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Abstract

The method of lines approach to the numerical solution of transient hyperbolic partial
differential equations (PDEs) allows us to write the PDE as a system of ordinary differential
equations (ODEs) in time. Solving this system of ODEs explicitly requires choosing a stable
time step satisfying the Courant-Friedrichs-Lewy (CFL) condition. When a uniform mesh
is used, the global CFL number is used to choose the time step and the system is advanced
uniformly in time. The need for local time-stepping, i.e., advancing elements by their
maximum locally defined time step, occurs when the elements in the mesh differ greatly in
size. When global time-stepping is used, the global CFL number and the globally defined
time step are defined by the smallest element in the mesh. This leads to inefficiencies as a
few small elements impose a restrictive time step on the entire mesh. Local time-stepping
mitigates these inefficiencies by advancing elements by their locally defined time step and,
hence, reduces the number of function evaluations.

In this thesis, we present two local time-stepping algorithms based on a third order
Runge-Kutta method and the classical fourth order Runge-Kutta method. We prove these
methods keep the order of accuracy of the underlying Runge-Kutta methods in the context
of a system of ODEs. We then show how they can be used with the method of lines
approach to the numerical solution of PDEs, specifically with the discontinuous Galerkin
(DG) spatial discretization. Numerical simulations show we obtain the theoretical p+1 rate
of convergence of the DG method in both the L? and maximum norms. We provide evidence
that these algorithms are stable through a number of linear and nonlinear examples.
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Chapter 1

Introduction

Hyperbolic partial differential equations appear in many fields of science and engineer-
ing, especially where wave phenomenon or advective transport are present. Among other
applications, they are used to model electromagnetic or acoustic wave propagation, gas
dynamics problems, and elastic waves in solids. Solutions of nonlinear hyperbolic partial
differential equations can develop fine structures that need to be resolved, solutions can
also steepen into shocks. This can occur even with smooth initial data [23]. In order to
capture these features accurately, we require small mesh elements. The modern approach
is to use an adaptive mesh rather than a uniform mesh so that we can allocate computa-
tional resources to regions where they are needed most. Adaptive meshes are also useful
to accurately represent small features of the geometry.

When using an adaptive mesh, element sizes can vary greatly throughout the compu-
tational domain. By the Courant-Friedrichs-Lewy (CFL) condition, the time step on each
element must be proportional to the element’s size for the method to be stable. If a uniform
time step is used over the whole mesh, as is often the practice with the method of lines
and explicit time integration methods, it is determined by the smallest element (the global
CFL condition). This can be very inefficient as a few small elements impose a restrictive
time step for all elements. A possible solution would be to use an implicit, unconditionally
stable time integration scheme as this would eliminate the CFL condition. However, this
has a disadvantage of requiring the solution of a large sparse linear system at each time
step.

Locally implicit methods allow explicit time-integrators to be used on large elements
but implicit time-integrators on smaller elements, where the time step would have been
drastically reduced. In [20], a fourth order implicit-explicit Runge-Kutta method is applied



with the nodal discontinuous Galerkin discretization to problems in fluid flow. Using an
implicit time-integrator on the small elements creates a nonlinear system which needs to
be solved at each time step.

Explicit local time-stepping methods overcome the effects of local refinement by using
smaller time steps in the area of refined elements while keeping the time-integrator explicit
throughout the entire computational domain. This increases efficiency as larger elements
are not required to take as many time steps. The difficulty with explicit local time-stepping
is in the communication between elements of different sizes when they are at different time
levels. In [15], a second order local time stepping procedure is combined with discontinous
Galerkin discretization for solving symmetric hyperbolic systems. The method is fully
explicit but requires the solution of a linear system at each time step to resolve the interface
between large and small elements.

A local time-stepping approach is presented in [3, 2] in the context of adaptive mesh
refinement (AMR) with Cartesian girds. The AMR algorithm creates a set of finer and finer
subgrids which are allowed to overlap and nest in areas where finer resolution is required.
The time step on a fine grid is chosen in proportion to the time step of the largest grid
based on its level of refinement. The grids are updated in time from largest to smallest
with information being passed between grid levels through interpolation.

An alternative approach, based on the arbitrarily high-order derivatives discontinuous

Galerkin approach [13, 25], gives an explicit local time-stepping method for elastic wave
equations and the time-dependent Maxwell’s equations. Later, [16] combined the time-
stepping ideas in [13] to develop a predictor-corrector type Runge-Kutta based local time-

stepping method.

Recently, [17] presented arbitrarily high-order Runge-Kutta based local time-stepping
methods for wave phenomena. This method separates the computational mesh into two
groups, coarse elements and fine elements. Each group is then advanced with its stable
time step. Intermediate values needed at the coarse-fine interface are computed through a
combination of interpolation and Taylor expansion.

In [22], a second order Runge-Kutta based local time-stepping method is developed.
Each element is advanced with its maximum stable time-step and the interface between
large and small elements is resolved using an accurate quadratic polynomial. This poly-
nomial is used as a boundary condition for the small elements in a way which preserves
the order of the underlying Runge-Kutta method. This method supports meshes with
arbitrary levels of refinement.

Here, we follow a similar approach taken in [22] to develop local time-stepping methods
based on a third order Runge-Kutta method and the classical fourth order Runge-Kutta



method. We store past information on the interface elements and use them to approximate
the inner stages of the small elements to advance the large interface elements. Next we
will create a polynomial approximation to the large interface elements to be used as a
boundary condition to advance the small interface elements.

This thesis is organized as follows. In Chapter 2, we will give a brief introduction to
explicit Runge-Kutta methods for solving first order ordinary differential equations. Next,
in Chapter 3, we will introduce the discontinuous Galerkin finite element method for the
spatial discretization of nonlinear hyperbolic conservation laws. We will show that this spa-
tial discretization leads to a first order system of ordinary differential equations and discuss
global stability restrictions. In Chapter 4, we will develop local time-stepping schemes for
ordinary differential equations and prove that they preserve the accuracy of their Runge-
Kutta counterparts. From here, we will discuss how these local time-stepping schemes
can be utilized for the time integration of discontinuous Galerkin spatial discretization to
alleviate the restrictive globally stable time-step. Finally, in Chapter 5, numerical exper-
iments will illustrate the expected rate of convergence of our local time-stepping schemes
from Chapter 4. We will present examples illustrating the efficiency of local time-stepping
versus global time-stepping. Concluding remarks and areas for future work on this topic
will be given in Chapter 6.



Chapter 2

Numerical Solution of Ordinary
Differential Equations

2.1 Introduction

Ordinary differential equations have been studied since the development of calculus in the
seventeenth century by Newton and Liebniz. In general, ordinary differential equations do
not have closed form solutions, thus, numerical methods to approximate the solution are
necessary.

Numerical methods for solving ordinary differential equations fall into two broad cat-
egories: “single-step” methods, also known as Runge-Kutta methods which use only the
current approximation to advance the solution in time, and “multi-step” methods which
use several previous values to advance the solution. In this chapter we briefly discuss
Runge-Kutta methods. For a more detailed exposition of Runge-Kutta methods and other
numerical techniques for solving ordinary differential equations, see [1, 15].

2.2 Runge-Kutta Methods

Consider the initial value problem

d

—vy =1(y. ¢ t>t 2.1
dty (ya )7 > 05 ( )
y(to) = Yo,



for a vector y = (y1,%2,---,Ym)’ and f : R™ x R — R™.

To numerically approximate the solution of the system of ordinary differential equations
(2.1) on the interval [ty, ;] we first define our step size to be hy,11 = t,,41 —t,,. The general
s-stage Runge-Kutta method for the ordinary differential equation system (2.1) can be
written as

Yi =¥Vn + hn+1 Z al-jf(Yj, tn + thn+1)7 1 S 7 S S, (22)
=1

Y+l = Yn + hnga Z bif(Yi, tn + cihnyir), (2.3)
i=1

where the Y,;’s are the intermediate approximations, or stages, to the solution at time
tn+cih,y1. The method can be represented using the shorthand notation, called a Butcher
Tableau,

Ci1 | a1 a2 - Qs
Co | Q21 Q22 -+ Q2
Cs As1 Ag2 e Agg

bl b2 e bs

Table 2.1: Butcher tableau for a general Runge-Kutta method.

The coefficients ¢; must satisfy

ci:Zaij, ’L':]_,...,S, (24)
j=1

a necessary condition for high-order methods [15].

The Runge-Kutta method is explicit if and only if a;; = 0 for j > 7 because then the
stages Y; in (2.2) are given in terms of previously computed stages. Methods with some
a;; # 0,7 > ¢ are implicit. We will only consider explicit Runge-Kutta methods. Some
examples of explicit Runge-Kutta methods [1] are given below.

The only one parameter family of second-order methods:



0 0 0
Q 0
[ 1—2: 5

Table 2.2: One parameter family of Runge-Kutta 2 methods

Popular Runge-Kutta 2 methods are the midpoint method given by o« = 1/2 and Heun’s
method given by a = 1.

An example of a one-parameter family of a three-stage, third-order Runge-Kutta method
is

0 0 0 0
2 2 0 0
3 3 :
i15-2 40 O
I R ST

Table 2.3: A one parameter family of Runge-Kutta 3 methods.

where « is a parameter.

Finally, the classical fourth-order Runge-Kutta scheme is written as

00 0 0 0
12112 0 0 0
121 0 1/2 0 0

110 0 1 0
1/6 1/3 1/3 1/6

Table 2.4: The classical fourth order Runge-Kutta method.

2.3 Error Estimation and Order Conditions

2.3.1 Consistency and Order Conditions

Suppose our goal is to create a Runge-Kutta method which has global error satisfying

y(ty) —yn = O(hP), (2.5)



where ¢, is our final time, yx is the numerical solution at ¢; and h is the maximum time-
step size used in the computation. We will state necessary conditions on the coefficients
of the Butcher tableau, Table 2.1, to achieve this level of accuracy.

From (2.3), we can see that any explicit Runge-Kutta method can be written as a
single-step method

Yot1 = ¥Yn + hn+1¢(yn7 tu thrl)u hn+1 = tn+1 - tnu (26)

where 1) is given in terms of the right-hand side of the differential equation f. We begin
by defining consistency and order of consistency of a single-step method [21].

Definition 1. For each (y,t) € G C R™ x R denote by n = n(&) the unique solution to
the initial value problem

n =£fn,§), n(t)=y,
with initial data (y,t). Then

1
Aly,tih) = 5 (n(t + 1) = n(t)) —p(y. t:h)
is called the local discretization error. The single-step (Runge-Kutta) method is called
consistent (with the initial value problem) if

lim A(y,t;h) =0

h—0

uniformly for all (y,t) € G, and it is said to have consistency order p if
Ay, & )| < KhP

for all (y,t) € G, all h > 0, and some constant K.

Finding the order of consistency of a given Runge-Kutta method is as simple as taking
the Taylor expansion of the method (2.3) and subtracting the Taylor expansion of the exact
solution. The first power of h with a nonzero coefficient gives us the order of consistency,
provided the derivatives exist and are bounded. Determining the order of consistency
for high-order Runge-Kutta methods becomes troublesome as the number of terms in the
derivatives grows quickly. In a long series of papers by J.C. Butcher, starting in the 1960’s,
an elegant theory for determining this order was given. The theory involves using rooted
trees to enumerate the components in the Taylor series. This is beyond the scope of this
section but the details can be found in [1, 18].
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In [1], necessary conditions on the coefficients of the Runge-Kutta method to be con-
sistent of order p were derived, they are outlined below.

Let A be the s x s matrix whose entries are the coefficients of the tableau that defines
the Runge-Kutta method. Let Y = (Y1, Y3, ..., Y;)? be the vector of intermediate stages,
b = (b1, by, ..., bs)T be the vector of weights, C' = diag(cy, ca, . . ., ¢5) be the diagonal matrix
with the ¢; coefficients on its diagonal, and 1 = (1,1,...,1)". Note that when the method
is explicit, A is lower triangular with zeros along the diagonal and so, A7 = 0 for all j > s.

For consistency of order p we require

bTAkclfll _ (l B 1)'

— 1<I+Ek<p 2.7
(xR —SITESP 2.7)
In particular, with [ = 1, we have
1
bl AF 11 = L k=1,2,...,p. (2.8)

In [1] the order conditions are used to prove that if an explicit s-stage Runge-Kutta
method has order p, then s > p. It is also shown that if an explicit s-stage Runge-Kutta
method has order p > 5, then s > p. Thus, the only explicit Runge-Kutta methods with
s = p have order p = 1,2,3,4. In the table below, we give the highest order of accuracy
for a method with a given number of stages [1],

Number of stages ‘

10
Highest order ‘ '

9
T 7

1 2 3 4 5 6 7 8
1 2 3 4 4 5 6 6

Table 2.5: Highest attainable order per number of stages.

2.3.2 Local Error

An important measure of error for a Runge-Kutta method is the local error. The local
error of a method is the error made over one time step. We define this quantity as the
difference between the numerical solution y,; and the exact solution y(#,+1) when solving
the initial value problem

%S’ = f(t7 S’)a (29)
Sf(tn) = ¥VYn. (2.10)



Then, the local error at time ¢, is

Ly = y(tn-i-l) — Yn+1- (2'11)

A rigorous local error bound for a Runge-Kutta method of order p is given in [18], and we
see that if the method is order p, and f € C?, then

sl = 19 (tnss) = your || < CRPH (2.12)

for some constant C.

It is interesting to not only analyze the local error of the Runge-Kutta method, but
also to analyze the local error of the intermediate stages. We can find the local error
by computing the Taylor expansions of the intermediate stages and comparing it to the
Taylor expansion of the exact solution at that time. This illustrates how Runge-Kutta
methods use the inner stages as low-order approximations to the solution and then cancel
the low-order errors to create a high-order approximation to the exact solution.

As an example to show the canceling of low order errors, we analyze the local error of
the Runge-Kutta method with the Butcher tableau given by Table 2.3 with o = 3/8 for
the autonomous scalar problem

d

—y = ’ 2.13
“y= 1) (213
where f is a smooth function. This method has two intermediate stages at time t =

tn + 2h/3. The exact solution at this time has the Taylor expansion about t = ¢,
2 / 2 2.1 4 3,/ 4
Y(tnioss) = y(tn) + ghy + §h Y+ 8_h y" + O(h7),

ShEA SR B+ RO, (214)

and the exact solution at time ¢ = ¢,,,1 has the Taylor expansion about ¢t = ¢,

=y(t,) +

2 3 4

h
e ot om0 (4) h5
2y+6y oy o),

h?
=y(tn) +hf + = fyf+ (fyyf + £ f)

+ ﬂ(fyyyf?) +Afy fyf* + 1)+ O, (2.15)

Y(tngr) = y(tn) + hy' +

where the derivatives of y are evaluated at t = ¢,, and the derivatives of f are evaluated at
y(tn).



The first stage is

2
If we assume that the numerical solution is exact at time ¢, that is y, = y(t,), then
Y(tnrays) — YW = §h2fyf +O(h%). (2.17)

Comparing this with (2.14), we see that the local error of the first stage is O(h?). Next,
we expand f(Y'™)) around the point y,. The second stage has the Taylor expansion

2
Y& =y, + 2nf(yY)

2 2
2
= Yn + 3hf+ hnyf+ h3fyyf + O(hY) (2.18)
Again, assuming y,, = y(t,),
2
Y(tpyass) — Y@ = —§h2fyf + O(h%). (2.19)

Comparing this with (2.14), we see the local error of the second stage is also O(h?).

To investigate the local error of the numerical solution y,.1, we expand each of the
following expressions in a Taylor series around vy,

D)= F 4 2hIf + 2P Pl 4 il e+ O0), (2:20)
oY) = J; 2R A o (ol 4 2520) + oo (fyyyﬁ SAS)
+55" (fyyyyf4 + 16 fyyy o f* + 13fyyf2f2 +12f7 £%) + O(h°).
The solution is updated in time using
=t (£ 5H00) 4 3100, (222
Using (2.15), (2.20), and (2.21), we have
Ytnrs) = s = 1 ( Fof? + f3f> o). (2.23)

Thus, the local error of this Runge-Kutta 3 method is O(h?'), while the inner stages are
only O(h?) accurate.

10



2.3.3 Global Error and Convergence

Any practical numerical method needs a guarantee that the numerical solution will converge
to the unique solution. The global error of the method is the error of the numerical solution
after several time steps

e, =y(t,) — ¥ (2.24)
We are particularly interested in estimating the global error at the final time
eny =y(ty) —yn- (2.25)

We state that under certain conditions consistency is equivalent to convergence. From
[21], we have the following theorem.

Theorem 1. Assume that the function @ describing the single-step (Runge-Kutta) method
15 continuous in all variables and satisfies a Lipschitz condition in the first variable; i.e.,

|%(y,t;h) — p(w, t;h)|| < K|y — w]

for all (y,t),(w,t) € G CR™ xR, all (sufficiently small) h, and a Lipschitz constant K.
Then the single-step (Runge-Kutta) method is convergent if and only if it is consistent.

We see in Theorem 1 the need for a “sufficiently small” step size h; this is the topic of
discussion in Section 2.4.

To get the exact value of the global error requires knowledge of the exact solution of
the differential equation. For most problems, a closed form solution is not available; thus,
there is no way of computing the exact global error. To estimate the global error, we notice
that local errors are propagated along each time step through out the computation. The
following theorem, from [18], allows us to bound the global error at time ¢; based on the
local error estimation. We restate the theorem below.

Theorem 2. Let U be a neighborhood of {(y(t),t) : to <t < ty} where y(t) is the exact
solution of (2.1). Suppose that in U
of
Jdy
and that the local error estimates |L,|| < ChP*Y are wvalid in U. Then the global error
(2.25) can be estimated by

H <L, (2.26)

!

Jexll < B (exp(Lt; —t0)) ~ 1) (227)

11



where h = max h;,

o_lC L>0
| Cexp(—Lh) L <0,

and h is small enough for the numerical solution to remain in U.

It is useful to note that for the Runge-Kutta methods discussed above

i [AQY s A ) = [T |1+ O (b)), (2.28)

i.e., the local error is one order higher than the local discretization error. Thus, if we have
consistency of order p, we have convergence of order p.

2.4 Region of Absolute Stability

To use a Runge-Kutta method to advance our solution in time we need a way to choose a
suitable time step h, 1 = t,11 —t,. We will see below that the time step cannot be chosen
arbitrarily and the size of our time step depends on the method we use. To find conditions
on our time step, we analyze how the numerical solution behaves when applied to the test

equation
Yy = \y. (2.29)

When Re(\) > 0 the modulus of the exact solution will grow exponentially with time,
ly(tns1)| > |y(t,)|. Hence, the exact solution is unstable and we will not be able to to
determine if the numerical solution is stable. When Re(\) = 0 the exact solution will
oscillate for all time. Finally, when Re(\) < 0 the modulus of the exact solution will decay
exponentially in time |y(t,+1)| < |y(t,)|, so we require the time step be chosen so that the
numerical solution does not grow with time, i.e., |y,i1| < |yn|.

The region of absolute stability for a Runge-Kutta method is the region in the complex
plane such that applying the method to the test equation (2.29) with z = A\ from within
this region, gives a numerical solution satisfying |y,11| < |yn|. The region is taken in the
complex plane since in general, A € C.

To determine the region of absolute stability, we begin by rewriting the inner stages
(2.2) for the test equation (2.29) as

Y = y,1 + hAAY, (2.30)
Y =y, (I — zA)'1. (2.31)
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Next, we can rewrite (2.3) as

Yn+1 = Yn + h)\bTYa (232)
= Yn + Yn2b? (I — 2zA) 711, (2.33)
=y, (14 2b" (I —2z4)7'1), (2.34)

= Yn (1 + zb" (I + i z%”) 1) : (2.35)

Substituting (2.8) into (2.35), and using the fact A7 = 0 for all j > s for explicit Runge-
Kutta methods, we have

22 P 5 , .
Yns1 = <1 LR = R zﬂbTAJ*l) Yn- (2.36)
P Jj=p+1

To satisty |yni1| < |yn|, we require

22 2P > : .
Ltz +b 4 > 2bTAT
2 p! =

<1 (2.37)

This defines a polynomial in the complex variable z. Solving (2.37), we can find a region
in the complex plane so that if z = A\ lies in this region, the Runge-Kutta method will
be stable. In Figure 2.1, we plot the regions of absolute stability for the Runge-Kutta
methods of orders p = 1,2, 3, 4.

In the inequality (2.37), we observe that Runge-Kutta methods with s = p will have the
same region of absolute stability, but when s > p the region is determined by the methods
coefficients. We see that we can create different regions of absolute stability, possibly
increasing their size, by adding more stages to the method and altering the coefficients of
the Butcher tableau.

Consider now the linear system of ordinary differential equations

d

—y=A 2.38

Y =4y, (2.38)
where A is a constant, diagonalizable, m X m matrix, and y = (y1, ¥y, .., Ym)" -

Let A = diag(A1, Az, ..., Am) be the diagonal matrix composed of the eigenvalues A; of
A. Since A is diagonalizable, let ) be the matrix of eigenvectors of A so that

Q'AQ = A. (2.39)
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Region of Absolute Stability
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Figure 2.1: Boundaries of Regions of Absolute Stability

Define w = Q~'y. Multiplying (2.38) on the left by Q! and noticing that Qw =y, we
get the system of differential equations

%W = Aw, (2.40)
where the system has now been written as m independent scalar differential equations. To
ensure stability of the Runge-Kutta method, we have to choose the time step so that each
hXj,7 = 1,2,...,m is within the region of absolute stability. When we choose our time
step this way, we have

(Wa| < Wit <000 < |wol. (2.41)

Transforming back into the variable y, we get

[yal < lQNIWa| < -+ < [QUlwol < [lQIIQ Iyl (2.42)

where || - || is the matrix norm induced by the vector norm |- |. We notice that ||Q]|||/Q ]|
is the condition number of the matrix ). From here, we see that if ||Q]|[|Q@ ] is not large,
or if ||Q|[|Q7|| < 1, we can use the eigenvalues of A to determine a stable time step.

14



Chapter 3

The Discontinuous Galerkin Finite
Element Method

3.1 Introduction

The discontinuous Galerkin methods are a class of numerical methods used for solving
differential equations. It was originally introduced by Reed and Hill in 1973 for solving
the neutron transport equation [24], then developed by Cockburn and Shu in a series of
papers [9, 8, 7, 6, 10] in the context of nonlinear hyperbolic conservation laws. Later, it
was extended to parabolic and elliptic partial differential equations. The discontinuous
Galerkin method has seen applications in gas and fluid dynamics, acoustics, electromag-
netics, geophysics, and many more topics. A more detailed history of the method is given
in [19].

Below, we introduce the discontinuous Galerkin method for nonlinear hyperbolic con-
servation laws, as developed by Cockburn and Shu.

3.2 One-Dimensional Scalar Equations

In this section, we present the discontinuous Galerkin method for one-dimensional scalar
hyperbolic conservation laws. Consider the scalar hyperbolic conservation law

u+ f(u), =0, a<z<b t>0, (3.1)
u(z,0) = ug(x), a<z<b,
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with appropriate boundary conditions.

Begin by subdividing the domain into non-overlapping elements I, = [z}, x;41] with
element size h; = xj11 — x5, j = 1,..., N, such that

[a'> b] = U I

To construct the discontinuous Galerkin formulation of [8] on element j, we multiply (3.1)
by a test function from the Sobolev space v € H'(x;,z;41) and integrate over the interval

[, 2 41]
Tj41 Ti+1
/ wvdr + / f(u)vdr = 0. (3.3)

J J

Integrating by parts yields

Tjt1
/ wvdr + f(u)v

J

Tjt+1 Tj+1
— / f(u)v'dx = 0. (3.4)
Ty x;

Next, we approximate u on I; by U; € S, where S is a finite-dimensional subspace of
H'(xj,xj41). We choose to approximate our test functions v on [; by V € S, where S
is the same finite dimensional subspace as our solution. This is known as the Galerkin
formulation. We obtain

Tj+1 d Tjt1 Tj4+1
/ dt(U Wdx + f(U;)V | —/ f(U;)V'dx = 0. (3.5)
To choose a basis for S, we map the physical element I; = [z;,%;11] to the canonical
element Iy = [—1, 1] using the mapping
1-¢ 14+¢ dr  xjy1—x; h;j
2(€) = — =@+ =24, and & % =5 (3.6)
Changing variables, (3.5) becomes
hj 'd 1 ! d
T U@V e UV )| - [ HU2(©) GV (e)ds =0
(3.7)
or, more compactly written
—/ S wvde+ J(U / FU)Vde = 0, (3.8)
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where the derivative in V"’ is understood to be taken with respect to &.

Next, we are tasked with choosing an appropriate finite dimensional subspace. We
choose & = 8P, the space of polynomials of degree less than or equal to p. One choice of
basis functions for this subspace is ® = {1,z,2?%,...,2P}. Although this is a valid choice
for a basis, it is known to be ill-conditioned for large p. Instead, we choose the set of
Legendre polynomials P,, k =0,1,...,p. The Legendre polynomials are defined using the
recursion relation

Po(§) =1, 3.9a)
P(§) = ¢, 3.9D)
Pu€) = TP () - P, n22 (3.9¢)
The Legendre polynomials form an orthogonal basis on [—1, 1],
! 2
/_1 PP d¢ = T lékl, (3.10)

where 6§, is the Kronecker delta. This basis does not form an orthonormal set because the
normalization of (3.9) was chosen to satisfy

Pi(1) = 1. (3.11)
We note that with (3.11), we have at the other endpoint P,(—1) = (—1)*. In Figure 3.1,
we show plots of the Legendre polynomials P;(§),i =1,2,...,5.

We write the numerical solution as a linear combination of basis functions
p
Uj = ZC,‘]‘PZ‘, (312)
i=0

where the coefficients ¢;; are functions of time ¢.

At each point x; the global numerical solution U(z;) is given by the left element I;_;
and the right element ;. The global numerical solution U is not well defined at these
points since we do not enforce continuity between elements and so, we are not guaranteed
that U,;_1(z;) = Uj(x;). To resolve this problem, we find the value of U(z;) by solving the
local Riemann problem. Its solution U is called a Riemann state and can be determined
using a Riemann solver. Having a value Uy, we can directly evaluate f(U5) in (3.8).
Exact Riemann solvers for many problems are known but are costly to compute [20].
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Legendre Polynomials

0.5f ><\\) _

(—P1(&) —Pa(€) — Py(&) — Pa(€) — P5(€)]
gy 05 (%) 05 1

Figure 3.1: Legendre polynomials P;(§),i =1,2,...,5

Alternatively, an approximate Riemann solver can be used to approximate f(U Jfk) at each
element interface. This is the approach we will use. To do so, we use the local Lax-Friedrich
flux

i

fU;) = F(Uj-1,U;) = %(f(Uj(%‘)) + f(Uj-1(z5))) — EJ(UJ'(%) = Uj-i(zy)),  (3.13)

where \; = max{|f'(Uj(z;))[, | f'(Uj-1(z;))|}-

Choosing our test functions V' = P,k = 0,1,...,p, substituting (3.12) into (3.8) and
using (3.10), we obtain an ordinary differential equation for each coefficient on element I;

d 2k + 1 2k +1 [!
ey = = [Fo (U, Uj1) — (1) F(Uj—1, Up)] + / f(U;) Ppdg,  (3.14)
dt h; h; 1

k=0,1,...,p. Combining all coefficients over all elements, we obtain a vector of solution

coefficients ¢. Thus, the discontinuous Galerkin method can be written as a system of

ordinary differential equations

d
5= f(c), (3.15)

where f is a vector function defined by the right hand side of (3.14).
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3.3 One-Dimensional Systems of Equations

The derivation of the discontinuous Galerkin method for one-dimensional hyperbolic sys-
tems of conservation laws is analogous to that of the scalar case. Consider the hyperbolic
system

w+f(u),=0, a<zx<b >0, (3.16)
u(z,0) =up(z), a<z<b, (3.17)
with appropriate boundary conditions, where u = (u1, us, ..., u,)7 is a vector of n vari-

ables. Following the same procedure as in the previous section, we multiply (3.16) by a
test function v and integrate by parts. Mapping element I; to the canonical element I
and approximating the exact solution by a vector of polynomials, we arrive at

1_1 - / LU, Ve = 0, (3.18)

hﬂ' /1 d(U-)Vd§+f(U-)V
2 ) dt 7 ! .

where the derivative in V' is understood to be taken with respect to £. Again, choosing
our polynomial basis to be the set of Legendre polynomials of degree up to p, and choosing

our test functions to be these basis functions V = P,k =0,1,...,p we arrive at
d 2k + 1 2k+1 !
—Cpj = ——— [Fn(Uj,UjH) — (—1)an(Uj,1,Uj)} + / f(U;)Pd¢, (3.19)
dt h; h; 1

k=0,1,...,p. For one-dimensional systems, we choose our numerical flux to be the local

Lax-Friedrichs flux

F.(U;-1,U;) = % (£(U;(zy)) + £(Uj-1(25))) — %(UJ‘(%’) —Uj1(z))), (3.20)

where J; is the maximum of the spectral radius of f(U;(z;))u and £(U;_1(x;))y. Since the
system (3.16) is hyperbolic, the eigenvalues of the Jacobian matrix f(u), are always real

[23]-
Combining (3.19) with the numerical flux (3.20), the discontinuous Galerkin method
for one-dimensional systems can written as a system of ordinary differential equations

d
5C= f(c), (3.21)

where c is a vector of solution coefficients and f is a vector function defined by the right
hand side of (3.19).
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3.4 Two-Dimensional Systems of Equations

We now consider the two-dimensional system of hyperbolic conservation laws

w+V-Flu=0 xe€Q, t>0, (3.22)
u(x,0) =up(x), xe€Q, (3.23)
with suitable boundary conditions. Here, u = (uy,us, ..., u,)? is a vector of n variables in

the computational domain  C R? and F = [Fy, Fy] where F; and F, are fluxes in the z
and y direction, respectively.

We begin by partitioning our domain €2 into a mesh of non-overlapping triangles €;,

such that
N
— U 0
j=1

Proceeding as in the one-dimensional case, we multiply (3.22) by a test function v € H'(£2;)

and integrate over ();
// wvdx + // V- F(u)vdx = 0. (3.24)
Q; Q;

We would like to apply the Divergence Theorem to the second integral. To do so, we use
the identity
V- (F(u)v) = Vu-F(u) + vV - F(u). (3.25)

Substituting (3.25) into (3.24) we have

// wvdx + // V- (F(u)v)dx — //QJ Vou-F(u)dx = 0. (3.26)

Applying the Divergence Theorem to the second integral in (3.26) we get

//Q wudx + /mj (F(u)v) - n;dr — / A Vo - F(u)dx = 0, (3.27)

J
where n; is the outward facing normal unit vector along each of element j’s edges.

Next, we approximate the solution u on €2; by U; € &, where S is a finite-dimensional
subspace of H'(€2;). Similarly, we choose to approximate the test functions from the same
subspace. As in one-dimension, the global solution U is not well defined along the element
boundaries and hence, along the element boundaries we solve the local Riemann problem.
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Using an approximate Riemann solver, we approximate the value F(U?). Let U; denote
the value of the numerical solution on the outside of {2; along its boundary 0€2;. Then,
our approximate Riemann value, given by the local Lax-Friedrichs flux, is computed as
s

(U4 — Uy), (3.28)

n-F(U}) =F,(U;,Uyy) = %n H(F(U;) + F(Uj1)) - 5

where A; is the the maximum of the spectral radius of the matrices
12 (F1(U;))u + 1y (F2(Uj))u, and ng(F1(Uj1))u + ny (F2(Uj) )u

computed at each integration point along the element edge, see Section 3.5.

To simplify computations, we will map each element €2; to the canonical element €,
which is the triangle with coordinates (0,0),(1,0),(0,1). This mapping shown in Figure
3.2, maps each vertex (z,y) € §; to a new vertex (§,n) € €. The mapping is given by

T T Ty T3 §
yl=1v Y% us n ; (3.29)
1 1 1 1) \1-¢—p

where the coordinates (z;,v;),7 = 1,2, 3 are the vertices of the given element. The Jacobian
of this mapping is a constant matrix and is given by

7 = (x5 xn) _ (132 —T1 T3 — xl) ‘ (3.30)
Ye  Yn Y2—UY1 Ys— WU
Y n
(1537 ys) (07 1)

(1’1,341)

v (0,0) (1,0) €

Figure 3.2: Mapping of element §2; to the canonical element 2.
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Applying the change of variables (3.29) to the first integral in (3.27) with numerical
solution Uj;, we get

d d
G | e dnay = & [ Usatenae Vi, o nlden dsn
J 0
(3.31)
Next we apply the change of variables (3.29) to the volume integral

/ /Q YV F(U,)dudy. (3.32)

Under this transformation we have
|78 1 nx) (%)
= , 3.33
(%) (fy My Va ( )

ViV = J Ve, V. (3.34)

or in shorthand

Therefore, under the change of variables
/ / V.,V - F(U,)dady — / / -1V, V - F(U,)|det ;| dédn, (3.35)
Q; Qo

where on the left side of the equality V' and Uj; are functions of (z,y), and on the right
side V' and Uj; are understood to be functions of (z(£,n),y(&,n)).

Finally, for the last integral in (3.27), known as the surface integral, we will map each
side of element (2; to the canonical interval Iy = [—1, 1]. This mapping is given by

x r1 w2\ [(1=¢)/ 2)
— , 3.36
(y) <y1 y2> ((1 +9)/2 (3.36)
where (x;,1;) are the endpoints of the edge and £ € [,. The chain rule gives, for each
surface integral

dr = o/ — w1+ (2 — g, (3.37)

which is simply half the length of each edge. Thus, for each edge of element 2;, we define
the constant

1
lg=5V(@— o)+ —n) =123 (3.38)
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Applying these transformations to (3.27), our numerical solution must satisfy

d B N
det ;| / /Q (U, Vg~ fdet ] / /Q JVVF(U,)dédn+ S / (U}l = O
0 0 g=1"~
(3.39)
where U; and V' are understood to be functions of £, and V is an operator in (£, n)-space.

For our finite dimensional subspace S, we choose 8P = span{¢'n’|0 < i + j < p}, the
space of polynomials degree p or less. This subspace has

(p+1)(p+2)

N, = 5 (3.40)
basis functions. We choose an orthogonal basis [12] on g, given by
: 2 )
den = VET DR IR - 20n (1- 2 ) ameL B

for k =0,1,...,p,i = 0,1,...,k. Here, P,E(i’?iﬂ) are Jacobi polynomials of degree k — i

and P; are Legendre polynomials of degree i. These basis functions satisfy
/ Uiy, dEdn = Sim, (3.42)
Qo

where dy; is the Kronecker delta function.

The numerical solution Uj; can be written in terms of this basis as

P m
U =) > cimti"(Em). (3.43)
m=0 1=0
Choosing V = ¢¥ for k=0,1,...,pand i = 0,1, ..., k, substituting (3.43) into (3.39) and
using the orthogonality condition (3.42), we obtain IV, equations for the solution coefficients
on element j

d -1 k 1 & /1 k
2 — vyl . F(U.; — F(UHYE) -n,; L ) 44
dtcﬂﬂ //Qo JJ V; (U;)d&dn [det.J;] q§:1 _1( ( j)wz) n;qlj,d§ (3.44)

Writing c as a vector of the coefficients over the entire domain, the discontinuous Galerkin

method can be written as a system of ordinary differential equations
d
56 = f(c), (3.45)

where f is a vector function defined by the right hand side of (3.44).
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3.5 Time-Stepping and the CFL Condition

To fully discretize our partial differential equation in space, we need a rule for approxi-
mating the volume integral of (3.14) and (3.19), and the volume and surface integrals of
(3.44).

Suppose we approximate our solution using up to degree p polynomials. Then, for the
one-dimensional volume integral of (3.14) we have that P} is at most degree p — 1 and U;
is at most of degree p. If we have a linear flux, i.e., f(u) = au, we will need to integrate
a polynomial of at most degree 2p — 1. We would like the numerical quadrature to be as
accurate as possible, so we choose a quadrature rule to integrate polynomials of degree
2p — 1 exactly. In [8], it was stated that for nonlinear flux we increase the order of the
quadrature rule by one, so we must integrate with a quadrature rule of order 2p. For the
quadrature rule, we use the Gauss-Legendre quadrature with n = p + 1 integration points

[5].

Similarly in two-dimensions, if we approximate our solution using up to degree p poly-
nomials, the surface integral contribution of (3.44) needs a one-dimensional quadrature rule
to integrate up to degree 2p 4+ 1 polynomials exactly. We again use the Gauss-Legendre
quadrature with n = p 4+ 1 points. For the volume integral contribution, we choose an in-
tegration rule to integrate polynomials of degree up to 2p exactly. There are many choices
for integration rules for triangles, we use rules listed in [14]. In Table (3.1), we show the
number N of integration points on the triangle for a quadrature of degree ¢.

g0 1 2345 6 7 8 9 10
N‘0134671213161925

Table 3.1: Number N of integration points for quadrature of degree ¢ on the canonical
triangle.

Combining (3.14), (3.19) and (3.44) with their appropriate quadrature rules, we have
a full discretization in space. We then need to advance the system of ordinary differential
equations

d

€= f(c), (3.46)
in time, where f(c) is given by the right hand side of (3.14), (3.19) or (3.44). Since
we are concerned with solving hyperbolic conservation laws, we will use an explicit time
integration scheme. The most popular methods for solving (3.46), which we use in this

thesis, are explicit Runge-Kutta methods [19] as outlined in Chapter 2.
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With any time-stepping scheme, we need a way to choose a suitable At to advance
the solution from ¢, to t,.1. In one-dimension, when we pair our spatial discretization of
degree p with an explicit Runge-Kutta scheme of order p 4+ 1, we require

ITliIlj hj 1

At <

: !
max; >\j 2]) + 1’ (3 7)

where h; is the size of element j and J; is the fastest wave speed on element j, here
A = [fuluy)] 18],

Similarly, in two-dimensions, the maximum stable time step on each element is depen-
dent on some measure of element size and the speed and direction of flow through that
element. The standard global CFL condition for two dimensions [(] when pairing a degree
p spatial discretization with an order p + 1 Runge-Kutta method is given by

min; r; 1

At < :
- Il'lan|>\j’ 2}7"‘].7

(3.48)

where r; is the radius of the inscribed circle in element j and A; is the maximum wave
speed on element j.

From (3.47), and (3.48), we see that the size of the global time step is restricted by
the smallest element computational mesh. When a computational mesh has elements of
greatly varying sizes, this leads to inefficiencies. Large elements must be advanced in time
with the same time step as the smallest element. To overcome these inefficiencies, it would
be ideal that each element is advanced in time with its maximum stable time step. This
is the topic of the next chapter.
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Chapter 4

Local Time-Stepping

4.1 Introduction

The time integration of the discontinuous Galerkin method requires knowing the solution
values of the neighboring elements at each time level to compute the numerical flux of
(3.15) in one-dimension, or the surface integral component of (3.44) in two-dimensions.
As an example, consider a one-dimensional uniform mesh. If we integrate in time using a
three stage Runge-Kutta method the stencil shown in Figure 4.1 is needed to advance the
solution on element j from t,, to t,,1. Each stage is represented by an arrow. Higher order
Runge-Kutta methods need a larger stencil due to the higher number of stages.

< >
P j—3 i j—2:4—=1:¢ g5 ig+41 i 5421 j+3:

Figure 4.1: Stencil used to advance element j with a three stage Runge-Kutta method on
a uniform mesh.

Consider now a nonuniform mesh where the elements are of size Ax for elements i < j
and size Ax/2 for elements i > j. We would like to advance the elements with their locally

stable time step, say At for elements ¢ < j and At/2 for elements i > j. To advance the
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solution on element j we would need the stencil given in Figure 4.2. We see that for a
three stage Runge-Kutta method, we need to extend two elements into the region of small
elements in the mesh. This could be problematic as we may be taking an unstable time
step on these elements.

< A EEET I S S S SN S N
e e A A

Figure 4.2: Stencil for advancing element j by the local time step size At using a three

stage Runge-Kutta method on a nonuniform mesh.

Advancing the solution on element 7 + 1 from ¢, to t,,; requires us to advance from
tp to tyi1/2, then from ¢,,1/5 to t,41. To compute c?j:ll /2 only requires the information
from large elements j and j — 1 to compute the inner stages. Then, to compute the inner
stages on elements j and j — 1 to advance c;fll 2 to c?jll we need to have the solution
solution values at £,/ on the large elements j —2, j —1 and j. This requires us to extend
the stencil outward in space to element j — 4, shown in Figure 4.3. Again, higher order

Runge-Kutta methods will require a larger stencil.

..................................................................................................................................................

B+ 45+ 64T

Y e R e R e N B S T

Figure 4.3: Stencil for advancing element j + 1 by the local time step size At/2 to t,41
using a three stage Runge-Kutta method on a nonuniform mesh.

The example presented above illustrates how extensive the stencil can be for advancing
elements with their local time steps without modifying the time-stepping method. Our goal
is to develop time stepping methods that do not require us to extend the stencil outward
in space through the refined or coarsened regions. On elements where the neighboring
element requires a different sized time step, we will not compute stages higher than 1.
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Instead, we will approximate the stages using data from previous time steps in such a way
that we keep the accuracy of the underlying Runge-Kutta method.

Although our goal is to develop local time-stepping methods for the numerical solution
of partial differential equations, we begin this section by developing local time-stepping
methods for a system of two ordinary differential equations using a Runge-Kutta 3 scheme
and the classical Runge-Kutta 4 scheme. This will be an easier exposition of the methods
and allow us to arrive at some theoretical results. Finally, we will present how they can
be used with the discontinuous Galerkin method for solving problems on computational
meshes with elements of drastically different sizes.

4.2 Local Time-Stepping for Ordinary Differential
Equations

Suppose we would like to numerically solve the system of ordinary differential equations

f(z,y) (4.1a)

x/
y = g(z,y), (4.1b)

where x = z(t),y = y(t). Suppose = can be advanced with time step h, 1 = t,41 — ¢, and
y has to be advanced with time step h,.1/K, K € N,

We follow the same approach presented in [22] to develop local time-stepping schemes
for the system (4.1). First, we advance the = in time. In order to do so, we must approxi-
mate the inner stages of y. These approximations are done by using data from the current
and previous time levels to create an approximation that is at least as accurate as the local
error of the actual Runge-Kutta stages.

Once = has been advanced one time step, we will create an interpolating polynomial
X (t) which approximates z(t) on the interval [t,,t,1]. This interpolating polynomial
will be at least as accurate as the Runge-Kutta scheme being used. The interpolating
polynomial X'(t), along with its derivatives, will be used in approximating the inner stages
of z to advance y through the K sub time steps needed to advance from ¢, to ¢,.,. Note
that we cannot simply use the value of the interpolating polynomial at the inner stage
times due to the fact that we need to commit low order errors to match the low order
errors of the stages in .
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4.2.1 Runge-Kutta 3 Local Time-Stepping

The following local time-stepping method is based on the family of Runge-Kutta 3 methods
given by Table 2.3 with v = 3/8. Tt is shown below in Table 4.1.

0l 0 0 0
2/312/3 0 0
2/3| 0 2/3 0

| 1/4 3/8 3/8

Table 4.1: Butcher Tableau for the Runge-Kutta 3 method used to develop the local time-
stepping method.

Assume that at time ¢,, both solutions x,, and y, are known. We also assume we have
stored some data from the previous time level, namely f(x,_1,¥n-1), 9(n-1,Yn—1) and the
size of the time step h,,.

We begin by advancing x from ¢, to t,,1. To do this, we must approximate the
intermediate stages of y. The scheme for advancing x is given by

XU =g + ;hnﬂf(xn, Yn), (4.2a)
YW =y, + ;hnﬂg(:cn, Un), (4.2b)
)(@>:=;rn+§h%+1f()(“>,yﬂlb, (4.2¢)
Y® =y, + ;hnﬂg(:ﬁn, Yn) + 9h31+1 (g(mn,yn) _}ifxnl’ ynl)) 3 (4.2d)
o =t P (fan) + FIXO YO 4 TP Y] )

In (4.2) all steps are standard Runge-Kutta 3 steps applied to system (4.1) except for
(4.2d). Expanding the actual second Runge-Kutta stage of y in a Taylor series about ¢,
gives

2
Y;(:): Yn + hn+1f< rk?Y;(k:;l))

3
2 2 2
= yn + ghn+1f Ty + gthrlf(xna yn)a yn + gthrlg(xm yn)
2
= Un + 3hn+1g(l'na yn) + hn—l—l(gxf + gyg) (Im yn) + O(hi—f—l) (43)
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Since ¢g(xn, y,) is known, we only need to approximate (g, f + ¢,9)(Zn, yn). We notice that
the chain rule gives

d
9(@(1),y(@t)) = (g2f + 9,9) (1), y(1)), (4.4)
and so we use a backward difference method to approximate (4.4)
9G\TnsYn) — 9 Tn—1, Yn— d
nstn) =9t tne1) 9o 04), 1)) 4+ O(h). (4.5

Assuming that h,, = ch,; for some constant ¢, we substitute (4.5) into (4.3) to arrive at
(4.2d).

Having advanced z,, to z,1, we seek to construct a polynomial of degree 3, X'(t) which
interpolates the numerical solution x along the segment [t,,t,+1]. We require X'(t,) =
Ty X (tps1) = py1 and X'(t,) = f(zn,yn). To have a cubic interpolating polynomial, we
require one more point. Choosing X" (t,, +2h,11/3) = (F(XW, YW) + f(XP Y P)) /2, we
get the family of interpolating polynomials

X =004 (0=t ) + (= )2 (T2 =TT ti) )

n+1
+({t—ta)’B, b <t <ty (4.6a)

where [ is a parameter. Under the assumption that z, = x(t,), we choose § so that
lz(t) — X(t)| = O(hp,,) for all ¢, <t < t,i;. Expanding the interpolating polynomial
and the exact solution in a Taylor series about t,, reveals that this is satisfied when g =
2" (tn) + O(hyy1). Using finite differences we have

1 <2xn+1 — Tp — hn—l—lf(xna yn) f(xna yn) - f(xn—ly yn—l)
h

= — . 4.6b
2hn+1 + ?)hn ?l+1 h’TL ) ( )

B

We are now tasked with advancing y through the fractional time steps ¢, = t, +
khnpi1/K,kE = 0,1,... K. Denote the computed value of y at time ¢, by y,x, where
Yno = Yn a0d Yp k = Ypy1. Additionally let X ,gi),Yk(i),i = 1,2, denote the inner Runge-
Kutta stages at the fractional step k. Since the interpolating polynomial (4.6) is locally
fourth order accurate, we also have 2/(t) = X'(t) + O(h3.,) and 2" (t) = X" (t) + O(h% ;)
for all t,, <t <t,,1. Using these approximations, we have the following scheme to advance
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Yn,k 1O Yn k41

Tog = X(tnk), (4.7a)
2 (h,
2 (h,

Yk(l) = Ynk + g ( I;—l) g(xn,ku yn,k>7 (47C>
2 /h, 4 (Bt )’

X]£2) = Tpk T g ( [;1) X/(tn,k) + § ( [;.H> Xﬂ(tn,k)a (47d)

v _ 2 (i1 5 () 30 A

h,, 1 3 3
Ynjet1 = Ynk ( Kﬁ) (Z) (g(xn,k,yn,k) + §g(X,il),Y,fl)) + QQ(X;EQ),Y;C@))) . (471)

In (4.7) all steps are standard Runge-Kutta 3 steps applied to (4.1) except for (4.7b)
and (4.7d). In (4.7b), we use the fact that f(z(tnk),y(tnr)) = @' (tnx) and 2/ (t,x) =
X' (tnx) + O(h2,,). Additionally, expanding the actual second Runge-Kutta stage of x in
a Taylor series about ¢, gives

2 (h,
XY = wo+ 3 (7“) < Ly

2 (e LR A )
= Tn,k 3 K T,k 3\ K -Tn ks Yn,k)s Ynk 3 K G\ Tn ks Yn,k
4

SES- (hl;) Fonsstns) + 3 () (0 + 5000 00) + O
(4.8)

To accurately approximate (4.8), we need an approximation to f(2,k,ynr) and (fof +

fyg) (xn,k:a yn,k) Observing that f(x(tn,k)7 y(tn,k‘)) = ZL’I( n k:) and (fxf+fyg)( ( ) y(tn,k)) -
& (tny), we use @' (tn ) = X' (tpx) + O(h2 1) and 2 (tnx) = X" (tns) + O(hn+1) to arrive
at (4.7d) See Appendix A for a detailed derivation of (4 2)-(4.7).

Next, we will show that (4.2)-(4.7) is a third order scheme.

Lemma 3. If f, g are C*, then
(i) the local error of (4.2) is O(h?),
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(17) the interpolating polynomial X (t) is a locally fourth order approximation of x(t) on
the interval [ty t,1] provided x, = x(t,),

(i11) the local error of (4.7) is O(h%),
(iv) the global error of (4.2)-(4.7) is O(h?).

Proof. Assume h,, = h,, ;1 = h. First, we analyze the local error in z
lriy = x(thg1) — Tpga. (4.9)

Assuming no error is committed prior to step n, ie., z; = z(¢;),y; = y(t;),j < n, we
expand (4.2¢) and x(,+1) in a Taylor series about t,,, obtaining

T(tni1) = Topr = T(tng1)

= (i 22 (o) + 37OV 2,70 )

— (az(tn) + ha' + %2x” + %33:’” + Z—ix(“) (51)) — (a:n + hf
S 1)+ (el ¥ 28 S04 2T b0+ F?

+ fygacf + fygyg) + h4Rm(£2)> )

where &; is a point in the interval [t,, t,11], & is a point on the line connecting (z,,y,) to
(xn, + hf,yn + hg), and R, is the remainder term in the Taylor expansion of (4.2¢). The
terms of () (¢) and R, (t) are given by (C.1) and (C.2), in Appendix C. Noting that

l'/:f, wllzfa:f—i_fyg?
z" = fmf2 +2fayf9+ fff + fofyg + fyy92 + fy9ef + Jy9y9,
we have

|lii+1| =

B (ix(‘l) (&) - Rm(&)) ‘ < Ch, (4.10)

which proves (i).

Next expanding the exact solution x(t¢), the interpolating polynomial X (¢) and its
coefficients in a Taylor series about t,, gives

z(ty + 0h) — X(t, + 0h) = (52?4:@(4)(51) — W R (&) = C1(6)R?, (4.11a)
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where Ry is the remainder term for the interpolating polynomial, and 0 < § < 1, see (C.3)
in Appendix C. This shows that the interpolating polynomial provides a locally fourth
order accurate approximation to x(¢) on the interval [t,,t,.1], proving (i7). Additionally,
analyzing the local error of the derivatives of the interpolating polynomial X”(¢) reveals

(6h)°

&' (t, + 6h) — X'(t, + 0h) = TM (&) — BPRx (&) = Co(8)h3, (4.11b)
2" (t, 4+ 6h) — X" (t, + 6h) = @M (&) — KPR (&) = C5(8)h?, (4.11c¢)

where 0 < 0 < 1. This show that X'(¢) gives a locally third order approximation to z'(t)
and X" (t) gives a locally second order approximation to z”(¢)on the interval [t,, t,1].

Next, we analyze the local error in (4.7f)

bkt = Y1) = Yng1- (4.12)

We assume there was no error committed prior to ¢, , i.e., Zn; = 2(tn;), Ynj = Y(tnj). j =
0,1,..., k. First, substituting (4.11) into (4.7) with 6 = k/K gives

X =zt ) + O (%) ht 4 ; (%) < F@(tnr), y(tar)) + Co (%) h3) . (4.13a)

Y =)+ 3 (5 )0 (st b () inn) . @y
X2 =a(tna) + & (30 ) 10+ 3 (55) (Fotnutenn) + 2 () ) .
+3 (%) ((fmf + 1s9)(@ (), y(tus) + C (%) h2) 7 |
Y = yltar) + % (%) g (X" v). (4.13d)
Then (4.7f) becomes
e =uitna) + (2 () <g (swttas) + €1 (55 ) 1))
+ gg(x,g”, vY) + gg(x,?), Yk@))) . (4.13¢)
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Substituting (4.13) into (4.12) and expanding each term in a Taylor series about ¢, ; gives

Iﬁmﬁz'(%)4G£%§I—Rmﬂgﬁ>+owﬂ;gcm, (4.14)

where R, 141 is the remainder of the Taylor series of (4.13e) about ¢, . The terms of y® ()
and R, x+1(t) are given by (C.4) and (C.5), respectively, in Appendix C. This proves (7it).

The proof of (iv) follows from the proof of Lemma 1(iv) in [22], using the error estimates
(4.10), (4.14). This completes the proof.

[]

4.2.2 Runge-Kutta 4 Local Time-Stepping

The following local-time stepping method is based on the classical Runge-Kutta 4 method
shown below in Table 4.2.

00 0 0 0
/2112 0 0 0
121 0 1/2 0 0

10 0 1 0
1/6 1/3 1/3 1/6

Table 4.2: Butcher tableau for the classical Runge-Kutta 4 method to be used for local
time-stepping.

We follow the same procedure as Section 4.2.1 where we approximate the inner Runge-
Kutta stages. We state the inner stage approximations without justification as they are
derived by approximating the Taylor expansion of the stages. We refer the reader to
Appendix B for a detailed derivation of the following method.

Assume that at time ¢,, both solutions x,, and y, are known. We also assume we have

stored some previous data, namely f(@n—1, Yn—1), 9(Tn-1,Yn-1), f(Tn—2,Yn—2), 9(Tn—2, Yn—2),
and time step sizes h,, and h,,_1.

We begin by advancing z from ¢, to ¢,,1. To do this, we must approximate the
intermediate stages of y. First, for y, we define a “correction term”. This term is nonzero
when h, 1 # h,, and is used to replace high-order derivatives in the Taylor expansion
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multiplied by time step size h,, with high-order derivatives multiplied by the current time
step size h,y1. It is given by

COTTy = (2hn+1 - hn) (Q(ZL’myn) - g(xn_l, yn_l) _ g(xn—lyyn—l) — g(l’n_27 yn_2)

hn + hn—l hn hn—l
(4.15)
To advance x,, to z,,; we have the following scheme
o) 1
XY =z, + §hn+1f(xn, Yn), (4.16a)
1
Yy = Yn + §hn+1g(xn, Yn), (4.16b)
1
X® =g, + Shnt F(XW vy, (4.16¢)
1 1 TnyYn) — g\ Tn—1; Yn— 1
YO = gt a9 (@n,ya) + Jho (g( Yn) 5( LYne1) §Corry) : (4.16d)
X =z, 4 hp f(XP YD), (4.16e)
1 TnyYn) — Tp—1;Yn— 1
YO =+ herg(m, ) + ghfm (g( Yn) 5( L Yno1) §Cwy>
+ §h3 2 g(xn7 yn) - g(mn—la yn—l) B g<xn—1a yn—l) - g($n—2> yn—2)
4 i hn + hn—l hn hn—l
(4.16f)
hn
Tnir = o+ =6 (flona) +2F (XD YD) +2f(XE YO 4 (X YO)) - (416)

We see in (4.16) that all steps are standard Runge-Kutta 4 steps applied the system (4.1)
except for (4.16d) and (4.16f).

Having advanced z,, to z,i1, we seek to construct a polynomial of degree 4, X(t)
which interpolates the numerical solution z along the segment [t,,¢,.1]. We construct
this polynomial in such a way that under the assumption that x, = z(t,), it satisfies
lz(t) — X(t)] = O(hd,,) for all t, <t <ty

Similarly to the Runge-Kutta 3 local time-stepping polynomial, we choose X (t,) =
T, X(tns1) = Tpyr and X'(t,) = f(zn, yn). To have a quartic interpolating polynomial, we
require two more points. Using the solution values x,,; and z,, along with the current and
previous derivative values f(zn, Yn), f(Zn_1, Yn—1) and f(Z,_2,Yn_2), we use finite difference
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methods to approximate derivatives of x(t)

6(2hns1 + 3hy)

b= 612 + 8hps1fn + Ohnhiy 1 + 31241 + i1
6 2xn+1 — Tn — hn—i—lf(mmyn) . f(wna yn) - f(xn—byn—l)
2hn+1 + 3hn h’72’L+1 hn
. 2 f(xm yn) - f(xn—h yn—l) . f(xn—la yn—l) - f(xn—% yn—2)
hn —+ hn—l hn hn—l ’
(4.17a)
o 6 anrl — Tp — hn+1f<xna yn) f($n> yn) - f(xnfla ynfl)
oa=|—"—— 2 _
3h2 .| + 6hyiy by + 202
( 2(2hp 41 + 3hy) ) b ( )

where a = 2@ (t,,11) + O(h%, ) and 8 = 2W(¢t,) + O(hy41). Choosing X®(t,11) = a and
X®(t,) = B, we get the unique interpolating polynomial

X<t> =Tn+ (t - tn)f(xny yn)
4 (t . tn)2 (In—i-l — Ty — hn—i-lf(xn? yn> ]’Ln+1a n hi—i—l 5)

i 6 Ty

(t—t,)3
6

_ tn>4

t
+ (o — b1 B) + ( Bt <t <t (4.17¢)

We are now tasked with advancing y through the intermediate time steps t,, = t,, +
khypi1 /K, k = 0,1,... K. Denote the computed value of y at time ¢, by y,x, where
Yn.0 = Yn and Yp k = Yn+1. Additionally, let X,gi), Yk(i),i = 1,2, 3, denote the inner Runge-
Kutta stages at the fractional step k. We advance y,, i to ¥y, 41 with the following scheme
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Tng = X(tni), (4.18a)
X = + (h;(“) X't r), (4.18D)
Yk(l) = Ynk + (hgl) 9( Tk Ynk), (4.18c)
X =z + <h}‘(“) X' (tpr) + i (h?)z X" (), (4.18d)
Y = s+ (h;(“) g(x{V, v, (4.18¢)

X}gg) =Tnk+

>

1 hpr )\’ 1\’
X/ - n+ X” - n+ X/// 4.18f
)

n+1 2 2
KT)Q(XIE),YJ :

) T, i) + 29(X 7 YD)

(4.18g)

Yn,k+1 = Yn,k +

>
3
+
=

+ 2g<X,E?>,Y<2>> g, V), (4.18h)

In (4.18) all steps are standard Runge-Kutta 4 steps applied to (4.1) except for (4.18b),
(4.18d) and (4.18F).

Next, we will show that (4.16)-(4.18) is a fourth order scheme.

Lemma 4. If f, g are C®, then

(i) the local error of (4.16) is O(h®),

(17) the interpolating polynomial X (t) is a localy fifth order approzimation of x(t) on the
interval [ty,, t,11] provided x, = x(t,),

(iit) the local error of (4.18) is O(hY),
(iv) the global error of (4.16)-(4.18) is O(h*).

Proof. Assume a uniform time step, i.e., h,_1 = h, = h,11 = h. The nonuniform case is
similar.
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First, we analyze the local error in x

Loy = 2(ths1) — Tpga. (4.19)

Assuming no error is committed prior to step n, ie., x; = x(t;),y; = y(t;), j < n, we
expand (4.16g) and z(t,41) in a Taylor series about ¢,,, obtaining

T(tnt1) = Tnpr = 2(tnt1)

- (as + h’gl (s ) + 270, YD) 4 2 (@, ¥ )

I f(X(3)’y(3))>>

2 3 4 h5

h h h
_ / " " (4) (5) _
(a:(tn)—l—ha: +—2 x +—6 x +—24£E —l——lzox (51)> (mn—l—hf

h2 h’3 2 2 2
+ S af + 119) + T (Faaf? 2o g+ F21 + Foug + Fing

+ fyGuf + fygyg)

h4
+ 2y Guy f9 + [y9y92f + B fuay 29+ Bfayy ST + 2109 + FyGual’
+ 14909+ 92 fo9 + Afacf2 fo + Foaaf® + Fyywd” + fof + [y9p9°

+ fa:fyyg2 + 3fmy92fy + SfxnyQx + 3fyy92gy) + h5Rm<§2)) )

where & is a point in the interval [t,,t,11], & is a point on the line connecting (x,, yy)
to (x, + hf,yn + hg), and R, is the remainder term in the Taylor expansion of (4.16g).
The terms of 2 (¢) and R,(t) are given by (C.6) and (C.7), respectively, in Appendix C.
Noting that
x/:f, I,/:fxf+fygv
7" = foof? + 2fey fa+ fof + fofyg + Foud” + Fyg0f + fu949,
oY = 3fuuf 49 + 5fuy9fof + 3fuyf 999 + 2fufygef + Fefygug + 3Fpy99:f

+ 2fy ey f 9+ Fy9u92f + 3fuay 29 + 3fayy f5* + F2 149 + FyGuaf®

+ fygzg + gﬂﬂfyzg + 4fmrf2fm + fa:zzfg + fyyygg + fjf + fygyy92

+ fofywd® + 3fayd” fy + 3fuy 290 + 3F 19”9y,
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we have

WLH| =

W <%Ox(5) (€) - Rx(@)) ' <, (4.20)

which proves (i).

Next expanding the exact solution x(t¢), the interpolating polynomial X(¢) and its
coefficients in a Taylor series about t,, gives

(6h)°

o{t, +8h) = X(t, + 8h) = T

(&) — WPRx (&) = CL(0)R, (4.21a)

where Ry is the remainder term for the interpolating polynomial, and 0 < § < 1, see (C.8)
in Appendix C. This proves (ii). The interpolating polynomial provides a locally fifth order
accurate approximation to z(t) on the interval [t,,¢,.1]. Additionally, analyzing the local
error of the derivatives of the interpolating polynomial reveals

(b 4+ 01) — X7 (1 + 08) = O 000(e) - WiR () = Co(0), (4.21¢)
2" (tn + 6h) — X" (b, + 6h) = (52)23@ (€1) — B*R(Es) = Ca()2, (4.21d)

where 0 < § < 1. This show that X”(t) gives a locally fourth order approximation to z'(t),
X" (t) gives a locally third order approximation to z”(t) and X" (t) gives a locally second
order approximation to z”'(t)on the interval [t,, ;1]

Next, we analyze the local error in (4.18h)
Lot = Y(tnger1) = Ynkta- (4.22)

We assume there was no error committed prior to t,, ie., Z,; = ¥(tn;),Un; =
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y(tn;), 7 =0,1,... k. First, substituting (4.21) into (4.18) with § = k/K gives

X =zt ) + O (% ho 4+ = ( )(f k), Y(tr)) + Co (%) h4), (4.23a)

Y = y(ts) + % (%) g (z(tn,k) + 0 (%) h5,y<tn,k)) : (4.23b)
X = 4t ) + i (%) Wt (%) ( F@tur), y(tar)) + Co (%) h4>
RPN (4.23¢)
1 (%) (et o () r)
Y = y(tos) + % (%) g (X,S), Y,j”) , (4.23)
X = 2t ) + C (%) h° + (%) (f(x(tn,k),y(tn,k)) + (%) h4)
. (%) (76t vea () 1) (1.23¢)
() (st st + 0 (£) 7).
Y = y(tos) + (%) g (X,?’, Yk(2)> . (4.23f)
Then (4.18h) becomes
Yngt1 = Y(tng) + (%;1) (%) <9 (x(tn,k) +C (%) hsay(tn,k))
+29(G7, V) + 2007, ) + (X7, Yf”)) . (4.23g)

Substituting (4.23) into (4.22) and expanding each term in a Taylor series about ¢, ; gives

where R, ;1 is the remainder of the Taylor series of (4.23g) about ¢, . The terms of y®)(¢)
and R, ;+1(t) are given by (C.9) and (C.10), respectively, in Appendix C. This proves (ii7).

|18 ] = < Chb, (4.24)

The proof of (iv) follows from the proof of Lemma 1(iv) in [22], using the error estimates
(4.20), (4.24). This completes the proof. O
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4.3 Local Time-Stepping with the Discontinuous
Galerkin Method

The global CFL condition for the discontinuous Galerkin method when paired with Runge-
Kutta time-stepping was discussed in Section 3.5. There we saw that when using a globally
stable time step, we were constrained by using the stability condition of the smallest
element in the mesh. To overcome this, we will adapt the local time-stepping algorithms
developed in Section 4.2 to be used for the time integration of the discontinuous Galerkin
spacial discretization.

To apply these algorithms, we must first sort the mesh elements. Let r be the size of
the largest element in the mesh with At being the corresponding stable time step on this
element. We then group elements into a “bin” based on their size relative to the maximum
element size. Element k with element size 7y, satisfying r /277! < 7, < /2% will be placed
into bin(7). Bin(i) will be advanced with the time step At/2"1,

Next, we must categorize elements based on which bin they are in and which bins their
neighboring elements are in. Neighboring elements are elements which share a vertex or an
edge in one- or two- dimensions, respectively. Within each bin, elements are categorized as
follows: interior elements are elements in which all neighboring elements are in the same
bin; large interface elements are elements which have at least one neighbor belonging to
a bin of smaller elements; small interface elements are elements which have at least one
neighbor belonging to a bin of larger elements. Elements can be categorized as both a
large interface element and a small interface element.

When explicit time-stepping is used, the discontinuous Galerkin method is local which
means that we can solve our system element-wise in any order. The only communication
between elements is through the surface integral

VF,(U;, Uy ) - ndg, (4.25)
o9,

where Uj, is a neighboring element of U;. With this method, boundary conditions are
imposed through the evaluation of the surface integral (4.25). Since no neighboring element
Uj; is present on the boundary of the domain we assign a ghost value which will be used
in place of the neighbor.

To deal with the computation of the surface integral (4.25) on the interface between
large and small elements, we will adopt the approach used to deal with boundary elements.
Due to the local property of the discontinuous Galerkin method, we can think of advancing
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each bin as its own smaller problem with the boundaries being either physical boundaries
or neighboring elements from different bins. On the interfaces between large and small
elements we will compute ghost approximations to solution coefficient which will be denoted
by the superscript G. Then, the solution value at the element boundary can be computed

as
Np

UG t) =D (&), (4.26)
i=0
where £ is the local variable on the canonical element €2, and &, corresponds to the values
of ¢ which lie along the interface. The functions ); correspond to the ¢th basis function on
Q. The solution values using the ghost approximations at each of the Runge-Kutta stages
can be computed the same way.

The proposed algorithms only require us to change the time-stepping procedure on
interface elements. We are able to use standard Runge-Kutta time stepping on all interior
element using their locally stable time step. The advantage of this is that these local time-
stepping algorithms can be implemented into preexisting code without having to rewrite
the entire time-stepping functionality.

4.3.1 Runge-Kutta 3 Local Time-Stepping with the Discontinu-
ous Galerkin Method

In this section, we adapt the algorithm developed in Section 4.2.1 to be used with the
discontinuous Galerkin method. Assume that at time %,,, all elements are at the same time
level. Further, assume we have stored f(c) at time ¢,_; on the large and small interface
elements and we have stored the time step size h,, =t, — t,_1.

We begin by advancing the large elements with time step h,+1 = t,11 — ¢, the largest
stable time step on these elements. The solution coefficients on each of the small interface
elements for the first Runge-Kutta stage are given by

2
7G " n .
Céz‘l) =Csi T gthrlfsi(C ), 1=0,1,...,N,. (4.27a)

Using (4.2d), the coefficients for the second Runge-Kutta stage on the small interface
elements are given by

fei(c") = fa(c"™)
hn

2 4
Cg)VG =y + ghn—l—lfsi(cn) + §hi+1 (

), i=0,1,...,N,. (4.27h)
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The large elements can now be advanced from ¢,, to ¢,..

Now, using (4.6), we create a cubic interpolating polynomial along each large element
interface to use as a boundary condition for updating the solution coefficients on the small
interface elements. This polynomial is given by

Cg“ — ¢y = hny1 fui(c”)

2
hn+1

bi(t) = + (t = tn) fu(c™) + (t — tn)? ( — hn+1ﬁlz‘> + (t — t,)*Bu,
(4.28a)

— 1 QCZH — i = b fu(e")  fule") = fu(e") (4.28D)
2hpy1 + 3y hia fin | |

fori=0,1,...,N,and ¢, <t <t,4;.

Bi

The time step on the small elements is divided into K levels, depending on the size
relative to the large elements. The local sub-step time levels are t,,, = ¢, + (k/K)hp i1, k =
0,1,..., K. To advance the small elements from ¢, to ¢, 41,k =0,1,2,..., K — 1, ghost
coefficients on the large interface elements are given by

o =bi(tur), i=0,1,... N, (4.29a)

Then, (4.7b) gives the ghost coefficients for the first Runge-Kutta stage on each of the
large interface elements. They are written as

2 (h,
O =) + 5 (1) i), (4.200)

fori =0,1,..., N,. Finally, using (4.7d), the ghost coefficients for the second Runge-Kutta
stage on the large interface elements are given by

@),¢ 2 (h 4 (h 2
Crix” = bultns) + 3 (7) bi(tnse) + 5 ( e ) by (k) (4.29¢)
fori =0,1,...,N,. The small elements can now be advanced to the next time level until

reaching t,, x = t,41.

4.3.2 Runge-Kutta 4 Local Time-Stepping with the Discontinu-
ous Galerkin Method

In this section, we adapt the algorithm developed in Section 4.2.2 to be used with the
discontinuous Galerkin method. Assume that at time t,,, all elements are at the same time
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level. Further, assume we have stored f(c) at time ¢,_; and time ¢,_; on the large and
small interface elements and we have stored the time step sizes h,, and h,,_;.

On each small interface element, we use (4.15) to define the “correction term”. This
term is used to replace the high-order derivative terms which are multiplied by h,, by high-
order derivatives which are multiplied by the current time step h,.;. Using (4.15), the
correction term is given by

o hn+l - hn fsi(cn) - fsi(cn_l) fsi(cn_l) - fsi(cn_2)
Corrs; = (2 o+ hn—l) ( ™ — o ) 5 (4.30)

fori=0,1,...,N,. Note that if h,, = h,41 then Corr,; = 0.

We begin by advancing the large elements with time step h,, 1 = t,+1 — t,,, the largest
stable time step on these elements. The solution coefficients on each of the small interface
elements for the first Runge-Kutta stage are given by

1),G n hn+1 n .
ce — oy S faleh), i=0,1,.. N, (4.31a)

Using (4.16d), the coefficients for the second Runge-Kutta stage on the small interface
elements are given by

h’n h2 St ") — st n-l 1
CeE = e+ 2+1fsi(Cn)+ Tl (f (c") hf () _ 56’07’7"8,1-), (4.31b)

fori =0,1,..., N,. The coefficients for the third Runge-Kutta stage on the small interface
elements, given by 4.16f, are

h2 NRAYE (pn—1 1
C(s)’G = C?i -+ hn+1fsi<cn) + n+l1 <fsz(c ) fsz(c )

5 W ~ 3 C orrs,i)

3hi 1 2 fsi(cn) B fsi(cn_l) fsi(cn_1> B fsi(cn_z)
L (hn n hnl) ( - )  (4310)

hn hnfl

fori=0,1,...,N,. The large elements can now be advanced from ¢, to ¢,;.

We now use (4.17) to create a quartic interpolating polynomial along each large element
interface to use as a boundary condition for updating the solution coefficients on the small
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elements. This polynomial is given by
bi(t) = ¢ + (t = tn) fus(c")

ntl _ h (n h h2
i (t _ tn)g (Ch Cl; n+1flz(c ) _ nHOélz‘ n n+1 5li>

2., 6 8
t—t,)? t—t,)*
+ (o=t 5 ) (cw; = 1 Bui) + (E= ) o ) B, (4.32a)
5, = 6(2h 41 + 3hn)
"7 6h2 + 8hy i1 + Ohphy 1 + 3h2,, + 4l g1y
6 QCZ‘H — ¢ — hna fule)  fu(e™) — fule"™)
2hnir + Bhn 2., hn
2 fu(€?) — fu(e™™)  fu(e"h) — fu(c"?)
B _ 4.32b
(hn + hnl) ( hn hnfl ’ ( )
20 6 At =t = hpsr fu(e™)  fule™) = fu(e™™)
ap=— |75/ |2 -
9 \2hiy + 3hy, 2., hn

3h? 6hni1hn + 202
( n+1 + +1 + n) ﬂlia (432C)

2(2h,41 + 3hy)
fori=0,1,...,N,and t,, <t <t,4;.

The time step on the small elements is divided into K levels, depending on the size
relative to the large element. The local sub-step time levels are t,, ;, = t,, + (k/K)hp41, k =
0,1,..., K. To advance the small elements from ¢, s to t,, 41,k =0,1,2,..., K — 1, ghost
coefficients on the large interface elements at ¢, ; are given by

Clcz;,k = bli<tn,k)a 1=0,1,... ,Np. (4333)

Next, using (4.18b), the ghost coefficients for the first Runge-Kutta stage on each of
the large interface elements are given by

1/h, .
Cir e = by(tay) + 3 (%) (tag), i=0,1,...,N,. (4.33b)

The ghost coefficients for the second Runge-Kutta stage on the large interface elements,
given by (4.18d) are

2.0 1 ( hnss 1 ot
C” =)+ 5 (M2 i)+ (B2) ). @30)
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fori=0,1,..., N,. Finally, using (4.16f), the ghost coefficients for the third Runge-Kutta
stage on the large interface elements are given by

Bt 1\ 1 e\’
O =) + (M52 )ttt + 5 (B2 ) e+ 5 (B2 ) i), (4330)

fori =0,1,..., N,. The small elements can now be advanced to the next time level until
reaching t,, k = t,41.

4.4 Discussion

The methods described in Sections 4.3.1, 4.3.2 do not require additional evaluations of the
function f(c), but require extra storage on the interface elements. The Runge-Kutta 3 local
time-stepping algorithm requires the storage of ¢”, f(c"), f(c" 1) on all interface elements,
¢! on the large interface elements, and storage of the previous time step h,. This
amounts to storing N - N, - (3 - Num(int) + Num(large int)) + 1 double-precision floating-
point numbers, where N is the number of equations, N, is the number of polynomial
basis functions, Num(int) is the number of interface elements and Num(large int) is the
number of large interface elements. The Runge-Kutta 4 local time-stepping algorithm
requires the storage of ¢”,f(c"),f(c"1),f(c"?) on all interface elements, "' on the
large interface elements, and storage of the previous time steps h,,, h,_1. This amounts to
storing N - N, - (4-Num(int) + Num(large int))+2 double-precision floating-point numbers.
This is not excessive as the number of interface elements is generally small compared to
the total number of elements in the mesh.

These time-stepping algorithms preserve the local nature of the discontinuous Galerkin
method in the sense that they do not extend the stencil outward in space. The ghost stages
use previous time values to compute high order approximations to the solution coefficients.
This allows the algorithm to be used in the case where a single element is surrounded by
elements from different bins, a property that is particularly useful on unstructured meshes.

Before illustrating the algorithms, we would like to investigate the theoretical maximum-
speed up we can achieve by using local time-stepping rather than global time-stepping.
Consider the simple example, from [13], of a computational mesh  with E spatial el-
ements. The mesh contains elements of two sizes, with two different stable time steps.
Assume that a percentage of elements having the small time step Aty is @ < 1 and the
percentage of elements having the large time step Aty is (1 — «). Assume the time steps
satisfy Aty = 7At;, 7 > 1. Let NI be the number of space-time elements used in a local
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time-stepping method in the space-time domain © x 7', where T" = [t,tf]. Then,

ty — 1 ty — 1
NITS — aEfA—th +(1- a)EfA—tzO. (4.34)

For a global time-stepping algorithm, all elements must be advanced with the smaller
time-step At;. The number of global space-time elements is

tr — 1o
NGTS — B f )
Aty

(4.35)

We define the theoretical speed up o to be the ratio of the number of space-time elements

in (4.35) and (4.34)
N T (4.36)
- NLTS 1 —a+ar’ '

We consider two extreme limits. First, the case where there is great disparity in the two
time steps, 7 — oo. Taking the limit, we obtain

o

lim o = l (4.37)

T—00 o
We see that the theoretical speed up is not determined by the time step ratio 7 but from
the percentage o of elements with the smaller time-step. This means that when there is a
small percentage of elements having time step At; we can expect a greater speed up than
if there is a larger percentage elements with the smaller time step. Secondly, we consider
the case when there are very few elements with the smaller time step, o — 0. Taking the
limit, we obtain

limo = 7. (4.38)

a—0

In this case, we see that the theoretical maximum for speed up is given by the time step
ratio 7.

To illustrate how the algorithms are implemented, we will present examples of how
Runge-Kutta 3 and Runge-Kutta 4 local time-stepping are used on two types of meshes.
The examples below have been adapted from [22] to fit the Runge-Kutta 3 and Runge-
Kutta 4 local time-stepping algorithms.

First, using the discontinuous Galerkin method for spatial discretization of a one-
dimensional scalar equation with two-for-one spacial refinement. The mesh contains el-
ements of size 7 to the left of the interface and size r/2 to the right of the interface. The
interface is located between elements j and j + 1. The elements of size r will be advanced
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with time step h,y1, whereas the elements of size r/2 will be advanced with time step
hins1/2.

We begin with Runge-Kutta 3 local time-stepping. Suppose that until ¢,,_;, global time
stepping has been used. In practice, only one global time step is needed before starting
the RK3-LTS algorithm.

Algorithm 1: RK3-LTS

1.

10.

11.

12.

13.

Using global time-stepping, advance all elements from ¢"~! to ¢ using a globally
stable time step h,,. Store f(c¢"~!) on elements j and j + 1.

Compute f(c") on all elements.

(1)

Compute the first stage on large elements C;,. .

using the local time step h,1q.

Compute the first ghost stage on the small interface element j 4+ 1 using (4.27a).
(2)

large*

Compute f (C(l) ) and the second stage on all large elements C

large

Compute the second ghost stage on the small interface element j 4+ 1 using (4.27b).

Compute f (Cl(;), 4o) and advance the solution on all large elements to time ¢, =

tn + hpyq. Figure 4.4.

Store solution value ¢"™! on the large interface element j, then set a ghost value

equal to ¢ on this element using (4.29a) with K =2 and k = 0.
(1)

small,

Compute the first stage on the first half-step on the small elements C
f(c™) computed in Step 2, and using the local time-step hy,1/2

o using

Compute the first ghost stage on the large interface element j using (4.29b) with
K =2and k=0.
Compute f (C(l) ) and the second stage on the first half-step on all small elements

small,0

Compute the second ghost stage on the large interface element j using (4.29¢) with
K =2and k=0.

Compute f (ng)mll,o) and advance the solution on all small elements to time #,,41/2 =

tn + hn+l/27 Cn+1/2

small *

Figure 4.5.
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14.

Using (4.29a) with K = 2 and k£ = 1, set the ghost solution value on the large
interface element j.

15. Compute £(c”'/%) on all small clements.
16. Compute the first stage on the second half-step on the small elements CSZLall,O using
f(c:;il/f) computed in Step 15, and using the local time-step h,,.1/2
17. Compute the first ghost stage on the large interface element j using (4.29b) with
K=2and k=1.
18. Compute f (Cgaal“) and the second stage on the second half-step on all small ele-
ments Cgi)m”’l.
19. Compute the second ghost stage on the large interface element j using (4.29¢) with
K=2and k= 1.
20. Compute f (Cg))w”,l) and advance the solution on all small elements to time ¢, =
tnt1/2 + hny1/2. The solution on all small elements have been advanced to time #,,;.
21. Reset the solution on element j to the value stored in Step 8. Figure 4.6.
tn+1 CnJrl Cn+1
ch c®) ch @) (1.6 (2),G
tnt1/2
tn
tn—l
j—1 J Jj+1 Jj+2 Jj+3

Figure 4.4: Algorithm 1: steps 2-7.

49



tn+1 Cn+1 Cn—i—l
t1/2 t1/2 tny1/2
CW.Go2).¢ M@ | o@Oc®)
tn—l
Jg—1 J J+1 J+2 J+3
Figure 4.5: Algorithm 1: steps 8-13.
tnt1 el ol b(t) ol ol
CW.Go (2.6 M) (2) W (2)
b(tni1/2)
tn
tn—l
j—1 J J+1 J+2 Jj+3

Figure 4.6: Algorithm 1: steps 14-21.

Next we show the Runge-Kutta 4 local time-stepping algorithm on the same problem.
Suppose that until ¢, s, global time stepping has been used. In practice, only two global
time steps are needed before starting the RK4-LT'S algorithm. We do not present figures
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to demonstrate this algorithm as they are similar to Algorithm 1.

Algorithm 2: RK4-LTS

10.

11.

12.

13.

14.

15.

. Using global time-stepping, advance all elements from ¢" 2 to ¢

. Compute f(C(l)

n—1

using a globally
stable time step h,_;. Store f(c"72) on elements j and j + 1.

. Using global time-stepping, advance all elements from ¢! to ¢" using a globally

stable time step h,,. Store f(c¢"™!) on elements j and j + 1.

Compute f(c") on all elements.

(1)

Compute the first stage on large elements Gy, .

using the local time step /1.

Compute the first ghost stage on the small interface element j + 1 using (4.31a).
(2)

) and the second stage on all large elements C," ge*

large

Compute the second ghost stage on the small interface element j + 1 using (4.31b).

) and the third stage on all large elements c?

large*

Compute f(C(Q)

large
Compute the third ghost stage on the small interface element j + 1 using (4.31c¢).

Compute f(C(S)

large) and advance the solution on all large elements to time ¢, =
tn + Ryt

Store solution value ¢"™* on the large interface element j, then set the ghost value
equal to ¢ on this element using (4.33a) with K =2 and k = 0.

Compute the first stage on the first half-step on the small elements CS}MM’O using
f(c™) computed in Step 3, and using the local time-step hy,1/2

Compute the first ghost stage on the large interface element j using (4.33b) with
with K =2 and k£ = 0.

Compute f(C(l)

smai0) and the second stage on the first half-step on all small elements

Compute the second ghost stage on the large interface element j using (4.33c) with
K =2and k=0.
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16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

2)
Compute f(C‘(lel’0
C(3)

small,0°

) and the second stage on the first half-step on all small elements

Compute the third ghost stage on the large interface element j using (4.33d) with
K=2and k =0.

Compute f (Cgi}ba“’o) and advance the solution on all small elements to time #,,,/2 =

bn + hn+1/2> Cn+1/2

small *

Using (4.33a) with with K = 2 and k = 1, set the ghost solution value on the large
interface element j.

n+1/2

o) on all small elements.

Compute f(c
Compute the first stage on the second half-step on the small elements ngam

n+1/2
f(csmall

using

) computed in Step 20, and using the local time-step h,.1/2

Compute the first ghost stage on the large interface element j using (4.33b) with
K=2and k=1.

Compute f (nga”’l) and the second stage on the second half-step on all small ele-
(2)

ments Csmall,l.

Compute the second ghost stage on the large interface element j using (4.33c) with
K=2and k=1.
Compute f(C(2)

smai,1) and the third stage on the second half-step on all small elements

Compute the third ghost stage on the large interface element j using (4.33d) with
K=2and k= 1.

Compute f (CS}MH 1) and advance the solution on all small elements to time ¢,; =

tnt1/2 + hny1/2. The solution on all small elements have been advanced to time ¢,,;.

Reset the solution on element j to the value stored in Step 11.

Finally, we extend Algorithms 1 and 2 to meshes with multiple levels of refinement.
Suppose the mesh contains elements of size r,r/2,...,7r/2™ where there are m + 1 levels
of refinement. Suppose elements have been grouped into bins based on their size, i.e.,
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elements of size r /2" are grouped into bin(4) which has local time step h/2". Will illustrate
this extension with an example of m = 3, or four levels of two-for-one refinement.

Algorithm 3

1. Advance all elements to time %, using a globally stable time step, storing appropriate
data.

2. Advance all elements in time by one locally stable time step, i/2" using steps 2-13 of
Algorithm 1, or 3-18 of Algorithm 2. Begin by advancing the bin of largest elements
bin(0), then bin(1), bin(2), and finally bin(3).

3. Advance elements in bin(3) by one local time step h/8 using steps steps 14-21 of
Algorithm 1, or 19-28 of Algorithm 2. Now bin(2) and bin(3) are at the same time
level, Figure 4.7a.

4. Advance bin(2) and bin(3) with local time steps h/4 and h/8 using steps 2-13 of
Algorithm 1, or 3-18 of Algorithm 2. Store and update appropriate data.

5. Advance elements in bin(3) by one local time step h/8 using steps steps 14-21 of
Algorithm 1, or 19-28 of Algorithm 2. Now bin(1), bin(2) and bin(3) are at the same
time level, Figure 4.7b.

6. Advance bin(1), bin(2) and bin(3) with local time steps h/2, h/4, and h/8 using steps
2-13 of Algorithm 1, or 3-18 of Algorithm 2. Store and update appropriate data, ,
Figure 4.7c.

7. Repeat steps 3-5. All bins are advanced to t,,1, Figure 4.7d.
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(a) Steps 1-3

(b) Steps 4-5

(c) Step 6

A\ G NG A . .
[N S

(d) Step 7

Figure 4.7: Algorithm 3.
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Chapter 5

Numerical Results

In this section we provide a number of numerical examples demonstrating the accuracy and
efficiency of the algorithms proposed in Section 4. We use a discontinuous Galerkin spatial
discretization, as described in Section 3, with a second degree polynomial basis coupled
with the Runge-Kutta 3 local time-stepping algorithm and a third degree polynomial basis
coupled with the Runge-Kutta 4 local time-stepping algorithm. The time step for each
problem is chosen with the rule

S 1
)\max 2p + 1

where S is some measure of the element size, A, is the maximum wave speed in the
computational domain, p is the degree of polynomial basis and C' is a safety factor so that
we do not violate the CFL condition. In one-dimension S = Az and in two-dimensions
S = Tmaz/2, where 7,4, is the maximum inscribed radius of the elements in the mesh as
described in Section 4.3. Unless otherwise stated, we take C' = 0.9.

At=C-

(5.1)

5.1 One-Dimensional Examples

5.1.1 One-Dimensional Linear Advection

In the first example, we solve the linear advection equation

U+ Uy = 0, t> 0, (52)

u(z,0) = sin(nx),
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on the interval Q = [—1,1] with periodic boundary conditions u(—1,t) = u(1,¢). The
domain is divided into two subdomains [—1, 0] and [0, 1]. The left subdomain is unrefined
with element size Az. The right subdomain is considered refined with element sizes Ax/2
corresponding to two-for-one refinement and Az/4 corresponding to four-for-one refine-
ment. Due to the periodic boundary conditions, the two subdomains will be separated by
two interfaces: at = 0, where the wave moves from the unrefined region into the refined
region and at x = £1, where the wave moves from the refined region into the unrefined
region. The errors and rates of convergence in the L? and max norms are presented in
Table 5.1 and Table 5.2 after five full rotations, i.e, at time ¢t = 10. The max norm is
computed using 10 uniformly distributed points within each element.

H H 2-for-1 Refinement H 4-for-1 Refinement H
[ el | 7 ] lellse [ 7 [ Mellz [ [ lelle | 7 |
5.05 e-04 1.17 e-03

273 1 451e04| - |1.20e03] - - -
274 | 5.50 e-05 | 3.04 | 1.50 e-04 | 3.00 || 6.14 e-05 | 3.04 | 1.47 e-04 | 2.99
275 1| 6.84 e-06 | 3.01 | 1.89 e-05 | 2.99 || 7.64 e-06 | 3.01 | 1.85 e-05 | 2.99
276 1| 8.55 e-07 | 3.00 | 2.38 e-06 | 2.99 || 9.55 e-07 | 3.00 | 2.31 e-06 | 3.00
2 7

1.07 e-07 | 3.00 | 2.95 e-07 | 3.01 || 1.19 e-07 | 3.00 | 2.90 e-07 | 3.00

Table 5.1: Errors in the L? and max norms with rates of convergence for Runge-Kutta 3
local time-stepping in one-dimension.

H H 2-for-1 Refinement H 4-for-1 Refinement H
LAz [ flela | r [ flelle | [ dells [ 7 [ lellw | r |

2731 4.06e06| - |288e05]| - 5.30e-06 | - |287e05]| -

274 1 2.53 e-07 | 4.00 | 1.83 ¢-06 | 3.98 || 3.32 e-07 | 4.00 | 1.82 e-06 | 3.98
272 [ 1.59 e-08 | 3.99 | 1.15 e-07 | 3.99 || 2.08 e-08 | 4.00 | 1.15 e-07 | 3.99
2761 9.97 10 | 3.99 | 7.19 e-09 | 4.00 || 1.30 e-09 | 4.00 | 7.17 e-09 | 4.00
277 6.30 e-11 | 3.98 | 4.50 e-10 | 4.00 || 8.23 e-11 | 3.98 | 4.63 e-10 | 3.95

Table 5.2: Errors in the L? and max norms with rates of convergence for Runge-Kutta 4
local time-stepping in one-dimension with C' = 0.65.

We achieve the theoretical p + 1 order of convergence of the discontinuous Galerkin
method with both two-for-one refinement and four-for-one refinement. The Runge-Kutta
4 simulations were computed with C' = 0.65. The reduced safety factor for Runge-Kutta 4
was to ensure convergence in the max-norm, and indicates that there is a reduced stability
region for this method.
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ggx10° ‘ ‘ x 10~
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1t
0.5¢ 1
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= =
0.5
-1
15 05 0 05 1 15 05 0 05 1
T x
(a) Runge-Kutta 3, 2-for-1 refinement. (b) Runge-Kutta 3, 4-for-1 refinement.
x10° ‘ ‘ %107
0.5 0.5¢
0 0
3 8
£-05 £-05
& &
-1t -1t
-1.5/ -1.5/
3 05 0 05 1 & 05 0 05 1
T xT
(¢) Runge-Kutta 4, 2-for-1 refinement. (d) Runge-Kutta 4, 4-for-1 refinement.

Figure 5.1: Point-wise error for 2-for-1 (left) and 4-for-1 (right) refinements at ¢ = 10 for
Runge-Kutta 3 local time-stepping (top) and Runge-Kutta 4 local time-stepping (bottom).
The unrefined region of the domain is discretized with Az = 1/16.

In Figure 5.1, the point-wise errors of the obtained solutions are plotted. We see that
there are no oscillations or errors produced on the interface elements. When using the
Runge-Kutta 4 local time-stepping method, small errors appear on the inflow edge of the
large interface element when information is traveling from the small elements, this can be
seen in Figure 5.2. Errors and rates of convergence in the L? and max norms with a safety
factor of C' = 0.9 are presented in Table 5.3. We see that these errors have a large effect on
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the rate of convergence in the max norm. Reducing the time-step suppresses these errors
so that they do not exceed the maximum error produced on the interior elements.

H H 2-for-1 Refinement H 4-for-1 Refinement H
[Az] el [ r [ Tlellw [ r [ Tell [ v [ Tellw [ v ]
6.74 e-06 3.12 e-05 8.58 e-06 3.12 e-05

273 - - - -
274 || 4.08 e-07 | 4.05 | 2.01 -06 | 3.96 || 5.04 -07 | 4.10 | 1.95 e-06 | 4.00
275 || 2.56 e-08 | 3.99 | 1.27 e-07 | 3.98 || 3.16 e-08 | 3.99 | 1.25 e-07 | 3.96
2 6
2 7

1.62 e-09 | 3.98 | 1.03 e-08 | 3.62 || 2.02 e-09 | 3.97 | 1.27 e-08 | 3.30
1.03 e-10 | 3.98 | 1.23 e-09 | 3.06 || 1.34 e-10 | 3.91 | 1.99 e-09 | 2.67

Table 5.3: Errors in the L? and max norms with rates of convergence for Runge-Kutta 4
local time-stepping in one-dimension with C' = 0.9.

x10° ‘ ‘ X 10°
05 05
0 0
55—0.5 5
£ £-05
1t
1+
-1.5}
ol -15
25 05 0 05 1 3 205 0 05 1
x x
(a) 2-for-1 refinement. (b) 4-for-1 refinement.

Figure 5.2: Point-wise error for 2-for-1 (left) and 4-for-1 (right) refinements at ¢ = 10 for
Runge-Kutta 4 local time-stepping with C' = 0.9. The unrefined region of the domain is
discretized with Az = 1/16. Note the increased error on the interface boundary at x = —1.

5.2 Two-Dimensional Examples

In the two-dimensional examples we use unstructured triangular meshes where the meshes
do not contain adjacent elements which differ by more than the factor of refinement, which
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we have set to two.

5.2.1 Two-Dimensional Advection

For the first two-dimensional test problem, we consider the classical rotating hill advection
problem given by

u — (2my)u, + (27z)u, =0, (5.3a)
u(z,y,0) = aexp(—((x — z0)* + (y — y0)?)/2r7), (5.3b)
with parameters a = 5,r = 0.15,29 = 0.2,y9 = 0, on the domain Q = [-1,1] x [-1,1].

Along the boundary of the domain, we enforce the exact solution
u(z,y,t) = aexp < — ((w cos(2mt) + ysin(2mt) — x0)°

+ (—wsin(2rt) + ysin(2nt) — yo)?) /27‘2). (5.3¢)

We solve the rotating hill problem on two sets of meshes. Both meshes have an attractor
point at the center of the domain which reduces the size of the elements in the vicinity of
the point. The first mesh, Mesh 1, has four levels of refinement and the second mesh, Mesh
2, has nine levels of refinement. Mesh 1-A begins with 846 elements and Mesh 2-A begins
with 616 elements, they are shown in Figure 5.3. Each successive mesh, B-D, is created
through refinement by splitting where each element is split into four smaller elements,
quadrupling the number of elements in the mesh.

In Tables 5.4 and 5.5, we present the errors and rates of convergence in the L? and max
norms at time ¢ = 1, when the pulse has completed one full rotation around the origin.
We see that on both sets of meshes we achieve the theoretical p + 1 rate of convergence.
We note that the reduced CFL is not needed for the Runge-Kutta 4 local time-stepping
algorithm in two-dimensions. This can be explained by the fact that using the radius of the
inscribed circle on an element gives an overly conservative measure of the element size. In
fact, it has been shown that using the radius of the inscribed circle as a measure of element
size in the time step calculation is nearly a factor of v/2 smaller than the maximum stable
time step of the problem [7].

5.2.2 Shallow Water Equations

The shallow water equations are an approximation to the Navier-Stokes equations which
result from assuming that the vertical length scale of the fluid is much smaller than hori-
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(a) Mesh 1-A (b) Mesh 2-A

Figure 5.3: Nonuniform meshes used for the rate of convergence studies.

| | RK3-LTS | RK4-LTS |
[ Mesh [ Jelo | r [ Tlell [ v | Telle | r | el [ r |
Mesh 1-A [[ 5.12 e-03 3.58 e-03 5.35 e-04 3.85 e-04

Mesh 1-B || 5.57 e-04 | 3.20 | 3.44 e-04 | 3.38 || 3.97 e-05 | 3.75 | 2.56 e-05 | 3.91
Mesh 1-C || 5.94 e-05 | 3.23 | 3.45 e-05 | 3.32 || 2.11 e-06 | 4.23 | 1.33 e-06 | 4.27
Mesh 1-D || 6.56 e-06 | 3.17 | 3.74 e-06 | 3.20 || 1.26 e-07 | 4.07 | 7.60 e-08 | 4.12

Table 5.4: Errors in the L? and max norms with rates of convergence for Runge-Kutta 3
and Runge-Kutta 4 local time-stepping on Mesh 1.

zontal length scale. Written in terms of the conserved variables u = (h, uh,vh)T, they are
given by

9 h 9 uh o vh 0
5 uh | + p u?h+ 3gh* | + £ uvh =|0], (5.4a)
vh v uvh Y \v2h+ %gh2 0

where h is the height of the fluid, u,v are the velocities in the x and y directions, and g
is the acceleration due to gravity. See [20] for a full derivation of (5.4a). We solve (5.4a)
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| | RK3-LTS | RK4-LTS |
I Mesh [ ella [ 7 | flelloe [ 7 [ Mlellz | r | lello | v |
Mesh 2-A || 1.72 e-02 - 1.16 e-02 - 2.55 e-03 - 2.01 e-03 -
Mesh 2-B || 2.14 e-03 | 3.01 | 1.40 e-03 | 3.06 || 1.83 e-04 | 3.80 | 1.40 e-04 | 3.84
Mesh 2-C || 1.94 e-04 | 3.47 | 1.26 e-04 | 3.47 || 1.09 e-05 | 4.07 | 7.54 e-06 | 4.21
Mesh 2-D || 2.02 e-05 | 3.26 | 1.28 e-05 | 3.30 || 5.89 e-07 | 4.21 | 3.93 e-07 | 4.26

Table 5.5: Errors in the L? and max norms with rates of convergence for Runge-Kutta 3
and Runge-Kutta 4 local time-stepping on Mesh 2.

with the initial conditions

h 10+ 5exp (—((z — 960)2 + (y — yo)Q)/QTQ)
uh | = 0 : (5.4b)
vh 0

on the domain [—1, 1] x [—1, 1], where g = 0.25,y9 = 0.25 and r = 0.1. Along the boundary
we enforce reflecting boundary conditions and solve until a final time of t; = 0.1. The
reflected boundary conditions are implemented as follows. Let u; be a boundary element
and let n = (n,,n,) be the outward facing normal along the boundary edge. Let uy be
the ghost solution used in the calculation of the surface integral 4.25. The value of u, is
given by

hy h
(uh)+ | = | (uh); — 2n,((uh)n, + (vh);ny,) | . (5.4¢)
(vh)+ (vh); = 2ny((uh);jna + (vh);ny)

We solve the shallow water equations on a mesh containing very few small elements. The
small elements are concentrated in a region near the origin, elsewhere the mesh is uniform
in size (uniform in the sense that the elements have size r satisfying 7ma:/2 < 7 < Tma,
where 7, is the size of the largest element in the mesh). We separate elements into
bins in the way described in Section 4.3. The mesh contains 26329 elements in Bin(0),
109 elements in Bin(1), 68 elements in Bin(2), 58 elements in Bin(3), and 16 elements in
Bin(4). The few elements in Bin(4) will be very influential on the globally stable time step
and so, there will be a high maximum theoretical speed-up.

Let «; be the percentage of mesh elements contained in Bin(i), let E be the total
number of elements in the mesh, let At,,;, be the globally stable time step calculated
based on the smallest element size and let At,,,. be the time step calculated with the
largest element size. Recall from Section 4.3 that Bin(i) will be advanced with time step
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Atz /27t Then, the maximum theoretical speed-up o7 is given by

Exl—
op = T (5.5)
OéoE /2 + OélE /4 + OCQE /8 + CkgE /16 + a4EAtmaz/32

B Atmax 1
 Atpin 200 4 4aq + 8as + 16a3 + 320

Assuming the difference in calculating the maximum wave speed for At,,;, and At,,., is
negligible, we have

(5.6)

rmaw 1
= : 5.7
o 2tg + day + 8y + 1603 + 320 (5.7)
— 10.82. (5.8)

In Table 5.6, we compare the CPU time (in seconds) to run the simulations with local time-
stepping against global time-stepping. In the implementation of the local time-stepping
algorithms, before the time-stepping begins, we sort the edge list by bin. For comparing
these methods, we record the CPU time with edge sorting as well as the CPU time starting
after the edges have been sorted. These are labeled LTS and LTS-NS, respectively. The
CPU time for global time-stepping is labeled GTS. We denote the numerical speed-up by

ok, 0% for the numerical speed-up, with and without sorting.

| | LTS [LTS-NS| GTS | or | on | o [[on/or|ok/or |
RK3 || 255.33 | 254.35 2707.88 | 10.82 | 10.61 | 10.65 || 0.98 0.98
RK4 || 988.85 | 987.83 | 10284.42 || 10.82 || 10.40 | 10.41 0.96 0.96

Table 5.6: Computational time for the shallow water simulations.

We see that with the numerical speed-up of our local time-stepping methods are within
2% of the maximum theoretical speed-up with the Runge-Kutta 3 local time-stepping
algorithm and within 4% of the maximum theoretical speed-up with the Runge-Kutta 4
local time-stepping algorithm. This suggests that the algorithms have little over-head on
this problem. Additionally, we have plotted the height A of the numerical solutions in
Figures 5.4 and 5.5. We see that there are no numerical artifacts produced as the wave
moves through the refined region at the origin.

5.2.3 The Euler Equations

The Euler equations are a nonlinear system of hyperbolic conservation laws that are used to
describe the dynamics of a compressible fluid that is inviscid and isotropic. These equations
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Figure 5.4: Height of the shallow water equations solved using Runge-Kutta 3 local time-
stepping.

are derived from the physical laws of conservation of mass, momentum and energy, see [20].
The physical variables are the mass density p, the z-velocity u, the y-velocity v, and the
pressure P. Given in terms of the conserved variables p, the z-momentum pu, the y-
momentum pv, and the total energy per unit mass F, the two-dimensional Euler equations

p pu pv 0
0 0 2 0
d | pu oJ | pu"+ P L9 é)uv _ 0 (5.9)
ot | pv ox pUY oy | pv“*+P 0

E uw(E + P) v(E + P) 0

We see in (5.9) that there are four equations in five unknows. To close the system we use

the equation of state
pVu? + v2>

P=(y-1) (E > (5.10)

to compute the pressure P, where 7y is an adiabatic constant. For air, we choose v = 1.4.
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Figure 5.5: Height of the shallow water equations solved using Runge-Kutta 4 local time-
stepping.

Smooth Vortex Problem

In this problem, we simulate a smooth vortex moving upwards through the plane. The
domain is [—10,10] x [—10, 10], with initial conditions given in the physical variables

.
po = (1 —(y—1) (2];42)26”;1’2) o (5.11a)
g — ;_?261‘;21%;”2, (5.11b)
v=1- ;ﬁ{elfﬂ, (5.11c)
Py = #pg, (5.11d)
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where S = 13.5, M = 0.4, R = 1.5. Along the boundaries, we apply constant boundary
conditions

0 1
0

Z -1, (5.11e)
1

P ~YEl

The domain is meshed in such a way that along the line connecting the point (—10, 2.5) with
the point (10,2.5) we have a line of refined elements, see Figure 5.6. The computational
mesh is more dense than the mesh shown in Figure 5.6. It is obtained by splitting each
element in this mesh into four smaller elements. This is done twice resulting in a mesh
with sixteen times more elements than seen in Figure 5.6.

NANZZAVAVAY RO
2RISR AN
st RREK
VAN

gis; Tl

RNANRT VAN
AN ‘yAv‘

V4 S
SAVAVAVAY e

VAN

X
<

2 x

Figure 5.6: Nonuniform mesh for solving the smooth vortex problem.

We plot the numerical solution of the density p at three time points ¢t = 0,2.5,5, see
Figures 5.7, 5.8. At t = 0, the refined region is completely above the vortex, Figures 5.7a,
5.8a; at t = 2.5, the center of the vortex is located along the line connecting the point
(—10,2.5) with the point (10,2.5), Figures 5.7b, 5.8b; at ¢t = 5 the vortex has completely
passed through the refined region, Figures 5.7b, 5.8b.

We see no qualitative change in the solution as it passes through the refined area, that
is, there is no artificial reflected wave or other mesh artifacts produced along the interface

between large and small elements.
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Figure 5.7: Density plots for the smooth vortex problem with Runge-Kutta 3 local time-
stepping.
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Figure 5.8: Density plots for the smooth vortex problem with Runge-Kutta 4 local time-
stepping.

5.3 Discussion

We see in Sections 5.1.1 and 5.2.1 that the theoretical p 4+ 1 rate of convergence of the
discontinuous Galerkin method in the L? and max norms is achieved for linear problems
in both one- and two-dimensions. For nonlinear problems that do not require limiting,
numerical solutions are oscillation free when advanced with their locally stable time-step.
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Furthermore, we see that when solutions pass through refined regions there are no artificial
waves being reflected. The numerical examples presented in Sections 5.1 and 5.2 provide
evidence that these local time-stepping algorithms are stable but indicate that there is a
reduced stability region for the Runge-Kutta 4 local time-stepping algorithm.

In Appendix D, the mesh data for each two-dimensional problem are given. For each
mesh we give the number of elements in each bin, and the number of interior, large and
small interface elements in each bin. Similar to Section 5.2.2, we calculate the numerical
speed-up given by the local time-stepping methods for each problem and each mesh. They
are given in Table 5.7 for Runge-Kutta 3 and Table 5.8 for Runge-Kutta 4. We see that
the numerical speed-up is a high percentage of the maximum theoretical speed-up. Runge-
Kutta 3 local time-stepping gets closer to the maximum theoretical speed-up due to the
reduced overhead compared to Runge-Kutta 4 local time-stepping. Overall, these methods
produce numerical speed-ups close to the theoretical maximum on a variety of meshes and
problems.

| Mesh | LTS |LTS-NS| GTS [ or | oy | o [ on/or|ox/or |
Mesh 1-A 11.89 11.89 16.70 1.46 1.40 | 1.40 0.96 0.96
Mesh 1-B 94.75 94.73 136.30 1.46 || 1.44 | 1.44 0.98 0.98
Mesh 1-C 773.27 773.07 1130.39 1.46 1.46 | 1.46 1.00 1.00
Mesh 1-D 6270.04 | 6266.67 | 9140.31 1.46 1.46 | 1.46 1.00 1.00
Mesh 2-A 50.89 50.89 110.09 245 | 2.16 | 2.16 0.88 0.88
Mesh 2-B 411.10 411.09 937.71 245 || 2.37 | 2.37 0.98 0.98
Mesh 2-C 3344.83 | 3344.71 7813.16 || 2.45 | 2.34 | 2.34 0.96 0.96
Mesh 2-D || 27526.52 | 27524.66 | 64493.51 || 2.45 | 2.34 | 2.34 0.96 0.96
Shallow W. || 255.33 254.35 2707.88 || 10.82 | 10.61 | 10.65 0.98 0.98

Vortex 430.77 430.64 927.39 239 || 2.15 | 2.15 0.90 0.90

Table 5.7: Numerical speed-up of the Runge-Kutta 3 local time-stepping algorithm for all
two-dimensional examples.
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| Mesh | LTS [LTS-NS| GTS | or || o | o% [oN/or]|od/or |

Mesh 1-A 48.39 48.39 65.61 1.46 || 1.36 | 1.36 0.93 0.93
Mesh 1-B 403.36 403.35 564.78 1.46 || 1.40 | 1.40 0.96 0.96
Mesh 1-C 3390.77 | 3390.55 | 4788.49 | 1.46 | 1.41 | 1.41 0.97 0.97
Mesh 1-D 26899.72 | 26896.27 | 38840.11 || 1.46 || 1.44 | 1.44 0.99 0.99
Mesh 2-A 194.64 194.64 407.30 245 || 2.09 | 2.09 0.85 0.85
Mesh 2-B 1693.02 1693.02 3746.32 245 || 221 | 2.21 0.90 0.90
Mesh 2-C 14245.02 | 14244.91 | 32479.94 | 2.45 || 2.28 | 2.28 0.93 0.93
Mesh 2-D || 116974.82 | 116973.10 | 268871.65 | 2.45 | 2.30 | 2.30 0.94 0.94
Shallow W. 988.85 987.83 10284.42 | 10.82 || 10.40 | 10.41 | 0.96 0.96

Vortex 1764.67 1764.54 3573.13 239 || 2.03 | 2.03 0.85 0.85

Table 5.8: Numerical speed-up of the Runge-Kutta 4 local time-stepping algorithm for all

two-dimensional examples.
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Chapter 6

Conclusion

We have presented two Runge-Kutta based local time-stepping methods based off of a
third order Runge-Kutta method and the classical fourth order Runge-Kutta method.
Mesh elements were sorted into bins by size, based on the element size relative to the
the maximum element. Bins were advanced by their locally stable time-step in order
from the bin containing the largest elements to the bin containing the smallest elements.
Intermediate stages of the large interface elements were computed by approximating the
stages of the small interface elements. Current and previous solution values were used in
the approximations of the small interface element stages. Next, on each large interface
element, an interpolating polynomial was constructed. This polynomial approximated the
numerical solution along the large interface with the accuracy of the underlying Runge-
Kutta method. To advance the small elements with their locally stable time step, the
interpolating polynomial was imposed as a boundary condition for the small elements
along the interface.

We showed that these local time-stepping methods support an arbitrary level and depth
of refinement while maintaining the order of accuracy of the underlying Runge-Kutta
method in the L? and max norms. We provided evidence that they are numerically stable
and do not produce numerical artifacts while transitioning from coarse to refined regions,
or vice versa. A formal justification for the stability of these methods is needed as well as
determining whether the standard Runge-Kutta discontinuous Galerkin CFL condition is
suitable.

These methods have been shown to work well on static meshes with refined regions but
it is not evident how they can be paired with adaptive mesh refinement where interface
elements will be changing as the mesh is refined and coarsened throughout the simulation.
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Determining interface element approximations that do not require past information is one
area of future study that will allow for pairing with adaptive mesh refinement.

Other areas of future work include generalizing these methods to higher order explicit
Runge-Kutta methods as well as developing local time-stepping methods for low-storage
Runge-Kutta methods. Efficiently implementing local time-stepping methods into parallel
platforms such as graphics processing units or CPU clusters to solve large scale problems
is another attractive area of work.
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Appendix A

Derivation of Runge-Kutta 3 Local
Time-Stepping

In this appendix, we will give a detailed explanation of the derivation for the Runge-Kutta
3 local time-stepping scheme given in Section 4.2.1. To derive this scheme, we will analyze
the local error of the inner stages of the method using their Taylor series expansions. We
will then use previously computed values to create approximations to the inner stages that
are at least as accurate as the inner stages of the method. When possible, we will match
the high order derivative terms of the Taylor expansions using finite difference methods of
appropriate order. This will give us the desired accuracy but will change the leading order
error coefficient of the method.

To begin, we assume that the functions f and g in (4.1) are sufficiently smooth. For
the sake of readability, unless otherwise state, the functions f and ¢ and their derivatives
are evaluated at t = t,, i.e., g = g(z(t,),y(t,)). We will also assume that all data up to
t=t, 1s exact. When referencmg the actual Runge-Kutta stages we will denote the stages
by er , Yr(k), t = 1,2, whereas the stages used in the local time-stepping scheme will be
denoted as X Y(’) 1=1,2.
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The standard Runge-Kutta method for advancing x,, to z,, is

X5 =an+ ;hn—i-lf(xm Yn), (A.la)
Yy =+ ;thrlg(xna Yn), (A.1b)
X =t S FXG V), (A1)
Y =+ Shuag (X, YD), (A1
rwst =0+ (P52) (w4 SIOR YD 4 FHXD YD) (e

As discussed in Section 4.1, we do not want to compute stages higher than stage 1, but
develop approximations to these stages. First, we directly compute the first stage of y
because it uses only information at the current time level ¢,

9
v —y® =y + ghn—l—lg(l‘na Un). (A.2)

T

Next, we look at the Taylor expansion of the second stage

2
Yr(lf) = UYn + ghn-‘rlg(X(l)v Y(l))

2 2 2
= Yn + ghn+1g (xn + ghn—l-lf(xm Un), Yn + ghn+1g(xn, yn))

2 4
= Un + gthrlg + §h121+1 (gxf + gyg) + O(h?wrl)' (A'3)

We observe that the h2_,; component of (A.3) is the first derivative of g(z(t),y(t)) at time
t,. We approximate this value using a first order backwards difference

9(@ns Yn) —5(%—17 Yn-1) | O(hy,). (A.4)

Guf + 9,9 =

Assuming that h, = ch,1 for some constant ¢, we can substitute (A.4) into (A.3) to create
the approximate stage

2 4 9\ T, Yn) — G\ Tn—1, Yn—
Y(Q) = Un + §hn+1g<xn> yn) + §hi+l < ( ) h( - 1) (A5>
2 4
= UYn + ghn+1g + §hi+1(9xf + gy9) + O(h’i-i-l)a (A.6)
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where h,h2_, was absorbed into the O(h3, ) term.

Using these approximations for Y and Y'?)| we take the Taylor expansions of (4.2¢)
and compare it with the exact solution of z. The Taylor expansion of the exact solution
at t =t, + hpyq 1

1
x(tn + hn—l-l) = :L’( ) +hp f+ 5 n+1 (frf + fyg)
1
t+ Slnss (foaf + 2Ley fo+ F2F + fofo9 + fnd” + fugef + 1y99)
+ O(hnp)- (A.T)
Expanding (4.2¢) yields
I 3 3
P =, + 20 (fun,w F 5T (XY 4 31 (0, v )

=Tp + hn+1f+ 9 n+1 (fxf+fy9)

+ 5 ho o1 (foaf? 4 2fuy fg+ [of + Fofyg + foud + FoGaf + fy959) + O(hn.y).
(A.8)

Comparing (A.7) with (A.8), we have |z(t,+1) — Tns1]| = O(h2 ).

Next, we are tasked with advancing y from ¢, to t,.; using K locally stable time
steps of size h,1/K. To do so, we need to approximate the numerical solution z and its
derivatives on the interval [t,, t,11]. Using computed and stored information we will create
an interpolating polynomial, X (¢), satisfying |z (t) — X (t)| = O(h2,,) for t € [t,, tpi1]. Our
polynomial will have the form

X(t) =ag+ (t —ty)ay + (t — t,)%as + (t + t,)%as. (A.9)

We use a cubic polynomial because we will need to match coefficients of the powers of dh,, 14
up to and including (6h,,1)? of the Taylor expansion of the interpolating polynomial and
the exact solution for t = t,, + dh, 1, 0 < § < 1. Using a cubic polynomial will give us the
desired accuracy with the least number of interpolating points.

We require the polynomial to satisfy X(t,) = z,, X(tny1) = @1 and X'(L,) =
f(xn, yn). To have a cubic interpolating polynomial we require a fourth point. Looking at
the expansions of the inner stages of x we see that

) 2 1 1
x (tn + ghnH) = 5f (X(l),y(l)) + §f (X<2),y(2)) + (’)(hiﬂ). (A.10)
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Choosing the fourth point to satisfy X(t,+2hn41/3) = (f (X, Y W) + f (X®,Y®)) /2,
we get the family of interpolating polynomials

h2

n+1

X(t) =z, + (t _ tn)f(ltn,yn) + (t o tn)2 (xn—i-l — Tp — hn—&-lf(xna yn) . thrlﬁ)

F(t=t,)°8, by <t <tnp, (A.11)

where [ is a parameter. Evaluating X (t) at t, + dh,41,0 < 6 < 1 and expanding the
coefficients in a Taylor series around t,,, we get

n — dn T hn ny IN

X@n + 5hn+1) =Tn + (5hn+1)f($n7yn) + (6hn+1)2 (:E not h2 +1f<x Y ) - hn-‘rlﬁ)
n+1

+ (5hn+1)35

Ohpit)?
= T + (0ns1) [ (20, Yn) + % (fof + fyg)
3

+ nTH [62 (fxzfQ + 2fwyf9 + fg?f + f:cfyg + fyyg2 + fygxf + fygyg — 65)

+8°68] + O(hh,). (A.12)

Observe that if 8 = 2" (t,)/6 + O(h,41), we will achieve the desired accuracy. Using finite
differences to approximate this derivative, we have

8= 1 2mn+1 — Tp — hn+1f(17m yn) f(xna yn) - f(xn—lv yn—l)

TR R
= é (feaf? +2fuyf g+ [2f + fofy9 + Fuug” + Jygef + f4959) + O(huir).
Then,

(5hn+1)2
X (ty + 0hpi1) = xp + (0hpi) f + 9 (fuf + fyg)
+ (5hn+1)3

o af 4 2L g+ f1F + fofog + fn0” + Fy9ef + 11909)
+O(hpy1), (A.14)

and |z(t) — X(t)] = O(h, ) on t € [t, tyi1], as desired.
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Checking the accuracy of the derivatives of the interpolating polynomial we have

Tpn — hn+1f($n7 yn)
h2

n+1

X,(tn + (Shn-I—l) - f(xmyn> + 2(5hn+1) <xn+1 —

+ 3(6hn+1)25
= f(xn7yn) + (5hn+1) (fxf + fyg)

- hn—l—lﬁ)

Shpir)?
O P 0L gt 2+ fefyot fng? e + Fyu0)
+O(hpy), (A.15)
X“(tn + (Shn_;,_l) —9 (xn-&-l — Tn ;2 n+1f(xn7yn) . hn+1ﬁ) + 6(5hn+1)5
n+1
= (fxf + fyg)
+ (Ohns1) (foaf® + 2fugf g+ [2f + [ofyg + Fun9” + [y92f + f4949)
+O(h,,). (A.16)

We see that |2/(t) — X'(¢)] = O(h3 ) and |2"(t) — X"(t)] = O(h2,,) on t € [tn, tyia].
Denote by x,; and vy, the numerical solutions of x(t) and y(¢) at the sub time level
tuk = tn + (k/K)hni1, k= 0,1,..., K. Additionally let X\’ and Y;”), i = 1,2 denote the
inner Runge-Kutta stages at the fractional step k. We can think of advancing v,, 1 to ¥y k41
as its own smaller problem to develop a scheme that works for each k for k =0,1,..., K—1.

Concerned only with advancing v, to ynit+1, we have the standard Runge-Kutta
scheme

3

Y(l) = Yo + 2 ( n+1

XP =aup+ 2 (

2 hn

)
)f WY, (A.17¢)
Jox

Y(:) = Yn,k + 5 ( k ) rk; 7 (Al?d)

1 { s 3 3
Yn o1 —ynk+4< % ) (g(:cnk,ynkH 2g(X£,1’,Y;$>)+§g(X§2),n<,§))>. (A.17e)

Now, since we have already computed z,1, we do not wish to compute the values of z,,
for each k. Additionally, we do not wish to compute any additional function evaluations
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of f(z,y). Using the interpolating polynomial, we have z(t,x) = X(tni) + O(hp, ).
Thus, in (A.17) we set x,p = X(t,x). Furthermore, we know f(z(t),y(t)) = 2/(¢) and
& (tng) = X' (tng) + O(R3 ), so in (A.17a) we set f(@pk, Ynk) = X'(tnx). This gives the
approximation to the first stage

2 (h
X0 =t + 5 (B2) X0 (A.18)

Next, we would like to approximate (A.17c). Expanding in a Taylor series about ¢,
we have

h,, h h
( l;l) / (xn,k + g <E) (T ks Ynk)s Yne + g (E) g(xn,kayn,k))
4

2
(hn+1) F (@ Yo + ; (h;;l) (fof + 149)(@nk, Ynk) + O(hf’wl).
(A.19)

To accurately approximate (A.17¢), we need an approximation to f(x, x, yn i) and (fuf +

fyg) (xn,ka yn,k) Againa we use f(xn,ka yn,k) = X/(tn,k) Observing that (fxf+fyg) (x(tn,k>7 y<tn,k)) =
2" (tny) and @ (tn ) = X" (tny) + O(hZ,,) we arrive at the approximation to the second
stage, given by

X9 = x(t k)+3 fin 1 X'(t k)ﬁ by 2X”(t k) (A.20)
k U 3\K U9\ K "

80



Using these approximations, we have the new scheme

Tk = X (o), (A.21a)
X = zap+ g (h;(Tl) X' (tn), (A.21D)
Yk(l) = Ynk + g (h;?) 9(Tn ks Yn,ke), (A.21c)
X’g?) =Tk + g <h;;1> X'(tnr) + g (h;;l)Q X" (tn), (A.21d)
Y = g+ ; <h}§1> g(xM vy, (A.21¢)
Ynkr1 = Ynk + i (h?) (g(xn,k, Ynk) + gg(X,i” RAEE gg(X,?), Yk@))) . (A21f)

Expanding (A.21f) in a Taylor series about %, j, we have

yn,k+1 — yn,k K g 9 K 9z gyg

1\
+ 6 ( I;:1> (gmcf2 + Qmefg + g:;:fa:f + gxfyg + gyyg2 + gygxf + g;g) + O(hi—i-l)?
(A.22)

where each function is evaluated at (z,x, ynx). Expanding the exact solution in a Taylor
series about ¢, ; we have

te) = ot + (22 ) g 2 (222) (0 4+ 000)
Ylnk+1) =Y n,k K g 9 K gz gyg

1 (ot \°
+ 6 ( f;fl) (gme + 290y 19+ 9ufof + 9o fyg + 9yy92 + 9y g f + 959) + O<hi+1)7
(A.23)

where each function is evaluated at (z(t,x),y(tnx)). Subtracting (A.22) from (A.23) and
assuming (g, Ynk) = (€(tnk), Y(tnx)) we have [y(tn 1) — Ynps1| = O(ht ) as desired.
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Appendix B

Derivation of Runge-Kutta 4 Local
Time-Stepping

In this appendix, we will give a detailed explanation of the derivation for the Runge-Kutta
4 local time-stepping scheme given in Section 4.2.2. To derive this scheme, we will analyze
the local error of the inner stages of the method using their Taylor series expansions. We
will then use previously computed values to create approximations to the inner stages that
are at least as accurate as the inner stages of the method. When possible, we will match
the high order derivative terms of the Taylor expansions using finite difference methods of
appropriate order. This will give us the desired accuracy but will change the leading order
error coefficient of the method.

To begin, we assume that the functions f and g in (4.1) are sufficiently smooth. For
the sake of readability, unless otherwise state, the functions f and ¢ and their derivatives
are evaluated at t = t,, i.e., g = g(z(t,),y(t,)). We will also assume that all data up to
t=t, 1s exact. When referencmg the actual Runge-Kutta stages we will denote the stages
by er , Y;(k), 1 = 1,2, 3, whereas the stages used in the local time-stepping scheme will be
denoted as X Y(’) 1=1,2,3.
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The standard Runge-Kutta method for advancing x,, to z,, is

1
X =wn+ 1 f (@, ), (B.1a)
Y =y, + 5h B.1b
rk Yn + 92 n+1g(xnvyn)a ( : )
1
2
Yﬁ):wm-%—hmugLYﬁ%YEU, (B.1d)
Yﬁf)=:yn-%qu4g(%iiniﬂfU7 (B.1f)
hn,
xn+1 = Tn + ( 6+1) (f(x'm yn) + 2f< rk 7}/r(k ) + Qf(Xii)7 Tkr ) + f X£2)7 7" >

k
(B.1g)

As discussed in Section 4.1, we do not want to compute stages higher than stage 1,
but develop approximations to these stages. First, we directly compute the first stage of y
because it uses only information at the current time level ¢,

1

Next, we look at the Taylor expansion of the second stage of the Runge-Kutta scheme
for the function y

1
Y;(k?) =Yn + éhn-l-lg(X?Ellﬂ)’ Y;"(kl))

1 1 1
= Yn + éhn-l—lg (mn + _hn—l—lf(l‘na yn)a Yn + §hn+1g(xn7 yn))
1
—%+2mﬂg+gmﬂ%f+%w+0(mﬂ (B.3)
We observe that the h2,, component of (B.3) is the first derivative of g(x(t),y(t)) at time
t,. We approximate this value using a first order backwards difference

9( @y Yn) — 9(Tp-1,Yn-1)
hy,

9of + 999 = + O(hn). (B.4)
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Assuming that h,, = ch,; for some constant ¢, we can substitute (B.4) into (B.3) to create
the approximate stage

1 1 Tn,Yn) — Tpn—1, Yn—

Y(Z) = Y + _hn—&-lg(xmyn) + _hi+1 g( Y ) g( 1, Y 1) . (B5)
2 4 ha,

Expanding this second stage in a Taylor series we have
1 1
Y =yt Shnirg(@n, yn) + (908 + 959)
1
= hntin (Goaf® + 200y f 9 + 9o fof + 929 + Tiud” + 9u92 + 959) + Ohns)-

(B.6)

Since the Runge-Kutta 4 methods is locally fifth order, we require that the the h® terms
of the stages to be in terms of only h, ;. We define a correction term that will replace

%hiﬂhn (920 + 292y f 9+ 9o fof + 9oLy + fyud® + 94921 + 959) (B.7)
with 1

it (Goa 29009 + gufof + 92fy0 + Find® + 90001 + 39) - (B.8)
The correction term is given by

hpy1 — by g(xna yn) - g(fL’n_l, yn—l) . g(xn—l» yn—l) - g(xn—% yn—Q)
hn + hn—l hn hn—l

Corr, = (2 )

and has Taylor expansion

Corry = (hnt1 — hn) (9eaf? + 292y f 9+ G fof + 9oLy + Fyud” + 9492 f + 929) + O(hnta).-
(B.10)

This gives us the second stage

1 1 9\ Tn; Yn) — G\ Tn—1, Yn— 1
y®@ :yn+§hn+1g(xn,yn)+zlhi+l< (@0, 91) h( L¥no) SCorry ). (B.11)

Next, we must look at the Taylor expansion of the third Runge-Kutta stage of y
3 2 2
Yr(k:) =Ynt hn+19(X7(=k)7 Y;(k))

1 1
=t heag (04 s SO YD)+ Ghacng 0 YD) )

1
= Yn + hn-i—lg + Eh?m—i-l(gxf + gyg) + O(hs’z—&-l) (B'12)
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Again, we use (B.4) to approximate g, f + g,¢ with the added correction term. If we were
to simply use

nyYyn) — n—1y Yn— ]_
YO =y, + hns19(xpn, yn) + Zhiﬂ (g(x Yn) 5@ 1, Yn—1) _ 5007”@)
n

as our approximate third stage, we would not have accuracy in the h* term of z,,.,. We
need added information in terms of the third derivative of g in the third ghost stage. We
approximate this derivative using finite differences. To find the corresponding coefficient
of this term we apply the approximation with a parameter A and compute z,,,. With the
parameter A, the third stage is

nyYn) — n—1y Yn— ]_
Y(3) = Yn + thrlg(xmyn) + 2h121+1 (g(x Y ) ];q(x LY 1) - §COTTy>

2 ) (g(wn,yn) —9(@n-1,Yn-1)  9(@n-1,Yn-1) — g(fvn—z,yn-z))
n+1 + hn hn hn—l '

e
(B.13)

The value of x,1 is computed using

Tpy1 = Tp + h”6“ (f(@nsyn) +2f (XD YD) 4 2f (XD v + f(X® v®)) (B.14)

We then expand x,,.; in a Taylor series and subtract it from the exact solution. The Taylor
expansion of the exact solution x(t,.1) about t, is

x(tn+1> ( )+ Popir |+ hn+1 (f:fcf + fyg)

6 n+1 (fm:f +2fxyfg+f f+fmfyg+fyyg +fygxf+fygyg)

24 n+1 <3fa:acffyg + 5fxygfxf + Sf:vyfgyg + Qfa:fyga:f + fwfygyg + 3fyyggwf

+ 21y 92y f 9+ Fy9y92f + Bfaayf29 + Bfuyy f9° + [ofy9 + Fybuaf? + [4959
+ Qxfjg + 4 fac [ fo + Foaa? + Fyd” + o f + Fy9uwd” + Fofuwd” + 3feyd” Iy

+ 3fey [2g: + 3fyy929y> + O(h),4). (B.15)

Subtracting the numerical solution from the exact solution gives

1 A
l‘(tn+1) Tpt1 = hi—i—l (g - E) <gyyfy92 + gxxfyf2

+ 1492992 fo9 + fefy9af + 20390y 9 + Fy9y9:1) + O(R,,).  (B.16)
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Solving for A so that |z(t,41) — zpq1| = O(hS ) gives a value of A = 3/4 and so the third
stage in y is

1 nyyn) n—1, Yyn— 1
Y(3) = Y +hn+lg(xn;yn> + §h721+1 (g([L’ Yy ) }f(x 1LY 1) . 5007”7@)

4 §h3 2 g(mnv yn) - g(‘rn—ly yn—l) . g(xn—la yn—l) - g(fL“n—2, ,%—2)
4 i hn+1 + hn hn hn—l .

Next, we are tasked with advancing y from ¢, to ¢,.; using K locally stable time
steps of size h,,1/K. To do so, we need to approximate the numerical solution x and its
derivatives on the interval [t,, t,11]. Using computed and stored information we will create
an interpolating polynomial X (t) satisfying |z (t) — X (¢)| = O(h3.,) for t € [t,, t11]. Our
polynomial will have the form

X(t) =ag+ (t —tp)ay + (t — tp)%as + (t +t,)as + (t — t,) ay. (B.17)

We use a quartic polynomial because we will need to match coefficients of the powers of
8h, 11 up to and including (65,4 1)* of the Taylor expansion of the interpolating polynomial
and the exact solution for ¢t = ¢, + dh,11, 0 < 0 < 1. Using a quartic polynomial will give
us the desired accuracy with the least number of interpolating points.

Similarly to the Runge-Kutta 3 local time stepping method, we require the polynomial
to satisfy X (t,) = xp, X (tny1) = Tpy1 and X'(t,) = f(x, yn). To have a quartic interpolat-
ing polynomial, we require five interpolating points. Using finite difference approximations
we are able to compute

6(2hns1 + 3hy)

b= 6h2 + 8l s1 P + 6hnhy_y + 382, + Ahy 1l
6 2xn+1 — Tn — hn+1f($n>yn) . f(xna yn) - f(xn—layn—l)
N 2 f(xna yn) - f(xn—h yn—l) _ f(xn—la yn—1> - f(xn—Z; yn—2)
hn + hnfl hn hnfl ’
(B.18)
o 6 Tp+1 — Lp — hn—&—lf(xm yn) f($n> yn) - f(xn—la yn—l)
a=[—""1(2 -

3h2 4 + 6k 1hy, + 2R2 8
2(2hy 11 + 3hy) !
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where a = 2@ (t,,11) + O(h%, ) and 8 = 2@(¢t,) + O(hy41). Choosing X (t,11) = a and
XW(t,) = B, we get the unique interpolating polynomial
X(t) = xn + (t — o) f(Tn, Yn)

n - dn T hn nsy In hn h2
+ (t . tn)2 (ZL' +1 x . +1f(l’ y Y ) o +1Oé + n+16>
hn+1 6 8

_ 3 _ 4
T WL 2k

B, tn <t <ty (B.20)
Expanding each coefficient in a Taylor series about t,, and evaluating the polynomial
at t =t, + 0hpyq for 0 <0 <1 gives

Ohni1)?
X(tn -+ 5hn+1) =z, t (6hn+1)f(xm yn) + ( +1>

2
(5hn+1>3

+ T (f:t:a:f2 + 2fxyfg + fof + fa:fyg + fyy92 + fygxf + fygyg)

(6hn+1>4

+ <3fmffyg +5feygfef +3fey oy + 2fafy9ef + fofy9y9

(fof + [,9)

+ 3£y 992 f + 2fy9uy 9+ 49590 f + 3fuay 29 + 3fuyy f° + [ 109
F fyGoaf? + [0929 + Gofoq + Afaaf> fo + foaa® + fypud® + [of

+ fy 90 + folyd® + 3feyG* fy + 3Ly [29: + 3fyy929y) + O(h} )
(B.21)

Expanding z(t, + 0h,+1) and subtracting the interpolating polynomial, we have |z(t) —
X(t)| = O(hiy,) on t € [ty, tnii).

Checking the accuracy of the derivatives of interpolating polynomial for 0 < <1, we
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have

X'(ty + 6hns1) = [0, yn)

and |2/(t) — X'(t)]

Tpt+1l — Lp — hn+1f(xna yn) thrl h?L-{-l
+2(5hn+1)< h721+1 6 o+ ] B)
2 3

((Sh‘n2+1> (OZ _ hn-i—lﬁ) + (6hTé+1) B

Shpi1)?
O (20 f e P24 Fefug + Fug?  Fu0ef + Fyu0)

Shpit)?
+ % <3fa:$ffyg + 5fwygfzf + Sf:cyfgyg + 2f$fygacf + fwfygyg

+ 3F0y99:f + 2F490yf 9+ fy9y9uf + 3foay 29+ 3fepu f9* + f2 119

+ fygyy92 + fazfnyQ + 3fxy92fy + 3fxyf29z + 3fyy929y) + O(hi+1),
(B.22)

= O(hh,y) ont € [ty, tyi].
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Expanding the second derivative of interpolating polynomial gives

Tn — hn+1f(xm yn) . hn+1a + h?z—i—l 5)

6 8

Tptl —
X"t + Ohpyr) = 2( + 2
n+1

(5hn+1)2

5 P

+ (5hn+1) (a - hn—&-lﬁ) +

= (fxf + fyg)
+ (Ohns1) (foaf? + 2fagf g+ [2f + [ofyg + Fu9” + [y92f + f4949)

(5hn+1)2

+ fofy9y9 + 399 f + 2fy92y f 0+ Fu9uGuf + 3fazy 29 + 3 fryy f 9
+ 2139+ FyGea? + 13909+ 9S50+ Afoaf? fo + Joza® + Fypyd®

+ £2F + Fu90,9” + Folfpwd® + 3Feyg* fy + 3Ly 200 + 3fyy929y> + OB ).
(B.23)

We see that |2”(t) — X"(t)] = O(h2,;) on t € [tn, tyi].

Finally, expanding the third derivative of the interpolating polynomial, we have

X/”(tn + (5hn+1) == (Of - hn—&-lﬁ) + (5hn+1)5
= (foaf? +2fuyfg+ F26 + fufug + [0 + fo0cf + £1949)

+ fufy9u9 + 3099 f + 2f492y f 9+ Fu9uGuf + 3fozy 29 + 3 fuyy f 9
+ fffyg + fygmf2 + fygzg + gwf;g + 4fmf2fm + fa:mrfg + fyyyg3

+ 2 F + £19009° + Fofuwd® + 3Fey9* fy + 3Ly 200 + 3fyyg2gy> + O(h24).
(B.24)

This reveals that [2"(t) — X" ()| = O(hZ,,) on t € [ty, tni1).

Denote by x,; and vy, the numerical solutions of x(t) and y(¢) at the sub time level
tuk = tn + (k/K)hni1, k= 0,1,..., K. Additionally let X\” and ;). i = 1,2 denote the
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inner Runge-Kutta stages at the fractional step k. We can think of advancing v,, 1 to ¥y k41
as its own smaller problem to develop a scheme that works for each k for k =0,1,..., K—1.

Concerned only with advancing v, to ynxt+1, we have the standard Runge-Kutta
scheme

1/ hy
Xr(dlg) = Tn,k + 5 < I;1> f(xn,ka yn,k)a (B25a)
rk n, 2 K H R ) Y
1 (hy
X5 =aapt o (S5 ) ARV, (B.25¢)
2\ K
1 (hy,
VP = gse + 5 ) o(X5), Y50, (B.25d)
2\ K
B
X = wn+ ( K“) FXG YD, (B.25¢)
B
Y =y + ( K“) g(xP. v, (B.25¢)
1

P
ot =+ (2522) (o )+ 200K, 3E0) -+ 200K, ¥E2) 00, ¥E9)
(B.25g)

Now, since we have already computed z,,11, we do not wish to compute the values of z,,
for each k. Additionally, we do not wish to compute any additional function evaluations
of f(z,y). Using the interpolating polynomial, we have z(t,x) = X(tnx) + O(hp,y).
Thus, in (B.25) we set z,, = X(tnx). Furthermore, we know f(x(t),y(t)) = 2/(t) and
& (tyg) = X' (tng) + O(hi.y), so in (B.25a) we set f(Znk, Yng) = X’ (tnx). This gives the
approximation to the first stage

1 (h,
Xlgl) = X(tn,k) + 5 ( [;1) X/(tn,k)' (B26)

Next, we would like to approximate (B.25¢). Expanding in a Taylor series about t,
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we have

(h;;—l) f ($n,k + % <%) f($n,kayn,k>7yn,k + % (%) g(xmkgyn,k))

[ L (hngt 2 3
f(xn,lm yn,k) + ZL K (f:vf + fyg) (xn,ka yn,k) + O(hn+1)
(B.27)

To accurately approximate (B.27), we need an approximation to f(x,x,Ynx) and (fof +

fy.g) (xn,ka yn,k> Againa we use f(xn,k’a yn,k) = X/(tn,k) ObSGI’ViDg that (fxf+fyg) (x(tn,k)7 y<tn,kz)) =
2" (tny) and 2" (tn ) = X" (thy) + O(hZ,,) we arrive at the approximation to the second

stage, given by

1 (h, 1 hoy1\’
X = X(tp) + = ( H) X' (tng) + ( +1) X' (tn)- (B.28)

2\ K 4\ K

Finally, we need to approximate (B.25¢). Expanding in a Taylor series about ¢, we
have

1 /h,
7o L (B22)  (x27)

gt () g V(B (g )
= Tnk K Tn k> Yn,k 9 K x yI )N\ T ks Yn k

3
—- é (h}{“> (foaf? + 2fuyfa+ fofyg + [of + [0 + [y9ef + [49y9) + O(hp ).
(B.29)

To accurately approximate (B.29), we need an approximation to f(xpx,Ynx) and (fof +

Jv9) (@ s Yn,ie). Again, we use f(Tn g, Yn i) = X' (tnr). Observing that (f, f+£,9)(x(tnk), y(tak)) =
2" (tn i), we have 2’ (t, ) = X" (tnr) + O(hZ,,). Finally, we have that

(f;r:cfQ + wayfg + f:vfyg + fof + fyyg2 + fyga?f + fygyg)(x<tmk>v y(tmk)) = 'r”/(tmk)?

so we use the approximation z"”(t,;) = X" (t,x). We note that in (B.26) and (B.28)
we have introduced higher order information into the scheme, so we may not be able to
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approximate Xﬁi) with the same derivative coefficients. To find the coefficient of the last
derivative term, we set the third stage as

2 3
3 _ hn+1 / 1 hn+1 " hn+1 "
Xy =X (twr) + ( % )X (tni) + 5 ( I ) X (tnr) +A( I X" (t,r) (B.30)

where A is a parameter we need to solve for. We compute (B.25g) with this approximate
stage. We then expand the new solution in a Taylor series about ¢, ; and subtract it from
the exact solution. We then find the value of A which satisfies |y(t, 1) —Ynss1| = O(hD, 1)
We see that

o 1 A hn-i—l 2
y(tn,k+1) —Ynk+1 = (384 96) ( K > (gw:vf + 2ga:yfg + ga:fxf

9o+ F® + 9y001 + 620) + OB, (B.31)

Using A = 1/4 allows us to eliminate the h;,, component of the error, giving |y(t,x+1) —
Unit1] = O(h2 ) as desired. This gives following approximation to the third stage

1

2 3
3) hn+1 ’ 1 hn+1 " - hn+1 "
x| —X(tn,k>+( n )X<tn,k>+2( & ) pe <tn,k>+4( “) (e, (B3
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Using these approximations, we have the new scheme

Tng = X (tnk), (B.33a)
1/h,

X = it 5 ( ;) X' (tn), (B.33b)
1 [ hn

Yk(l) = Ynk T 5 ( [;1> g(wn,kryyn,k)a (B33C)
1/h, 1/ hpr\2

XP =z + 3 < K“) X' (ti) + ( K“) X" (tor), (B.33d)
1 (h,

Y& =y + 5 < K“) a(x", 7,0, (B.33e)

. 1 o\ 1 (o1 \®
X0 = ¥+ () )+ 5 (M) e+ 7 (M) X
(B.33f)
hn

Y =y + ( K+ 1) g(X2, 7,8, (B.33g)

1 hn+1

Ynjer1 = Yok + ( ) (9@ ) + 20X, V) + 20X, 1) + g0, 1))

(B.33h)
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Appendix C

Taylor Expansions

In this appendix we give the remainder terms for the Taylor expansions for the proofs in
Sections 4.2.1 and 4.2.2.

The exact fourth derivative of x(t), where each term is evaluated at (x(t),y(t))

et =3 fouf f19+ 5 g9 fof + 3fuyf9y9 + 2fufsguf + fofy9y9 + 3fy99:f
+ 21492y f 9+ Fy9y92f + Bfaayf29 + B fayy f9° + [ofy9 + Fyuul?
+ 10929 + 9o fig + Afanf fo + foaad® + Fyuyd® + o f + [y9u09°
+ fofywd” + 3fey g’ fy + 3oy S92 + 3F0y 9" 9y- (C.1)

The remainder term when computing the fourth order Taylor series expansion of (4.2¢),
where each term is evaluated at (z(t), y(t))

1 2 1 2 1 2 1 2 1 2 1 2
Raz(t) = éfxxf fx + §fmcyf g + §fxyyfg - Efygyg + Efxfyyg - Efygyyg
1, 1, ., 1. 1 , 1. .. 1
- ngfyg + §fyyg gy + §fa:yf Gz — Efyngf + §fa¢yg fy + §fwszyg
2 1 1 1 1
+ §fxygfmf + §fxyfgyg - Efxfygacf + §fyyggxf - éfyg;ryfg

1 3 1 3 1
+ 2_7fyyyg + 2_7fxx:cf Efygyga:f- (CQ)

The remainder term when computing the fourth order Taylor series expansion of (4.6),
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where each term is evaluated at (z(t), y(t))

1 1 1 1 1
RX(t) == <_ 1_8f;vyyfg2 - Efyggig - %fxfnyQ - nygyyg2 - 1_59:cfy29
1, 1. 1 , 1., 1,
1 7 1 1 1
- 1_8fxszyg - %fxygfa:f - 1_8fa:yfgyg - Tofxfyga:f - 1_8fyyggxf
2 1 1 1 1
- 1_5fyga:yfg - Efygygxf - %fwfygyg - Bfrmefm - 1—8fmyf2g
1 3 1 3 1 3 3
= - T Jxxx S 5
54fyyyg 54f f SOfxf>
1 3 1 3 1 2 1 3 1 2
1 1 1 1 3
+ éfnyny + gfyyggxf - %fygxyfg - @fygyga:f + Tofxygfa:f
1 1 1 1 7
+ %fmfygyg + gfacmffyg + gf:cyfgyg + afnyQ.gy + %f:vacf2f;v
1 9 1 9 1 1 9 1 9
+ 6fm,f g+ 15fzfyyg + 6OJ”zﬁngf 60ggcfyg 60fygmzf

1 1 1
+ éfxyyfgz - @fygig - %.fygyy92> 5. (C.3)

The exact fourth derivative of y(t), where each term is evaluated at (z(t), y(t))

Y () = 200 oy £+ Gofofyg + 392y9” fy + 39uy 200 + Gafoaf® + 292 fy949
+ 592y 9y f 9+ 392 fyf 9+ 39ay oS 9 + 39yy 929 + 39aa S’ fo + Gaza S’
+ Gyyyd” + 3Gayy ST+ 39aay 79 + 9yGafof + Godaf + 909 + Gufaf
+ gacfyy92 + fygif + gygmf2 + 4gyyg2gy' (C.4)

The remainder term when computing the fourth order Taylor expansion of (4.13e),
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where each term is evaluated at (z(t), y(t))

1 1 1 1 1
Ry,k+1 (t) = _g:pnyQ:Jc + _gxmffyg + _gyygng + _gxyfgyg + _gxmxfg
9 9 9

9 27
1 1 1 1 1
- §gmyf29 + §gxyfy92 + §gxyyf92 + §gyy929y + 2_7.gyyy93
1 1

The exact fifth derivative of x(t), where each term is evaluated at (z(t),y(t))

2O (t) = fu 0" + fof* + Frama '+ Frumg" + 4 Fu® F2 410 fun f fr fyg + 4 fun f £1949
+ 14 f2y9fy 92 ] + 6 frygy9fuf +4 fy99:fef + 10 fyy99y9:f + 4 frony9 Sy g f
+ 12 fou [ fayg + 4 oo f Fyy 0 + 4 fan 2 [y + 6 fawa 7 Fy9 + 6 fuuy [ 949
+ 4 foygfo2 f + 4 fayd fofy + 10 foy0° Fu9y + 10 foygaf? fo + 6 foyyg” fuf
+ 8 foy LGy 9 + 4 foyf 9y 9” + 4 oy F2 9490 + 4 fuy f9,°9 + 4 [y 990n f?
+ 8 fyy G Guy S + 4 [y 9ufy + 6 0’ 9ef + 4 frary9 Saaf? + 8 farnyd” fuy
4 fraay 9 f " + 4 Frany G Fofy + 4 Fauny 0 fuGy + 12 fauy £20f0 + 12 fony fG2 1,
+12 foyy 9290 + 12 fayd° F 9y + 6 fup 9’0y + 4 Fryg” Fyy + 6 fo 9’ 1y
+ 4 fy G Gy + 4 faway G gy + 6 faaa S fo + T fu9° 9" + 6 fouyy 29
+ 3 f 0 P+ T Lo f? 7 43 fun £, + 8 [P f + 4 fuy P9
+ 4 fayyy fG° 4 6 fray 290 (C.6)

The remainder term when computing the fifth order Taylor series expansion of (4.16g),
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where each term is evaluated at (z(t), y(t))

Ra(t) =

L9+ o e+
+ ifm’ffygyg - %fmygfygxf + 15 fawgugfef + Efyyggmfxf + gfyyggygxf
T S R A A WA L RN
b Fa0 i 4 S Ty b S8 i+ g el b o o Fe

1
+ gfnyQQny

Efygnyngy

35
— ﬁfyg:ryfgyg

576fyyyyg + 55 32 xacfg + fx:rffzfyg

1 1 1 1 1
+ gfzyf2gzyg + _fzyfgyyg2 + _fznyngz + 1_6fzyfgy29 + Efyyggmf2

1 )
144fyyg ga:fy + 6fyyygzgxf + gfmnyQfx + 4_8fmyf92fy

5 1 5

+ @fmyygf%gx + 4_8facyy92fgy + %fyyygggy + @fwyg3fyy + %facyyg?)fy
1 17 3 5 1

+ Efyygggyy + 2_88fxmf3fx + 3_2fyygzgy2 + %fmyyf2gz + _fyygx2f2
5 2, 2 1 2 2 1 2 2 1 3
5 7 5 7

+ %fmyfggz - _fyngQ:vf - _fygmefx - ﬂfygmyf Gz — _fygygmf2

144fzyyyfg

7
— 90y G 1)

1 7
fyg:t:f:r: f+ 44fxfyyy93 - ﬁfygyyygg 24

144

7 1 1
- Efy2gz2f - _fyg:wczf3 - _fygy3g + %fofnyZ - gfygzygfmf

17 7 1 1
144fygyga:fxf - ﬂfygyyggxf - 4_8fxfygyy92 - EfxfyngQ

1 2 2 7 2 7 2
+ 48fa:fyyg Gy 144995}“95}2 g 369xfy 9y9 24g$acffy g

7 7
ﬂfygmynyQ - ﬁfygmyfzg- (07)

The remainder term when computing the fifth order Taylor series expansion of (4.17),
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where each term is evaluated at (z(t), y(t))

16 fygzyfgyg

5
4 2 r3
162 1296 Jaw f + 1296 Fomd" + 75 72 5 £
1
+ % fzyfgg:m + 5 fzyg3fyy + 1/36 fnyQQf + o fxmfsfx
5 2 2 5 3
516 Jagy 79" + 516 Jaay [7 9 + 216
1 2 2 1 2 2 2 r2
+72fmfyg +24fyyg gy +72fyygx f +216 324fxyyyfg
5 goo 1 1
+ 108 Jaa f7J2" + 13 faof fofyg + 1 Jaof fy9yg 31 fzygfyg:vf + o facygygfwf
1 1 1 ) 1 ) )
+ o~ fyygga:fxf + To fyyggyng + 2_4 fx:rf fxyg + ﬁ fmffyyg o1 fmf fyg:r

RX(t) = (52 + 53 + ;154) ( - 1_7 fzfygygxf - ; facfygwyfg

7
- 5_4 fygyygg:pf - fygy [

fryyg fy f’yyg3gyy

fyyyg Gy +

5 1
216 fz:m:f fyg + fmnyng + a~ fwygszf + 1/36 f:vyg2fa:fy 108 facyg fygy
1
2 2 L 2
108 fzygxf fz 216 fa:yyg f:vf + 18 f:ryf Gayd + 36 f:ryfgyyg
1
+ or fznyngx + % fzyfgy29 + % fyyggmfz + To fnyQwaf 324 fyyg gxfy
5 1 2 5 2 2
216 fyyyg Gz f + E fmyf 9fe + s fmyfg fy 108 facyygf gz + 108 fmyyg fgy
1 7
324 fxmyfgg + — 108 fxfnyQQy g:mffy - o9 gxfy gyg 4 fygmyf2g
7 7
162 fygyg:czf a fygacyfzgw - 5_4 fyga:yyfg - 8_1 fygyyg gy
7 1 ) 1 ) 17 )
162 fv9,%9:f 108 faly9y™9 108 Jaly9y9 fx fy9uf
5 1
_ 2, _ 2 2, - r2 2 3
591 fxga:fy 97 35 JolyGun | +3 fa: Jwdg™ — 162 fygamacf
7 1 ,
54 gzyg fy 24 fxfyyyg 162 fy 9z f - 162 fygyyyg (08)

98



The exact fifth derivative of y(t), where each term is evaluated at (x(t),y(t))

Y1) = gyg* + guf* + Govan f* + Gyuyy* + 495,°0° + 10 g [ fu frg
+ 4 9ua f [y9y9 + 14 92y 9 fy 9 [ + 6 9oy 9y 9 fef + 4 9yy 992 fo f + 10 94y 99y 92 |
+ 4 Goaay 9 fy 9o f + 4 Gy 2 Goa + 6 Gyyy 9’9y + 4 9oy 9” foy + 7 99997 9,°
+ 6 Gaso /2 fr + 4 Qoo L2 frw + 3 Gun [y 297 + 6 Gay ° fy + 6 Gy [2 0
+ 800> f29 + 4 Guuny 8 Fyy + 6 Gunyy 297 + 30y 0" F2 + T g 21
4 Gayyy f9° + 8 Gun S fuy 9 + 4 Guo f [y 9" + 4 Gua [P fy G + 6 Gaa [ f19
+ 69myf2gyg + 4gmygfmf2 + 899ﬁy92fzyf + 4gmygfa:2f + 4gmy92fzfy
+10 92y 9 [y 9y + 10 oy 9a f* o + 6 Gayy 0 fof + 12 9oy f 94y 9” + 4 9oy f2 9y 92
+ 490y f95°9 + 4 9309920 > + 4 94y 9" 9o fy + 6 Gyyy 9" 9o f + 4 Groay 9 fun
+ 8 Goary 0 foy f + 4 Guaay 0 fo" f + 4 Goany 8 fo fy + 4 Guzoy 9 F3 9y + 12 Guay F29 f
12 ooy f 9 fy + 12 Gy 91292 + 12 Gayy9° [ 9y (C.9)

The remainder term when computing the fifth order Taylor expansion of (4.23g), where
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each term is evaluated at (x(t),y(t))

1 5 5 1
yki1(t) = Tz 909 P+ = =67 I+ 5 — Gy + = 55 I 9*+ — 8 Ganf f2 Ty
1 7 1 1
+ 1_6 g:m:ffygyg + — 48 gmygfyg:cf + gzygygfxf + gyyggwfwf
1 1 1 1
+ 3 3 gyyggygaﬂf "'_ gzyf Gz + 16 gxy2f29 + ﬁ gmf faw + gmf2fm2
1 1
+ 5 — 9wd 9" + gxxxf3fx gxyyg o+ 57 99 fun + =5 Gwe ’f?
5 9 5 3 17 5 1 2 9
* 96 Ganyy /297 + %6 Guzy "Gz + 583 Gy Gy + — i Joyy [ 9 + =5 5 Guzfy' 9
1 1 1 5 7
+ 1_ gmefzyg + 2_ gx:rffyyg + 2_ gmf2fygm + 9_ gmzf2fyg + % gmnyng
1 1 1 1 1
+91 9oy 9 faaf* + = 15 Jovd i +t51 gxygfx I+ 5 5 4 9oy 9 fofy + < g Jad ? 49y
2 G f e 5gngxf+3gxfgg+ oy 29y 92 + 1gxfg
48 Y 96 vy Y vy 16 Y ) 12 Y )
1 1 5 5 5
+ 35 9yy99aaf’ + — 51 I gufy + 96 Jvwd 2Gof + — 13 Gazy 292 + 13 — Gany [ G [y
2 G0 + = o8 9y + = Gy f2 e+~ Gy L9+ = G2
48 Gazyy9J] Gz 3 9y 9~ J Gy + 48 5 9yYaz VY] = s Jrazy] G 96 Gy gm

(C.10)
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Appendix D

Computational Mesh Information

Mesh data used for computing the maximum theoretical speed-up given by the local time-
stepping methods.

Mesh 1-A.
Interior | Large Interface | Small Interface | Total
Bin 0 156 26 0 182
Bin 1 65 30 28 123
Bin 2 62 41 34 137
Bin 3 357 0 47 404
Total 640 97 109 846
Mesh 1-B.
Interior | Large Interface | Small Interface | Total
Bin 0 674 54 0 728
Bin 1 369 67 56 492
Bin 2 421 92 71 548
Bin 3 1517 0 99 1616
Total 2945 213 226 3384
Mesh 1-C.
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Mesh 1-D.

Mesh 2-A.

Mesh 2-B.

Interior | Large Interface | Small Interface | Total
Bin 0 | 2802 110 0 2912
Bin 1 1715 141 112 1968
Bin 2 1851 196 145 2192
Bin 3 | 6260 0 204 6464
Total | 12629 447 460 13536

Interior | Large Interface | Small Interface | Total
Bin 0 | 11426 222 0 11648
Bin 1| 7359 289 224 7872
Bin2 | 8071 404 293 8768
Bin 3 | 25445 0 411 25856
Total | 52301 915 928 04144

Interior | Large Interface | Small Interface | Total
Bin 0 39 18 0 57
Bin 1 25 19 18 62
Bin 2 20 17 18 55
Bin 3 29 17 19 65
Bin 4 13 18 18 49
Bin 5 26 20 17 63
Bin 6 28 28 24 80
Bin 7 150 6 27 183
Bin 8 0 0 2 2
Total 330 143 143 616

102




Mesh 2-C.

Mesh 2-D.

Interior | Large Interface | Small Interface | Total
Bin 0 187 41 0 228
Bin 1 165 42 41 248
Bin 2 138 41 41 220
Bin 3 179 38 43 260
Bin 4 121 36 39 196
Bin 5 170 47 35 252
Bin 6 210 59 51 320
Bin 7| 662 12 58 732
Bin 8 2 0 6 8
Total 1843 316 314 2464

Interior | Large Interface | Small Interface | Total
Bin 0 825 87 0 912
Bin 1 817 88 87 992
Bin 2 704 89 87 880
Bin 3 869 80 91 1040
Bin 4 631 72 81 784
Bin 5 836 101 71 1008
Bin 6 1054 121 105 1280
Bin 7| 2784 24 120 2928
Bin 8 14 0 18 32
Total | 8534 662 660 9856
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Interior | Large Interface | Small Interface | Total
Bin 0 | 3469 179 0 3648
Bin 1 | 3609 180 179 3968
Bin 2 | 3156 185 179 3520
Bin 3 | 3809 164 187 4160
Bin 4 | 2827 144 165 3136
Bin 5 | 3680 209 143 4032
Bin 6 4662 245 213 5120
Bin 7 | 11420 48 244 11712
Bin 8 86 0 42 128
Total | 36718 1354 1352 39424

Shallow Water Equations Mesh.

Interior | Large Interface | Small Interface | Total
Bin 0 | 26288 41 0 26329
Bin 1 50 16 43 109
Bin 2 37 15 16 68
Bin 3 34 8 16 58
Bin 4 8 0 8 16
Total | 26417 80 83 26580

Smooth Vortex Mesh.

Interior | Large Interface | Small Interface | Total
Bin 0 4541 199 0 4740
Bin 1 658 303 219 1180
Bin 2 | 1536 657 331 2524
Bin 3 1152 0 644 1796
Total 7887 1159 1194 10240
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