. Investiga-
tions and numerical tests in [3,4] have shown that predictors of high order or predictors
using stage values or function values of the current step have worse stability properties
in the AMF case. Therefore, we shall deal with predictors for the Newton iteration in
the form

S
Ur?z,i - Zbiijfl,ja i=1,...,s (4.2.43)
j=1
~ o~ o~ S
or in the compact representation U’ = BU,, ; with B = (bi]) _ We do not claim
ij=1

that this choice is optimal, but it is justified by former research and allows us a theoretical
analysis. For completeness, we give the order conditions for predictors (4.2.43).

Definition 4.2.11. A predictor (4.2.42) is of order ¢ if
AZ’Z:O(}Z%—I), i:17"'787

where the residuals AP . are obtained when the exact solution y(t,,;) is put into the

m,i
predictor

s s i—1 i—1

AP =y (tmd) = bigy(tme1) =l YAt (tme15) = > Fig¥(tmg) = > Gigt) (tmg)-
j=1 j=1 j=1 j=1

O
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Lemma 4.2.12. A predictor (4.2.43) is of order q if and only if
5. 1 l
cg—Zbij%—o, i=1,...,s, 1=0,1,...,q. (4.2.44)
j=1

Proof. The statement follows by Taylor series expansion of the sufficiently smooth exact
solution and putting these expansions into the residuals Aﬁm- |

Remark 4.2.13. The condition A}, ; = O(hL'), i = 1,...,s, in Definition 4.2.11 is
equivalent to

Upi — y(tms) = ORI, i=1,...s, (4.2.45)
i.e., a predictor (4.2.42) or (4.2.43) is of order q if the condition (4.2.45) is satisfied,
see e.q. Theorem 4.2.2. U

Remark 4.2.14. Note that condition (4.2.44) for | =0 leads to B1 =1 and predictors
of order ¢ = s — 1 are given by B = VoV ' for constant step sizes. O

The application of the AMF peer method (4.2.11) to the test equation (2.2.10) leads to
a numerical recursion in the form

Un = MkmaxUmfly Miymaz = Mkmax(zla s wzd)a (4246)
where the stability matrix My,,q. is implicitly defined from the relations

I, (U = UE) = (B+2A) U1 +2GoUp—(1—72)UL,  k=0,...,kmaz—1, (4.2.47)

with U, := Ukme® predictor U, = B\Um,l, strictly lower triangular matrix Gy := G—~I[

and AMF factor I given by (3.2.22). For the simplest case kmax = 1, solving for M;
in (4.2.46) and (4.2.47) gives

M, = (de - zG0> B (B +2A+ (g — 1+ ’yz)B\). (4.2.48)

Note that with d = 1, one obtains the usual stability matrix (4.1.5).

In the following, we prove a characterization of the stability of an AMF peer method at
infinity. It turns out that the stability at infinity depends strongly on the predictor for
the Newton iteration.

Theorem 4.2.15. Let Mypax(21, ..., 2q) be the stability matriz defined by (4.2.46) and
(4.2.47) for the AMF peer method (4.2.11) with kmax > 1, an AMF-splitting d > 2 and
a predictor U° = LA?Um_l. If zi, z; — 00, for at least two indices 1 <1 < j < d, then
Mrmae tends to B.
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Proof. From (4.2.47), we have that

Uk =MPU, ., k=0,... kmaz,

m

for M) = MW (2, ..., zy), with M©) = B and M (kmaz) — Mimaz- These matrices fulfil
the recursion

My (M*) — MW = B+ 2A 4+ 2GoMynaz — (1 —v2)M®, k=0,..., kmaz — 1,
that is,
M) = A+ (HdM(k)) , k=0,...,kmazr — 1,
where A := B+ zA 4+ 2GoMjnar and 8 := (Il — 1 + v2) /114 is a scalar. Observe that

z
lim — =0 and therefore 3 — 1 if 2;,2; — 0o. From the latter recursion, we get
24,25—>00 Hd

i#]
explicitly
kmaz—1
Hdema:E = ( Z ﬂk> A =+ 6kmadeM(0)7
k=0

ie.,

5 kmax—1 1 kmax—1

I—=| 3 B Go| Mumaw == Y. 8| (B+zA)+p"B.

a\ = Ui\ =

Now, the result follows with z/Il; — 0 and 5 — 1 taking z;, z; — oo. |

4.2.4 Construction of an AMF peer method of order three

In this section, we describe the construction of a three-stage AMF peer method of order
p = 3. As mentioned above, for stability reasons the predictor for the Newton iteration
shall be considered in the optimization process. Furthermore, the choice of the predictor
also influences accuracy. We consider the following predictors:

e pri: Hereis U = EUm_l with B = Le!. This predictor is only preconsistent, i.e.,
only B1 = 1 is satisfied. This predictor was proposed and used in [3,4]. However,
due to the low order it requires at least kmax = 2, c¢f. Theorem 4.2.7. Therefore,
we will use the following predictors requiring only kmax = 1. This allows a better
comparison with linearly-implicit one-step and two-step W-methods.

e pr2: Here is U% = BU,,_, with B = VyV; !, This predictor is of order ¢ = s — 1.

e pr3: Here is B = (Vj + ye] )V; " and the predictor is of order ¢ = s — 2 for any
vector y # 0.
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In the following, we give the construction principle of an AMF peer method with three
stages and order p = 3. The construction is done for constant step sizes and we use
fmincon from the optimization toolbox in MATLAB. We want to have good stability
properties for kmax = 1 and we restrict to the case d = 2 in our numerical search.
We choose the matrix B from the three-stage peer method in [58] giving optimal zero-
stability. The nodes ¢; and c; with ¢3 = 1 and the matrix G are constructed to give good
stability by random walk. We choose randomly ¢ and G and compute for these values A
by Theorem 4.1.5 and predictor pr2 guaranteeing order three with kmax = 1. Then, we
consider the eigenvalues £ of M in (4.2.48) and compute for 40000 values of ¢ running
on the unit circle and for 100 equidistant points of z; in the real interval [—1.e2,0] the
corresponding values z; and maximize with fmincon the angle « of the stability region
with respect to z;. Then, we slightly change the values of ¢ and G randomly and accept
the new values if the new angle « is larger. This was repeated 300 times. We finally
found a ~ 36.8° for the method Peer-3p with predictor pr2.

Peer-3p:

c1 = —2.9533730202668934e—1, co = 2.7898868351443451e—1, c3 = 1.0000000000000000e+-0,
b1 = —8.1662611177702749¢—1, b2 = 2.1923402764359148e+-0, b3 = —3.7571416465888730e—1,
ba1 = —1.4739080635641988¢e+-0, bao 3.4081212175550637e+0, baz = —9.3421315399086491e—1,
bs1 = —2.2474449407963197e+0, b3x = 4.8389400465743577e4-0, b3z = —1.5914951057780380e+0,
a1 = —2.4958402814848576e—1, a12 = 1.4307145156245002e—1, a13 = 1.2660865099422125e—1,
az1 = —4.1629649858929907e—1, agsy = —4.4656675421532926e—2, asz = 2.6881930573707602¢—1,
az1 = —4.7607537878988360e—1, azz = —5.1640334329837667e—1, azz = 3.1945638945391092e—1,
go1 = 8.1174591503861149e—1, g31 = 1.1122866874167001e4-0, gs2 = 9.3100440445960064e—1,
v = 2.0746250806871228¢—1.

For this method, we tried to find a vector y in predictor pr3 giving better stability.
We again consider the values for z; and £ above. Changing y randomly we arrived at
a ~ 58.9° for predictor pr3 with

y1 = —5.5681213479506908e—1, yo = —1.3706134560744183e+0, y3 = —3.0942441202856021e+-0.

Again, Peer-3p with predictor pr3 and kmax = 1 is of order three. We also tried to
take into account the error constant of predictor pr3. Unfortunately, with this approach
one can find vectors y and predictors pr3 with smaller error constants, but the angle «
decreases. Therefore, we choose the vector y giving the largest angle o with respect to
our procedure.

With Theorem 4.2.15, the stability at infinity of an AMF peer method is characterized
by the eigenvalues of B. For predictor pri, one has §; = 1, & = -+ = & = 0 whereas for
predictor pr2, since B = VoV, ! = VoPV; !, we have that & =1, i = 1,...,s. For pr3
used in the tests with the three-stage method Peer-3p, we have & = & = 1, &5 ~ 0.248.
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In Figures 4.2.1 and 4.2.2, we show the stability regions for peer method Peer-3p with
pr2 and pr3 when d = 2 and kmax = 1 for 2y = 29 € C~. Note that for increasing
|z1], the angle « decreases. However, for many practically relevant values of z; the
stability region is sufficiently large and in both cases, stability is observed at least for
all z; = 2 € R™.

4000 T T T T 10
2000 E 5k
KON oo
-2000 - - 5F
-4000 | L L L -10 L L L
-10000 -8000 -6000 -4000 -2000 0 -2 -1.5 -1 -0.5 0
Re(z) Re(z1)

Figure 4.2.1: Stability region o(M;(z1,22)) < 1 of peer method Peer-3p with pr2 when
d = 2 and kmax = 1 for z; = z5 € C~ (left) and zoomed at the origin

(right).
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Figure 4.2.2: Stability region o(M;(z1,22)) < 1 of peer method Peer-3p with pr3 when
d = 2 and kmax = 1 for z; = z5 € C~ (left) and zoomed at the origin
(right).
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4.3 IMEX peer methods with approximate matrix
factorization

In this section, we focus on systems of ordinary differential equations with stiff and
non-stiff parts in the form

y'(t) = ft,y(t) +g(t,y(t), ylto) =wo €R", t€ [to,te], (4.3.49)

where f: R x R® — R"™ represents the stiff part and g: R x R" — R" the non-stiff
part. The stiff part is treated with an implicit method and the non-stiff part with an
explicit method. With this strategy, advantages of implicit and explicit methods are
combined instead of using a single explicit or implicit method. Hence, the non-stiff
part is solved with an explicit method due to their lower costs and the stiff part is
treated with an implicit method due to their better stability properties. This means
that in contrast to explicit methods, which require small step sizes for stiff problems,
step sizes for implicit methods are not restricted by stability. With this approach, one
obtains so-called implicit-explicit (IMEX) methods which are investigated frequently
in the literature. IMEX Runge-Kutta methods [1, 6, 20| require additional coupling
conditions between the explicit and implicit part. Due to this, the construction of
methods of high order is difficult. In IMEX schemes based on general linear methods
(GLMs), this drawback can be avoided because of the high stage order. Hence, peer
methods are well suited and their construction is rather simple.

IMEX peer methods for systems (4.3.49) are recently introduced and investigated by
Soleimani et al. [58,60] via partitioned peer methods and by Lang et al. [42] via an
extrapolation ansatz. An s-stage IMEX peer method for the solution of an initial value
problem (4.3.49) is given by

Un,i = Z bijUn—1; + hum, Z aij f(tm—1j: Un—1;) + hm Zgijf(tm,j7 Un.j)
=1 =1 =1
S . (4.3.50)
+ hm Zaijg(tm—l,j7 Um—l,j) + hm Zgijg(tm,j7 Um,j)7 1= ]-7 s S
=1 =1

Here B, A, g, G and G are the parameters of the method where G is a lower triangular
matrix with g; = v > 0 and G is a strictly lower triangular matrix. The stage values
Um,i, © =1,...,s, are approximations to the exact solution y(t,, ;) where t,, ; = t,,+c;hp,.
Again, the nodes ¢ are assumed to be pairwise distinct and constant with ¢, = 1. In
general, the coefficients of an IMEX peer method depend on the step size ratio o. In
the following, we summarize some results from [58,60]. Again, order conditions can be
derived by substituting the exact solution into the method and making a Taylor series
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expansion of the residuals, cf. Section 4.1. With

IB;( —C—wa —lZaU — —lZg” ,
—C—wa —ZZCLU — _lzgz] )

the following theorem can be stated.

Theorem 4.3.1 ([58]). An IMEX peer method (4.3.50) is consistent of order p if and

only if -
AB,;(l) =AB;(1) =0, forali=1,...,sandl=0,...,p. O

With the notations (2.2.9), the following corollary can be shown.
Corollary 4.3.2 ([58]). An IMEX peer method (4.3.50) is consistent of order p = s if

Bl =1 and
A= (CVy—GVoD)D 'SVt — %B(C - DD 'V (4.3.51)
A= (CVy—GVyD)D 'SV, — %B(C — D! (4.3.52)
hold. O

Note that for pairwise distinct nodes ¢, the coefficient matrices A and A are uniquely
defined by (4.3.51) and (4.3.52). The previous corollary means that the computation of
A and A by (4.3.51) and (4.3.52) leads to IMEX peer methods of order of consistency
p = s for arbitrary coefficient matrices G, G and B satisfying the preconsistency B1 = 1.
We will consider the constant matrix B, which has the property of zero-stability if the
eigenvalues &; of B have modulus less or equal to one and all other eigenvalues of modulus
one are simple, cf. Definition 4.1.3. If {, = 1 and & = 0 for all « = 2,...,s, then the

method is called optimally zero-stable. We give the following convergence result for
IMEX peer methods.

Theorem 4.3.3 ([58]). Let B, G and G in the IMEX peer method (4.3.50) be constant
matrices. Let B1 = 1 and let A and A be given by (4.3.51) and (4.3.52). Let the
IMEX peer method (4.3.50) be zero-stable. Let g, = max . max o, < Opax and

let eg = O(h§) hold for the starting values, then the IMEX peer ‘method (4.3.50) is
convergent of order p = s, i.e., ey = O(hS ), Pmaz — 0. O

max

For stability, the scalar test equation with a stiff and non-stiff part

y'(t) = My(t) + By(t) (4.3.53)



TwoO-STEP W-METHODS AND PEER METHODS WITH APPROXIMATE MATRIX FACTORIZATION 60

is common for problems with stiff and non-stiff parts, cf. e.g. [58,74,76]. Here A and
£ represent the eigenvalues of the Jacobian of the stiff and non-stiff part, respectively.
The application of an IMEX peer method (4.3.50) with constant step size h,, = h to the
test equation (4.3.53) leads to a numerical recursion in the form

U = M(2,2)Up—1, M(z,2) = (I —2G —2G) (B + zA + ZA), (4.3.54)

where z := Ah and Z := [h and M(z,Zz) denotes the stability matrix. Note that
M(0,0) = B. For z = 0 and z = 0, we obtain the stability matrices of the implicit
and explicit peer method, respectively. For an A-stable implicit peer method, we define
the stability region of an IMEX peer method (4.3.50) by

S:={Ze€C:o(M(z,2) <1lforallze C}. (4.3.55)

If the implicit peer method of an IMEX peer method is only A(«a)-stable, then the
stability region S,, cf. e.g. [13,42]

S, ={Z€C: o(M(z,2)) <1lforall z€ C” with|Im(z)| < tan(a)|Re(z)|} (4.3.56)
is considered.

Remark 4.3.4. In [58], stability investigations of IMEX peer methods with respect to a
special test equation from weather prediction are discussed. This test equation is based
on special properties of the acoustics equations, see e.g. [73]. IMEX peer methods of
order three and order four are constructed which perform well for fast-wave—slow-wave

problems [58]. O

Remark 4.3.5. Superconvergence for IMEX peer methods has been investigated in sev-
eral papers. In [55, 60], superconvergence for constant step sizes is discussed. Further-
more, superconvergent IMEX peer methods for variable step sizes are constructed recently
in [56]. In this thesis, superconvergence of peer methods is not considered. This could
be a topic of future work. O

In the following, the stiff part is treated with an AMF peer method in the IMEX method.
This adaptation allows the application of IMEX peer methods to problems of large
dimension.

4.3.1 AMF IMEX peer methods

In this section, we consider non-autonomous systems of ordinary differential equations
with a non-stiff part and a splitting of the stiff part into d terms in the form

y'(t) = g(t,y(t) + f(t.y(t) = g(t,y(t) + ]ZI filtty(t), t € [to,te], (4.3.57)

y(to) = yo € R",
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where g represents the non-stiff part and f the stiff part. The idea is to combine the
advantages of an AMF approach and an IMEX method. This allows for us to solve PDE
problems which lead to high dimensional ODE systems with a non-stiff and stiff part.
We again consider a corresponding splitting of the Jacobian for problems (4.3.57)

d
Jm = Jm,0 + Z Jm,jy Jm,j = ayfj<tm—1,sa Um—l,s)a
j=1

cf. Section 3.1. Here the matrix J,, o stands for the term of the Jacobian corresponding
to the non-stiff part. In this section, an inexact AMF approach, i.e., J,o # 0, is
considered. In this case, the AMF matrix

d
Hd = H([ - hm’yjm,j) = ([ - hm’yjm)

Jj=1

satisfies J,, = J, — Jmo + O(hy,) and
(I - hm/yjm) = (I - hm’YJm) + O(hm)

The computation of stage values U,,;, « = 1,..., s, again requires the solution of systems
of non-linear equations. The application of the simplified Newton’s method leads to a
recursion for AMF IMEX peer methods in the form

HdAUfM- = W; — Ur]z,z‘ + hm’Vf(tm,i, Uﬁz,i)7

Ul =UF  + AUE,, k=0,1,... kmaz — 1, (4.3.58)
Uny = U™, i=1,...,s,

with

s s i—1
w; = Z bijUnm—1, + hm Z aij f(tm-14s Un-1;5) + hm Z 9ij.f (tm.g, Um,j)
=1 =1 =1

s i—1
+ I, Zaijg<tnL—1,j7 Un-1;5) + hm Z 9i59(tm> Um,j),
j=1 j=1

1=1,...,s.

Again, w; collects known stage and function values. The AMF matrix II; is given
by (4.2.10) for a d-term-splitting d > 2 and kmaz denotes the maximal number of
Newton steps.

For stability investigations of AMF IMEX peer methods, we combine the scalar test
equation (4.3.53) with a stiff and non-stiff part with the linear test equation (4.2.35) for
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splitting problems, i.e., we have

ZAjy )+ By(t), Re(N) <0, j=1,...,s, Re(B)<0. (4.3.59)

The application of an AMF IMEX peer method (4.3.58) with constant step sizes h,, = h
to the Equation (4.3.59) leads with the notations (3.2.20) to a numerical recursion in
the form

Um = Mkma:pUmflv Mkmam = Mkma:p (Zh ey 2d,y a ) (4360)
where the stability matrix Mkmax is implicitly defined by
I, (UK — UF) = (B A zﬁ) Uy + (ZGO + zé) Uy — (1 —72) UE |
k=0,..., kmazx,

(4.3.61)

with U, := UFme® predictor U, = EUm_l, strictly lower triangular matrix Gy := G—~vI
and AMF factor 11, given by (3.2.22). For the simplest case kmaz = 1, i.e., solving for
M in (4.3.60) and (4.3.61) gives

]\71 = <Hd[ —2Gy — Zé)l (B +2A+ZA+ (Ilg — 14+ v2) E) ) (4.3.62)

Note that for A = G = 0, we have the stability matrix (4.2.48) for AMF peer methods
with kmaz = 1. Analogously to Theorem 4.2.15, we show that stability at infinity of an
AMF IMEX peer method is characterized by the eigenvalues of B.

Theorem 4.3.6. Let Mkmax (21, .., 24, 2) be the stability matriz defined by (4.3.60) and
(4.3.61) for an AMF IMEX peer method (4.3.58) with kmax > 1, an AMF-splitting d > 2

and a predictor U? = B\Um,l. If zi,z; — oo, for at least two indices 1 < i < j < d,
then Mima tends to B.

Proof. From (4.3.61), we have that
Uk = M®U,_,, k=0,... kmaz,

for M®) —= Ak (21, -.,24,2), with M© — B and M®*maz) — Mo These matrices
fulfil the recursion

I, (JW’“” — M(k)> =B+ 2A+3A+ (zGo +§é) Mimaw — (1 — v2) M®),
k=0,...,kmaxr — 1,

that is,
HdeJrl A—I—B(Hd]\/[k)> k=0,..., kmax — 1,
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where A := B+ zA + ZA + (zGo + 5@) Mkmw and = (Il — 1 4+ vz) /114 is a scalar.

z .
Observe that lim — = 0 and therefore 8 — 1 if z;, 2; — oo. Furthermore, we have
24,2j—>00 Hd

i

z - . -
lim — =0 for all z € C. From the latter recursion, we explicitly get
24,2 —>00 Hd
i#]
kmax—1

Hdﬁkmax - ( Z 6k> A + /Bkmaa:HdM(O)7

k=0

i.e., we obtain with definition of A, M© = B and dividing by I,

kmaz—1 ~ kmazx—1
1
_ _ k — e = k kmax
<] ( dGO + > g 15} > Mimax (HdB+ HdA—I— ) g B+ B.

Now, the result follows with z/II; — 0, Z/II; — 0 for all Z € C and B — 1 taking
Ziy 2 — OO, n

In the following, we describe the construction of an AMF IMEX peer method of order
three. We choose the implicit peer method Peer-3p, cf. Section 4.2.4, and try to find
an associated explicit part. In detail, this means that the coefficients B, A, G, 7 and
the nodes ¢ are given by method Peer-3p and A is computed by (4.3. 52) for arbitrary
coefficients G, i.e., we have only the matrix G as free parameter. The construction is
done for constant step sizes und we use fminsearch from the optimization toolbox in
MATLAB. The matrix G is constructed to give good stability of the AMF IMEX peer
method by random walk. Now, we describe the computation of the stability region
S, of an AMF IMEX peer method. This approach was also applied for IMEX peer
methods [42,58] and IMEX general linear methods [13]. The stability region S, can be
obtained for a given o € [0, g) by intersection of all sets

{ZE C: o(M (2,%)) < 1 for fixed z = — |y| / tan(a) + yi} , forally e R,

which follows from the maximum principle. For y = 0, the set S, is independent of «
and corresponds to the stability region of the explicit peer method. With kmax = 1,
d = 2 and the choice z; = 2, i.e., 2 = 221, we obtain the stability matrix (4.3.62) of an
AMF IMEX peer method in the form

—~ ~\ —1 ~ ~
M1 (Zl, 2/) = ((1 — ’}/21)2 - 221G0 - 5G> (B + 22114 + ZA + ’YQZ%B) .

We compute the boundary of the stability region S, by varying the eigenvalues § =
e, ¢ € [0,27) on the unit circle for the eigenvalue problem M; (21, 2) z = x. This can
be formulated as generalized eigenvalue problem for each z in the form

(B +221A+ ’yzzfé + 262Gy — (1 — ) ]) r = Z(—Z — fé) x
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The set of eigenvalues z contains the boundary of the stability domain. We use different
objective functions to obtain sufficiently large stability regions of the AMF IMEX peer
methods, i.e., we take (i) the absolute value of the left boundary of the stability interval
on the real axis, (ii) the absolute value of the stability interval on the imaginary axis, and
(iii) the absolute value of the stability interval along the angle bisector in the complex
plane. We choose the peer method Peer-3p with predictor pr3, i.e., we have A(a)-
stability with o = 58.9°, for kmax = 1 and d = 2, cf. Section 4.2.4. We used a = 55°
and 500 discrete values y € [—5, 5] with z; = — |y| / tan(«) 4+ yi and we take 2000 values
for € on the unit circle. This was repeated for about 300 randomly chosen starting values
for fminsearch. We have found the following explicit parts of the AMF IMEX peer
methods in the cases (i), (ii) and (iii), denoted by Peer-3p-real, Peer-3p-imag and
Peer-3p-imre, respectively. Note that AMF IMEX peer methods with larger stability
regions may be found by a different strategy or by modifying the implicit part.

Peer-3p-real:

a;; = —2.8464256019905126e—1, a10 = 2.9103589994879552e—1, a13 = 2.2116524272715354e—1,

az1 = —3.2906925168091749e—1, agse = —3.0448982937375967e—1, ass = 5.9310660005510829¢e—1,
as; = —3.2394121976486833e—2, asze = —1.5957050812664859¢+0, azs = 8.6933934580264116e—1,
go1 = 8.6752703583313661e—1, g31 = 1.2477652655854138¢+0, gz = 1.0887258591655815¢+-0.

Peer-3p-imag:

G11 = —2.8464256019905126e—1, 1o = 2.9103580994879552e—1, G135 = 2.2116524272715354e—1,
o1 = —2.8462879857291067e—1, oy = —4.9205065253319446e—1, oy =  4.7324596884272573¢—1,
1 = —4.2776070728348103¢—2, d3s = —1.5719333546954230e+0, ds5 = 7.9378248418413022¢—1,
Gor = 1.1305080370969471e+0, §g1 = 1.2715363552221052¢+0, Gso = 1.1271218533281994e+0.

Peer-3p-imre:

G171 = —2.8464256019905126e—1, 1o = 2.9103589994879552e—1, G135 = 2.2116524272715354e—1,
o1 = —2.8077938579895633¢—1, oy = —5.0829708968829245¢—1, doy =  4.6286369295184270e—1,
31 = —1.2274003705704250e—1, dsp = —1.3198789110560626¢+0, a3 = 5.6808735054686043¢—1,
Gor = 1.1532873373689738¢+0, §g1 = 1.1614965748131793¢+0, Gso = 1.2907662900637291e+0.

In Figures 4.3.1-4.3.3, we give the stability regions of the constructed AMF IMEX peer
methods (black) for kmaz = 1, d = 2 and predictor pr3 (right). For comparison, we
also compute the stability regions with predictor pr2 and oo = 35° (left) and include the
stability regions for the explicit peer methods (blue circles).
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Figure 4.3.1: Stability region S, of AMF IMEX peer method Peer-3p-real for the test
equation (4.3.59) with kmazr = 1 and d = 2 (black) with pr2 and a = 35°
(left) and with pr3 and o = 55° (right). Stability region of the explicit
peer method (blue circles). The stability region of the IMEX method is
optimized along the real axis.
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Figure 4.3.2: Stability region S, of AMF IMEX peer method Peer-3p-imag for the test
equation (4.3.59) with kmaz = 1 and d = 2 (black) with pr2 and a = 35°
(left) and with pr3 and o = 55° (right). Stability region of the explicit
peer method (blue circles). The stability region of the IMEX method is
optimized along the imaginary axis.
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Figure 4.3.3: Stability region S, of AMF IMEX peer method Peer-3p-imre for the test
equation (4.3.59) with kmazr = 1 and d = 2 (black) with pr2 and a = 35°
(left) and with pr3 and o = 55° (right). Stability region of the explicit
peer method (blue circles). The stability region of the IMEX method is
optimized along the angle bisector in the complex plane.



5 Numerical tests with approximate
matrix factorization

In this chapter, we present our numerical experiments with one-step and two-step W-
methods and peer methods with application of an approximate matrix factorization
(AMF). The methods are tested on the autonomous 2D Brusselator problem, a linear
model with homogeneous and time-dependent Dirichlet boundary conditions and a 2D
diffusion—convection equation. In our tests with constant time step sizes, we compare the
linearly-implicit W-methods with peer methods and illustrate the influence of different
predictors in the AMF peer schemes. Furthermore, we consider the diffusion—convection
problem with an inexact AMF approach and application of implicit-explicit (IMEX)
peer methods.

5.1 Test examples

In this section, we present our test problems which are used in the numerical experiments.
The test set consists of the autonomous 2D Brusselator problem, a linear diffusion model
and a 2D diffusion—convection equation. For more details, we also refer to the references
given below.

5.1.1 Brusselator problem

We consider the two-dimensional Brusselator problem with diffusion [27]

up =1+ u*v — (B + D)u+ a(ug + uy,) + f(t,2,9),
vy = —u*v 4 Bu + (Ve + vyy), (5.1.1)
Q=1[0,1, telo,1].

We consider a = 0.1, B =3 and f(¢,z,y) = 0. Initial conditions are given by
w(0,2,y) =054y, v(0,z,y)=2+bz

and we consider homogeneous Neumann boundary conditions. We choose m = 128 and
m = 256 uniform grid points in each dimension in space. The resulting autonomous

67
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systems of ordinary differential equations (ODEs) are of dimension n = 2m? = 32768
and n = 131072, respectively. A reference solution is computed by odel15s from the
MATLAB ODE-suite |[57| with high accuracy. For an approximate matrix factorization
(AMF) approach, the exact Jacobian for this problem is split into

J=Jut Jy+ Iy,

where J, and J, are the Jacobian matrices corresponding to the discretization of the
diffusion term with central differences of second order in the z- and y-direction, respec-
tively, and the Jacobian matrix J,. belongs to the reaction part. For a two-term-splitting,
i.e., d = 2, we proportioned J, to the Jacobians J, and J, of the diffusion part, respec-
tively, i.e., we take J; = J, + %J,. and Jo = J, + %J,.. The Brusselator problem has
already been considered for AMF peer methods in [3,4].

5.1.2 Linear diffusion problem
We consider a linear diffusion equation with constant coefficients, e.g. [22,52]

Up = Uy + Uyy + g(t, 2, Y),

Q=10,1*, tel0,1]. (5.12)

The inhomogeneity g is chosen appropriately to yield the exact solution

u(t,z,y) = (21— 2)y(1 —y) + £ (v +1/3)* + (y + 1/4))) exp(?).

Initial and Dirichlet boundary conditions are taken from the exact solution. Again,
we use central differences of second order for the discretization. Note that there is no
space error, because the solution is a quadratic polynomial in x and y. For x = 0,
we have homogeneous Dirichlet boundary conditions, but for k = 1, we obtain non-
homogeneous time-dependent Dirichlet boundary conditions. We choose m = 63 and
m = 1023 uniform grid points in each dimension in space, which lead to ODE systems
of dimension n = m? = 3969 and n = 1046529, respectively. A reference solution and
additional starting values are taken from the exact solution. We consider for AMF a
two-term-splitting, where we split the Jacobian matrix in J = J, + J,. The Jacobian
matrices J, and J, correspond to the discretization of the diffusion part in each spatial
dimension.

5.1.3 Diffusion—convection problem

This problem is given by a diffusion—convection equation in the form, e.g. [70]

U = €(UII -+ Uyy) — YU, + LUy + g(t7x7y)7

, (5.1.3)
e=01, Q=1[0,1, telo1].
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The inhomogeneity g is chosen appropriately according to the exact solution
u(t, r,y) = sin(rx) sin(ry) (1 + 4oy exp(—2e7t)).

Initial and boundary conditions are taken from the exact solution. We choose m = 69
and m = 128 uniform grid points in each dimension in space, which lead to ODE
systems of dimension n = m? = 4761 and n = 16384, respectively. A reference solution
is computed by odel5s with high accuracy. Again, we consider for this problem a two-
term-splitting for AMF and proceed analogously to the Brusselator problem (5.1.1). For
exact AMF, the Jacobian matrix of the convection part is added to the Jacobian matrices
of the diffusion part, respectively, in such a way that a two-term-splitting J = J; + Jo
is obtained, with J; associated to eu,, — yu, and J, corresponding to cu,, + xu,. For
inexact AMF, the Jacobian matrix of the convection part is disregarded, i.e., we consider
a splitting J = J; + Jo, where J; and J5 correspond to the discretization of the diffusion
part in each dimension in space.

5.2 Numerical results

In this section, we summarize the results of the numerical integration of the problems
presented in Section 5.1 with the one-step AMF W-methods, two-step AMEF W-methods
and AMF peer methods described in Chapter 3 and Chapter 4. All numerical experi-
ments are implemented in MATLAB. For the problems (5.1.1) and (5.1.3), the starting
values for the two-step W-methods and peer methods are computed by odel5s with
high accuracy. For the problem (5.1.2), these additional values are taken from the exact
solution. For methods with ¢; < 0, we use an adapted starting process to avoid mov-
ing outside the range of the time integration, cf. e.g. [64, p. 176]. We consider fixed
step size integrations with h = 27! [ = 3,...,12, for the problem (5.1.1) and h = 27,
[ =2,...,10, for the problems (5.1.2) and (5.1.3), and calculate the global errors in the
maximum norm at the endpoint of the time interval. In the pictures below, we show the
logarithm of the obtained errors and the considered step sizes h (left) and we show the
errors versus the number of calls to the linear system solver to respect different stage
numbers (right).

Figures 5.2.1 and 5.2.2 show the results for the Brusselator problem (5.1.1).

The expected orders can be observed for all problems. For the peer method Peer-3p, one
Newton step with predictors pr2 and pr3 is sufficient, cf. Theorem 4.2.2. The two-step
W-method TSW-3a gives the most accurate results. Due to its higher order, the results
with predictor pr2 are more accurate than with pr3. Among the one-step W-methods,
W3 has problems for larger step sizes, but this method is more accurate than the other
W-methods for smaller step sizes.

Results for the linear diffusion problem (5.1.2) are given in Figures 5.2.3-5.2.6.

For homogeneous boundary conditions, all methods perform well with their expected
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orders. The accuracy of the two-step W-methods and peer methods is much better than
for the one-step W-methods. Again, the results with predictor pr2 are more accurate
than with pr3. For time-dependent boundary conditions, all methods have problems
for larger step sizes. For smaller step sizes, the two-step W-methods and peer methods
are superior. For the one-step W-methods W2 and W3, the order reduction for m = 1023
is clearly visible. With respect to the number of linear systems, method W1 gives very
good results for m = 1023.
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Figure 5.2.1: Results for Brusselator problem (5.1.1) with m = 128. For the peer method
Peer-3p, predictors pr2 and pr3 with kmaz = 1 are used. Lg(err) vs. step
size h (left) and lg(err) vs. linear systems (right). Dashed straight lines
with slopes corresponding to orders two and three are added for reference.
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Figure 5.2.2: Results for Brusselator problem (5.1.1) with m = 256. For the peer method
Peer-3p, predictors pr2 and pr3 with kmaz = 1 are used. Lg(err) vs. step
size h (left) and lg(err) vs. linear systems (right). Dashed straight lines
with slopes corresponding to orders two and three are added for reference.
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Figure 5.2.3: Results for linear diffusion problem (5.1.2) with homogeneous Dirichlet
boundary conditions (k = 0) and m = 63. For the peer method Peer-3p,
predictors pr2 and pr3 with kmax = 1 are used. Lg(err) vs. step size
h (left) and lg(err) vs. linear systems (right). Dashed straight lines with
slopes corresponding to orders two and three are added for reference.
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Figure 5.2.4: Results for linear diffusion problem (5.1.2) with homogeneous Dirichlet

boundary conditions (x = 0) and m = 1023. For the peer method Peer-3p,
predictors pr2 and pr3 with kmax = 1 are used. Lg(err) vs. step size h
(left) and lg(err) vs. linear systems (right). Dashed straight lines with
slopes corresponding to orders two and three are added for reference.
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Figure 5.2.5: Results for linear diffusion problem (5.1.2) with time-dependent Dirichlet
boundary conditions (k = 1) and m = 63. For the peer method Peer-3p,
predictors pr2 and pr3 with kmax = 1 are used. Lg(err) vs. step size
h (left) and lg(err) vs. linear systems (right). Dashed straight lines with
slopes corresponding to orders two and three are added for reference.
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Figure 5.2.6: Results for linear diffusion problem (5.1.2) with time-dependent Dirichlet
boundary conditions (k = 1) and m = 1023. For the peer method Peer-3p,
predictors pr2 and pr3 with kmax = 1 are used. Lg(err) vs. step size h
(left) and lg(err) vs. linear systems (right). Dashed straight lines with
slopes corresponding to orders two and three are added for reference.
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Results for the diffusion—convection problem (5.1.3) are given in Figures 5.2.7-5.2.9.

For the peer methods, the influence of the predictor on the stability can be clearly seen
in Figures 5.2.7 and 5.2.8. Whereas for the Brusselator and for the diffusion problem for
Peer-3p with pr2 one Newton step is sufficient, for the diffusion—convection problem,
predictor pr2 requires four steps for m = 69 and m = 128 to have stability. This can
be explained by Figure 4.2.1. The advantage of predictor pr3 with respect to stability
is obvious. One Newton step, which is sufficient for order three, is also sufficient for
stability. The two-step W-methods perform well. The one-step AMF W-methods have
no stability problems. In Figure 5.2.9, the influence of the incorporation of the time
derivative 0;f in one-step AMF W-methods is demonstrated. As expected, the order
drops down if the time derivative 0; f is not computed.

Of all the problems, the two-step W-method TSW-3a performs best. The accuracy is
clearly superior and there are, in general, no stability problems. The one-step W-
methods have advantages only for large step sizes for the linear diffusion problem with
k = 1. In our tests among, the one-step W-methods W3 is the best. The peer method
Peer-3p with predictor pr3 has no stability problems with kmaxr = 1. However, if
stability with predictor pr2 is sufficient, then pr2 with kmax = 1 gives more accurate
results.
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Figure 5.2.7: Results for diffusion—convection problem (5.1.3) with m = 69. For the
peer method Peer-3p, predictor pr2 with kmaxr = 4 and predictor pr3
with kmax = 1 are used. Lg(err) vs. step size h (left) and lg(err) vs.
linear systems (right). Dashed straight lines with slopes corresponding to
orders two and three are added for reference.



Two-STEP W-METHODS AND PEER METHODS WITH APPROXIMATE MATRIX FACTORIZATION 74

11 ot Peer-3p-pr2,kmax=4 —w— - -11 f —— Peer-3p-pr2,kmax=4 RN
12 3 ‘ Peer-3p-pr3 —e— 12 —4— Peer-3p-pr3 ‘ o
0.001 0.01 0.1 10 100 1000
step size h linear systems

Figure 5.2.8: Results for diffusion—convection problem (5.1.3) with m = 128. For the
peer method Peer-3p, predictor pr2 with kmaxr = 4 and predictor pr3
with kmax = 1 are used. Lg(err) vs. step size h (left) and lg(err) vs.
linear systems (right). Dashed straight lines with slopes corresponding to
orders two and three are added for reference.
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Figure 5.2.9: Results for diffusion-convection problem (5.1.3) with m = 128. For the
peer method Peer-3p, predictor pr2 with kmazr = 4 and predictor pr3
with kmaz = 1 are used. The time derivative 0, f is not used in the one-
step AMF W-methods. Lg(err) vs. step size h (left) and lg(err) vs. linear
systems (right). Dashed straight lines with slopes corresponding to orders
one, two and three are added for reference.
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5.3 Numerical tests with inexact AMF and IMEX
peer methods

In this section, we present the numerical experiments with an inexact AMF approach,
i.e., some parts of the Jacobian are not considered in the AMF approach with fully
implicit peer methods. For comparison, we include the numerical results of the one-step
W-methods W1, W2 and W3 and two-step W-methods TSW1a and TSW3a as presented above.
We consider the diffusion—convection problem (5.1.3) and fixed time step sizes h =
27 1 =2...,10. For inexact AMF, the Jacobian of the convection part is disregarded,
cf. Section 5.1.3.

Again, we compute the global errors in the maximum norm at the endpoint of the time
interval. In Figure 5.3.1, we show the obtained errors versus the considered step sizes
h (left) and the error versus the number of calls of the linear system solver (right).
The influence of an inexact AMF approach can be clearly seen. For the peer method
Peer-3p and predictor pr2, it again requires at least four Newton steps to have stability.
In contrast to the exact AMF approach, we observe after one Newton step with predictor
pr3 only order two. With predictor pr3, at least two Newton steps are necessary for
order three, c¢f. Theorem 4.2.4. Note that the achieved accuracy is not satisfactory in
comparison with the one-step and two-step W-methods.
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Figure 5.3.1: Results for diffusion—convection problem (5.1.3) with m = 69. For the
peer method Peer-3p, an inexact AMF approach with predictor pr2 with
kmax = 4 and predictor pr3 with kmaxr = 1 and kmax = 2 is used.
Lg(err) vs. step size h (left) and lg(err) vs. linear systems (right). Dashed
straight lines with slopes corresponding to orders two and three are added
for reference.

Therefore, we consider in the following an inexact AMF approach where non-stiff con-
vection parts are treated explicitly. We test our IMEX peer method Peer-3p-imre, cf.
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Section 4.3, and consider the diffusion—convection problem (5.1.3) again. The results
are given in Figure 5.3.2. For the peer method Peer-3p-imre with predictor pr3, only
one Newton step is required for order three. The obtained accuracy is comparable to
the case of an exact AMF approach with a fully implicit peer method, see Figure 5.2.7.
Unfortunately, we even observe stability problems for the peer method Peer-3p-imre
with predictor pr2 for kmax = 4. This could be explained by the optimization process,
where the peer method Peer-3p-imre is optimized only with respect to predictor pr3.
In general, inexact AMF combined with IMEX peer methods is a good choice for prob-
lems, where parts of the Jacobian are difficult to compute or some parts should be
treated explicitly. Again, the proposed predictor pr3 ensures the full order of the nu-
merical scheme after one Newton steps and allows a reasonable comparison with linearly-
implicit one-step and two-step W-methods.
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Figure 5.3.2: Results for diffusion—convection problem (5.1.3) with m = 69. For the
AMF IMEX peer method Peer-3p-imre, predictor pr2 with kmaxr = 4
and predictor pr3 with kmax = 1 are used. Lg(err) vs. step size h (left)
and lg(err) vs. linear systems (right). Dashed straight lines with slopes
corresponding to orders two and three are added for reference.



6 Conclusions

In this thesis, we have investigated two-step W-methods and peer methods with appli-
cation of an approximate matrix factorization (AMF). Two-step AMF W-methods are
introduced and stability is studied. Appropriate two-step AMF W-methods up to order
three are constructed for the solution of high dimensional initial value problems. More-
over, a stability result at infinity for two-step AMF W-methods is shown. Furthermore,
a special class of stiffly accurate two-step W-methods of order p* = s + 1 is elaborated.
Methods up to five stages were found in a numerical optimization process and success-
fully tested on standard stiff test problems of small dimensions. Their performance is
competitive compared to standard integration solvers like RODAS and ode23s in a variable
step size implementation. One main contribution of this PhD thesis is the comparison
of one-step W-methods with two-step W-methods and two-step peer methods in the
context of AMF. In contrast to one-step AMF W-methods, the time derivatives are not
incorporated in numerical two-step AMFE schemes.

AMF peer methods using additional function values from the previous step are consid-
ered and developed. In our research, we have focussed on investigations for a fixed num-
ber of Newton steps in the AMF peer scheme. This allows a more convenient comparison
of AMF peer methods with linearly-implicit one-step and two-step AMFEF W-methods.
We have proved a stability result for AMF peer methods at infinity and have shown
consistency and convergence of AMF peer methods in the setting of a fixed number of
Newton steps. As it turned out, accuracy and stability are heavily based on the choice
of the predictor in the Newton iteration. We have constructed a new three-stage AMF
peer method of order three and propose a corresponding predictor. In comparison to
the proposal by Beck et al. [3,4], this predictor guarantees order three for a three-stage
AMF peer method after one step in the Newton iteration. Furthermore, its stability
properties are promising.

We have tested our constructed two-step AMF W-methods and AMF peer methods on
an autonomous 2D Brusselator problem, a linear model with homogeneous and time-
dependent Dirichlet boundary conditions and a 2D diffusion—convection equation. Our
results with constant time step sizes are compared to one-step AMF W-methods. For the
problems with homogeneous boundary conditions, all methods perform well in our nu-
merical experiments. The accuracy of two-step AMF W-methods and AMF peer meth-
ods is clearly superior compared to one-step methods. For time-dependent boundary
conditions, all methods have problems for large time step sizes. In this case, one-step
AMF W-methods are more robust in comparison to two-step AMF schemes, but for

7
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smaller step sizes, an order reduction for one-step methods and high dimensional prob-
lems is clearly visible. With respect to stability, accuracy and robustness, our proposed
predictor performs well in AMF peer methods for all considered problems. In general,
the two-step W-method TSW-3a has been done best in our numerical tests. Due to the
high accuracy, robustness and stability properties, this method can be recommended for
practical use.

Many initial value problems arising from partial differential equations (PDEs) by dis-
cretization in space are composed of a stiff and a non-stiff part. For this reason, we have
considered implicit-explicit (IMEX) peer methods with an AMF approach. We have re-
called the recently introduced class of IMEX peer methods and have extended our AMF
peer methods by considering a corresponding explicit part in the numerical scheme. An
associated AMF IMEX peer method of order three with our proposed predictor is con-
structed. Our numerical tests on the 2D diffusion—convection equation with an inexact
AMF approach confirm the theoretical results and show again that peer methods are
also a good choice for problems where some non-stiff parts should be treated explicitly.

In our numerical experiments, we have observed that stability problems occur for AMF
peer methods with a predictor of higher order. It requires a more proper stability
analysis to understand this behaviour. Despite the fact that predictors using function
values from the previous step are not stable in the AMF case, it could be considered a
more general predictor in AMF peer schemes, for example, predictors using stage values
from the current step. This could be a topic of future work.

Furthermore, we have considered fixed time step size integrations in our numerical tests
with AMF. Two-step W-methods and peer methods are successfully applied in vari-
able step size implementations. In [3,4], AMF peer methods are also investigated for
problems of convection—diffusion—reaction type with step size control. In further work,
our proposed peer methods and predictors can also be treated in numerical tests with
variable step size sequences.

IMEX methods have been intensively studied in the literature. In this thesis, we have
restricted the study to the field of IMEX peer methods. Further investigations could
be concerned with two-step W-methods and a splitting strategy. Like IMEX two-step
Runge-Kutta methods [76] and two-step IMEX peer methods, a class of two-step IMEX
W-methods could be promising due to their high stage order and favorable stability
properties. In contrast to IMEX Runge-Kutta methods, see e.g. [1,6,20], no additional
coupling conditions between an explicit and an implicit part and no order reduction for
stiff problems should be expected.

In this PhD thesis, we have mainly focussed on two-dimensional PDEs in our stability
investigations and numerical tests. In further work, it is interesting to study the be-
haviour for higher dimensions in space. Then convergence rates in the PDE-sense, i.e.,
when the step sizes in time and space are changed simultaneously, can also be investi-
gated. Recently, Gonzalez-Pinto et al. [23| have proved PDE-convergence of one-stage
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AMF W-methods in the Euclidean norm and in the maximum norm for the linear dif-
fusion problem. Optimal convergence rates are also obtained. For the one-step AMF
W-method with v = % and time-dependent Dirichlet boundary conditions, nearly order
two is proved in the Euclidean norm, whereas an order reduction to order one occurs
in the maximum norm. These principles and convergence analysis could be extended to
one-stage two-step AMFE W-methods.
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