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In this work, we consider numerical methods for integrating multirate ordinary differen-
tial equations. We are interested in the development of new multirate methods with good
stability properties and improved efficiency over existing methods. We discuss the develop-
ment of multirate methods, particularly focusing on those that are based on Runge-Kutta
theory. We introduce the theory of Generalized Additive Runge-Kutta methods proposed
by Sandu and Giinther [20, 44]. We also introduce the theory of Recursive Flux Splitting
Multirate Methods with Sub-cycling described by Schlegel [49], as well as the Multirate In-
finitesimal Step methods this work is based on. We propose a generic structure called Flexible
Multirate Generalized-Structure Additively-Partitioned Runge-Kutta methods which allows
for optimization and more rigorous analysis. We also propose a specific class of higher-order
methods, called Relaxed Multirate Infinitesimal Step Methods. We will leverage GARK

theories to develop new theory about the stability and accuracy of these new methods.
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Chapter 1

Introduction

This thesis gives context for why higher-order multirate methods are useful, and demon-
strates newly developed methods with useful properties. These methods are motivated by
multiphysics, multiscale real-world application problems which are constructed by coupling
physical processes with potential disparate length and time scales together. Chemical reac-
tion networks are one example of this type of multirate problem, the brusselator test problem
being one particular example. The compressible Euler equations from fluid dynamics which
are used in numerical weather prediction is an example of a physical model which when
combined with adaptive mesh refinement or chemistry (or other physical models) has a mul-
tirate character. Specific multirate methods have been developed to address these problems
when there is both significant separation between the characteristic time scales and signifi-
cant coupling between the processes. This thesis focuses on developing and testing a set of
efficient, fully coupled fourth-order multirate methods with comparable stability properties

to leading existing third-order multirate methods.

1.1. Fundamental Concepts of Multirate Ordinary Differential Equations

One of the earliest references to multirate methods is found in a technical report from
1980 by Gear [15]. In the introduction, he defines “A multirate method for integrat-
ing ordinary differential equations is one in which different equations are integrated us-
ing different time steps.” We define a multirate method for integrating ordinary differ-
ential equations as any method that satisfies Gear’s definition, or any method that uses
operator splitting to integrate the integrand using different time steps. These methods

are most useful when the operator splitting is constructed so that the operator which re-



quires more work also requires a larger characteristic time-step size than other operators.
We will be considering a specialization of a problem posed as system of ordinary differen-
tial equations y'(t) = f(t,y), ¥ (to) = yo. An operator splitting for many rates yields
vy (t) = f(t,y) ==V fil (t,y), y(to) = yo. The splitting is defined so that the char-
acteristic timescale corresponding to f{¥ (¢,y) is non-increasing as i increases. This implies
fH(t,y) is the slowest operator since no other operator has a larger stable step size. Cor-
respondingly, fIV} (¢,y) is the fastest operator since no other operator has a smaller stable
step size. In most cases, a many-rate problem can be rewritten as nested two-rate problems.
For instance, a method for integrating two-rates can be used on the two fastest rates as part

of the integration of the overall problem.

v ) =P Ey)+ P y)+ P ty), vt) =y
ot y) = f (ty)
Ity =&ty + 3 (ty)

y )=t y)+ U (L y)

This will be discussed in further detail for the methods developed in this thesis.

In a two-rate problem, we partition the function f (¢,y) into a fast portion and a slow
portion. One common way is defining some additive partition of the function f (¢,y) into a
fast function 4} and a slow function f{#}. This is called the additive problem formulation.
Another common way is defining some partition of the solution y between fast components
yt/} and slow components yt*}. This is called the partitioned problem formulation. These

formulations are mathematically defined below.
The partitioned two-rate problem formulation consists of a system of ODEs which are

partitioned into slow and fast components, with their associated initial conditions,
' f {s}
[y{s]’ (t)] A (t,y{S} (t),y! }(t)> , ottt yUh(te) =y
!/
YO =P ey 0.y @), ezt ¥y ) =i

This type of partitioning naturally arises when components of the solution represent different

types of physical variables. For instance, many physical systems from fluid dynamics may
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be defined in terms of primitive variables such as pressure, density, and temperature which
are then discretized at particular positions in space to be represented as a system of ODEs.
A natural splitting may be to split by components along the different types of component
variables. This splitting has the benefit of being physically motivated, and not changing
as the time integration progresses. Another type of component-based splitting for variables
at specific physical locations can be based upon domain decomposition. This type of split-
ting is particularly helpful for grid-based problems with uneven grid refinement. Different
grid spacing can affect the requirements for a stable time step. Finally, component-based
splittings could change dynamically between time-integration steps based on where in the
problem domain the quickly changing dynamics is happening.

The additive two-rate problem formulation consists of a system of ODEs which can be

separated into the sum of a slow function and a fast function:

y/ (t) = f (tvy) ’ f (tv y) = f{s} (tv y) + f{f} (tvy) Y (t0> = Yo-

We note that a partitioned problem can be reformulated as an additive problem,
/ - -

o yo| i (6,55 (1), y U (1) -
YTy (), v (1)
0 - FE (L yt (), v (1))
) F (8 y®) ),y (@) ' 0
= y)+ 5 (ty), (1.2)

so the additive formulation is more general than the partitioned formulation. We note that

some sources consider reformulating additive problems into partitioned problems [1], via the

decomposition
/
ylsl flsh (t, yish (1), ylf (t))
yl/} - i (t, yish (1), ylf (t))
vo=y5" +y".



However, since this decomposition is not unique due to the infinitely many different choices
for partitioning the initial condition, in this work we focus on additive approaches to multi-
rate problems. Each of these types of splittings has a corresponding adaptation of a standard
Runge-Kutta method.

Partitioned Runge-Kutta methods (PRKs) and their order conditions are discussed in
detail in the book by Hairer, Ngrsett and Wanner [22]. PRK methods are represented

through a pair of Butcher tableau such as

A Aty
piiir
A2 A2
pi2ir

where the number of stages in A1} and in A1} are s{ and s{% respectively. The stage and

the solution updates are:

{1} si2}
£ = p0 (44 Pyl + n Y 0Ky +hza{2}k{2} =12 s
7j=1

<11}
kY =yl 4 hza“}f{” i=1,2,...,sW,

5{1}

1 1 1
RIS
=1
s{1} {2}

e D W M) B

o2
ki =y 4 hz o =12, 5

5{2}
Yii}1 _ {2} + hz b{2}k{2}
=1



Additive Runge-Kutta (ARK) methods and their order conditions are presented in detail
in the 2003 paper by Kennedy and Carpenter [25]. ARK methods are represented using a

pair of Butcher tableau, such as

A ‘ A ‘ A2 | 2

‘ pitir | p{2h7

The stages and the solution update given st't = s{% = 5 are:

ki =yot+h ol 0 (6o k) 030l O (G4 Pkg) i1,

J=1 J=1

Yusr = yu+h OB (b e d) + RSB (6 k)

i=1 i=1

1.2. Review of Known Methods

The family of methods developed in this thesis are demonstrated for problems where
both the fast and the slow operators are integrated explicitly. Similar techniques allow for
methods where the fast operator is integrated implicitly while the slow operator is integrated
explicitly. The background in this section is intended to give a general overview of the
historical development of multirate methods which depend upon Runge-Kutta theory, as
well as explaining the current state of the field.

In order to simplify the presentation of each method, we will consider a slow time-step of
size dts = h. In order to derive an integer time-scale separation, we use %f to indicate the
problem’s fast characteristic time-scale, and dt; to indicate the fast time-step our method
will use. For the sake of notation, we use dt, to indicate the slow characteristic time-scale,
which will be equal to dt,, the slow time-step our method will use. We may then define the
time-scale separation between the problem’s characteristic time-scales as m = dt, /Ef. The
methods will utilize this factor to determine the ratio of the slow time-step and the fast time-
step sizes, i.e. by rounding this up to the nearest integer, m ~ m and m < m, we may define
a fast step size dt; = h/m so that it is a good approximation to %f. Schlegel postulated

that a more efficient method could be created by allowing the number of fast steps per slow
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stage to vary within the method in 2012 [49]. Recent work by Bremicker—Triibelhorn and
Ortleb has investigated variable fast step sizes for specific numerical simulations by allowing
dts; = h/m; for each fast micro-step i [4].

The order of accuracy of a multirate method describes how the error behaves as h — 0.
In order to investigate this order concept, we must define our terms. The fast component
method is the method which results if the multirate method is applied to a problem where the
slow function is equivalent to the zero function. The slow component method is the method
which results if the multirate method is applied to a problem where the fast function is
equivalent to the zero function. The coupling method is the interpolation method which
connects the slow component method to the fast component method. This can be further
split into interpolation using slow input data and interpolation using fast input data. When
dt; = h/m, the fast component method is typically a composition of m steps of a fast base
method, while the slow component method is typically one step of a slow base method. In
this typical case, the multirate method order depends on the base method orders and on the
coupling order.

With these definitions in place, we may precisely introduce the simplest multirate inte-
gration methods. In these methods, one integrates only a single time scale at a time, using
the results from the first portion as data when integrating the second portion. Without a
loss of generality, we may consider use of an explicit Euler base method for integration of

both the slow step and the corresponding m fast micro-steps,

yih =y + b Ly ) (1:3)
U _ AN h D -
y =y (Y v W) =t (1.4)

Here Y, .1 is an approximation of the slow solution, yis} at the fast sub-step times,
oy 1 = tn + (i — 1)h. Within the fastest-first strategy, the fast steps are performed first,

using one of

Yn‘f‘% - Y;{ls}’ or (15)
7yn _——

n—1

Y"J’% - m m



for extrapolation of the slow solution values. Alternately, within the slowest-first strategy,

the slow step is performed first, using one of

Y, o=yl o (1.7)
m—1i+1 s 1—1 {s}
Yn-i-% - TY;{L bt T Yt (1.8)

for interpolation of the slow solution values within the fast sub-steps. Gear is credited with
the original concept from a manuscript titled ” Automatic Multirate Methods for Ordinary
Differential Equations” from 1980, and continued to publish an article in BIT with Wells
from IBM in 1984, citing the earlier work [15, 16]. This definition was used in Well’s thesis
from 1982 [56].

Due to the decoupling of the slow and fast components, these methods are at best first-
order accurate (technically, only when using (1.6) or (1.8)), even if higher-order base methods
than Fuler are used. This fastest-first and slowest-first terminology was used by Sandu and
Constantinescu in 2009 to describe their multirate method [41]. Recently in 2015, Fok
and Rosales focused on creating linearly higher-order multirate methods by improving the
interpolation between the fast base method and the slow base method directly [14]. They
construct a cubic interpolant by assuming a specific Runge-Kutta method, and matching

Taylor series error terms for specific Runge-Kutta stages.

1.2.1. Extrapolation Methods for Multirate ODEs

The earliest reference to multirate extrapolation methods is from Engstler and Lubich’s
1997 paper [11]. They generate higher-order solutions for the multirate system from these
first-order methods using extrapolation. To this end, successive higher-order solutions are
constructed from lower-order solutions at differing time step sizes using the Aitken-Neville

formula,

Tip —Tj-1k
(nj/nj—1) =1’
where n; < ni1 € N, dtg; = h/n; and Tjy = yar,, (t +h).

7—‘]'7k+1 == 7}7}{; + ] S m, k< j>



Engstler and Lubich develop a multirate extrapolation method where the base first or-
der method is a particular implementation of extrapolated Euler method from Hairer and
Osterman [11, 22, 23]. Engstler and Lubich argue that ”Multirating is easy and natural
with extrapolation methods® [11]. They use dense output methods in order to make their
multirate extrapolation method more efficient [11, 22, 23]. The original 77 1,711, and T3 ; are
assumed to be computed directly. In order to compute 73, for the next level, Engtler sug-
gests two strategies. Either use polynomial extrapolation using previously computed function
values for the unknown y, ;, or approximate Euler steps by using polynomial interpolation
information only when the error estimate indicates that information is sufficiently accurate.
They compare their results with a single-rate Runge-Kutta code based on an eighth-order
Dormand-Prince [10, 11].

More recent methods of this type, including explicit fast integration and explicit slow
integration (explicit/explicit), as well as implicit fast integration and explicit slow integration
(implicit/explicit), have been explored by Constantinescu and Sandu [8, 9]. Their 2013 paper
proposes an extrapolation method based on the basic first-order accurate slowest-first and
fastest-first methods shown in equations (1.3)-(1.8) [9].

These multirate extrapolation method approaches increase the possible order of the re-
sulting method at the cost of extra time step calculations. Constantinescu extorts readers
to consider the “quality of solution that one should expect by using more efficient yet lower-
order time-integration methods” [9]. As the desired order of accuracy increases, this type of
extension increases in computational cost compared to non-extrapolation methods. Hence,
these methods are reasonable for extrapolating up by one or two orders of accuracy but be-
comes cost-prohibitive when generating high-order methods unless complicated procedures

are introduced to reduce the work.

1.2.2. Kverno-Rentrop Multirate Partitioned Runge-Kutta Methods

These methods improved on the extrapolation methods by reducing the computational

cost of integration for the same order of accuracy. Although these methods are described in a



number of works [2, 13, 18, 33], the 1999 preprint which originally defines these methods gives
perhaps the most straightforward definition [34]. They assume a partitioned formulation,
with variables split into active and latent. Active components occur on a smaller timescale,
and therefore are considered fast, while latent components are considered slow. Since this
is a partitioned problem, they develop two families of multirate partitioned Runge-Kutta
methods, MRKI and MRKII, and propose a specific second order multirate method MRK2(3)
with a third order embedding.

Kverno and Rentrop’s MRKI family of methods is built as a PRK using two Runge-Kutta

methods with tableau

A AR st ‘ Als
‘ pifiT ‘ plst
that have s/} and s} stages respectively. For ease of notation, they use A = 1,...,m to

index the active steps within each latent step. These active steps consist of the fast stages

k;-{f "} and the fast solutions Y,{\i}f

S}

UM i o, h LA i)

kN = tn+()\—|—ci )m,yA +mZaij kY Y ,
j=1

i=1,2,...,s7 x=1,...,m, and
SF}

h A
I R L e
i=1

The latent stages and solution are given by

s{s}
KD = O+ TRy T e n Y el kT )= 12 s
j=1
iz (s}
vl = v D 0K
i=1



As with the previous methods, extrapolation or interpolation of solution data between the

slow and fast variables is required, i.e. YZ.{S’A} ~ ylst <tn + <)\ +c;-{f}> %) and Yi{f} ~

y i/} <tn + cl{s}h). To this end, Kvaerno and Rentrop suggest the extrapolation

s{s}

S h S
Y+ =Y Ot () Ky

j=1
R

yihy o () K"

i=1

where 7 () is a function from N — R*"" and where they define the coefficients

Y11 Y12

V2,1

Q)

Vstrra

Yi,j

Vi

78{5}75{5}_1

Vstf} st -1

71,5{5}

73{3}—1,5{5}

f}/s{s} ,s{s}

V1,053

VslFr—1,s05}

Vsts} st}

and

This formulation extrapolates the fast solution for computing the slow stages based on the

first fast stage. It is used as the basis for the definition of the MRKI family of Multirate

Partitioned Runge-Kutta methods [34]. In this work, Kveerno and Rentrop derive order

conditions for this family which relate the function 1 and coefficient matrices G and G

to the coefficients of the base methods. When the simplifying assumptions Zle nj (A)
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)‘2521%1' =¢, t=12,...,sand 25:17@]' =3¢, ©=1,2,...,5 are satisfied, and the
base method is second order, then the multirate method MRKI will be second order. When
these simplifying assumptions are satisfied, and the base method is third order, there are

two additional conditions which must be fulfilled:

s s 1
Z Z bivi;C; = om

i=1 j=1

S A+

DY by (N = o
i=1 j=1

[34]. Giinther, Kvaerno and Rentrop’s 2001 paper in BIT gives a similar definition, replacing
the definition of the MRKI family with the definition of Multirate Partitioned Runge-Kutta
2(3) methods [18]. This newer definition simplifies the interpolation schemes between the
fast and the slow base methods, and uses G = G. It also makes the MPRK 2(3) method
uniquely determined by the choice of time-scale separation m. We refer to the resulting
scheme as the MPRK2(3) method; it uses the same explicit Runge-Kutta table for both the
fast and slow base methods,

00 0 0
1/2(1/2 0 0

3/4| 0 3/4 0

2/9 1/3 4/9
sets the nonzero interpolation coefficients as v91 = 75 = %7 V31 = Yz = %(1 —m), and

Y32 =35 = 2m, and uses the interpolation function

11



1.2.3. Multirate Infinitesimal Step (MIS)

Multirate Infinitesimal Step methods are a general class of methods which were originally
developed by Wensch, Knoth and Galant as a generalization of split-explicit methods from
numerical weather prediction [27, 53, 57]. These methods also generalize the exponential
integrators of Cellidoni, Marthinsen, and Owren [6]. Early split-explicit methods used a
leapfrog scheme to advance from ¢t — h to t + h with the slow variables taking two steps and
the fast variables taking 2m steps [27]. This is similar to the simplest multirate method
mentioned in Section 1.1 [27]. Further methods were developed that took m/2 fast steps
between stages of a two-stage Runge-Kutta [53]. This early investigation contributed heavily
to a stability theory relevant to problems similar to the compressible Euler equations [53, 58].
Wensch et. al took these well-studied methods and developed a systematic approach to
the order conditions using PRK theory [57]. These methods continue to be developed at
second and third order for a variety of target problem types in the context of numerical
weather prediction and climate modeling [28, 29, 30, 49, 50, 57]. A representative problem
for how these methods are applied to a particular problem is some simplification of the one-
dimensional advection-diffusion-reaction equation as suggested by Schlegel, Knoth, Arnold

and Wolke [49, 52]:

O = —9 woy+ e QD(%%) L f(ate) (1.10)
Martin Schlegel’s 2012 dissertation describes in detail the Recursive Flux-Splitting Multirate
(RFSMR) methods he developed based on Multirate Infinetesimal Step methods [49]. These
RFSMR methods are named for the characteristic partitioning by fluxes, and account for the
support of the different fluxes. Schlegel, Knoth, Arnold and Wolke demonstrated that these
RFSMR methods improved parallel performance on the hierarchical grid scheme in COSMO-
MUSCAT “developed at the Institute for Tropospheric Research in Leipzig” [51]. Our new
methods will extend Multirate Infinitesimal Step theory alongside general multirate theory

developed by Michael Giinther and Adrian Sandu. To allow for more consistent comparisons

12



to our newly developed methods, the next chapter gives deeper background on how one step
of a MIS or RFSMR method proceeds, and the theory we will leverage for order of accuracy

and linear stability of multirate methods.
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Chapter 2

Detailed Background Theory

In Chapter 1 we introduced context for existing multirate methods, especially focusing
on those related to Runge-Kutta theory. In this chapter, we will introduce Generalized-
Structure Additively-Partitioned Runge-Kutta (GARK) theory for describing a general fam-
ily of Runge-Kutta methods, including theory on order of accuracy. Next, we will discuss
how GARK theory is applied to MIS methods and how it is extended to develop a family
of Multirate Generalized Additive Runge-Kutta schemes. Finally, we will discuss various

stability theories as applied to multirate problems.

2.1. Generalized-Structure Additively-Partitioned Runge Kutta Methods

In a 2013 technical report [42] and a subsequent journal article in 2015 [44], Adrian Sandu
and Michael Giinther proposed a new family of Runge-Kutta methods, named Generalized-
Structure Additively-Partitioned Runge Kutta (GARK) methods. This GARK family of
methods is an extension of some of the ideas put forth in the Kvaerno-Rentrop preprint
from 1999 [34], as well as the PRK and ARK families of methods, previously described in
Section 1.1. For this family of GARK methods, Sandu and Giinther present order condi-
tions and a linear stability function. In order to simplify the theory, GARK methods are

formulated for an autonomous system of ODEs written in additively-split form,

Y f) = >,
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The coefficients that define a GARK method are written in an expanded Butcher tableau:

AL A2 | Lo AN A{LNY
Al21 L . L A{2N}
Alii}
AN-11 | - AN-1,N} 2
AW A2 L | AN =TE | A{NNG
bitir b2}t b{N-17 b{NiT

The stages and the solution update are:

N gld}
Kloit — Vo + h Z Za;‘{]g}f{m} (k{mvj}) :
m=1 j=1
i=1,...,s% ¢=1,... N,
N sld}
Yar1 = Ya+thy D bl (kled)
g=1 =1

We note that the stage values and the solution update are similar to those in the PRK and
ARK formulations. Similar to PRK, we have partitioned stage values. Similar to ARK, we
use all the functions f{% from the additive partition of f(y) to update each stage as well as
the solution.

As we alluded to in Section 1.1, the order conditions depend on the component methods
At as well as coupling methods A/} where i # j. As usual for Runge-Kutta methods,
we make the simplifying assumption that cj{-g} = lS:l} a]{.j’”}VU,I/ = {1,...,N}. Sandu
and Giinther refer to these as the wnternal consistency conditions in their derivation of
GARK order conditions [42, 20]. Their 2015 paper includes a proof using N-tree theory
to derive the GARK order conditions for GARK tableau of arbitrary size [44]. Their 2013

technical report explicitly lists order conditions in elementwise form for up to 4th order [42],

while the newer paper lists them in matrix-vector notation [44]. The newer paper includes a
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Theorem regarding GARK order conditions for arbitrary orders based on Runge-Kutta order
conditions [44]. Namely, Theorem 2.3 from Sandu and Giinther’s 2015 paper reads, “The
order conditions for a GARK method are obtained from the order conditions of ordinary
Runge-Kutta methods. The usual labeling of the Runge-Kutta coefficients (subscripts i, j,
k, . . .) is accompanied by a corresponding labeling of the different partitions for the N-tree
(superscripts o, v, u, ...)" [44]. We reproduce the summation form of these order condition
below, and then use the internal consistency condition assumptions to reproduce the matrix-
vector form of the GARK order conditions as well as a linear system representation. For
simplicity of notation when discussing the matrix-vector form of the GARK order conditions,

denote a vector of ones of length n as

]ln — c RnXl

1

and the ith unit vector as e;. Equations (2.2)-(2.9) are reproduced in the form shown in
Sandu and Giinther’s 2013 technical report [42]. These order conditions are determined by
matching the terms from the Taylor series expansion of the error between the computed and
exact solutions to the system of differential equations. They are essentially identical to the
usual Runge-Kutta order conditions, however there are superscripts which account for all
combinations of the internal GARK tables. In matrix-vector form, these usual Runge-Kutta

order conditions up to order 4 are the following,

T — 1
blc = a7 1

% (bc)TAc = g

bT(C)2 = 2 1
3 bA () = .

1 12

bTAc = -, 1
6 b"AAc = —.

24
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GARK first order conditions Vo = {1,...,N}:

S{o’}

b = 1 22)

i=1

GARK second order conditions Vo,v = {1,..., N}:

slo} giv}

> blalrt = % (2.3)

i=1 j=1

GARK third order conditions Vo, v, u={1,...,N}:

slo} i} glu}

>3 b{Palaf < o 2:4)

i=1 j=1 k=1
slo} glv} gl

Y S b alr i — é (2.5)

i=1 j=1 k=1

GARK fourth order conditions Vo, v, A\, u = {1,..., N}:

s(o} glv} ¢} glmd

>SS S b el a1 29

i=1 j=1 l=1 m=1
slo} glvy ¢IA) glu}

S S b alalalon % (2.7)

i=1 j=1 I=1 m=1
sto} gl g0 glnd

S S S ba g — L 29

i=1 j=1 =1 m=1
s{o) ¢} gfA) gln}

SIS Y bl al e i (2.9)

i=1 j=1 I=1 m=1

This matrix-vector form closely matches the form used in Theorem 2.6 of [44], and as-
sumes a GARK method which has the same number of A"} rows and A"} columns. The

matrix-vector form is described by Equations (2.10)-(2.17) for all o,v,u=1,..., N,

17



b{a}'r]l = 1, (2.10)
plotrelo} % (2.11)
bl (olo})? 1
<c ) = 3 (2.12)
plodtalovtelvy = %7 (2.13)
3 1
o (let)? _ 1
bl ()" = 1, .19
<b{a}c{a}>T Alorbelh é (2.15)
2 1
oyt adont (1) _ L
bloTA <c ) 3 (2.16)
1
{ohr Ao} At o) _ L
blotTAlont Aluvte ot (2.17)

Later in this dissertation, we will use a linear system form of the order conditions which
will be modeled after Equation (2.18). Equation (2.18) describes how the order conditions

depend linearly on b{}, where each row is reproduced for all appropriate o, v, i, A =1,..., N,

1 1 1
i} elehy

(Cig}f ( {{3})2

[A{a,u}c{u}] {A{v v {u}]

1 {o}

()" (cfi))’

1

2

1

3

1

6

1

1

el [Alrret] o [ale] o 1

00 Al () J{l} ALz (e {u}) bf7! L

G
{A{U sur Alwvt v} ) {A{UvM}A{H e {V}]s{d} ﬁ
()’ () ] e
) 1 ) P N B
1 s .
il el Al () St el Al () e, T
o7 [AUI AL ] AT [ Al ] I L
(B N (S ) 5
1

=5 Al () 255 A, () %
Es{“} Zs{"} A{ff'aV} {V}A{Va#} (C]{'“}) Zl{i} Es{“} A{?UV}} ’L{ }A{V w} ( J{H}) 4*10
sl ;{q} Al AL ( ]{u})2 R DA ;Wl} A{?Uu}}A{m} ( ]{u})2 L
(Al ALs) AleA )] [Alr) Al Al Y] By

We will leverage GARK theory, including these order conditions, in this dissertation.
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2.2. Multirate Generalized Addidtive Runge Kutta

In an extension to their GARK family of methods, Sandu and Giinther proposed a multi-
rate GARK (mGARK) family of methods [21], that provides a general basis for constructing
multirate GARK methods. Their impetus behind constructing a general framework is that
it allows multirate methods derived with potentially disparate contexts to be understood
and analyzed using a single unified approach. The same paper includes a discussion on how
to represent multirate methods which are based on Runge-Kutta methods that do not fit the
mGARK framework as a 2 x 2 GARK. The mGARK schemes require two base methods:

AP

ALY

Alst

‘ pifir ‘ pisit

that have st/ and s{*} stages respectively, and assumes f (y) = fUF (y) + fist (y).
The definition of Multirate GARK method defines ”One macro-step of a generalized

additive multirate Runge-Kutta method with m equal micro-steps”

3{5}

{st _ {s.8} ¢{s {s}
k;”" = Yn+hz%j f{}<kj )

m sl
n Zza{sﬂ}f{f} (kif”) =1, s
)\ 1 5=1
A—1 stf} s{s}
K = S () £l ()
=1 j=1
I st}
—Zal-{];’f}f{f} (k]{-f’A}) o oA=1,....m,i=1,..., s/}
m 9,
j=1
m sif} s{s}
o = vk S U () o 1 ()
)\ 1 =1
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An mGARK method may be represented by the following choice of tableau:

%A{f,f} 0 . . 0 Alfss:1}
]Ls{f}b{f}T %A{f,f} 0 : Alfs2}
L AUAS)
ALY | AlSs)
Alsrt | Alsst = : 0
LT | Bl
Lopbh . o nbIT LA | Al
LG LA LAGS3 L Lgleim | Alss)
%b{f}T %b{f}T %b{f}T e %b{f}T plsit
This tableau takes advantage in notation of the vector product,
_b{f}T-
piftr
1oy btHT = c RV xstt
piftr

Each block row of AU/} can be considered one fast substep. The block lower triangular
portion of A1/f} which consists of blocks of ]ls{f}b{f}T for the mGARK can be considered as
selecting the initial condition for each fast stage. A/} contributes from the slow stage solutions
k{s} to the fast stage solutions ki/}. A{$:/} contributes from the fast stage solutions ki/} to the
slow stage solutions k{}. Recall Sandu and Giinther require that GARK methods satisfy the
internal consistency conditions for the stage times, namely c¢t/t = A/} 15y = AlSs} Igsy and
clsh = Alsf} lyp = A{S’S}]ls{s}. Equations (2.19) and (2.20) describe how these stage times are

determined using the mGARK structure.

1 A—1
—A{f’f}]ls{f} + 1,5 :A{f,S,A}]ls{s} =cAM A=1,....m (2.19)
m m
1 s
~ ZA{s,f,A}]ls{f} — A{S’s}]ls{s} — cls (2.20)
A=1
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The mGARK’s autonomous formulation is assumed for theoretical purposes, however, the as-
sumed use case is one where the mGARK method accounts for variation in time ¢, as stated by the
concern that the stage times are “internally consistent” by enforcing the previously stated row-sum
simplifying assumption [44]. For a mGARK to be second order overall, the base methods must
each be second order and the second order coupling conditions must be satisfied. Similarly, for a
mGARK to be third order overall, the base methods must each be third order and the second and
third order coupling conditions must be satisfied. These order conditions follow directly from the
GARK order conditions stated previously.

As shown in [21], this multirate GARK framework is very useful for analysing a wide variety
of existing multirate methods, including those discussed in Chapter 1. However, the mGARK
paper [21] returns to the GARK framework to describe Multirate Infinitesimal Step methods,
rather than using the previously introduced mGARK framework. We will also use the GARK
framework directly to describe our newly developed methods. Since the mGARK framework is
built around base methods, it assumes that at most two different base methods are used. The
theory we develop will allow for an arbitrary number of base methods, however in practice only one
or two base methods will be used. This property of allowing for multiple base methods is one way to
address dynamically changing time-scale separation within a GARK step. Another way to address
this changing time-scale separation was investigated by Bremicker-Trubelhorn and Ortleb in their
recent paper which develops theory on using adaptive micro-step sizes with mGARK methods [4].
For the mGARK, the weights b; are used to construct the fast stage solutions and the final step

solution the same way. In our new methods, we will consider lifting this restriction.

2.3. Creating Multirate Methods using GARK theory

Although Sandu and Giinther only defined one possible structure for a multirate GARK in their
paper [21], their paper [44] derived more general theoretical properties for GARKSs, including order
conditions. In their discussion of Multirate Infinitesimal Step methods they define the coefficient
tables and the order conditions in terms of a 2 x 2 GARK. We will discuss these methods in
detail in the next section. In order to discuss MIS methods and the methods which we have
developed based on the MIS methods consistently, we will introduce some notation alongside the

relevant GARK theory. For clarity between our notation and our implementation, we will write
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out the non-autonomous form of the stage and solution updates. Using the GARK framework and

the associated theory, we consider arranging the following set of tableau in Butcher table form:

ALLSY ¢ RVt A{fsh ¢ Rt xst) Afsf} ¢ pstxslit 1 Adss) ¢ et xsts)

ALY | AlSs)

Alsr | Alsst

b{f1 | pisit

The stage and solution updates based on these coefficients are defined as follows:

< s

k]{f} — v+ hza]{lﬁf}f{f} <t i Cl{f}h7kl{f}) I hZaLf"“}f{s} <t + e, kl{s}>
=1 =1
strf} sls}

K =y n Yol (e ) 0T al T (e e )
=1 =1
s{f} sist

yorr = vt h Y O (b D) 4 0> 0T  (e4 T k)
=1 =1

where j=1,...,sV/andi=1,... sls
The stages and solution updates when all stages are explicit, which generally follows from the

base methods being explicit, are defined as follows:

j—1 sist
K =y 0Dl A (1 ) n Y el (0 ) (2.21)
=1 =1
! i—1
k;[s} = oyt hza;-{l&f}f{f} (t + C}f}h,k;f}> +h a;[l&s}f{S} (t + C}S}h,k;S}) (2.22)
1=1 =1
st} sis}
yoir = Yuth Y b (b k) Yo A (4 T kT) (228)
=1 =1
where j = 1,...,sU} and i = 1,...,s{8}. Multirate methods which use base methods commonly

have intermediate solutions which accumulate portions of the fast stage solutions. In some cases,
the first fast stage solution for each fast substep can be expressed as a linear combination of these

accumulated solutions and the slow function values for previous stages. Specifically, when the
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GARK coefficients a]{-lf S = al{)lf f }, we can take advantage of this structure to reduce the number of
vectors the size of y which must be stored during each stage computation.We will discuss notation
for these intermediate and partial solutions for specific examples and implementations later, in
Section 3.3.

Given this specific notation, we can use GARK theory to enumerate the order conditions for a
GARK of this size. As we alluded to in Section 2.1, the order conditions for full or overall order
depend on the classical order conditions, as well as coupling conditions, and internal consistency
conditions. For the methods we construct, we will rely on the GARK order conditions in matrix-
vector form as in Equations (2.10)-(2.17), as well as in linear system form as in Equation (2.18).
The classical conditions concern how the method works when either function from the splitting
is removed, i.e. the classical conditions correspond to the standard order conditions for the RK
method AU b1 and ¢}, and similarly for the slow set of tableau. The coupling conditions
involve all the other possible combinations of fast and slow, such as bt/}TA{ stelst = %. Sandu

and Gunther make a distinction between fast order conditions and slow order conditions based on

whether the order condition uses bi/} or bis}.
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The fast order conditions up to fourth order are as follows:

bifity

birtTelst

pifir (C{f}>2

bl Al S}
ROIINIORG!

pifir <C{f}>3
<b{f}c{f})T NS
<b{f}c{f}>T AlFsols}
LT AL <c{f}>2
b7 A s} (C{s}>2
bl AL ALY )
bl T ALY AL s} {8}
BT ALLS A8 YA

bINT AL} A l5:5) s}

24

§|H§|HE|,_.E|,_.S|,_.S|,_.oolHooll—wbll—tcrnlHC?:I)—tC;oly—t[x’)l»i =

(2.24)
(2.25)
(2.26)
(2.27)
(2.28)
(2.29)
(2.30)
(2.31)
(2.32)
(2.33)
(2.34)
(2.35)
(2.36)

(2.37)



The slow order conditions up to order four are as follows:

plsitt = 1 (2.38)

blsdTels) % (2.39)

plsht (C{s})2 _ % (2.40)
blsTAlsshls) = % (2.41)
BT ALl % (2.42)
plsht (C{s})3 _ % (2.43)
(b{s}c{s}>T Alsslels) _ % (2.44)
(b{s}c{s})T Al % (2.45)
b{sIT A {55} (C{s})2 _ % (2.46)
BT A L) (c{f})2 _ % (2.47)
b AL} Alsshels) = i (2.48)
b Al Als Nt — i (2.49)
b AL A i (2.50)
bt AL Al s} = i (2.51)
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Equation 2.52 expresses these in linear system form, where 0 = s,v = f or 0 = f,v = s for the

slow or fast order conditions respectively as a specification of Equation 2.18.

_ 1 e 1 _ _ 1 _
e %

O I €5 :
[Alootclol]) . [Aloateled] 1
[Alert el [Alerielh] -] 1

3 3 bl
() ) :
el [Aloodeloy] Ciﬁ} [Aloodeto] ) 1 o)

i [Alovdetd] Ciﬁ} [Aloviet] 1
RPN CLO NS v VL ) I I B
E?:f Ag,u} <c§u})2 E?:f Aif{,au}]; <c§.”}>2 by ] .
[Aloo) Aloodclol]) [Aleot Alootclod] L
(Al Alvalelel) o (Al Alelcle)] b
(Al Aloicll] o [Ale Alnaleled] L
(Al Al c] L [Al A .
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Specifically, for the fast order conditions as a linear system we have the following,

- 1 . 1 ] | 1 ]
et <ih ;
() = () 5
(ARl .. (AU () 1
[Alfshels] .. (AUl e 1
, , bif}
() (7)) :
cif} (AUt ci{}} (AU ) 1 o)
i [Alsrels] Ci{}} (AUl _ 1
S AR () A ) ||
S AR () sl @y | P L
[AUS AU U (AU ALY | L
AUSIAT ] o [AUSt AU L
[AUSDAUSIEY) o [AUSI ALY ) L
[AUSI ALt [AUSt AT L
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Note that adding the fifth order conditions, which follow from Theorem 2.3 in Sandu and

()
(cif}>2 (AU el
(cif}f [Alfshels)]
;{:fl} cif}ALf,f} (%f})z
Z;{:Sl} cif}AE‘,s} (cg{'S}>2
SERVNERNER e
7Y ALY AL el
A7 [ALLF AL s el
Y [AlFr ALY}
([A{f,f}c{f}]lf
([t e’
Z;{:fl} INEEE (C]{f}>3
s Al ()
Si S A A ()
S S Al IAL ()
Sl s A AL ()
S L Al Al (o)
DY AN TRAVNCRE (C f}>2

i=1 7

Y s} A {103 AT 2
=1 Z;:1 AL‘ }A;'{j °t (C}S}>
(s} s UF A () SY (A2
A DA SEReV SR G
{5} sls) , , 2
f:l ;:1 Aif S}A;'{js °t (C}s})

[A{f»f}A{f»f}A{f»f}c{f}]1
[A{f,f}A{f,s}A{s,f}C{f}] L
[A{f»f}A{f»f}A{f»S}c{S}]1
[A{f;f}A{fys}A{S»S}c{s}]1
[A{f;S}A{S;f}A{f;f}C{f}]1
[A{f»S}A{S»S}A{S»f}c{f}]1
[A{f;S}A{S»f}A{f;S}C{S}]1

[A{f»S}A{s,S}A{s,S}C{S}] |

(Ci{}}y
({f}}f (AT el gy

2
(%ﬁ}) [AlFsetsd] 5y

SY {5y ALY (AT 2
i=1 CnAan; (Cj )

sUY (Y A{fsy [ AsH)?
i=1 A, (Cj )

ciﬁ} (ALY AL el |y

f S S
ci{}} [ALSsT ALY el
U 1AL ALF s} s}
Cs{f} [A A C ]s{f}

Ci{f}} (At sy Alsstelsl] ()

([AUFY el (4y)*
([atsdelsl] (py)*

Sy (A2
25=1 As{f}j (Cj )

S A {fs) [ 4sH)?
2i-1 Al (Cj )

S i) , ,
sl et AU () A (1)

{f}
REAvS ] )
{

U steh A {ffY A} A LS8} (s}
Doim1 25—1 Ahc A (CJ' )
st sl {fis} {s} A {s.f} (L A{f}
et Zj:l As{f}ici Aij (Cj )
sis} sis} {f,s} {s} p{s,s} {s}
et Zj:l As{f}ici Aij (Cj )

S AL (40
et A AL (1)
Ly A AL (40
sted ;{:sl} A;{{}S}}iAZ{jS,s} (C;{S})z

[A{f,f}A{f,f}A{f,f}c{f}]s{f}

[A{f,f}A{f,s}A{s,f}C{f}] JLF)

[A{f,f}A{f,f}A{f,s}c{s}] o

[A{f,f}A{f,s}A{S»S}C{S}] )

[A{f,s}A{s,f}A{f,f}C{f}] )

A{f,s}A{s,s}A{s,f}c{f}] o

[
AU AL AL s} ols)
[ ]S{f}

[A{f»S}A{s,S}A{s,S}C{S}] ()
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Giinther’s 2015 paper, increases the total number of fast order conditions from 14 to 53 [44],

S"" o=

sk

—
=

—
=

(2.54)



2.3.1. More Flexible Structure for New Methods

To give us a consistent notation to compare multirate methods based on a 2 by 2 GARK

table, we consider using a block structure where each block-row represents one fast sub-step.

We denote block structure with superscripts, i.e. [AW] = AtHS6T) [b{f}}j = b/} and

,J
specific elements with subscripts, i.e. [A{f’fvivj}]kl = a,{gl’f’i’j} and [b{fvj}L = bl{f’j}. This

yields the following table:

AlfFL1} 0 o o 0 Alfs1}
AULL21 AU .2,2) . 0 : Alf:s:2}
ALSF3.1) - ALS£.33)
AL | AlSs
Al | Alsst = 0
pifit | plsir
At fm1y o AU fmam=2) o ALf fmm—1} o A{f fmm) | ALfism}
Als.f:1} Als.f:2} Als.f:3} e Als.f;m} Als:s}
pifiitr pif2ir pif3kr e plfimit plst
(2.55)

The blue portions of this GARK table indicates changes from the mGARK formulation.
Each block row from A7} and At/#} may be considered as the fast stage updates for a fast
micro-step. The strictly lower triangular portion of A/} may be considered as the initial
conditions for each block row, based upon previous fast stage solution values. This more
flexible notation addresses the situation where the fast base method changes between fast
sub-steps. It also gives the option of using a different initial condition for the fast sub-steps.
The added flexibility with the b{/7} assists in developing optimized methods and addressing

new embedding and solution techniques in a general fashion.
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2.4. MIS methods as an extension of GARK theory

Although MIS methods are discussed in Sandu and Giinther’s paper which develops
mGARK methods, Sandu and Giinther use GARK theory, rather than the newly defined
mGARK theory, to analyze these methods [21]. The methods developed in this dissertation
will follow closely from the pairing of GARK theory with MIS methods. For the purpose of
detailed examination, we will consider MIS methods as described by Sandu and Giinther in
the GARK context [21]. Sandu and Giinther specifically present MIS methods in a GARK
context in Theorem 4 of their 2013 paper in Numerische Mathematik on multirate GARK
methods, summarized as “the MIS scheme is a particular instance of a GARK method”
[20]. In this formulation, the additive two-rate problem formulation is appropriate. The
problem is stated as being autonomous, i.e. the ODE right-hand side function depends only
on the solution, f (y), rather than f (¢,y), in order to simplify the theory and the algorithm.
This assumption is relaxed in a recent paper by Knoth wherein a way to apply a Multirate
Infinitesimal Step method to a non-autonomous problem is described [29]. Similar to the
mGARK formulation, MIS methods in the GARK context are constructed using Runge-

Kutta methods for the base methods:

Fast or Inner Base Method | Slow or Outer Base Method

Al atn Al At At o 4o

piftr piT pistr poT

Unless otherwise specified, MIS methods typically assume the same inner and outer base

methods, i.e. ¢! =, AT = A9 and b'T = pOT.

30



The coefficients that define a MIS method are written in an expanded Butcher tableau:

g Al 0 e 0
S 1blT (c§ — ) A
ALY = ' (030 _ 020) 1blT
: 0
S 1blT (030 — 020) 1b'T (1 — Cso) Al
0 0
cg)blT 0 0
Alsf} = cg)bIT (030 — 020) bt 0 cee 0
0 0
it (= )BT e (=% )BT 0
c! (e}) A°

leJ A + ¢! (e] —e]) A©

A{f75} —
L1e]AC + ¢! (e] — e]) AC
1eJAC +c! (b9T — e[ A©)
A{s,s} _ AO
Q!
N Q1+ (030 - 020) c!
1+ (cf — 030) c!
CO]]. + (1 — 040) CI
clst = 0
bl = Ob! (030 — cg)) bl ... (Cgo - Cgo—l) b’ (1 - CSO) bI]
b{st = p°
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These coefficients can be represented elementwise as follows:

{ss} _ O

a”LJ —CI,Z-J,j:l,...,Z'—l,
a;{;f’l}:b;l{(clo-‘,-l_clo)alzla--’vso_lai:l—i_lu"wsovp:l”“?sI’
algf;s’i}:agj_'_ci(aio-i-l,j_agj)’izlv”'vso_lv.jzlv"'uivkzl?""SI’
b(cl,—cf) 1=1,...,i-1
. +1 ) ’ Y
a{ifiy 1 ci=1,...,°-1, pk=1,...,5"

I (.0 o .

A p (Ci-i-l - ¢ ) I =1,

iy _pI (.0 _ O
b, = by, (Ci+1 c

bt =10, p=1,...,s".

The final fast sub-step defines the last block-row of the AU/} and A{/5} tables, as well

as the final step solution update.

{rs5°} _ o (10 _ 0 , ) I
a; :asod—l—ck(bj —aod),j:l,...,s -1, k=1,...,s",

S

I (.0 O o
’78071 b Cll—Cl l:]_,...,s —]_
a’i{nf }: p( + ) ’p’kzlﬁ"'781’

aép (1 B Csoo) = SO’
bif’so} :bII) (l—coo) ,p=1,...,5",

S

bt =00, p=1,...,5".

Augmenting the Butcher tableau of the base methods,

cO| A9 0

c@ | A°
— 1 [b°" 0
bOT e —
b°T 0
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we are able to write the MIS method in the GARK formulation more concisely, by considering

i=1,...,59 +1for A’s and ¢’s,
S _ g
a;

{sfl}—bl(cHl—clO) l=1,...,s°+1,i=1+1,....5% p=1,...,s",

,p

2]7]_1 _]-7

{f,si} _ O I(.0 o . o _ _ I

a; —az,j+ck(ai+17j—ai7j),1—1, , O, g=1,....0, k=1,...,s,
o(cfy—c) 1=1,...,i—1

CARL 1M T C_ o _ I

kp yi=1,...,87, pk=1,..., s,

I (.0 0 »

ag (Cz'+1 Cz’) =1,
I 0\ ; o) I
b{fn}_b(ﬁl i=1,...,s%;p=1,...,5,

bt =09, p=1,...,s".

For Multirate Infinitesimal Step methods, Sandu and Giinther proved that given 3rd
order base methods, Equation (2.56) is the additional necessary and sufficient condition for

making the multirate method 3rd order [43]

e
LS (0= ) (€] el ) A% + (1 - ) (i + et a0 O) SRS
Equation (2.56) is equivalent to the condition implicitly defined by Knoth and Wensch in
their 2009 paper [57]. Their aim is to improve the stability region of these methods, by using
genetic optimization on two free parameters and then using visual inspection to compare the
resulting stability plots. They use this strategy to pick 3 specific sets of MIS coefficients to
test. Knoth and Wensch’s 2014 paper improves on their earlier results by strictly defining
the optimization objectives by aiming to minimize error coefficients and maximize the stable
step size [29]. In both cases, the stability is optimized by considering a simplification of the
compressible Euler equations as a stability test problem [29].
If the inner and outer base method are the same Runge-Kutta method, then the time-
scale separation based on the ratio of fast function calls to slow function calls is m = s©.

This can be increased through recursion, as suggested by Schlegel, Knoth and Arnold [50].

Increasing the time-scale separation of these methods through recursion is both an asset and a
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detriment. They are very simple to write down and very simple to implement. However, since
the method’s time-scale separation must be m = (so)j, j € N, the time-scale separation of
the problem may not be captured precisely, which leads to more computational work.

We also note that these authors have presented another formulation where instead of
increasing the time-scale separation through recursion, the inner base method is composed
of a sub-cycled inner method. This allows for more general time-scale separations m = (so) *
7, j € N. This approach, which uses recursion to address operator splitting and subcycling
to address time-scale separations, is fully described in Schlegel’s PhD dissertation [49]. We

will discuss our application of the GARK framework to this formulation in Chapter 3.

2.5. Linear Stability Theory for Multirate Systems

The usual linear stability approach poses a linear test problem, and investigates the
stability for varied eigenvalues and time-step sizes. Given an eigenvalue A having negative

real part, the following linear stability test problem is considered

y' =Xy, y(0) =1, (2.57)

having exact solution y = e*. A recurrence relation is developed to relate successive solution

vectors y,+1 and y, by an amplification function R:
Ynir = RNy = - = [R (W] g0 = [R (BN

Since the true solution y — 0 as t — oo, this leads to the definition of the stability region
associated with the linear stability test problem: S = {hA =z € C: |R(z)| < 1}. While this
stability concept is sufficient for most IVP methods, it does not capture the complexity of
multiple eigenvalues for the different parts of a multirate method. An alternate multirate
stability approach considered by Sandu and Giinther for their Multirate Generalized Additive
Runge Kutta is an additive linear stability approach which focuses on how the stability
of the base methods affect the stability of the multirate method directly. This approach
was previously used by Wensch and Knoth in 2009 for MIS methods to examine stability

properties under the assumption of an infinite number of fast substeps [57]. Equation (2.58)

34



below describes the initial value problem used by Sandu and Giinther to test linear stability
given the dominant eigenvalues of £/} and £}, X ¢ and A respectively, where A is assumed

to have negative real part [21, 44]:
v =Xyt Ay, y(h) = 1. (2.58)
Similar to the previous linear stability recurrence relation, a recurrence relation,
Ynt1 = R (hAs, hAp) yn = yn = [R (hAs, hAP)]" yo = [R (hAs, hA)]"

can be derived [21]. In Sandu and Giinther’s analysis of this linear stability function for
the MGARK, they define conditions on the coupling matrices At5* and A{5/} such that
if time steps are chosen that guarantee the individual algebraic stability of the fast base
method and the slow base method, then this is “a sufficient condition for the stability of
the overall multirate method” [21]. Sandu and Giinther call this Theorem 1 (Stability of

multirate GARK schemes), which is restated below. [21]

Theorem 2.1 Consider a multirate GARK scheme with positive fast weights, bi{f} > 0 for

i=1,...,sU. The scheme is stability-decoupled iff A/t is given by

Alfeny =[B! (b{f}b{s}T _ Alsfmd B{s}) Cou=1,...,m.

! 5}

1=7 1=

with BH-} = and Bij} =

0 i#j 0 @77

This theorem on stability-decoupling focuses on defining coupling matrix A/} based
upon existing base methods and choice of coupling matrix A/} and directly applies only
to multirate GARK schemes. Another potential stability concept is to use the more general
approach to linear stability proposed by Sandu and Giinther’s in 2016 paper for a GARK
method (2.1) which proposes the following test problem: 3 = 3> Aty 4 (0) =1 [44]. By
restricting the GARK table to the 2x2 GARK table used in multirate contexts and relabeling
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according to fast and slow tables, we can represent the GARK stability concept in a multirate

context, resulting in the following stability function,

-1

Ly — hAsAUD hA, At} L

s

R (hAg, hA) =1+ hAUIT pA bistT
IAGT T —hAAGS | 1

A more thorough concept of linear stability for multirate methods was first proposed
by Kveerno [33] in 2000. This stability concept was not published again until 2007, when
it began to be commonly used [24, 31, 47, 45]. The previously mentioned test problems
are specific instances of Kvaerno’s stability test problem with various coefficients set to 0.
The benefit of Kveerno’s stability concept is that unlike the others it includes in its analysis
the mechanisms for fast-slow coupling within the fast and slow solution updates. More
specifically, we consider the test problem (2.59) below, having fast variable y; and slow

variable s,

, vy (t) yr (o)
y () =Gy(@),y(l) = Ly (to) =
ys (t) ys (to)
g11 912 hgin  hgia
go1 g22 hga1  hgas

As usual, the stability function is defined by constructing a recursion based on the numerical
method,
Yfnt1 Yfm s11(Z) s12(2)
= S(2) where S(Z) = . (2.60)
Ysn+1 Ysn 521(2) 822(2)
The multirate method is stable if the dominant eigenvalue of S has magnitude less than
1 for a given step size h and coupling matrix G. While more complex than typical linear
stability regions (seemingly depends on five parameters, h, gi1, gi2, go1 and gos instead of

only two, h and )), Kveerno’s test problem gives plottable stability information since we
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can find the eigenvalues of S as a function of 3 real parameters. The parametrization used
in papers from 2007, 2008 and 2014 by Kuhn and Savcenco depends on the three derived
parameters &, 7, and k [31, 47, 45]. A similar set of parameters was used by Constantinescu
in 2013 [9]. The parameter = % measures the off-diagonal coupling strength of the
problem. Given the assumption that g;; < 0 and goo < 0, the eigenvalues of G have negative
real part if § < 1. We also assume that z;; < 1. The parameter n = % measures has
the same sign as g12921, and changes sign when g12g21 = g11922. For rescaled versions of this
problem where g1 = —1 and g9 = m = k, this change of sign occurs when g¢12921 = m.
Constantinescu’s rescaling of this problem assumes that goo = —m, g11 = —1, |ga1| < m,
and |gi2| < 1. If those assumptions are satisfied, then gi2g21 < m, so n has the same sign as
g12921- In this case, if n < 0, the off-diagonal coupling terms have opposite signs. Using our
previous assumptions on 4 and on z;;, —1 < 1 < 1. The problem stiffness is related to the
parameter £ = %{;ﬂ € (—=1,0), so as £ = —1, hg;; — —o0. The problem stiffness increases
as £ moves from 0 to -1. The parameter kK = ¢95/g11 measures the time-scale separation
of the problem. In these references, a method is presented for plotting the corresponding
stability region for a fixed coupling strength. Figure 2.1 gives an example of how we will plot
these stability regions, and how to read those plots. Note that n = —1 is never stable, since
this value of i corresponds to off-diagonal coupling of opposite sign which is infinitely large.

Since Kvaerno’s stability concept is the most general for multirate methods and takes into

account stability resulting from how the fast and slow components are coupled together, we

will base our stability analyses in the remainder of this thesis on this approach.
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Figure 2.1. x = 10 and x = 100 for similarly constructed methods. Note that the ¢ axis
changes for the x = 100 plot on the right, to show that the stability area is diminished for
larger k. The yellow area is stable by our stability concept. n < 0 shows stability parameters
where the off-diagonal coupling terms have opposite signs. One explanation for the extended
stability in the n = —.6 and £ = —.25 on the x = 10 plot is that the opposite signs on the
off-diagonal coupling terms have a net effect of decreasing the stability requirements.
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Chapter 3

Framework for Relaxed Multirate Infinitesimal Step Methods

3.1. Proposed Flexible Multirate GARK (fmGARK) structure

We tested a wide range of existing multirate methods in order to evaluate strengths and
weaknesses of existing approaches, and to consider potential areas for improvement. One
potential limitation that we identified in the multirate GARK structure is the assumption
that the same fast method is used for all fast micro-steps. To ameliorate this, we consider
a more general multirate GARK structure than the one proposed by Sandu and Giinther
[43, 21]. Our description of the fmGARK structure as a GARK is modeled after Sandu
and Giinther’s Theorem 4, "the MIS scheme is a particular instance of a GARK method”
[20]. We propose a new multirate GARK framework, which we name Flexible Multirate
Generalized—Structure Additively—Partitioned Runge-Kutta (fmGARK) methods. This is
a more flexible approach than the multirate GARK described in Section 2.2 [21]. In the
following section, we specify the fmGARK structure, and show how it describes a particular
instance of a GARK method. Notation is consistent with our earlier definition of an MIS in

a GARK context in Section 2.3.

3.2. Structure

We first considered constructing this structure by relaxing assumptions about the initial
conditions and base methods used in internal fast sub-steps. This structure is based on

the MIS definition, and cannot be used to describe the entire set of multirate methods the

mGARK does. Definitions: Let T = be an “inner” Runge-Kutta table of at




cO

least second order, and Tp =

AO
be an “outer” Runge-Kutta table of at least third

(b)"

order. We assume that these Runge-Kutta methods have s’ and s stages, respectively.

In general, elementwise form, we define the fmGARK matrix entries as follows. We
index the slow stages as i = 1,...,s? similar to how they are indexed for the MIS methods.
The superscript indices correspond to the general structure from (2.55), and indicate the
GARK tableau block, as stated in Section 2.3. We include below some examples of how the
coefficients relate to the block structure. The algorithm we developed and tested assumes
both the inner and outer base methods are explicit. Our later investigation of the order
condition requirements regarding our newly developed methods assumes that the first stage
of the inner base method is explicit. The indexes given for coefficients here assume explicit
inner and outer base methods; these indexes may be extended to include the full Runge-
Kutta table from each base method if needed. The A{#%} matrix shows how the slow base

method is only used once in the slow component method, unlike the fast base method, which

is used m times in the fast component method.

0 0 0 0
Al a0 0 0
agi’s} agfés} 0 0
aft? st aiyt o

The block matrices A{5/% describe how the fast stages associated with the ith fast sub-step

affect the slow stages.

0 0 0 0

0 0 0

{Sif71} {s7f71} {S7f71} {S7f71}
Qg1 Qg9 Qg 3 Qg 4 0

Alsf1} —

{Sif71} {s7f71} {S7f71} {S7f71}
Qs 1 Qg o ass Qg 4

{s./,1}

{s,f,1}
Ay 1

{s,f,1}
Qy 0

{s.f,1}
Qy 3

Qg 4

Als 2 —

40

{Sif72} {s7f72} {s7f72} {S7f72}
as as o ass as 4

{s.f:2}

{s.f.2}
Qy

{s,f.2}
Qy 9

{s.f.2}
ay3 Qy 4




The first row of AY5! has one fewer non-zero entry than the other rows, since we have

assumed the first stage of the base methods is explicit. These matrices describe how the

slow stages affect the fast stages.

0

{£,5,1}

AlFs1} 92,1
f? 71}

ag,ls

{f7871}
Q41

[a)
(@)
(@)

[a]
]
]

[a]
]
]

A2} —

{f.s,2}
ap 18
{f.s,2}

sy

{f7872}
asy

{f7872}
Qg1

0 00

{f,s,2}
ago

(e}
=)

{f7872}
aso

)
=)

{f7872}
Qg o

)
=)

In addition to A/} being block lower triangular, A{/-/»} has the same nonzero pattern

as A,

0 0

ALY — |7

{f7f7271} {f7f7271}
ary Ay
a/{f’f7271} a{f7f7271}
Alrr2y — | 22

{f.f:2,1} {f.f:2,1}
Qsq aso

{f.f,2,1} {f:f,2,1}
Qy Qyo

£,611 £,51,1}
ag{i,l J a§,2 0

{f.f,1,1} {£,F,1,1} {f.£,1,1}
Qg1 Ay ay3 0

{f7f7271}
a3

{f7f7271}
Qg3

{f.f:2,1}
Qs 3

{f.f,2,1}
Qy 3

0

{f7f7271}
Ay y

{f7f7271}
gy

{f:f,2,1}
as 4

{f:f,2,1}
Ay 4

Alf122 —

0 0 0

ati"?H 0 0
f7f72'2 f7f72'2
agi?* a0

{f.f,2.2} {£,1,2.2} {f.f,2.2}
ayq Ay ay3

Now that we have shown the non-zero structure of these coupling matrices, let us consider

how specifically to determine those non-zero coefficients.

41

=)




The base method tableau 7, and Tp determine the resulting multirate method. We
define component-wise the intermediate fast sub-step solutions using the same MIS problem

formulation as in Section 2.4 as follows,

{38}_ Ay J =1 i1,
{;fl}—b” (Cl+1_ClO) l=1,...,8° =1, i=1+1,...,s° p=1,...,s",
S5 a© L (,0 oy % j ) ‘
azifyM} ij + Gy (aHLj—am),z:l,...,s —Lj=1..i k=1..5s"
‘ bIl(cg_l—clO) lzl,...,i—l
a,{gf;;f’l’l}z P ci=1,...,8%—-1, pk=1,..., s"

ag (¢ =) 1=4,

where all values not defined are 0. The final fast sub-step defines the last block-row of

the A7} and A1Fs} tables, as well as the final step solution update in a similar fashion,

o
a,‘c{?s’s }:asoovj+c£50 (bjo—asood),j:l,...,so—l, k=1,..., sko,
I (.0 0 _ o
,,O,l b (Cll_cl) l—]_s —]_
ai{nfs }: : + ’ ’ ’p’kzl""’sll

Again as with the MIS methods from Section 2.4, we augment the Butcher tableau of

the base methods,

cO| A9 0
1 BT 0
b°T 0

which allows us to write the MIS method in the fmGARK formulation more concisely, by
considering i = 1,...,s°+1 for A’s and ¢’s. This is relevant to how we consider implementing
these methods in a memory-efficient manner, since the extra stage of the A’s shows the

complete fast substep, including the final step at ¢; = 1.
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This more concise formulation written componentwise is as follows:

alsst _

z] - z]a]_l _1a

plsh — 0

(2 1)

{;’f’l}—bll(cprl ), l=1,...,% i=1+1,....s% p=1,...,s",
f. WO+ ki (40 oy o , I;
a,{w“} ali+ ¢ (ady;—ad) i=1,...,8% j=1,...i, k=1,... 5",

{£.f:,0} bzlf (Clo+1 - Clo) I=1,...,i—1
a —

ail (¢ =) 1=1,

The structure of the fmGARK leaves b/} undetermined. Specific choices for b/} will be
discussed in Chapter 4. We note that with this approach, we may consider the traditional
MIS fast coefficients as an embedding option b{f b = = bl (c (¢ —¢?), alongside b{ 3 = b,

leaving b{/} free to be determined based on the user’s target objective.

We note that with the above definition, the internal “row-sum” consistency conditions

are satisfied, since

ci{s’s} — 0

7

i

-1
cz{s’f}:Z(C?—C?_l)Zbﬁ Z —cy) =,

=2

o]
{ﬁs,l} lia 'j aifl,j) Ii1 (O ()
E azlg+ck —021"‘% (Ci _Ci—1)7

shfl i—1 sli—1

{ffa} _ I_1 I o _ L1 (O o}

Cy, = E b, E ( — 1) E ak,p cf 7)) = &+ (¢ —¢2y).
p=1 =2

We can represent these stage times in vector form as follows:

ctft = where ¢/ = : = : =
P o {fvf:l} {fvs7i} I (0]
_c{fs }_ e ct O ot (& —c2y)
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This fully defines an fmGARK scheme as an instance of a GARK method. Representing

the stage solutions in a similar block-vector form to ¢!/} gives us the following notation,

k{71 kif’i} Cio—l + C{Fl (Cz‘o - Czo—l)
kit = : stage vectors: kif = : ,at stage times:
S kit 1+ (€= 2y)

Consider Equations (2.21)-(2.23) for the stage and solution updates for the fully explicit
2x2 GARK method. These update formulae allow us to simplify the fmGARK stage and
solution update formulae by substituting for the specific block-structure. We assume that
the first stage of the inner base method is explicit. The MIS structure is formulated so that
if there is no coupling between the fast and slow processes in the differential equation, the
original base methods are used as they would be if there was no interpolation or coupling
matrices in the multirate method. For explicit methods, this means that the coefficients

in A‘l{f;’f 7} are identical to the coefficients in AZ{Z’f 7} In order to take advantage of this

structure, we define Rif 4 to be kif ' minus the slow coupling portion, that is, Rif -

K hzlsisl} a]{f’s}f{s} (t - cl{s}h, kl{s}> . We can use this portion of the stage solution to

k", where p = 2, ..., s and for calculating the next

}

accumulate an initial condition for
s o)
initial condition kif AR inally, this accumulated initial condition ki{f’ can be used with

e
the remaining kif’ } stages to form the fast part of the embedded MIS solution method.

k{7 =y ] (3.1)
v i1 !
kff’l} =yn+ Zh*a]{'lﬁf} *f{f} (t+cl{f}h,kl{f}) + Z h*aj{_Lf,s} * f{S} (t-i-cl{S}h,kl{S}) (3.2)
1=1 1=1
. . S{S} .
k{9 RO 3 hvalf ) (4 el k) (3.3)
1=1
kff’l} =yn+ Z h * a]{.lf’f} « fU3 (t + cl{f}h,kl{f}) (3.4)
=1
i—1 sl )
=yu+ 3 S hwallf i f U (g eI k0P (3.5)
p=11=1
i—1 sl ;
=yut Do D b (e —ef )+ £ (t4 el k(T (3.6)
p=11=1
i—1 ) sTi . ) )
S S e (6 2 e8) g (oD i) @)
p=1 1=1
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j—1 sis}
k]{_f,w} =| &I 4 ST h a]{lf,f,z,w} « gL (t_i_cl{f}h)kl{f}) + 3 hx aj{ljr,s,l} w e} (t+CL{S}h,kl{S}) (3.8)

=1 =1

i—1
kT =R 43 hwale o p 0 (ol n k) (3.9)
=1
(.5} 2150 {1500 {550}
, I , ,
Forr =k 4 3T a2 (1) f (tJrcl RN ) (3.10)
=1
s{s}
+ Z h % bl{s} * f{s} (t-’-cl{s}h,kl{s}) (3.11)
=1
(1} s{s}
Y1 =|yn+ > hxb{ e fU (t eI k) £ 37 habf a0 (24 ef T n k) (3.12)
=1 =1

This notation will assist in describing our memory-efficient implementation for fmGARK

methods.

3.3. Implementation and Memory Considerations

To ensure no duplicate function calls, we must store vectors the size of our solution
vector y, commensurate with the number of stages of our base methods. In particular,
while computing the stage solution updates for ki/# and kl{s}, we must store kif ’i}, the
s} fast function vectors fl{f’i} = fin (t + cl{f’i}h, kl{f’i}> , and the s19} slow function vectors
£ = fis) (t +ch, kl{s}) This is sufficient storage to compute the embedded MIS solution
Vna1 Without requiring recomputed function calls. In order to compute the fmGARK solution
Yni1, We must also store y,,1 and the vector of coefficients b¥/} if these are unique or
unstructured. In order to only store maxfg} stit 4 510} 4+ 2 vectors the size of our solution
vector y, we overwrite £/ with f{/*+1} after the ith fast substep has completed, and f{/#
has been used to generate the initial condition Rif 1 for the (1 + 1)st fast substep. In
the subcycled version of the code, we overwrite £1/% after each subcycled fast substep has
completed, and f{f* has been used to update the temporary initial condition R‘l{f 4 for
the next subcycled fast substep. To emphasize those vectors which are overwritten while
remaining consistent with previous notation, we mark out the extra index in the pseudocode,
ie. kA o kA and £0 o f{0) Algorithm 1 gives the psuedocode for a generic

fast sub-step when there is subcycling given an fmGARK structure, but does not define

specifically how to determine A//},
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Algorithm 1: Fast Substep for general A/} (Corresponds to ith outer stage, kth

subcycle)

Data: f{f}7h7t = tnvk‘l{f’i}’fl{fii{lk}’fl{f.}.,s{o}7i7k’TI7TO

; // i.e. TO = A0} plo} 10} 410}

. elfa}
Result: f1 ()

. cj{f,/} =9 —|—cjl.’i (cZ‘OJrl —cio) :// Calculate stage times for ith fast substep

-----

2 1=1;
3 kl{ﬁ%} = kl{f’l} + E;_:ll hal{]f’f’i’i}fj{f’l} + 23:1 hal{jf’s’i}fj{s} ; // Linear combination
4 fl{f’%} = fif} (t+ci{f’i}h, kl{f’%}) ; // Calculate func vecs:1lst fast stage

5 for [ « 1 to s's} do

6 kl{f’%} = kl{f’%} +> 3 hai{f’f’i’i}f]{f’%} + 23:1 hal{f’s’i}fj{s} ; // Linear comb

l
j
7 fl{f’%} = fif} <t+ci{f’i}h, kl{f’%}) ; // Calculate func vecs:/th fast stage

8 end

46



Consider the case where T} = is chosen to be a composition of internal

steps, so that the fast stages are sub-cycled. This commonly happens in practice, and
removes the computational overhead of recursion. When we represent this as a butcher

table, a composition of steps of an inner method is represented as shown in Equation (3.13).

(L(g) 1yl
ng ng

1p!

(Lo +21) : LAl
1pl
Ty : : (3.13)

1
1 g1
Lol pomizly 1p!
ng ng n; 117
n—ib
Lyl dpt Ly
ng ng ng

Since any updates to slow function values are calculated at the same time as the first fast

stage in T}, each block of fast stage updates in T/} requires the same amount of mem-

ory or re-computation as using a single method of the size of . Algorithm 2

describes how f{f ’

) is updated. This update is similar to an ARK step where the fast
function fU} corresponds to A1}, and the slow function £} corresponds to A%, The
non-zero structure of these matrices of coefficients is demonstrated in Equations (3.14)

and (3.15). When T is a diagonally-implicit Runge-Kutta (where a{ Vs not necessar-
c19F_cfoh
ily equal to zero), line 8 changes to kl{f’%} = kl{f’/} + ijl h <(l+1n7( {I})) f{”}
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Jj=1 ;.

S h( {0} —I—( —I— (k= 1))(al{fﬁj - {O})) fj{s}. To make solving our order conditions
more straightforward, we generally assume the first stage of the inner base method to be

explicit. This is reflected in the pseudocode shown below.

0 0

{0} {0}
(19} _ 10k,
< 7’+1 ’Vli 3 (aéfl} )>

{0} _ {0}
(c; —c; )
( Hrlnil (‘lé,Il})>
At =

(3.14)

(10} .10
)

{0} _ {0} (0} _ {0}

CCivt —¢ {1} (Ciyi ) A3

(nil(“ my)) (Pl ) o
1y

( {O}H 4 =Dy, f0} ,al{’?})) ( {O}H + =0 fo} ,ai{g)})> o ... 0
() 0!

( Oy L2 (k- SIS 1o} 7%{’(1)})) ( 0} L (e (e 1))(a{o} 7%{3}))

A2 = o o (3.15)
( 100 (S 4 by 10} *af,?h) (af,?}ﬂ - (krfil)ﬂaffl},faf,?}))
A1) A1)
(ai‘f}ﬂ—iiﬁ +—“ﬁ;”)<affﬁ,1faf,‘f})> (af,?}ﬂ—iff +—“€;”><a§fﬁ,faf,?}>) 0 0

Algorithm 3 describes how to incrementally update y, ¥ and Ri{f’}(} within a macrostep
based on the RFSMR step strategy. Our new methods replace this algorithm in order to
create a higher order method overall. We will discuss these new methods, as well as the
method-specific algorithm updates Algorithm 5 and Algorithm 6 in Chapter 4. Algorithm
3 is included here solely as an example for potential embedding purposes. Algorithm 4
describes the overall structure of a fmGARK step.

Aside from the particular input looping parameters, and flagCase which denotes the
final solution algorithm, all variables can be considered to be in a global namespace for the
purpose of the algorithms in this work. If a local namespace is required, this is clarified
by specifying input variables or flags such as flagCase = 1,i;, := 4,k := k. In summary,
Algorithm 2 describes how a fast step update uses data from slow function values with the
coefficients from a particular A5 This fast sub-step function takes as meaningful inputs

1, which tells the function which slow stage loop it’s being called from, k which tells the
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Algorithm 2: Fast Substep Showing base methods for MIS A{#:/} (Corresponds to ith

outer stage, kth subcycle out of n; subcycles)

10

f{s} hot =t kKW [i][ k] T TO

; /] i.e. TO = AlO} blO} cl0} 510} ang 77 = AU} pl} U} s

Data: f{f’ o

st {0}

{fﬂ}
Result: |f D

for [ + 1 to st} do

tchy =t + <c —1—( Civt —c9) <%—|—(kn—jl)>> h
end
1=1;
A S EL I ( O (o 4 =0y (,f0) {JO})> £l // Linear
combination
fl{f’l} = fif} <tchl,kl{f’l}> ; // Calculate func vecs:lst fast stage

for [ + 1 to s/} do

k{f 1} k{f 1} + El Ly <( jfl}_.cz{o} (a {I})> f{f 1}
z L h <a{o} +( + (k= D)(a;-{fﬁj - ;{?})> fj{s} ; // Linear comb
fl{f’%} = fif} <tchl,f<l{f’l}> ; // Calculate func vecs:/th fast stage
end
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Algorithm 3: Solution update for RFSMR

Datas £ 1) £ o) 1 [1}[E][F1agCase] ()T

; /] ie. TO = A0} plO} cl0} {0} ang 77 = AU} bll} ll} sil}

Result: , lhciif%}
1 if flagCase ==0; // Incremental solution updates within macro-step
2 then
S 1h<( il =) (bf"})> gl
4 else if flagCase ==1; // Final solution updates
5 then
o | gk iy ((ciffmcio]’ (b{fk})> gl
7| y=y+ i ((bj{-O})) £

A~ f,Z
ko

function which subcycle loop it’s being called from, and the which has accumulated

the fast initial condition from the previous fast sub-steps. Algorithm 3 describes how the

intermediate solution updates are accumulated within a macro-step.

3.4. Order Conditions for Relaxed Framework

Order considerations are dependent both on the original outer method and on the choice
of how to weight the fast stage function value’s contribution to the final step solution.
The existing RFSMR methods are at least second order accurate, given a second order
accurate inner method and a second order accurate outer method. Equations (2.2)-(2.9)
which describe the summation form of the order conditions can be applied to analyzing
the order of the fmGARK methods. Conceptually, we will consider separately the row-sum
conditions, the conditions with b{/}, and the conditions for b*}. The row-sum conditions,
or internal consistency conditions were addressed earlier when considering the fmGARK
structure. The linear system form of the order conditions is described generally in Equation

(2.18) and specifically for these types of structures in Equation (2.52). When discussing
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Algorithm 4: fmGARK macro-step

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

Data: fU} st nt =ty =y, 7179 ; // ie. TO — A0} plO} {0} {0}
Result: y = y,41

for | + 1 to 519} do
tchi =t + cloh

end

i=1;k=1;1=1;

f{s}

initialize f] {7} 410} to zero vectors;

stIt
initialize kf 1 = y7k§8} —y;
Update k'™ = k" 4 3201 nalootl

Calculate f{ S} = = fls} (tchs k{s})

Algorithm 3-6 flagCase = —1,i := i,k ==k ; // Update y
Algorithm 2 ; // Update f{ %}{1} for kth substep
for kK < 2 to n; do
Algorithm 3-6 flagCase = 0,i;y, := i,k ==k — 1 ; // Update y,l;ff%}
Algorithm 2 ; // Update f{ %}{,} for kth substep
end

for i + 2 to s} do

Algorithm 3-6 flagCase = 0,iin := 1 — Lkin := 1 ; // Update y,f{f”}
Update ki{s} k{fv’} + zl L1a {S S}f{S}

Calculate fi{s} = fist (tchf,k;{s});

k=1;l=1;
Algorithm 2 ; // Update f{ l}m for kth substep
Algorithm 3-6 flagCase = —1,i;, := i,k ==k ; // Update y
for k < 2 to n; do
Algorithm 3-6 flagCase = 0,i;, := i,kip, ==k — 1 ; // Update y,l}iif’/}
Algorithm 2 ; // Update f{ {}{I} for kth substep
end
end
Algorithm 3-6 flagCase = 1,i;, := t,kin 1=k ; // Update y,y
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fmGARK order conditions, it is helpful to draw on analysis found in Sandu and Giinther’s
paper on Multirate GARK [21].

The fmGARK structure draws from the theory behind MIS methods. We will show
here that this means that the slow order conditions Equations (2.38)-(2.42) are automati-
cally satisfied if the base inner method is at least second order and the base outer method

is at least third order. This is accomplished by leveraging certain assumed properties of
the inner base method, such as } . b{l} =1, > b{-l}c]{-l} = 1 and > b]{p} [cﬁo}r = i
As mentioned in Section 3.2, the row-sum conditions, also called the internal consistency
conditions are automatically satisfied by the fmGARK structure, which simplifies the or-
der conditions. Equations (2.38)-(2.41) follow directly from the outer base method being
third order. For the overall method to be third-order, we require two coupling conditions
be satisfied: bistTAlsbel/t = 1 and b Al stelsd = %. By matrix-vector multiplication,
we can show that given our assumptions the first condition is satisfied automatically. The
second condition may be addressed based upon a specific choice of b{f}7. Equation (3.25)

demonstrates by substitution how the fmGARK structured table automatically satisfies the

third order slow coupling condition [20].

${0}
T ALY = Z bl Z ) (bH)T (91 + (c&yy — F) ) (3.16)
${0}
S Z ©) (&€ (b)) 1+ (¢ — ) (b)) (3.17)
${0} )
-3 Z ) (ot (G- g) (318)
10} 1
_ Z 0} Z O\~ <§ (O + CjO)> (3.19)
S{O}
Z {0} Z ) (9 +9) (3.20)

sto} i—1 s{0} i—1
1 1
=32 Y Fa] - [ =5 D0 lz (2] - [cg?f] (3.21)
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s10} i i—1
Z%ZbZ{O} { [09}22[%0}2] (3.22)
_ [610]2} (3.23)

- % 3 b [0 (3.24)

_ % <%> _ é (3.25)

Note that Equation (3.24) implies that >, Al et/ — 1] 2= : [ci{s}} i . We can show
that the fourth-order slow conditions represented by Equations (2.43)-(2.50) can be similarly
satisfied given a third-order inner base method and a fourth-order outer base method. The
fourth-order slow condition represented by Equation (2.51) will require an additional con-
dition on the outer base method to be satisfied, and therefore will be discussed at the end.
Equations (2.43), (2.44), (2.46), and (2.48) follow directly from assuming the outer base
method is fourth-order. Given our assumed method orders, there are 4 fourth-order cou-

pling conditions which include (b{s})T , that are automatically satisfied, which were stated

previously as Equations (2.45), (2.47), (2.49), and (2.50). These are as follows:
(b{S}C{S})T Als el — Z Z (b;[s}cgs}> A;[]?f}clgf}
i=1 k
ACEUHCY
: 1 (2 2 1
=1
1g 3
— {s} (s}
=520 (c”)
i=1

= % (i) Since the outer method is fourth-order
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Eq.(2.42) —> (b{s})TA{syf} (C{f})2

;O i1 s1i

S~ {s)}T ~— (.0 o\ .5 (.o o 3\ 2
= b} Z(CjJrl*Cj) by (cj +(cj+17c])ck>

i=1 j=1 k=1

o Ij

s 1 s1i 2
_ syt o o I Ij\ o I
=2l (P - ) o ((1*076]) °j +ejper’

i=1 j=1 k=1

O i—1 st 2 2
_ {s}t o o I 15\ o 3 400 I
= 2o (P - <) Xy 1-¢f) ) +2(1-¢7 ) i + (Lney

i=1 j=1 k=1

o ) I;

s i—1 s J 2 2 2
_ {s}7 o o 1 1 o J 1 o 1
= bi (CjJrl —cj ) blc 1— [ (cj ) + 2¢ Cip1cy 2c cit1 |k —+ €16k

i=1 j=1 k=1

o 1 Iy

s s 2
_ {s}tt o o 15 (.0)? 02 L3 Li 02,4 (Ld
= 3 (£ =) 3 (02 () =2 () 0 e + ()07 (e

i=1 j=1 k=1

o I;

El 1 s°J 2

{s}t o o o j o i 1; o N2, i (1
+ b; (cj+1 — <5 ) (26]- Cj+lbk = ZC] cj+1bk <y + (c]+1) bk cy

i=1 j=1 k=1

Ke) s1i I s1i

s s s s 2
_ {s}7 o o 0)2 I 0)2 i L 0)2 Ij (ti
= bi (Cj+l cj) (cj) bk 72(cj) bk Cy +(cj) bk Cy

i=1 Jj=1 k=1 k=1 k=1

o ) I; I; I

s i—1 st st 2 st 2

{s}T o o I A i (da 2 L (i
20 (Fir = cf) (265 efin 2o vl e —2eFeRia 3007 (e ) + (i) LA

i=1 j=1 k=1 k=1 k=1

SO{}FI 0\2 oy2 1 0\2 oo 1 oo 1 o \21
— SrT _ _ _ _ —_ —_ —
7.221171 Z:I( +1 CJ)((CJ) Q(Cj) 2*(]) 2oy~ 2 cj+13+(cj+1) 3)

iz j=
_ {s}T o o o o oy2 1 o 200 170 \2
—Zlbi Zl(jﬂfcj)(j}]/f*?c ‘+(c:) 3 teicin gcjcj+1+g(j+1)

i= =

2 (11 =/ 0 N (Llro\2, 1 oo o \3
_ sS}T C C C
DD CAES (g (<9) Tty (J‘+1) )

i=1 j=1

SO{}FllO?O 10 3 1/0\2 o > o,1r0 \2 0
- st k C C C C C
= _z:lbi 2. (g () e+ CJ cPriefin + ( 1) ) - (g (¢f)"cf + 5 ef efhacd + 3 (ef41)" S )

i= =

SO{}FllO2 o 1o 3 20,100 2 o
— SyT
=20 M* PR 1ty (eF41) ) - ( M*%M

i=1 j=1

O i—1
_ {s}1 L 2_1roy2 o
=2_b { 3 (CJ+1) 3 (CJ‘ ) j

i=1 Jj=1

(o] Mi—

S~ .05 11,0 \38 1,072 o
=2_b 3 (Cj+1) -3 (Cj ) cj
i=1 Li=1

(o] r . i —

_ s bO i o3 i—1 1 oNZ o
= i g(cf)* g(cf)cj
i=1 Li=2 j=1

59 [ 1 0

o 0)\3
= b; 3 (ci ) - A

i=1

182 3 1/1 1
=382 (9) :,(,>:f

3 = 3 \4 12

Some order conditions follow from the proof for Equation (2.42) directly.

plsit gls:s} gls S} S}

Zb{s}rA{s spL (C]{s}>2

Lptstr gtss) (CJ{_S})2
1
12

—_



Final algebraic steps for showing Eq.
strucuture are omitted.

Bq.(2.50) —s b{s}T alsf} 4003 {5)

cf Al
ObI
e (cg —c3 ) AI
(8 —<&) (b2)"
_ plsrT als.8) : (c§ - <) A} e olf)
‘ . (8 = <8) (v5)"
| | | (=) 4
9 (b1)T (c§ = Q) (b4)7 (0 - <0) (b1)"
0 o]
_ plstT 2 (b{ ! 0 ©
SE)T (€ DE)T o
e (bf)T (o -e8) (02)" (=) (25)" o
§A{cfe]
o czo (b{)Tcg)c{+(Of QO)Aé (c§)1+(c3 7c§))c£)
c2o (b{)Tcgc{ + cg — 4320) (bé T ( 201 + ( — C2O) cé) + (c4o —c3 ) Aé (c.gol + (cg — c.go) cé)
CQO (b{)T czoc{ + (cg’) — 02()) (bé)T c201 + (cg) — 4220) cé) + (c4 — c?) (bé)T (cg)l + (c4 — cg)) cé) + (1 — cg) Aﬁ (cfl + (
(o] 0
_plsyr| 2 (b{)T ° 0
e (o)7 (F—<F) (»2)] o o
()T (F ) (02)" (€ -cF)(p5)7 o
()" 4
. L)+ (- 0) (d (6 -8) e
%(620)21+%(C?(’)7620) (c2 +c3)1+(c4 7cg) (c?cé«k(cgch)Al I)
%(cé)) 1+%(cgfczo)(czo+ )1+ (Ofcg)(cngcél)lJr( 7ci))(ci)cl+(1fc4)A£c£)
(o]
3
=plstr (Co) % lb{ br (c{ }) 1 = i because outer method is fourth order and inner method is at least third order
3 6 6 4 24

(2.50) is automatically satisfied for the fmGARK
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Finally, we consider equation for satisfying the coupling condition Equation (2.51) can

be simplified for a 4-stage outer method as follows.

bSTAS‘fAf‘ScS = b2O < @ (e;) A©Q co) + bgo <<§ (eg) Ao + (c.go — 4220) (e.erO + é (eg — eg) AO>> co> (3.26)
o i Ty A0 o _ o 140, Y.+ 1y ,0 o _ o .0, Yo7 1,0 o

+ by > (e2) AY + (c3 c2) (e2A + 2 (e3 e2) A ) + (c4 c3) (e3A + 3 (e4 e3) A ) c (3.27)
- ((bzo +59 4+ b7 (%) + (1 - %) b5 (c§ =) + (1 - %) b¢ (8 - c20)> (e]) A9c° (3.28)
+ (bg (<§ - <9) é +09 (< - <§) é +09 (< = <§) (1 - %)) ((e]) 4°) © (5.20)
+ Q (cfl) - c.go) <% (el) A9) © (3.30)
_ <(bg 59 4 59) <§> P ()9 (- @)+ ()e0 (£ - cg)> (e]) 400 (3.31)
+ (bgo (c? — 020) % +bf (c? — 620) é +bf (cg — c.go) <é>> ((e;’r) AO) co (3.32)
+ bg (cfl) — c.go) (% (el) AO> © (3.33)
= 5% g A (202 (0 + (1) 69 (c9)) (el) 4O (3.34)

62) (£) 4 (2)05 () + (1) 02 (9)) D
+ (19 (5 =) S 409 (=) 5 +49 (<€) (3)) (D) 4°) © (3.35)
+ bf (cfl) — cg) (é (el) Ao> © (3.36)

T
() () @) 02 ) | o0 .

(9 (=€) 1+38 (-9) 1432 (9) ()
09 (¢ - <) (3 6D 4°)

qT

= <(b20) (§> " (%) & (C?) * (%) " (C?)> AC O (3.38)
(9 (=9 142 (9) 3 +42 () (1)
2 (2-9) ()
T
0
1| @8 () () | o .
* (68 (8 —e8) +0f (—c8) +8 (£))

b9 (e <)

This simplification of the slow fmGARK order condition which is not automatically
satisfied gives us a specific condition on the outer method which forces the not-automatically
satisfied condition regarding b¥*} to be satisfied. Now that we have introduced the fmGARK
structure and given a basic idea of how the RFSMR can be implemented in the fmGARK
context, we will discuss in the following chapter the development and properties of our new

specific fmGARK methods.

56



Chapter 4

Proposed Relaxed MIS methods and comparative fmGARK methods

We will distinguish these different types of fmGARK methods by choosing b/} to target
a specific objective. This choice does not change the intermediate stage solutions within the
fmGARK step, but does alter how those stage solutions are glued together to generate the
final step solution.

In order to uniquely determine a fmGARK method, we must choose the base inner
method and the base outer method, as well as make a choice about the method’s targeted
time-scale separation. These choices determine the structure detailed in Section 3.2. For our
implementations, we relied on Butcher’s derivation of families of explicit 3rd order and 4th
order base Runge-Kutta methods [5]. The form of these 3-stage and 4-stage Runge-Kutta
methods were derived in another form by Runge and Konig in 1924 [40]. According to Hairer,
the original form may be included in a publication by Kutta from 1901 [22]. These tables

are reproduced below for convenience.

Explicit 2-stage RK method:

Explicit 3-stage RK method for co # 0 # c3 # c2 # %

0

c2 c2
362
¢ 63(3‘:2 33 C3) cg(cg3—ca)
3 co(2—3cy) co(2—3cy)
‘ —3cg+6cgcg+2—3cy 3c3—2 2—3co
6cgea 6ca(cg—ca) 6cg(cz3—c2)

Explicit 3-stage RK method for ¢y = c3 = %, bz # 0:

Wy Wy O




Explicit 4-stage RK method satisfying condI:

0
1—c3 1—c3

c3(1—2c3) cs

€3 2(1—c3) 2(1—c3)

1 12¢3 —24c2+17c3-4 c3(1—2¢3) 1—cg

2(1—c3)(6cg—1-6¢3)  2(1-c3)(6cg—1-6¢3)  (6c3—1-6c3)

6c3—1—6c3 1 1 6c3—1—6c3
T2c3(1—c3) T2c3(1—c3) T2c3(1—c3) T2c3(1—c3)

Explicit 4-stage RK method satisfying condII:

0
co co
1 1_ 1 1
2 2 7 Beg 8co
1 2i2 -1 2i2 2
6 o 3§ 3

Explicit 4-stage RK method satisfying condV:

0

1 1

2 2

1| 1_ 1 1

2 | 27 Bb3 Gb3

1 0 1-3bs 3bs
1 2 1
s 3—bs b3 3

Butcher also derives a general solution for a 3-stage third order explicit Runge-Kutta

method which depends only on two free variables, ¢ and c3.

0
C2 C2
(4.1)
c c3 (302—303—03) c3(ez—ca)
3 c2(2—3c¢2) c2(2—3c2)
—3c3+6¢c2c3+2—3c 3c3—2 2—3c2
6cacs 6ca(cz3—c2)  6e3(ca—c2)
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Butcher also derives a general solution for a 4-stage fourth order explicit Runge-Kutta

method which depends only on two free variables, ¢y and cs.

a1 = C2, (4-2)
c3 (c3 + 4¢3 — 3¢9)
_ 43
a1 202 (202 — 1) ’ ( )
C3 (03 - 02)
— o\ e 4.4
as2 25 (2¢; — 1)’ (4.4)
—12c3¢3 + 12¢3¢3 + 4¢3 — 6cg + 150903 — 12¢3¢o + 2 + 4¢2 — bey
ayq1 — y (45)

20203 (—403 + 60302 +3 - 402)

B (g — 1) (4¢3 —5e3 +2 — )
Q42 = ) (4.6)
202 (Cg — 02) (—403 + 60302 +3— 402)
2c9 — 1 —1 -1
g = — (2c2 — 1) (c2 — 1) (e5 — 1) ’ (4.7)
C3 (03 — Cg) (—403 + 60302 +3 - 402)

6c3cy — 203 — 2¢c9 + 1

bl B 120302 ’ (48)
_ (203 - 1)

b2 N 1202 (CQ — 1) (03 — Cg)’ (49)

by = (2c2 = 1) (4.10)

1203 (CQ — C3C9 + Cg — 03)’
—403 + 60302 +3 - 402

b= (cs— 1) (cs — 1)

(4.11)

When specifying a method to implement, choosing the b/} is related to how we choose

these base methods.

4.1. Same strategy: RFSMR or MIS

As defined in Section 2.4 and briefly mentioned in Section 3.2, the RFSMR approach

and MIS methods can be represented using the fmGARK structure we have defined. This

o 1

essentially chooses b}gf’i} = bII) (CZ-OJrl — cio)i =1,...,8%,; p=1,...,s". This strategy for
gluing together the final step solution uses the same strategy as for determining the fast
stage solutions. Conceptually, it sets up fast integration problem between 7,; = ci{oo}},
the final stage time and 7;1;; = 1, where the final step solution is calculated. It uses a

source term made out of the slow function data, such as r; = Z;_:ll (ag — aiO_Lj) flsh (k]{-s}> :

The corresponding ODE setup is 81‘;:” = co_lco r; + fU3 (k{ﬁi}) , T € [T Tiv11], @ =
i i—1
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2,...,59 + 1. This is shown in psuedocode in Algorithm 3 when flagCase is equal to 1.

When considering the method order, we can draw from the fmGARK slow order condi-

tions and from previous literature as referenced in Section 2.4 which yields Equation (2.56).

Methods of this type are at worst second order methods. For an inner method which has

four stages or less, methods of this type are at worst second order and at best third order.

Given a 3-stage RK method defined by Equation (4.1), Equation (4.12) gives the two

choices of ¢ which will force the RK method to automatically satisfy (2.28).

Cy =

p

(2(ch = 56} + 23 — Heg + 111D — ¢4 + 23 + 1)/ (4ey)

for c3 # 0 and c3 # 2/3 and 0 < 12¢§ — 60c3 + 63c3 — 22¢3 + 3 (4.12)
4.12

—(c3+2(c§ — 53 + 23 — Heg + 1)/ — 263 — 1)/ (4e3)

| for ¢5 # 0 and 0 < 12¢5 — 60c3 + 63c5 — 22¢3 + 3

A specific example of a 3-stage RK method method from the literature which we will

reference in future tests is the three-stage third order method where ¢ = [0,1/3,3/4] orig-

inally proposed by Knoth and Wolke. This method, reproduced below as Equation (4.13)

automatically satisfies (2.28). We will reference Equation (4.13) later when we test our

methods.

0|0 O O
1] 1 0 0
KW : ° | ° (4.13)
3 -3 15
il 1 O
103 8
6 10 15

Given a 4-stage RK method defined by Equations (4.2) -(4.11), Equation (4.14) must be

satisfied in order for the RK method to automatically satisfy (2.28).

—3(cg — 1)(6c5¢5 — 4cses — 6cacs + 8cacs — 11caes + 6cq + 4cy — Tc + Tez — 3)

+ 2(202 — 1)(402 + 403 — 60203 — 3) =0 (414)
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The solutions to Equation (4.14) are plotted in Figure 4.1. Note that for the RESMR
and MIS methods the higher order error terms may differ based on the base methods chosen
and the time-scale separation. Although our implementation pseudocode only considers the

case where the inner method is explicit, it is not a necessary assumption in order for a

RFSMR method which satisfies Equation (2.28) to be third-order.

4.2. Relaxed Multirate Infinitesimal Step Methods: preserves linear invariants

The target objective for the Relaxed Multirate Infinitesimal Step (RMIS) method is to
create a fully fourth-order accurate method which is defined generically in terms of the
time-scale separation m. We accomplish this by considering a variation on the so-called
mass-preserving extension Schlegel’s dissertation proposes which preserves linear invariants
[49]. Schlegel proposes expanding A{**} and b{*} by inserting redundant zero columns to
force b{*} and b{/} to have the same dimension. He then proposes a general form with
E;s} = Eﬁf} = wbj%f} + (1 —w) bf}. Schlegel’s dissertation claims that if Ej-s} = B}f} = bf}
is chosen that stability is reduced, but does not provide any supporting results. Schlegel also
demonstrates some examples where choosing w # 0 can introduce extra computational work
by requiring extra function calls of the slow function. A disadvantage of Schlegel’s approach
for these methods is that his tripartite splitting which increased the efficiency of his methods

7

is not easily extendable with the “extended partitioned methods.” Schelegel’s dissertation
includes a preliminary proof that this mass preserving extension is third order if and only if
the original RFSMR it is based on is third order.

We develop the Relaxed Multirate Infinitesimal Step Method after we attempt to examine
the properties of bt/T AL Al s els) = i and whether there are any consistent features of
bif} regardless of time-scale separation and base method selection. In order to do this,
we reduce the number of non-zero elements we allow b{} to have while solving the order
conditions as a linear system which is linear in b/} as in Equation (2.53) and Equation

(2.54). This leads to the observation that when the stage times match for the fast and the

slow method, and we use the same b weights for the final step, we can automatically solve
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Figure 4.1. Choices of ¢3 and c3 on these lines result in the 3rd order RFMSR method,
otherwise the method is 2nd order
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the linear system of order conditions.

The RMIS method yields bt/} with the embedding b/} :

/

blol p=1

iy N _
it = 1

LD —
p
by (1— %)

\

[ =59 +1,

An example of how we implement this is with the pseudocode from Section 3.3, by choosing

to use Algorithm 5 instead of Algorithm 3.

Algorithm 5: Solution update for RMIS

Data: f{f o

..........

Result: ,, ﬁi{f’%}

1 if flagCase == 0 ;

2 then

R ()

4 else if flagCase ==1;
5 then

~ i fv% st
6 y:ki{ }+Zj:1h

| G=i+ 2 ((b{O})) £,
s | y=y+r2, ((5{0})) £,

9 else

((cfff —c{oh (b{zk})) {f%}

w0 | y=y+ et

{”’fl{s {O}>hv»>,T{”,To

TO —s A{0} B0} (10} 10} ang T! — AU} B} 1} 4i1}

// Incremental solution updates within macro-step

// Final solution updates

X // Incremental solution updates occurring once per slow stage
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As we mentioned previously, the fast order condition from Equation (2.37) partially
motivates the design decisions in formulating the RMIS type of multirate method. For
thoroughness, we now consider all the fast order conditions for this particular type of b{/}.
In Section 3.4 we show the conditions required for all slow order conditions to be satisfied,
including Equation (3.39). For the Relaxed Multirate Infinitesimal Step methods, the fast
order conditions Equations (2.24)-(2.37) either reduce to classical conditions on the inner
method which can be satisfied by original assumptions of a certain order for the inner method,
or reduce to the slow order conditions on b{*}, Equations (2.38)-(2.51). We get this result for
the RMIS automatically when the first stage of the inner base method is explicit since this
causes bI/TAVS = plst Afsft and bIY AU = blst Afsst For an RMIS method where the
first row of AY} which is equal to zero, b{st Als/} = blst Alsst and bl AU = bl AL sH
This means that if we satisfy the order conditions regarding b{*}, we force the order conditions
regarding b/} to be satisfied by construction of the RMIS method. We have not examined
the fast order conditions for an RMIS method without this assumption. Therefore, without
the assumption that the first stage of the inner method is explicit, we can only guarantee
that an RMIS method is second order. This means that in order for an RMIS method to
be fourth order, the first stage of the inner method must be explicit, the inner method must
be at least third order, the outer method must be at least fourth order, and the condition
derived in Equation (3.39) must be satisfied.

Given a 4-stage RK method defined by Equations (4.2) -(4.11), Equations (4.15)-(4.16)
give the two choices of ¢, which will force the RK method to automatically satisfy (2.51).
The solutions to Equations (4.15)-(4.16) are plotted in Figure 4.2.

=63 + /36¢5 — 1205 + 80c3 — 12¢5 + 1 4 2¢3 — 3

= ,c3 € (0,3/4 4.15

Co 4(303 T 1) C3 ( / ] ( )
6¢2 + \/36c3 — 1203 + 80c2 — 12¢3 + 1 — 2c3 + 3

= ,cs € (0,3/4 4.16

Co 1B 1 1) cs € (0,3/4] (4.16)
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We generally only consider base methods with non-decreasing stage times, that is ¢;11 >

¢;. Listed below are the three methods based on Butcher’s specific cases which satisfy the

condition on the outer base method in order to generate a 4-stage fourth order RMIS method

5
Case | Case 11 Case V
00 0 00 |0[0 0 O0O0] 0[O0 000
sl 0 00+ 000] 323 000
251 00 | 5|3 200|352 100
11 -1 10| 1|2 220|110 5350
13 031 1 g 21 1111
8 8 8 8 6 3 6 6 2 6 6

We will reference Equation (4.17) later when we test our methods.

3/8 —Rule :

0]0 0 00
s/ 0 00
21521 00
1/1 =110
-

(4.17)

Note that for the RMIS the higher order error terms will only differ due to the base

methods chosen, and will not be affected by the time-scale separation.

4.3. Optimized methods

Rather than approaching the choice of b¥/} in a general way, we can also consider op-

timizing for specific base methods, time scale separations, and objectives. The fmGARK

order conditions are related to the local truncation error terms in a similar fashion that a
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Figure 4.2. Choices of ¢ and ¢3 on these lines result in the 4th order RMIS method, otherwise
the method is 3rd order
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standard RK order condition relates to the local truncation error terms. In order to ap-
proach this optimization problem, we consider representing the fmGARK order conditions
as a system of equations linear in b/}, A;bt/} = r, for the order conditions up to order
4 as in Equation 2.53, and As;b{/} = rj for the 39 additional order conditions required for
order 5 as in Equation 2.54. The RMIS method described in Section 4.2 is an example of the
existence of a solution to the linear system formulation of the third-order conditions with
bif}. If the conditions for a fourth-order RMIS are met, then there exists a solution to the
linear system formulation of the fourth-order conditions with bt/}. Given that we have a
solution to a set of order conditions, we look for a solution to the linear system formulation
of the fourth-order conditions with b/} = b/} + Wa, a € R¥. W is a matrix whose
columns are the basis vectors for Nul (A4). We set up a minimization problem to determine

our optimized method,

Iry A4 ry A4
min — b{/}|| = min — (b+Wa) (4.18)
o acR39
rs As rs As
2 L L 2
Iy A4 A4
= min — b/t — Wa (4.19)
acR39
rs As As
L L 2
0 0 0
= min — — (4.20)
acR39
Irs A5b{f} A5WC!
L L 2

= min Hr5 — A;b — A5WaH2 (4.21)

acR39

We developed methods using Matlab’s built in optimization methods in order to minimize
the fifth-order error terms. We investigate whether weighting optimization so that the linear
system accounted for differences between the elementary weights. Our objective function
(4.21) is wrapped with another function which ensures we only optimize over the bf com-
ponents which are non-zero for the REFSMR. Our initial guess is a vector of zeros, we use

fminsearch on Matlab version R2015b with the following options set: TolFun=1e-9,TolX=1e-

67



9,MaxIter=250000,MaxFunEvals=250000. The iteration limiting is set to a high value so
that the optimization ends when a local minimum is found. Regardless of how we set up our

optimization problem for choosing b,{,f }

, we developed an algorithm which is aware of how
those b}{,f M ine up with each fast sub-step.
An example of how this could be implemented with the pseudocode from Section 3.3 is

by choosing to use Algorithm 6 instead of Algorithm 3.

Algorithm 6: Solution update for fmGARK

Data: £/ £ o, h[i][k][f1agCase ]| bV} | T 70

777777777

: // ie. TO = A0} blO} {0} 40} ang T1 — AU} pil} {1} 51}

Result: ,, Ri{f’%}

sy

if flagCase ==0; // Incremental solution updates within macro-step

2 then

f(fﬁf’%} — l"{l{f’%} + Zjlzl h < ;{fl} CE(O} (b{—’k})> {fi[}

4 p=(i—1)xn;*s’ +(k—1)*s’
of 11
5 y=y+§;ﬂ(@ﬁﬁ{}

6 else if flagCase ==1; // Final solution updates

7 then

NOBRC :
8 _ i{f%} + Z ( i1 (bj{lk}>) fj{f%};

n;

o | g=g+0n ((5{0})) £,

10 | p=>G—1D*n;*xs'+(k—1)*s!
1

1 - +Z] 1 <b;{>fy sf)f{ }5

12 y—y+Z]1(WQ»§%
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4.4. Comparisons

We can compare the restrictions for the outer method on the REFSMR and on the RMIS in
Figure 4.3. This allows a visual confirmation that there are two 4-stage explicit RK methods
which yield a 3rd order RFSMR and a 4th order RMIS. We can also compare the types
of coefficents available if we require c3 > c¢y. A strong contribution of the new fmGARK
structure, and especially of the RMIS methods we developed is that the order of accuracy
will be at least as good, and sometimes better than the existing RFSMR and MIS methods.
Another benefit of these newly developed methods is the opportunity to use the RFSMR
as an embedding for estimation of the local truncation error. Having an approximation
of the error allows us to evaluate how to choose our step size as we proceed through the
integration. It also can allow for adaptive splittings, especially for component-wise splittings

where certain components can be marked as fast or slow based on whether the current

time-scale separation target of the method is appropriate for the amount of error found.

0.8
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0.6
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Figure 4.3. Choices of ¢y and c3
the method is lower order

0.4
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0.6

on these lines result in the higher order method, otherwise
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Chapter 5

Numerical Tests: Observed Order

In this work, we consider three test problems, the inverter-chain problem, a stability system
problem, and the brusselator. These numerical tests are meant to verify the correctness
of our software implementation, and to compare our computational results against their
theoretically expected orders of convergence. The numerical tests also allow us to perform
efficiency comparison tests, where we use metrics based on typical error norms and use

function calls to define the cost of the integration.

5.1. Test Problems

In the following 3 subsections, we will briefly describe each of the three test problems. We
include the application-based and mathematical motivation. We specify the system of ODEs

and the fast/slow partitioning. We indicate the time-scale separation of the test problem.

5.1.1. Inverter-chain Test Problem

The inverter-chain problem is so named because it models a chain of MOSFET (metal
oxide semiconductor field effect transistor) inverters. These inverters transforms a signal from
0 to 1 and from 1 to 0. This physical model is appropriate because it is regularized, tunable,
and scalable [18]. The solutions are very regular, and approach equilibrium points. It was
first described from a physical perspective in Kveerno and Rentrop’s 1999 paper [34], which
also gives a mathematical model which is formulated as a partitioned system of ordinary
differential equations. The specific system of ODEs that we use to exercise our multirate
methods is primarily based on Kvaerno and Rentrop’s 1999 paper, although a scaling term

is added as in the more recent test problem defined by Bartel and used by Constantinescu

and Sandu [2, 9].
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The mathematical model is based on Kirchoff’s laws, namely: Kirchoft’s current law
which states “At any node in an electrical circuit, the sum of the currents flowing into that
node is equal to the sum of the currents flowing out of that node” and Kirchoff’s voltage
law which states “The signed sum of the voltages around any closed circuit must be zero”.

Kveerno identifies the following modeling principles for this setup:

e There are five basic elements: resistor, capacitor, inductor (in analogue circuits), volt-

age and current sources.

e The (non)linear controlled voltage or current source and the resistor describe the static

behavior.
e The (non)linear controlled capacitors or inductors describe the dynamic behavior. [34]

Specifically, a voltage controlled current source is selected in order to simplify the resulting
model. “The current source fits the drain current with respect to the gate voltage,”

Igs =1gp =Igg =0, B: bulk,D: drain,G: gate, S : source,

Ipp = Ips =0,

[DS = K- g (yG7yDayS) )

where ¢ is defined piecewise:

9 (e, yp, ys) = (max (yg — ys — yr, 0))* — (max (yo — yp — yr,0))’

The technical parameters are: K =2-107* [AV 2], yr = 1[V], y,p = 5[V].

Applying Ohms law, assuming a constant capacitor and using yo = 0 gives

?A = (yop — 1)/ (RC) — K - g (Yin, Y1, %0) /C.

The runtime of this circuit is measured in nanoseconds, so we scale by a factor 10°. Realistic
values for the resistor R = 5 - 10% and for the capacitor C' = .2 - 107!? we end up with the

normalized equation
Y1 = (Yop — Y1) — 9 (Yin, Y1, Y0) -
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The output of an inverter can be fed as the gate-input of a next inverter and so on in order to
create an inverter chain[34]. We convert this into a partitioned problem by considering some

{r} {s}

of the inverters as fast y1"’ , = [y1,...,ys] and the rest as slow y,”’ = [ypi1,- -, Yni-

..........

/

Y Olpir, = O], = [ (y)

77777777

b:[y{f}(tﬂl , = f{f}(t,y)

7777777

Substituting in the fast and slow functions as follows from the model, the following system

is obtained,[34]

y' ()], = [y O] ey = Wop = ue (1) — glyr—a(t), 9 (1) o) for k=b+1,....m
(Yop — 41 (1) — 9(Yin (1), 91 (1) s 90), k=1

Wop = yk (1)) = 9((gra (1), 91 (1) 40), Kk =2,...,0.

One of the reasons this model was selected as a test problem is that the inverter-chain problem
is consistently used to exercise multirate methods for multiphysics applications which use
Runge-Kutta base methods [2, 9, 18, 24, 36, 47, 46, 48, 49, 54, 55]. In addition to the 1999
paper by Kveerno and Rentrop, it has been extend by Giinther and by Constantinescu to
be more tunable [9, 19, 17, 34]. Making a similar modification to the Kvaerno version of the

model adds a parameter v which controls the strength of the forcing/source term g.

!/

YOl =" O]y = Wop =9 (®) =79(u—1(t) e (1) ,90) for k=b+1....n
Yop — ¥1 (1)) = Y9(Win (1) ;41 (1) ,90), k=1

YOl = @), =
(yop — Yk (t)) - ’Yg((yk—l(t)v Yk (t) 7y0)7 k= 27 e b.
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This tunable parameter makes determining the time-scale separation much more straight-
forward. We choose v = 100 so that the maximum time-scale separation 100. Here, the

piecewise-constant forcing function y;,(t) is defined as

0 0<t<5,
t—5 5 <t<10.

We integrate this problem from 0 < ¢ < 7, and have chosen our forcing function as in [34].
For our tests, we choose our partitioning so that the fast components are the first b = 3
components (which correspond to the first 3 inverters) out of n; = 100. In initial testing,
we selected b = 20 based on Giinther’s claim that over the entire time integration interval,
there are about 20 active inverters, with a large latent part[18]. However, perhaps due to
the solutions appearing to follow a boundary layer in the beginning of the time integration
interval, this proved unstable for some larger choices of the time-step size, such as h = .01.
The distinction between which components we mark as fast and which are marked as slow
is shown in Figure 5.1. For added detail, we note the importance of using a suitable time-
step, especially when the solutions are first diverging from the boundary layer as shown in
Figure 5.2

Kverno and Rentrop develop their component-based partitioning for this system adap-
tively throughout the integration window. Each component is marked stiff or non-stiff, and
also marked as partitioned into a latent (slow) or active (fast) component. To summarize
their partitioning strategy, first new step sizes are proposed for all active components using
two different error approximations, then components where the more stable approximation
suggests a larger step size is required are marked as stiff, then based on the active proposed
time-steps and the stiff marking, a macro step size is proposed for the latent components,
then this macro step is compared with the proposed fast step sizes in order to find an integer
time-scale separation m. This inverter chain problem and it’s adaptivity strategy for time-
step selection motivate our future goal of developing time-step adaptivity selection based on
using Algorithm (3) to create an embedded solution to compare against our Algorithm (5)

solution.
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3.5~ S

2.5 /L - S

0.5H

Figure 5.1. Solutions for the inverter chain problem with n; = 100: Dotted lines represent
the fastest components, while thick lines represent the slowest, i.e. y; is the blue dotted
curve at the top-left and y;g9 remains at the value 2.5 at the final time, ¢t = 7.
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Figure 5.2. Small differences in the initial integration solution may result in disparate solu-
tion values
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5.1.2. Kuhn Linear Test Problem

This test problem was chosen because it demonstrates a strongly-coupled problem which
is linear. This is meant to exercise the performance of the error terms which correspond
to the coupling matrices A1/} and A/}, Kuhn and Lang proposed the following two-
component initial value problem when examining the linear stability of a multirate system

with a splitting [31]:

[y (1) -5 —1900 | [yV} (1)
_ . telo,1], (5.1)
v )] 5 =50 ) \y* ()
y{f}(o) 1
yt1(0) 1

Kuhn and Lang reference the ratio of the off-diagonal entries as a measure of the stiffness
of the system, x = 10 for this particular method, which follows the original description by
Kvaerno [31, 33]. Constantinescu and Sandu rescale their interpretation of the 2 x 2 linear
stability problem, and measure the time-scale separation by dividing the diagonal entries,
and assume that ajy/ase > 1 [9]. Although this problem is linear, there is an interesting
multirate structure in that yt/* () has a faster time-scale mainly based on the coupled data
from yt} (¢). In order to transform Equation (5.1) into a form similar to scaled problem
Constantinescu and Sandu propose, the order of the equations and the solution vector must
be scaled. Equations (5.2)-(5.4) show this transformation using the assumption Kuhn and
Lang make about which component is slow and which is fast. Equations (5.5)-(5.6) show
this transformation respecting the assumption Constantinescu and Sandu make about how
the diagonal elements of a linear system determine which components are fast and which
components are slow. The eigenvalues of this system are complex conjugates, —% + g\/@,
indicating that the solutions to this problem are oscillatory and rapidly decay to zero, as

shown below in Figure 5.3.
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Figure 5.3. Solutions for the Kuhn test problem (5.1): note that the second compenent
reaches equilibrium much more rapidly than, and does not vary by as much as, the first
component.
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5.1.3. Brusselator Test Problem

—5 —1900
5  —50
—50
—1900
~1 1/10
—38 1/10
~10 1
—380 -1

y{f} (t)

yt (t)

tel0,1],

(5.2)

(5.3)

(5.5)

We consider a system of ordinary differential equations which captures some of the phys-

ical problems of the brusselator chemical reaction network problem first described as a 1D

PDE by Prigogine in 1967 [37]. More recent usages of this test problem have been seen in a
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multiphysics paper by Estep in 2008, and a general computational multiphysics review paper
in 2013 [12, 26]. Our version of the problem is a tunable two-rate initial-value problem rep-
resented as a system of Ordinary Differential Equations, [22]. It is very similar to the ODE
system Hairer proposed as a simplification from 6 derivative terms to 2 derivative terms [22].
For our system, we include y3 which has the fast initial transient, whereas Hairer neglects

this term [22]. It may be formulated as an additive problem as follows:

% FUY L o)
0 a— (y3+ 1)y1 + yoy?
- 0 |* YsYy1 — Y2¥i
_b_%_ i —Y3y1 |
- 0 - _1.2 —(ys+ Dy + ygyf-
- 0 | T Ysy1 — Ya¥i ' (5.6)
]| —¥3y1 |

We integrate over the interval 0 < ¢ < 10, with the initial conditions y = [3.9,1.1,2.8].
Although a, b, and € can be used to represent a variety of problems, we choose a = 1.2,
b= 2.5, and ¢ = 1072. This is a model of a chemical reaction network with three different
reactants, where 5.6 defines the evolution of the concentrations. As shown in the partitioning,
the fast function f{/} contains the term which is scaled by e. The problem time-scale
separation is approximately 1/ = 10?2 = 100. With this particular choice of parameters and
initial conditions, the problem exhibits a sudden change in the solution at the start of the
simulation for ¢t < 0.2, with slower variation for the remainder of the time interval, as shown
in Figure 5.4. Because our tests are carried out with a fixed macro time-step h, this slower
variation made our tests less sensitive to small variations after the initial sudden change.

This particular test also exercises the nonlinear error terms.
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concentration

Figure 5.4. Solutions for the Brusselator test problem (5.6): ys initially rapidly approaches
b = 2.5, then varies slowly thereafter.
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5.2. Test Setup

In order to test our methods numerically, we implemented Algorithms 2-6 in MATLAB.
For these tests, we only consider explicit inner base methods and explicit outer base methods.
Specifically, we consider the 3-stage third order method with equally spaced stage times KW3
from Equation (4.13) and the 4-stage fourth order method with equally spaced stage times
3/8 — Rule from Equation (4.17). The KW3 base method is of interest because the RFSMR
which used the KW3 as the inner and outer base method performed the best in our initial
comparative study, and because it is used in the literature for comparisons with newly
developed methods [29, 50, 49, 57]. We chose the 3/8 — Rule method because it is generated
from one of the cs, c3 pairs for which a RFSMR method will be third order and a RMIS
method will be fourth order. This method also has the benefit of the stage times being equally
spaced, which simplifies determining how many subcycles are necessary between each slow
outer stage time in order to target a particular time-scale separation. It also has historical
significance because Runge and Konig include it in their 1924 book [40]. Given these two base
methods, we will use the previously mentioned test problems to investigate the convergence
and efficiency properties of the fmGARK method types enumerated in Chapter 4. As these
are explicit methods and we have not investigated efficient time-step adaptivity strategies
the tests here will use a fixed time-step h. We have chosen h values so that all step sizes
are the same, and the final time step ends at tp. Specifically, we choose h values so that
integration intervals of integer length would have an integer number of time-steps h between

to and tp .

h €{0.1, 0.05, 0.025, 0.0125,0.01, 0.005, 0.0025, 0.00125, ...

0.001, 0.0005, 0.00025, 0.000125,0.0001, 0.00005, 0.000025, 0.0000125}
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To reiterate, the stage and solution values are represented by

j—1 sls}
B =y 0Dl DI (e o) 4 0Dl (2o k()

=1 =1
sif}

i—1
kl{s} =y, + hza;[l&f}f{f} (t + Ci{f}h, kl{f}) + hza;[ls,s}f{s} <t + C;[s}h’ kl{s}) ’
=1 =1

! {5}
Yo = yu+ BB FI (D k) R DT BT O (14 o h k)
=1

=1

Specifically, we will show results for a total of five different combinations of these two
base methods with our three fmGARK method types each of which has its own specific
intermediate solution calculation and final step solution update as represented by Algo-
rithms 3-6. As stated in Section 3.3, the implementation we suggest requires that we store

max:' ] Ui

} 4+ 519} 12 vectors the size of our solution y. Note that Algorithm 6 requires the
storage of the entire vector b/, which is a vector the same length as the total number of fast
stage functions computed, whereas for the other two algorithms we must store only the inner
and outer base method. Algorithm 3 using the Knoth-Wolke 3 base method was chosen to
be used as a baseline to compare against which theoretically should demonstrate 3rd order
behavior. Algorithm 5 using the Knoth-Wolke 3 base method was chosen to demonstrate a
method where the outer base method assumptions for the RMIS method are not satisfied,
which theoretically should demonstrate 3rd order behavior. Algorithm 3 using the case I base
method was chosen to demonstrate a method where the outer base method assumptions for
the fmGARK slow order condition (2.51) are satisfied, but the underlying algorithm should
cause it to theoretically demonstrate 3rd order behavior. Algorithm 5 using the case I base
method was chosen to demonstrate a method where the outer base method assumptions for
the fmGARK slow order condition (2.51) are satisfied, and the underlying algorithm should
cause it to theoretically demonstrate 4th order behavior. Algorithm 6 using the case I base
method was chosen to demonstrate a method where the outer base method assumptions for
the fmGARK slow order condition (2.51) are satisfied, and the underlying algorithm should

cause it to theoretically demonstrate 4th order behavior.
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In order to evaluate the convergence and efficiency of these methods, we must derive an
exact solution to the test problems or compute a reference solution as appropriate. For the

Kuhn problem, we compute error by comparison against the analytical solution,

5v/1439¢ 751 o ( 5V/1439t
| o yif} e cos ( 5 ) — g Sin ( 5 )
Y2 yis) oS (5\/1243915) B 1139 gin (5\/12439t>

For the inverter chain and brusselator test problems we compute error by comparison against
reference solutions. For these problems, we generated reference solutions by using the 12th
order accurate implicit Runge-Kutta Gauss method, taking fixed time-steps which are 4 times
smaller than the smallest h value tested for our multirate methods. Using these reference
and exact solutions, we can approximate or measure the error in the solution computed using
our method. Denote our computed solution at time ¢, = ¢y + hn as y,; and the reference
or exact solution at time ¢,, = £y + hn as y,, ref, our approximation for the method’s error at
t, =to+ hn is

€rryhn = Yn,h — Ynref-

The canonical root-mean-square norm modifies the vector two-norm by normalizing by the
number of observations to allow for a better comparison of error. Specifically, the vector

root-mean-squared norm for a vector v with N components is

PN\
VIl gars = (ﬁ 2%2) = Nz v, -

i=1
We base our error metric for each method and for each h value on this norm. Note that our
bounds of integration are ¢t € [to, tr] with a fixed macro step size h. Therefore, the number
of error vectors calculated is @ Equation (5.7) below shows how to compute RMSerror
as a metric which measures the error for a particular multirate method, A choice, and test

problem integrated for t € [ty, tr] based on the reference solutions.
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— 1/2
2
RMSerror = Z ( tF 7o ) lerrn nllparg

1/2

— 2:: ( )(NZ err, ), > (5.7)

The TotalFunctionCalls metric for the efficiency analysis is based on % : the number

of macro steps taken, n; : the number of fast step subcycles per slow stage, st} : inner base
method stages and s1©} : outer base method stages. Specifically, it adds the number of
outer base method stages which require a new slow function call to the number of inner base
method stages which require a new fast function call multiplied by the number of substeps
per slow stage.

510}

t _
TotalFunctionCalls = u 510} + Z S{I}

Note that {20 (s{o} - Zf:;} S{I}m) = hx il (s{o} - Zfz} S{I}ni). Requiring the
first stage time ¢; = 0 and the last stage time ¢4 = 1 is a necessary, but not sufficient
condition for Runge-Kutta methods which are explicit with four stages and satisfy the row-
sum assumption to be fourth order [22]. Because of the structure of the fmGARK method,

{s19s197} 4 equal to the zero matrix because 1 — C(stor) = 0. So total function calls per
macro step for our particular methods which use \ref{1/3} are 4+ (4%33+4%x33+4%33) = 400,
and which use 4.13 are 3+ (3% 35+ 3% 35+ 3% 35) = 318. The fast stage to slow stage ratio
for 4.17 is 408/4 = 102, and for 4.13 is 315/3 = 105.

5.3. Numerical Convergence and Efficiency Results

As stated in Section 5.2, the metrics we use to compute observed numerical order are the
fixed time-step size h, the RMS-norm based error metric RMSerror and the total number
of function calls TotalFunctionCalls. In order to investigate order of convergence, we

compare our metric RMSerror with h values for each of our test problems. We will present
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Table 5.1. Table of Method Efficiency Properties: The base method choice determines the
number of stages, and affects the ratio of fast stages to slow stages in the overall GARK
table.

Method Efficiency st = s{0F | glf} /glsh (s{o} + Zf:i} S{I}ni>
Algorithm 6 w/ Base Method 4.17 4 102 400
Algorithm 5 w/ Base Method 4.17 4 102 400
Algorithm 5 w/ Base Method 4.13 3 105 318
Algorithm 3 w/ Base Method 4.17 4 102 400
Algorithm 3 w/ Base Method 4.13 3 105 318

tables of observed numerical order based on a least-squares fit of the h vs RMSerror data
where outliers are ignored, that is, we only include simulations for numerical order calculation
when 1072 < RMSerror < 1. We also plot RMSerror vs h in order to examine convergence
behavior not captured by the best-fit line. To read the convergence plots, the slope on
the log-log plot corresponds to the order of convergence. As shown in Table 5.1, the cost
per macro time step h is affected by how many stages the base methods have. In order
to investigate the efficiency of these methods, we plot RMSerror vs TotalFunctionCalls.
These plots are meant to give a fairer comparison of efficiency and meant to be general. If a
user knew the relative cost of computing I/} vs computing f1*}, a problem-specific metric
for efficiency could be developed. To read the efficiency plots, the most efficient method will

have a line that is furthest towards the bottom-left corner.

5.3.1. Inverter-chain Results

As we described in Subsection 5.1.1, the inverter-chain problem we’re interested in has

a multirate structure which exhibits weakly-coupled behavior between the time-scales. This
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test problem has boundary-layer behavior near the beginning of the time integration win-
dow. As described in Table 5.2, all methods tested had the expected order of accuracy

except for Algorithm 6 w/ Base Method 4.17.  The order of accuracy plot Figure 5.5

Table 5.2. Table of Inverter-Chain Convergence: The order of accuracy is expected, although
our measure of observed order is limited by the inclusion of all results with error between 1
and 107°

Multirate Method Expected Order | Observed Order
Algorithm 6 w/ Base Method 4.17 4 1.74
Algorithm 5 w/ Base Method 4.17 4 4.07
Algorithm 5 w/ Base Method 4.13 3 2.93
Algorithm 3 w/ Base Method 4.17 3 2.98
Algorithm 3 w/ Base Method 4.13 3 2.98

shows that the points excluded from our best fit line calculation do not have substan-
tially increasing RMSerror for increasing h. Algorithm 6 w/ Base Method 4.17 initially (for
h € { 0.05, 0.025, 0.0125) has a slope which is sharper than Algorithm 5 w/ Base Method
4.17, however for this pattern does not hold for the simulations with the smaller h values.
There’s a small increase in RMSerror and then the slope observed from RMSerror decreased
for h € { 0.005, 0.0025, 0.00125,0.001}, which could be taken to indicate convergence which
is at least 3rd order. Finally, the smallest h values tested have notably similar RMSerror
values, for h € { 0.00025, 0.000125,0.0001, 0.00005, 0.000025, 0.0000125}. Our speculation
for this unusual behavior is that the lack of structure in b{/} for this optimized method
caused the double-precision order to suffer for smaller h. We speculate that the method
performed at 4th order for larger h values, before the accumulated inaccuracy brought about

by this lack of structure caused one of the 4th order error terms to no longer be canceled
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out, resulting in the observed third order behavior. However, this method still converged to

a solution that is 10~® away from our reference solution.

Inverter chain convergence

T T T ‘??? T T
|—=—Alg Opt, 3/8-Rule ‘
102 {—2-Alg RMIS, 3/8-Rule
|—<—Alg RMIS, KW3
|——Alg RFSMR, 3/8-Rule
4 | Alg RFSMR, KW3
10 - N
S
I 106
(7))
=
o
1078
10-10
1071 1072 1073 1074

h

Figure 5.5. Convergence for the inverter chain problem: note that for this problem the slope
for order of accuracy is consistent for all methods except Algorithm 6 w/ Base Method 4.17.
The flattening of the error for this method may be due to inaccurate capturing of the initial
integration window causing this method to converge to a solution which is approximately

10~ away from the reference solution.
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We can see in Figure 5.6 that changing the x-axis from h to TotalFunctionCalls rescales
the tested methods which were based on Base Method 4.17 by ‘5% (s{o} + Zfiol} s{l}ni> =
h—72 x 400 and those which were based on Base method (4.13) by h—72 x 318. When considering

the efficiency for all h values, and therefore for all RMSerror observed, we see that Algorithm

5 w/ Base Method 4.17 is the clear winner.

Inverter chain efficiency
H H R H ???????‘ H ?????1?‘
—&-Alg Opt, 3/8-Rule
—-Alg RMIS, 3/8-Rule
—<Alg RMIS, KW3 -
——Alg RFSMR, 3/8-Rule
—x-Alg RFSMR, KW3

S T N
LE R LoD
0))] R N
nd R LoD
N e
10-10 B
10° 10° 107 108

Total Function Calls

Figure 5.6. Efficiency for the inverter chain problem: note that for this problem the most
efficient methods for larger error values are Algorithm 5 w/ Base Method 4.17 and Algorithm
6 w/ Base Method 4.17, while for smaller errors Algorithm 5 w/ Base Method 4.17 is the

clear winner; all other methods perform comparably well.
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5.3.2. Kuhn Linear Results

As we described in Subsection 5.1.2, the Kuhn linear problem we’re interested in has a
multirate structure which exhibits strongly-coupled linear behavior between the time-scales.

As described in Table 5.3, all methods tested had the expected order of accuracy.

Table 5.3. Table of Kuhn Convergence: The observed order of accuracy is slightly better
than expected based on theory

Multirate Method Expected Order | Observed Order
Algorithm 6 w/ Base Method 4.17 4 4.22
Algorithm 5 w/ Base Method 4.17 4 4.22
Algorithm 5 w/ Base Method 4.13 3 3.09
Algorithm 3 w/ Base Method 4.17 3 3.18
Algorithm 3 w/ Base Method 4.13 3 3.09

The order of accuracy plot Figure 5.7 shows that the points excluded from our best fit
line calculation do not have increasing RMSerror for increasing h. The linear problem shows
very straight order of accuracy lines for all methods except Algorithm 6 w/ Base Method
4.17, which begins to level off before it achieves the limit of double-precision representation
of the solution.

Note that Figure 5.8 shows the change in x-axis from h to TotalFunctionCalls rescales
the tested methods which were based on Base Method 4.17 by ch;;tO <8{O} + Zfi} S{I}ni> =
a5 % 400 and those which were based on Base method (4.13) by 75 x 318. Considering
the efficiency for all 0.01 < h < 107, we see that Algorithm 5 w/ Base Method 4.17 and
Algorithm 6 w/ Base Method 4.17 perform similarly and are the farthest towards the bottom-

left corner. Algorithm 6 w/ Base Method 4.17 begins flattening as RMSerror — 10710,
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RMS Error

Kuhn linear convergence
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Figure 5.7. The numerical order observed is close to the expected values
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Kuhn linear efficiency
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Figure 5.8. The higher order of accuracy methods are more efficient for almost all h values

tested
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5.3.3. Brusselator Results

As we described in Subsection 5.1.3, the Brusselator problem we’re interested in has
a multirate structure which exhibits weakly-coupled nonlinear behavior between the time-
scales. Table 5.4 describes the theoretically expected order of accuracy and the observed
order of accuracy to make a comparison. We note that Algorithm 6 w/ Base Method 4.17
has an observed order of accuracy of 5.83, which suggests that the optimization successfully
minimized the dominant error terms for this problem. The other methods have an observed
numerical order of accuracy which is consistent with the theoretically expected order of

accuracy.

Table 5.4. Table of Brusselator Convergence: The observed order of accuracy is slightly
better than expected based on theory, and the observed order for the optimized method is
significantly better

Multirate Method Expected Order | Observed Order
Algorithm 6 w/ Base Method 4.17 4 5.83
Algorithm 5 w/ Base Method 4.17 4 4.16
Algorithm 5 w/ Base Method 4.13 3 3.30
Algorithm 3 w/ Base Method 4.17 3 3.28
Algorithm 3 w/ Base Method 4.13 3 3.02

Figure 5.9 shows that all methods perform at least as well as the expected order of
accuracy. All methods tested leveled out at an error floor around 1079, which is likely the
accuracy of our reference solution. We can see in Figure 5.10 that changing the x-axis from h
to TotalFunctionCalls rescales the tested methods which were based on Base Method 4.17

by £k (S{O} + Zfiol} S{I}TL,’) = 19 x400 and those which were based on Base method (4.13)
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RMS Error

Brusselator convergence
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Figure 5.9. The optimized method and the RMIS seem to do best
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by }L—‘; x 318. When considering the efficiency, we observe that around RMSerror = 107°, the
higher order methods begin to outperform the lower order methods. I don’t know why the
constant multiplier ch?* is so large for these particular methods for this particular problem.
We do see that when a smaller error metric is required, the higher order methods Algorithm

5 w/ Base Method 4.17 and Algorithm 6 w/ Base Method 4.17 are more efficient.

Brusselator efficiency
—&-Alg Opt, 3/8-Rule
|—2-Alg RMIS, 3/8-Rule
—<Alg RMIS, KW3 N
——Alg RFSMR, 3/8-Rule
—x-Alg RFSMR, KW3

)8

'_\
o
I

RMS Error

'_\
o
o)

10° 10°
Total Function Calls

Figure 5.10. Method efficiency for this problem is dependent on both the order of accuracy
and on the constant multiplier on the error terms

In general, our numerical tests suggest that the methods tested perform at least as well as
the theoretical order of accuracy. Algorithm 5 w/ Base Method 4.17 is consistently efficient

for all test problems, except for the Brusselator test problem for large values of RMSerror.
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Chapter 6

Stability Results: Theoretical & Numerical

In this chapter, we consider the linear stability of our proposed set of numerical methods.
We first derive a stability recursion for GARK methods by applying existing stability theory.
We then consider two different approaches to investigating the stability properties of our new
methods by comparing them to the technique represented by Algorithm 3. The first approach
will compare the two base methods for which Algorithm 3 gives a 3rd order method and
Algorithm 5 gives a 4th order method. The second approach optimizes over 4-stage methods
for which Algorithm 5 gives a 4th order method and for which Algorithm 3 gives a 3rd order

method. The “largest” stability area for the highest possible order is then compared.

6.1. Deriving a Stability Concept for GARK methods based on Kvarno’s sta-
bility
As mentioned in Chapter 2, we derive a stability function for 2 x 2 GARK methods based

on the stability concept first proposed by Kveerno, and later reintroduced by Savcenco and

by Constantinescu [33, 47, 45, 9]. Recall the 2 x 2 linear stability test problem:
Yy (1) g g2 | | yr (D) yr (0) 1

ys (1) g1 ga2 ys (t) ys (0) 1

Savcenco assumes a partitioned splitting when deriving his stability concept, which we

rewrite as an additive splitting [45]. Let us first define

{r} {s}
yf,n k‘ i : k‘ i :

v, — ’ k}f}: fid . and k;{-s}: Ii ’
Yan K ke
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and write the additively-split right hand side functions as

g11 912
I (ty) = Y,

0 0

Combining the fast stage updates,
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and  f©) (t,y) =
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So the fast stages for this test problem have the following update:

() {f} tr}
Yfn s gllk + gl2k
k' =1y ® Z hx ol s
Ys,n 0
sis} 0
+ Z h * a{f’s}
921]{?{ s} + 922]{;{,81}
or equivalently,
{f}
= +

{ } s s S

"y
Yt + 2 {'zﬁf} * (9117€J{f§} + 912@?)

{s} s s
Yom + 2oy b afl ™ (g k‘{}+922k{})

Similarly for the slow stage updates:

() sif} o, gnk{f} + 912]{7{5}
ki =195 ® +Zh*a ’
Ysn 0
s{s} O
+ Z h x a{s by
921]€ + 922]{351 ,
or equivalently,

s Sir} s

k}”} Yrn 2=t b a{ 7 (911]?%} +912k;{”;}>
= +

s sis? 8,8 s s

ki’j} Ysm =1 h* a;{'l i (921@7[} + gggkil}>

3 s
Yin + D1y h* a{ A (gllk{f} + glzk‘{f;})

Ysn + Zl 1 Db a{s ) <921k}{r,81} + 922]?5})
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So the solution variable y for this test problem has the following update:

sif} sis}
Yurs = Yo+ D bt O (4 oIk ) £ ST b 0 (2 o, k()
=1 I=1
{f} {r} {r} {s}
A gukyy + giak g S 0
—ya S b | +5 hxbft
=1 0 =1 9217€j{c3} + 922163{3}

Given these equations, we can formulate the linear stability of this test problem in a

similar way to how the original Runge Kutta stability problem is formulated:

k}’;} Ygn + leifl} h * a;{-zf’f} * (gllk%} + glzk‘if})
ki’;} Ysn + Z?:l} h * a;{{’s} * (gzlk]{ci} + gggk‘;{fl})
k}{fj} Ygn + leifl} h a;{.ls’f} * (guk‘%} + 9121{:3;})
kisj} Ysn + Z?:l} h * a;%f’s} * (ngk]{cj} + gggk‘;{fl}>
e +§h*bl{f} . gk + gkl +§h*bl{8} * 0
Ysn+1 Ys,n =1 0 = gzlk}{ci} + 922]?5}

Converting these to use the matrix and vector form for the coefficients, we have

) (gL +hAD (gl 4 giakl?)
ks — YsnLoin + hAUS (921k;{08} + gzzkis})
k?} Yol + AT (Qllk}f} n gmkgf})
kis} ! Ysnlssr + hAts} <g21k;{cs} + 922ki5}>
Yrnir | | Ypn DV (gnk}f} + gkl f}>
Yoint1 Ysm + hbt} (9211{}8} + gmkis})
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We then substitute Z = hG =

i
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into the above result,
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We then rearrange this result in order to solve for k:

or equivalently

Yrnlgiry
ys,nlg{f}

Yfnlggs)

ys,nls{s}

i)
ky

K

s}
ky

ki

In

Iy

Yol + AT} Z11k{f} + k{f}>

yf,nls{s} _|_ A{S,f}

ys,n]-s{s} _I_A{s,s} > 1k{ s} +Z22k{8})

I s

ys,nls{f} + A{ﬁ s} (Z

99

AW 4

Als:FY 5

{ } + Zggkis}

2k 1 2kl

AT} 5,

Als:TY 5,

Alsstay

)
)

At o A8 200

Alsshzgy

{f}
kj
K7
k{s}

k{s}

S




Solving this equation for the stage vectors, we have
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Finally, we insert this result into our solution update equation and rearrange to obtain the

equation:

where

1

0

0
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6.2. Comparing Stability for Base Methods with High Order

Figures 6.1-6.4 directly compare between the stability plots for the two different base
methods which satisfy both Equation (2.28) and Equation (2.51), and therefore make Algo-
rithm 3 3rd order and Algorithm 5 4th order. We are interested in studying all 4 of these sets
of stability plots in order to thoroughly investigate comparisons of stability for Algorithm 3
and Algorithm 5.

The following plots demonstrate the situation where the problem-based time-scale sep-
aration k is the same as the method-based time-scale separation. Results are shown for
k =m = 10 and Kk = m = 100 to demonstrate the expected scaling relationship along the &
axis. Differences in where the methods are stable are also more easily observed in Figure 6.1
and Figure 6.3 where kK = m = 10. First, in Figure 6.1-6.2 we compare the stability plots
for the RMIS and the RESMR using the 3/8 — Rule from Section 5.2 as shown in Equation
(4.17). We recall that this base method has equally-spaced stage times c, and automatically
makes the RMIS 4th order and the RFSMR 3rd order. Figure 6.1 investigates x = 10 and
this particular base method. We see that the location of the added stability is similar, and
the most negative ¢ for —.4 < n < 1 where the multirate method will be stable is also similar.

Figure 6.2 investigates k = 100 and this particular base method. We see that the location
of the added stability is similar, and the most negative ¢ for —.6 < 1 < 1 where the multirate
method will be stable is also similar. The stability results for K = 100 are shown in order
to demonstrate how relatively insignificant the extra stability is for £ < —.03 as well as to
show stability properties for the methods tested in Chapter 5.

Next, in Figure 6.3-6.4 we compare the stability plots for our RMIS method and the
RFSMR method using the base method we found by a symbolic solve for the intersections of
the order graphs from Figure 4.3 which satisfies the conditions so that both the RMIS and
the RFSMR have their maximum order for a 4-stage method. The specific numerical values

for this base method are desribed by Equations (6.2)-(6.15).
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Figure 6.1. Linear stability plots for time-scale separation and multirate-method factors
k =m = 10 using 3/8 — Rule: our RMIS method is on the left and the RFSMR method is
on the right.
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& 13

Figure 6.2. Linear stability plots for time-scale separation and multirate-method factors
k = m = 100, using 3/8 — Rule: our RMIS method is on the left and the RFSMR method
is on the right.
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Figure 6.4 investigates k = 100 and this particular base method. We see that the location

show stability properties for the methods tested in Chapter 5.

of the added stability is similar, and the most negative ¢ for —.8 < 1 < 1 where the multirate
method will be stable is also similar. The stability results for x = 100 are shown in order

to demonstrate how relatively insignificant the extra stability is for £ < —.03 as well as to

Recall that the intent of Figures 6.1-6.4 is to determine how our newly developed methods
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Figure 6.3. Linear stability plots for time-scale separation and multirate-method factors
k =m = 10: our RMIS method is on the left and the REFSMR method is on the right. Note
that the stability areas are slightly larger than in Figure 6.1, although they have similar
shape, indicating that multirate problems can potentially take a larger time-step due to the
increased region of stability. The different placement of the region which is extended indicates
that some multirate problems which would be stable for x = 10 using the 3/8 — Rule would
not be stable for this method, and vice versa.
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Figure 6.4. Linear stability plots for time-scale separation and multirate-method factors
k =m = 10: our RMIS method is on the left and the RFSMR method is on the right. Note
that the stability areas are slightly larger than in Figure 6.2, although they have similar
shape, indicating that multirate problems can potentially take a larger time-step due to the
increased region of stability. The different placement of the region which is extended indicates
that some multirate problems which would be stable for x = 100 using the 3/8 — Rule would
not be stable for this method, and vice versa.

tests in Chapter 5. Specifically, we wanted to compare the stability for multirate methods
which used the same base method. We chose base methods where the order of accuracy for
the RMIS was 4 and the order of accuracy for the RESMR was 3. The result of this test
was that the RMIS method performed better than the RFESMR method.

6.3. Comparing Stability Optimization

We performed another set of tests to investigate the relative size of the stability area
for many different choices of base method. We chose to use x = 10 and used ¢y <= ¢3 for
base methods of the form described by Equations (4.2)-(4.11) which satisfy Equation (2.28)
for Algorithm 3 and which satisfy Equation (2.51) for Algorithm 5. These are preliminary
results which attempt to quantify what percentage of the stability region displayed is stable
by adding up the number of connected stable “boxes” and diving by the total number of
stable “boxes.” This can be shown in a basic way by making a heat map of the intensity of

the base methods tested. Figure 6.5 is a preliminary attempt to display this information.
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Figure 6.5.  For most of the base methods tested, the RMIS methods had a stable area
around 35.5% of the plotted area. The RFSMR methods, on the other hand, had a more
varied percentage area, going from 35.2% to 35.8%. The total percentage area did not seem
to favor either the RMIS or the RFSMR in terms of stability. We used these sets of base
methods to pick a base method for both the RMIS and the RFSMR in order to compare the
largest area of stability.

In Figure 6.6-6.7 we compare our RMIS method with the largest stability area we found
against the RFSMR method with the largest stability area we found for x = 10 and x = 100
respectively. This is a slightly unfair comparison, since we’re considering 4-stage methods
here, and the RFSMR method cannot use the extra stage flexibility to increase beyond order
3.

Recall that the intent of Figures 6.6-6.7 is to determine how our newly developed RMIS
methods compare in terms of stability to the existing RFSMR methods. Specifically, we
wanted to compare the stability for multirate methods which have an optimized stability
region by selecting the largest stability region from the set tested. We chose base methods
where the order of accuracy for the RMIS was 4 and the order of accuracy for the RFSMR
was 3. The result of this test was that the RMIS method performed more consistently than
the RFSMR method, although for some specific base methods the RFSMR method could

have a larger stability area.
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Figure 6.6. Same x = m = 10, best stability area RMIS on the left and best stability area
RFSMR on the right
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Figure 6.7. Same x = m = 100, best stability area RMIS on the left and best stability area
RFSMR on the right
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From these stability studies, the RFSMR method and the RMIS method have similar
stability regions, although not exactly the same. They also scale their stability regions in
similar ways when the time-scale separation is increased. We have shown here that the
improved order of accuracy obtained from RMIS over RFSMR does not hinder stability

whatsoever.
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Chapter 7

Conclusions

In conclusion, this dissertation demonstrates our newly developed fourth order multirate
methods. These methods are based on Multirate Infinitesimal Step Methods. In Chapter 1,
we introduce basic multirate concepts and basic historical content. In Chapter 2, we discuss
more detailed background on the existing methods and existing Runge-Kutta theory which
these new methods extend from. In Chapter 3 we describe the structure we developed for
Flexible Multirate GARK methods, and give some related proofs. In Chapter 4 we discuss
particular fourth-order implementations of that structure, including our development of the
Relaxed Multirate Infinitesimal Step Methods. In Chapter 5 we investigated the numerical
order properties of our methods. In Chapter 6 we investigate the stability properties of
our newly developed methods compared to what we found was the most efficient multirate
method tested on our test problems.

More specifically, in Chapter 1, we described the broad context of multirate methods for
time integration. Multirate methods aim to more efficiently solve problems which have func-
tions or processes that have differing characteristic time scales yet still have meaningful cou-
pling between them. The first recorded example of the simplest multirate method is a 1980
preprint by Gear [15]. Advances in multirate integrators in the 1990s which remain commonly
cited today mostly focused on examining multirate stability, and restrict discussions on the
order of accuracy to specific problem and method contexts [30, 53, 58]. More complicated and
higher order multirate integrators began to be developed in the early 2000s, specifically focus-
ing on order of accuracy and addressing coupling error through interpolation [11, 34, 33, 18].
Most advances in the field of multirate integrators in the last decade have been in increasing

efficiency by increasing the overall method order [7, 8, 9, 14, 21, 44, 47, 46, 50, 51, 57].
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More specifically, in Chapter 2, we discussed the GARK framework which Sandu and
Gilnther first introduced in 2013, as well as the more thoroughly developed Runge-Kutta
based Multirate Infinitesimal Step and Recursive Flux-Splitting Multirate methods. MIS
methods have been interpreted as exponential integrators and as ARK methods, and the
Mulitrate GARK paper by Sandu and Giinther uses GARK theory to account for order of
accuracy, including coupling error [20]. The GARK framework has robust theory regarding
order of accuracy conditions, and allows for more straightforward linear stability analysis
for multirate methods. One benefit of developing multirate methods using GARK theory
is the standardization in approach towards interpolation between the fast process and the
slow process. Another benefit is the strong basis in Runge-Kutta theory this brings to
the coupling error conditions. Finally, using GARK theory reduces the extra initial work to
implement multirate methods which rely on base Runge Kutta methods. Multirate Infinites-
imal Step methods were extended with a specific splitting or partitioning concept by Schlegel
as Recursive-Flux Splitting Multirate methods. These methods are telescopic, and have at
best third order and at worst second order accuracy. In order for RFSMR methods to be
third-order, a specific condition based on the slow base method must be satisfied. These
methods can be implemented so that the time-scale separation is a parameter of the method
which can be changed to suit a particular problem’s time-scale separation or be changed
dynamically between macro-steps during integration. These methods are constructed from
base Runge Kutta methods, and can be subcycled as described by Schlegel [49].

More specifically, in Chapter 3 we develop a structure based on GARK and on MIS
methods called fmGARK. fmGARK methods can be specifically determined depending on
which base methods are chosen, on the number of subcycles, and on the final fast solution
weighting vector b{/}. We show that the RFSMR is an example of an fmGARK method. We
discuss pseudocode and implementation details for fmGARK methods, as well as memory-
efficiency. Specifically, in order to avoid recomputing fast and slow function calls, fmGARK
methods require at most s/} + 519 42 vectors stored of size y. The algorithm which allows

this efficiency-saving measure is described in the pseudocode, which include subcyling. We
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also discuss how the fmGARK structure satisfies the slow order conditions up to order four
given base methods of at least third order, and a specific condition based on the slow base
method must be satisfied. We also discuss briefly how the fast order conditions up to order
three apply to the fmGARK structure in general, and the RFSMR in particular.

In Chapter 4 we discuss two specific families of fmGARK methods we have developed,
and their associated order conditions. The Relaxed Multirate Infinitesimal Step methods are
based on the MIS methods, but relax the assumption about how b{/} is constructed. The
same weights bt/} are used as b{*} at the same stage times, but the stage vectors are linear
combinations of the fast function values at all preceding stage times and linear combinations
of the slow function values at all preceding stage times respectively. RMIS methods have the
benefits RESMR and MIS methods have which were passed on to the fmGARK structure.
In addition, RMIS methods have the benefit that each fast coupling order conditions is
satisfied when the corresponding slow coupling order condition is satisfied. The structure of
the fmGARK forces the slow order conditions (including the slow coupling order conditions)
up to third order to be automatically satisfied if the base methods are at least third order. So
RMIS methods are at worst third order with third order base methods. If a specific condition
based on the slow base method is satisfied, the only slow coupling condition at order four
which is not automatically satisfied by the fmGARK structure will be satisfied. This then
forces the corresponding fast coupling conditions up to fourth order to be satisfied, and
therefore given this condition, the RMIS method will be fourth order. We include equations
and plots for coefficient choices based on the minimal number of base method stages while
getting third order RFSMR or fourth order RMIS. Another possible family of fmGARK
methods are methods which are optimized for a particular target objective. We develop
methods optimized for a specific time-scale separation which minimize the fifth-order error
coefficients. Other optimization goals are possible. Since a RFSMR is a specific instance
of an fmGARK, we can define an embedded solution for any fmGARK method based on
the RFSMR solution. The RFSMR solution is automatically generated while progressing
through the fmGARK step.
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In Chapter 5 we introduce three test problems and our testing methodology. We have
a nonlinear coupled multirate problem, a linear strongly coupled multirate problem, and a
linear weakly couple multirate problem. We show convergence plots which suggest that the
numerical order calculated based on our implementation of the multirate methods tested
matches the theoretical order predicted. We show efficiency plots which suggest that the
higher order methods are more efficient for tighter error tolerances. We see more benefit from
higher-order methods when taking smaller step-sizes (for smaller h values) partly because of
the asymptotic nature of order of convergence. In Chapter 6 we performed a linear stability
study by leveraging GARK theory and using a 2 by 2 linear system stability test problem
which has been used for examining multirate stability since it was first introduced by Kvaerno
in 2000 [33]. These tests showed that our newly created methods performed no worse than
the RFSMR methods which are already in use that we use for comparison.

Possible future directions of inquiry include using embedded solutions to create an adap-
tive time-step size strategy. Another possible future direction is to consider using a fast base
method which is implicit, but has an explicit first stage. Another possible future direction is
to investigate numerical results for methods with more than two time-scales. Another possi-
ble future direction may include developing multirate methods in which the fast base method
changes within an integration step, and multirate methods which substantially change the

initial condition for each fast sub-step.
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