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ABSTRACT

Namdi Brandon: Novel Integration in Time Methods via Deferred
Correction Formulations and Space-Time Parallelization
(Under the direction of Jingfang Huang)

A major avenue of research in numerical analysis is creating algorithms in order to decrease the
amount of computational time in numerical simulations while maintaining high accuracy. Notably
when modeling PDE systems, much effort has been focused in creating methods that undergo
the spatial calculations very quickly and accurately. Even with these results, simulations may
still take too long, limiting the robustness of a numerical model. Hence, a new research direction
is to create methods that decrease runtime by focusing on the temporal direction. The subject
of this dissertation is the development of algorithms that decrease runtime by taking acount of
temporal properties, and when possible coupling both temporal spatial properties, of time-dependent

differential equations.

iii



To Anastasia Gage and Dominique Meekers

v



ACKNOWLEDGEMENTS

First of all, I would like to thank my adviser, Jingfang Huang, for his support and wisdom over
these years. I also would like to thank my committee members David Adalsteinsson, Gregory Forest,
Laura Miller, and Jan Prins. I would also like to thank Michael Minion and Matthew Emmett for
their help and patience in helping me with the beginning of my research. I would like to thank the
NSF for providing me financial support during my studies.

I would like to sincerely thank all of my friends that I made during this program. Without their
support at work or at play, I could not have made it.

In addition, I would like to extend my gratitude to UNC Chapel Hill and all other schools I have
attended for giving me an opportunity to attain an excellent education. And lastly, I would like to
thank Anastasia Gage and Dominique Meekers for raising me in an environment that emphasized

the value of knowledge.



TABLE OF CONTENTS

LIST OF FIGURES . . . . . . ottt e e e e e e e e e e e e e e e e e e e e e X
LIST OF TABLES . . . . . . e et e e e e e e e s e e e e e e e e e e e xii
INTRODUCTION . . . o o e e e e e e e e e e e e e e e e e e e 1
0.1 The State of Computing . . . . . . . . . . L 1
0.2 Overview of Numerical Methods . . . . .. . ... ... ... ... ... ... 1
0.3 Stiff Ordinary Differential Equations . . . . . . .. .. ... ... ... ... 2
0.4 Overview of Dissertation . . . . . . . . . . . . . .. 3
CHAPTER 1: FAST MULTIPOLE METHOD . . ... ... ............. 5
1.1 Poisson Equation . . . . . . . . .. 5
1.1.1 Green’s Function . . . . . . . . . . . 6

1.1.2  Coulomb Potential . . . . . . .. ... . 7

1.2 Multipole and Local Expansions . . . . . . . . ... . ... ... .. 8
1.2.1  Multipole Expansion . . . . . . . . ... 9

1.2.2 Local Expansion . . . . . . . . . . 11

1.3 The O(N) Algorithm . . . . . . . . . . 12
1.3.1 Translation of the Multipole Expansion . . . ... .. ... ... ....... 13

1.3.2 Conversion to a Local Expansion . . . . . . ... ... ... ... ....... 14

1.3.3 Translation of the Local Expansion . . . . . . . .. ... ... .. ....... 14

1.3.4 The Algorithm Outline . . . . . ... ... ... .. ... ... .. ...... 15

1.4 Multirate FMM . . . . . 0 .0 0 e 15
1.4.1 Numerical Evidence . . . . . . . .. ... 16

vi



CHAPTER 2: DEFERRED CORRECTION METHODS .............. 19

2.1 Collocation Formulations and Properties . . . . . . . . . .. ... ... ... ..... 20
2.1.1 Gauss Collocation Method . . . . . . . . . . . .. .. ... .. ... ..., 21
2.1.2 Different Collocation Formulations . . . . . . ... ... ... ... .. .... 23

2.2 Deferred Correction Methods and Properties . . . . . .. ... .. ... ... .... 26

2.2.1 Backward Euler Preconditioned SDC for yp-Gauss Collocation Formulation . 26

2.2.2 Backward Euler Preconditioned SDC for integral-Gauss Collocation Formulation 28

2.2.3 Understanding Deferred Correction Iterations . . . . . . . . . ... ... ... 30
2.2.4 Properties of Deferred Correction Iterations . . . . . . . . .. ... ... ... 34
2.2.5 Different Deferred Correction Methods . . . . . . . . .. .. ... ... .. .. 42
2.2.6 Integral Formulation, yp-formulation, and Convergence . . . ... ... ... 51
2.3 Algorithm Design Guidelines and Numerical Experiments . . . . . . ... ... ... 52
2.3.1 Optimal Collocation Formulation . . . . . . ... .. .. ... ... ... ... 53
2.3.2 Techniques for Convergence Procedure . . . . . . . ... ... ... ..... 54
2.4 Mapping Between Different Node Points . . . . . . .. ... ... ... ... ..... 59

CHAPTER 3: A NEW JACOBIAN-FREE NEWTON-KRYLOV METHOD .. 61

3.1 Krylov Methods . . . . . . . .. o e 61
3.1.1 GMRES . . . . 61
3.1.2 Imexact GMRES . . . . . . . . . . . 62

3.2 General JENK Methods . . . . . . . .. .. o 65

3.3 Modified JFNK Method . . . . . . . .. .. 67
3.3.1 Deferred Correction Methods . . . . . . . . ... .. ... ... ... .. ... 67
3.3.2 Properties . . . . . .. e 68
3.3.3 The Krylov Subspace . . . . . . . . . . . . .. 69
3.3.4 Newton’s Method . . . . . . . . . .. . . 69

3.4 Algorithm Design . . . . . . . . . . 73

3.5 Numerical Experiments . . . . . . . . . .. L L 75
3.5.1 Cosine Problem . . . . . . . . ... 76
3.5.2 Linear Multimode Problem . . . . . . .. .. ... ... ... .. 7

vii



3.5.3 Nonlinear Multimode Problem . . . . . . . . . . . ... ... ... ...... 78
3.5.4 Van der Pol Oscillator . . . . . . . . . . . . 79

CHAPTER 4: PARALLEL FULL APPROXIMATION SCHEME IN SPACE AND

TIME . . . i e e e e e e e e e e e e e e e e e e e e e e e e e e e e 82
4.1 Temporal Methods . . . . . . . . . . 82
4.1.1 Spectral Deferred Corrections . . . . . . . . . . . . . ... .. . 82
4.1.2 Parareal . . . . . . .. 83
4.1.3 Full Approximation Scheme . . . . . . . .. .. ... 86
4.1.4 Parallel Full Approximation Scheme in Space and Time . . .. ... ... .. 87
4.2 Spatial Methods . . . . . . . . 89
4.2.1 Grid Systems . . . . . .. 90
4.2.2 Gridless Systems . . . . . .. e 90

CHAPTER 5: A PFASSTER APPLICATION: GEOCHEMICAL PROBLEM . . 91

5.1 Formulation . . . . . . .. L e 91
5.2 PFASST Simulation . . . . . . . . . .. . 94
5.2.1 Results . . . . . e 95
CHAPTER 6: A PFASSTER APPLICATION: N-BODY SOLVER ...... .. 98
6.1 PFASST Simulation . . . . . . . . . . . . . e 98
6.1.1 Temporal Coarsening . . . . . . . . . . . . . i i 99
6.1.2 Multirate Fast Multipole Method . . . . . . . . . . ... ... .. ... ... 99
6.1.3 Stepsize. . . . . . . e 100
6.1.4 Spatial Coarsening . . . . . . . . . ... 101

6.2 Numerical Results . . . . . . . . . 102
6.2.1 Numerical Setup . . . . . . . . . . e 102
6.2.2 Results . . . . . 103
6.2.3 The Residual Equation . . . . . .. ... .. .. oo 107
6.2.4 Gravitational Forces . . . . . . . . .. .. 110

6.3 Speedup . . . . .. 112
6.4 Conclusion . . . . . . . . 113

viil



CHAPTER 7: FUTURE WORK

............................. 115
APPENDIX A: PROOFS OF THEOREMS . . . o v i i i e e e e e e e e e e e e e 117
A.1 Proof of Theorem 2.2.3. . . . . . . . o 117
A.2 Proof of Theorem 2.2.4. . . . . . . . . s 117
REFERENCES . . . i it i i e e e e e e e e et e e e e e e e e e e e e e e e e 120

X



1.1

2.1

2.2
2.3
2.4
2.5

2.6

2.7

2.8

2.9
2.10

2.11
2.12
2.13
2.14
2.15
2.16
2.17
2.18

2.19

3.1

LIST OF FIGURES

Results of the multirate test . . . . . . . . . .. ..
Accuracy in z for different step sizes using (a) traditional BDF methods, orders 2,

3, 4 (from [1]) and (b) Gauss collocation methods using 3, 4, 5 Gaussian nodes. . . .
Contour of p(C(AA?)) for p=4for SDC, ANAt=x +iy. . . . . ... ... ...
Contour of p(C(AA?)) for p =10 for SDC, NAt =x+1y. . . .. ... .. ... ...
Distributions of correction matrix eigenvalues for p = 10 and p = 40, stiff case, SDC.

Modulus of the (a) largest and (b) second largest eigenvalues for different numbers of
nodes, SDC vs. Picard for the Gauss collocation formulation. . . . . . . . . ... ..

Eigenvalue distributions of SDC and Picard iterations for (a) 10 nodes and (b) 20
NOdES . . . e e e

S — S: Real (0) and imaginary (4) components of each eigenvector at the collocation
points, non-stiff case, p =15, SDC. . . . . . . . . . ...

S: Real (0) and imaginary (+) components of each eigenvector at the collocation
points, non-stiff case, p = 15, Picard iteration . . . . . . . . . . .. .. ... .. ...

How errors decay after each SDC or Picard iteration. . . . . ... .. .. ... ...

Real (0) and imaginary (4) components of each eigenvector at the collocation points,
stiff case, p = 15, backward Euler preconditioned Gauss collocation formulation. . . .

Contour of p(C) for p =4 for SDC-Radau, A\At =z +dy. . . . . ... ... .. ..
Contour of p(C) for p =10 for SDC-Radau, A\At = x +dy. . . . . . oo
Contour of p(C) for p = 4, SDC-Lobatto methods, AAt =z +dy. . . .. ... ...
Contour of p(C) for p = 10, SDC-Lobatto methods, AAt =z +iy. . ... ... ...
Contour of p(C) for p =4 for InDC-yp, \At =x +dy. . . . . . ...
Contour of p(C) for p =5 for InDC-yp, NAt =x +dy. . . . . . v
Contour of p(C) for p =10 for InDC-yp, N\At =z +1iy. . . . ... ... .. ...

Spectral Radius p(S — S) for different numbers of nodes, SDC-Lobatto and SDC-
Lobatto-T. . . . . . . . e e

Convergence rate for backward Euler preconditioned Gauss (a) and uniform (b)
collocation formulations for different stiffness parameters X\. . . . . . .. ... .. ..

Cosine problem. (a): the magnitude of the deferred correction I
error of the final iteration vs. the collocation formulation . . .. . . ... ... ...

37

39

99



3.3

3.4

5.1
5.2
5.3
5.4

6.1
6.2

6.3

6.4

6.5

6.6

6.7

6.8
6.9

6.10

the relative error of the final iteration vs. the collocation formulation . . . . . . . . .

Nonlinear multimode problem. (a): the magnitude of the deferred correction Hg”
(b): the relative error of the final iteration vs. exact solution . . ... ... .. ...
Van der Pol oscillator. (a): the magnitude of the deferred correction HZH (b): the

relative error of the final iteration vs. the collocation formulation . . . . . . . . . ..

Relative error of L (c) per iteration over time using SDC . . . . .. ... ... ...
Relative error per iterations for each ¢; at tfipa; - - - . . . . oL
Relative error of L (c) per iteration over time, PFASST . . . . . ... ... .. ...

Relative error per iterations for each ¢; at tyipay - . . . . . . oL oL

Multirate test for electrostatic case . . . . . . . . . . ..

Absolute error of velocity per iteration compared to the reference solution. Coarse-
level FMM precision is €' =0.5x 1077 . . . . . .. ...

Absolute error of velocity per iteration compared to the reference solution. Coarse-
level FMM precisionis €' = 0.5 x 1076 . . . . . . . . ...

Absolute error of velocity per iteration compared to the reference solution. Coarse-
level FMM precisionis €' = 0.5 x 1072 . . . . . . . . ... ..

Relative error of velocity per iteration to V[ilmo with coarse-level FMM precision

el =05 %1072 .
[K]

Relative error of velocity per iteration to Vfﬁlmo with coarse-level FMM precision

el =05x1076 .

Relative error of velocity per iteration to Vf[gmo with coarse-level FMM precision
1 -9
- =00 X 1077 . L e e e

Multirate test for gravitational case. . . . . . . . . ... Lo Lo

Absolute error of velocity per iteration compared to the reference solution. Coarse-
level FMM precision is ! = 0.5 x 107 . . . . . .. ...

Absolute error of velocity per iteration compared to the reference solution. Coarse-
level FMM precisionis €' = 0.5 x 1072 . . . . . . . . ...

X1



2.1
2.2
2.3
2.4
2.5
2.6

2.7

3.1
3.2

5.1

6.1
6.2
6.3
6.4

LIST OF TABLES

p(Cs) for different numbers of Gaussian nodes, stiff case, SDC. . . . . .. ... ...

(
p(C) for different numbers of nodes, SDC-Radau. . . . . . . . . ... .. ... ....
p(C) for different numbers of nodes, SDC-Lobatto methods. . . . . . ... ... ...
p(C) of SDC-Lobatto-T, strongly stiff limit case. . . . . ... ... ... ... ....
Errors from Gauss and uniform collocation formulations for different numbers of nodes.

Errors and Orders of the backward Euler and trapezoidal rule preconditioned deferred
correction iterations for different collocation formulations, non-stiff case. . . . . . . .

Errors and orders of the backward Euler preconditioned deferred correction iterations
for different collocation formulations, stiff case. . . . . . . . .. .. ... ... ...

The number of H(y) needed to converge. . . . . . . . . ... .. ... ... .. ...

13
B

The relative correction log; < ) of the converged solution. . . .. ... ... ...

Timing results for SDC and PFASST . . . . . . . . . ... .. .. .. .. ...

Runtime for various FMM precisions . . . . . . . . . . . ... o
Serial SDC, 6 iterations . . . . . . . . . . . . o e e e
PFASST, 7iterations . . . . . . . . . . 0 o i e e e e e
PFASST, 7iterations . . . . . . . . . . . . .

xii



INTRODUCTION

0.1 The State of Computing

In 1965, the co-founder of Intel, Gordon Moore, predicted that the transistor density of semi-
conductor chips, hence the CPU speed, would double roughly every 1.5 years. This prediction has
become known as Moore’s law; and from 1965 to about 2002, Moore’s law was upheld [45]. However,
as the transistor density increased, the power density of the chip increased causing greater levels of
heat on the chip. Technology has reached a point where the speed of processors cannot increase
much further due to this limitation. Hence in 2005, a paradigm shift occurred in processor design
in hopes of further increasing computational performance. Instead of creating ever-faster CPUs
running computations in serial, additional performance can be gained by having multiple processors
work together, or in parallel [45].

The ability of having ever increasing computational power and efficient numerical methods
that can take advantage of this power has lead to great advances in science. As computational
power increases, so does the number of problems previously considered impractical to solve become
feasible. Therefore, creating methods to solve these problems is also an increasingly important
field of research. The following are a few examples of areas of open problems that require much
computational power: climate modeling, data analysis, and molecular dynamics (protein folding

and drug discovery).

0.2 Overview of Numerical Methods

For over fifty years, the creation of methods for numerically solving the solutions of time-
dependent differential equations has been an active area of research. For ordinary differential
equation (ODE) initial value problems (IVPs), various methods such as the linear multistep
methods and Runge-Kutta methods have become standard topics in numerical analysis textbooks

[1, 2, 28, 40, 49]. In addition, many numerical solvers have become standard tools in order to solve



ODE IVPs such as DASPK, a backward differentiation formula (BDF) based solver [10, 41], and
Runge-Kutta method based Radau5 solvers [24]. Numerical solvers have been successfully applied in
research and have advanced our knowledge in science and engineering. However, there still presides
attributes that limit the effectiveness of existing numerical algorithms. For example, to understand
the evolution of charged particles in systems containing thousands of particles, current molecular
dynamics simulation tools usually require millions of time steps to accurately capture the motion of
particles using existing low order time stepping schemes (e.g., the Verlet integration scheme). Even
with the acceleration of the fast N-body solvers [22, 43] for each time step, simulations may require
weeks or longer to get physically relevant results.

In recent years, several schemes were introduced to address the challenges in designing accurate
and efficient algorithms for large-scale long-time simulations. Examples include the parareal
algorithm for parallelization in time [18, 42]; the high order temporal discretization using an
orthogonal basis and pseudo-spectral formulations for each time step, to allow larger step sizes
[6, 43, 38]; the spectral deferred correction (SDC), integral deferred correction (InDC), iterated
defect correction (IDeC), and Krylov deferred correction (KDC) methods for their efficient solutions
[3, 14, 16, 30]; and the parallel full approximation scheme in space and time (PFASST), which
utilizes parallel computing while combining several preconditioners [17]. The aim of the research
presented in this dissertation is to understand the properties of these existing methods and create
new methods that take advantage and possibly enhance their favorable traits such as high accuracy,

high efficiency, and parallelism.

0.3 Stiff Ordinary Differential Equations

As mentioned earlier, there exists various limitations of numerical methods for time-dependent
differential equation systems. The main goal of the research presented in this dissertation is to
remedy some of these limitations. One of the aspects known to limit the effectiveness of many
numerical algorithms by increasing runtime is stifft ODE IVP systems. In general, a differential
equation system is said to be stiff if the solution contains signals of multiple time scales: one being
smooth and slowly varying (relative to the time interval of the computation) and the others being

much more rapidly varying [40]. In other words, Leveque states in [40], “if we perturb the solution



slightly at any time, the resulting curve through the perturbed data has rapid variation. Typically
this takes the form of a short lived “transient” response that moves the later solution back toward a

smooth solution.” To understand stiffness, consider the following ODE

y/(£) = A(y(t) — cos(t) ) - sin(t). (1)

where R(\) < 0. A solution to this equation is y(¢) = cos(t) with the initial condition y(0) = 1.
Notice that this smooth solution is the solution for any value of \. If the initial data is y(to) = 7,

which does not lie on the curve cos(t), then the solution through this point is

y(t) = M) (1 — cos(tg) ) + cos(t) (2)

One can verify that this is true through differentiation. Since R(\) < 0, the function approaches
cos(t) exponentially with decay rate A. When one perturbs the solution at some point, the perturbed
solution approaches the slow changing particular solution cos(t).

The reason why stiff systems pose hardships on numerical methods for time dependent differential
equations is because stiff systems require algorithms to take a much smaller time step in order for
an algorithm to be stable. Although the true solution is smooth and it seems that a large time step
would suffice, the numerical method must handle the rapidly changing signal by taking smaller time
steps in order to attain accuracy. This property of stiff systems increases the runtime of simulations
and limits their effectiveness. This documents presents research aimed at overcoming the limitations

given by stiff systems.

0.4 Overview of Dissertation

This dissertation will present research on the numerical integration methods used to decrease
computational runtime. In chapter 1, we will give an overview of the fast multipole method, the
spatial solver we will use when modeling the evolution of charged particles. In chapter 2, we describe
and present the properties of the deferred corrections methods, especially the spectral deferred
correction method applied to temporal integration. In chapter 3, we present a new integration

method based on the Jacobian-free Newton-Krylov method and show initial results when applied



to stiff systems. In chapter 4, we will present the parallel integration method, the parallel full
approximation scheme in space and time (PFASST). In chapter 5, we will present an application of
PFASST with no spatial-temporal coupling to a geochemical process. In chapter 6, we will present
an application of PFASST with spatial-temporal coupling to the evolution of NV charged particles.

Finally in chapter 7, we will mention future work related to the discussed research.



CHAPTER 1
Fast Multipole Method

In this chapter, we will present a brief overview of the spatial method used for modeling the
evolution of charged particles in a vacuum. In this dissertation, we are using the electrostatics
assumption, which states that the charge density, denoted by p, is stationary or the charge density

does not change quickly in time. That is, % =0 or % < 1

With that being said, the evolution of N charged particles in space is given by Newton’s 27¢
law. For the it" particle, the equation of motion is
*x;(t) g
= —E(x;(t 1.1
T = B, (1) (1)

where x; is the position, E; is the electric field, ¢; is the charge, and m; is the mass of the i** particle.
Therefore, solving this system consists of two steps. (1) Finding an expression for the electric field.
We will designate this as the spatial calculation. (2) Once the electric field is calculated, integrating
in time to find the new position of the particle. We will designate this as the temporal calculation.

What follows is an explanation on how to solve for the electric field.

1.1 Poisson Equation

The electrostatic field in a vacuum is described by two of the Maxwell’s equations



where p(x) is the charge density within a volume and the constant €j is the permeability of free

space [32]. Eq. (1.3) is equivalent to expressing E as the gradient of a scalar function ®(x) such that

E=-Vo. (1.4)

® is called the electrostatic potential. Combining Eq. (1.4) and Eq. (1.2), we can write the vector

equation for E in terms of a scalar equation for ®

P
€

Vi = — (1.5)

The above equation is called the Poisson equation. In regions of space lacking a charge density,

Poisson’s equation becomes the Laplace equation
V20 = 0. (1.6)
Hence, solving the spatial calculation for E in Eq. (1.1) is equivalent to solving the Poisson equation.

1.1.1 Green’s Function

The solution to the Poisson equation Eq. (1.5) within a volume V' bounded by a surface S can
be found by using a construct called a Green’s function, G(x,x’). The Green’s function for Eq. (1.5)

has the property that it is a fundamental solution to the following equation
V'G(x,x') = —4md(x — x'). (1.7)
Assuming we have found the solution G(x,x’) to the above equation, the general solution ® to the

Poisson equation is

0P 0G(x,x")

d(x) = 47:60/‘/p(x’)G(x,x’)d3X'+417r£ [G(X’X/)M_q)()(,)an/ da’ (1.8)




where n’ is the normal direction pointing out of the surface and da’ is the area element [32].

Fortunately, there is an explicit formulation of the Green’s function for electrostatic problems; it is

1

T x x|

G(x,x) (1.9)

1.1.2 Coulomb Potential

Recall that we are interested in finding the potential in free space. The relevant boundary
conditions are the Dirichlet conditions. Therefore, we must have that ®(x) — 0 as x — co. In
addition, we also have the Green’s function satisfy Dirichlet conditions G|g = 0 in Eq. (1.7).

Applying the Dirichlet boundary conditions and the appropriate Green’s function, Eq. (1.8) becomes

B(x) = — /V PX) oy (1.10)

 4meg |x — x/|

The above equation is called the Coulomb potential, and it gives the electrostatic potential subject
to the Dirichlet condition in free space for a general charge distribution p(x).
By modeling a charged particle as a point charge, we can write the charge density distribution

of N charged particles as

N
p(x) =D aid(x —xi)
=1

where ¢; is the charge of a particle located at x; [32]. Using the above charge distribution in

Eq. (1.10) leads to the Coulomb potential for N charged particles

1 N q;
P(x) = I . 1.11
(x) 47TGOZ|X—xj| (1.11)
Jj=1
We now have all of the components needed to write an explicit formulation for the equations of

motion for a system of N charges. Using E = —V® and Eq. (1.11), we can express Eq. (1.1) as

d2Xi (t)
dt?

Y. (.
=~ V() (1.12)



where

N
1 q;
D,(x;) = A 1.13

Occasionally in this dissertation, we will make reference to the forces instead of the potential in
Eq. (1.12). The force F is related to the electric field, and hence, the electrostatic potential by

F = qE = —¢V®. Using the identity

1 x —x
v(— )= XX
<|X—X’|) Ix —x/|3’

the force of the i** particle is given by

N
X X5
Fl(xz) - _QIv(Dz(Xz) =dq; E Cb ’XZ_ X.j3 (114)
i v

1.2 Multipole and Local Expansions

The cost of directly calculating the potentials ®;(x;) in Eq. (1.12) for all N particles is O(N?).
When N is large, this cost is too high. In actual applications, we avoid the direct O(N?) calculation
by using approximations. The approximation technique that this dissertation uses is the fast
multipole method (FMM), which approximates Eq. (1.13) over all particles with cost O(N) [22, 43].

The FMM takes advantage of the fact that the potential ®(x) can be written as a a sum of

potentials from two different spatial domains. This property comes from the Green’s function

1

- |x — x

G(x,x) 0
which has spatial multirate properties. We define the following spatial domains Qcqr and Qg
which we will denote as the near-field and the far-field, respectively. For a given location x, a charge
found at x; has x; € Qyeqr with respect to x if |x — x;| < R. And we consider x; € Q¢4 with
respect to x if |[x — x;| > R where R is the characteristic distance that determines the near-field
and far-field. In Qy,,, the Green’s function is smooth; and in ,cqr, the Green’s function is more

singular. Hence, ® may be written as ® = ®ypeqr + Py



1.2.1 Multipole Expansion

Assuming that |x| > |x|, it is convenient to express the Green’s function in terms of the series

1 /
P X/‘ ’X| ZP (cos 0) <|’X|’> (1.15)

where P, are the Legendre polynomials and 6 is the angle between x and x’. Normally, x’ corresponds
to the position of a source charge, so our assumption implies that x is far from a charge found at x’.
This expansion is especially useful in describing far field interactions, since the expansion converges
quickly when x| < 1.

x|

The Legendre polynomial P, (u) is the solution to the following recursion formulation
2n + 1DuPp(u) = (n+ 1)Pyg1(u) + nPy_1(u)

with Py(u) = 1. We can further expand the Legendre polynomials in terms of spherical harmonic

functions

. (cos 0) Z Y, (XY™ (x) (1.16)

m=—n

to obtain a new formulation of the Green’s function in Eq. (1.15)

oo m=n ()

Z Z X", >|X|n+1 (1.17)

n=0m=—n

|x — x’|

If we express x in spherical coordinates (7,6, ¢), the spherical harmonic function Y, (x) is

defined as

Ym0, 6) = \/ (2”4‘7: DAG En - Z; Pl (cos 0)cim? (1.18)

where P are the associated Legendre polynomials [32, 52, 31]. The associated Legendre polynomials

P are found by the following formulations

Pru) = (1-u")% fm Palu)

ou™

Py (u) = (—1)™ B P (u).

Using the ideas discussed so far, we can express the potential ® at a position x = (7,0, ¢)



expressed in spherical coordinates due to N charged particles at positions x; = (r;,0;, ¢;) in

Eq. (1.11) as

() 47“02%2 Z [y, )| |n+1 (1.19)

n=0m=—n

oo m=n N ()

S Y S aly e

n=0m=-—n 1=1

47T€0

The terms |x‘++1 are called “multipoles,” and their coefficients

N
= aqilxi"Y, " (i) (1.20)
=1

are called moments of the expansion. Using the the moments M, we can rewrite the potential as

oo m=n

mo 2. ). M

=0m=—n

|x\” +1 (1.21)
The above formulation for the potential is called the multipole expansion. Notice that if |x| is
large when compared to the charge locations |x;|, the multipole expansion will converge quickly.

Due to this property, we can approximate the infinite sum by truncating the series with p terms

p—1 m=n

(I)P(X) 47T€0 Z Z n |X|n+1 ) (122)

n=0m=-n

and the residual error of the truncated series is bounded by

P
000 = 00 = = () (129
where Q = Z |Gi] 5 |Xmin| and |Xmaz| are the minimum and maximum magnitude of |x;|, respectively.
Note that tl?e amount of calculations needed to calculate ®,(x) is O(p?).

If we partition space into regions or “boxes” §2; of radius R that contain various charges found
at x; € €, the multipole expansion approximation ®,(x) is useful in expressing the potential ®
due to the particles within €2; when the point of interest x is far from region ;. By far, we mean

|x —u;| > R where u; is the center of region ;. For this reason, ®(x) is also known as the “far-field
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expansion” with the respect to region €2;.

1.2.2 Local Expansion

The multipole expansion approximation assumes that the source particles are in the near field
with respect to an origin, x; € Qeqr; and the point of interest is in the far field from the origin
x € Q4. However, when the case is reversed, x; €, and X €{2y,cq, With respect to an origin, we
will need a new formulation for the potential . We can use Eq. (1.19) and exchange the vectors x

and x; to obtain

Y™ (x ! 1.24
20 mzq ;)m_z_nx’ R 124

co m=n N

— e 3 S

n=0m=—mn 1=1

The above series converges when ) | < 1. We can express the moments of this expansion L' a

Y, ™ (%)
Z i 1 |x |n+1
and rewrite the potential as
[o¢] m=n

SO Ly X" (x). (1.25)

n=0m=-—n

P(x

(x) = 47r60
The above formulation for the potential is called the local expansion. Notice that if |x| is small
when compared to the charge locations |x;|, the local expansion will converge quickly. Due to this

property, we can approximate the infinite sum by truncating the series with p terms

p—1 m=n

S LY (x). (1.26)

n=0m=—n

Pp(x) =

47‘(’60

The local expansion approximation has similar residual error properties as the multipole expansion

approximation with the respective values, |x| and |x;| exchanged.
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1.3 The O(N) Algorithm

The FMM works by using a tree structure to partition space into boxes that contain certain
numbers of particles [22]. For each box m, we define the following spatial domains Qy,cqr and Qyq,.,
which we will denote as the near-field and the far-field, respectively. For a given location x, a charge
found at x; has x; € Qpeqr with respect to x if |x — x;| < R. And we consider x; € Q¢,, with
respect to x if |x — x;| > R where R is the characteristic distance that determines the near-field
and far-field.

In short, the FMM approximates Eq. (1.11) by directly calculating potential due to particles in
the near-field and approximating the potential due to particles in the far-field. We can express the

FMM approximation ¥(x) such that ¥(x) =~ ®(x) as

-1
1 q; P .
v = — —_— x — x| . 1.27
(x) 4 2 Ix — x| +Zaj‘x e (1.27)
xiEQnear ]:O

We will call Eq. (1.27) the fast multipole approximation. In the expansion, x. is the position
of the box center on the finest level containing x; and a; are coefficients that depend on Vx; € Q.
p is the number of terms in the expansion, and it controls the accuracy of ¥(z). The larger p is,
the more accurate the FMM becomes. The first summation in ¥(x) is the direct calculation of
the potential due to the near-field charges. The second summation in ¥(x) is the approximation
of the potential due to the far-field. We will give a brief explanation of the FMM; but for more
information on the FMM, the reader is encouraged to read [22, 31].

For an arbitrary distribution of particles, the FMM uses a hierarchical oct-tree so that each
particle is associated with a box at different levels. Each box ¢ has a “parent box” on the next-coarse
level to which the i*" box is a subset. A box i is a “child box” of box j if i is on the j’s subsequent
fine level and ¢ is a subset of j. A divide-and-conquer strategy is used to account the far-field
interactions of each box on each level by accumulating multipole expansions. Afterwards, the local
expansion of a parent box receives the far-field contributions and transmits it to its children [52].

The fast multipole method needs the following properties to approximate the O(N?) calculation

in Eq. (1.13) in O(N) [31].

1. The FMM needs a way to combine several fine-grid multipole expansions into a single coarse-

12



grid expansion.

2. The FMM needs a way to combine several multipole expansions into a single local expansion

about origin of a target box on the same level.

3. The FMM needs a way to translate a box’s local expansion to an origin within each of the

child boxes at the following fine level of the tree.

1.3.1 Translation of the Multipole Expansion

The following expansion allows us to combine several multipole expansions of one level into a
single expansion on a coarser level. If we have a multipole expansion about the origin, we can shift

the expansion and center it at a point z [31]. The original expansion about the origin

oo m=n

47‘(’602 Z My ’X|n+1

n=0m=-n

can be written as an expansion about z as

Mmoot 2
(x) 47reo %m—zn z|”‘H
where
jIml - AkATE
p jin—j k
Z Z M, iklm—k] — Am |2)Y (2)
J=0k=—j "
and the constant A} is defined by
AM — <_1)n

The error bounds of the truncated expansion is

D) - ()| < . Q <|Xi|+!z\)p

= il = [z] \ [x — 2]
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1.3.2 Conversion to a Local Expansion

The following shows how to convert a multipole expansion to a local expansion on the same
level. We must assume that the new center at —z must be far enough away from the multipole

expansion assumed at the origin such that |z| > (1 + ¢)|x].

oo

o) = ——3 3 Lia—xY(z—x)

47T60 n=0m=—n

where

ey

j=0 k——J

MF - jlm=kl Ak AT YR ()

j |kl glm| Ak m |Z|J+n 1

and Ag‘? is defined as before. The error bounds of a truncated expansion with p terms, ®, is
Q 1\?
P(x)— P <—m— (-] .
| (X) p(X)| — (C— 1)‘X’ c

1.3.3 Translation of the Local Expansion

To shift a local expansion of a box on the parent level to a box center of the child box at —z, we

start with the local expansion given by

p—1 m=n

AMOZ > Ly Y ().

n=0m=—n

Pp(x) =

We can express the truncated expansion

p—1 m=n
1

@y (x) = Yo Lilx—2"Y(x—2)

dmrey “—~
n=0m=-—n

where
Nk /j:—m m
- Z o A Ay g
J+” jlk=ml;lm| Ak Jj—n
J

j=0 k—*]

where Ai is defined as before [31].

14



1.3.4 The Algorithm Outline

The FMM consists of the following steps [31]:
1. Form multipole expansions (moments) at the finest scale.

2. Merge (translate) expansions to form expansions on the next coarser level until the coarsest

scale is reached.

3. Starting at the coarsest level, for each target region, convert the multipole expansion into

local expansion at the center of each target box.

4. For each box, merge (translate) the local expansion to the center of each of a box’s children

until the finest level is reached.

5. Add the near-field potential contribution from the nearest neighbors to the approximated

far-field potentials to obtain Eq. (1.27).

1.4 Multirate FMM

The FMM is an extremely useful method that takes advantage of the spatial properties of
the Coulomb potential ®(x(t)). However, we can take advantage of the temporal properties of
the Coulomb potential and fast multipole approximation W(x(¢)) to make a less computationally
expensive algorithm.

From Eq. (1.14), one can see that the magnitude of the forces is proportional to %2 where
r = |x; — x;|. When x; € Qpeqr with respect to x;, we can expect that the near-field forces should
change rapidly in time due to the %2 force with r small. When x; € Q¢,, with respect to x;, we can
expect that the far-field forces should change slowly in time due to the %2 force with 7 large. Thus,
we can represent the forces in Eq. (1.1) as

*x; g
dt2 N m;

V (Pnear (%s) + Prar(xi)) - (1.28)
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This can be rewritten as

d?x; % qj 95
ez 747r60miv mjg%;wr | —Jxl| + Z % —] x|

This formulation suggests that the forces have a dual behavior as they change in time, reminiscent
of a stiff system. The total force has two different time scales: a fast changing near-field and a slow
changing far-field. Since the FMM approximation ¥, defined in Eq. (1.27), approximates the right
hand side of Eq. (1.28), we should expect ¥ to uphold this multirate behavior. More importantly,
it should be possible to take account of this multirate behavior in time integration schemes. We
will call the process of exploiting the temporal multirate behavior of the FMM as the multirate

FMM (MRFMM).

1.4.1 Numerical Evidence

To test our hypothesis of the inherent temporal multirate behavior of the FMM, we ran numerical
experiments to see how the far-field and near-field potentials change in time. To do this, we simulated
the the motion of particles while keeping track of Wyeqr (x(t)) and W ¢4, (x(¢)) for each time step. Once
the simulation is over, for a given particle, we calculated the respective least-squares polynomial that
approximates Wyeq, (x(t)) and W, (x(t)) over time. Afterwards for each time step, we calculated
the Lo norm of the error between Weqr(x(t)) and Wy, (x(t)) and their respective least-squares
approximating polynomial over all particles.

For a fixed Lo, error, the slower a potential varies in time (ie. a smoother potential), the lower
the degree of the least-squares polynomial is needed. Our intuition says that for a fixed error
between the numerical FMM solution and the least-squares polynomial, the least squares polynomial
corresponding to V,.(x) should have a lower degree than that of W,.q,(x). The results of the
experiment show this to be true. That is, for a fixed error, there is a difference in scale between
U tor(x) and Wyeqr(x). One needs a least-squares polynomial of lower degree for W4, (x) than that
of Wpear(x).

Our experimental setup was as follows. We first designated two types of particles: sources and
targets. Source particles had randomly distributed charges in [—%, %] Source particles were used to

provide the electrostatic potential, and they were able to move in space. The target particles had
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charge 1. They simply moved in space but did not have any effect on the potential due to neither
the source particles nor due the other target particles. The potential at the all locations were due
solely to the source particles. We also assumed that all particles have mass equal to 1.

The numerical experiment was done using 16,000 source particles and 16,000 target particles
randomly distributed in a unit cube. We used the FMM approximation ¥(x) to approximate the
Coulomb potential ®(x) such that the error tolerance in ¥(x) was 0.5 x 10~%. During the simulation,
the FMM tree was fixed as well. The simulation consisted of 200 time steps with size At = 1077 so
that g0t = 0 and tpipa = 2 X 107°. And the time-marching scheme that we used was the velocity

Verlet method, which is as follows

X(thy1) = x(tn)+v(tn)At+a(é”)At2
V) = V(t) + S @lte) + alty) (1.29)

where At = t,, 11 —tn; x(tn), v(tn), and a(t,) are the position, velocity, and acceleration, respectively
at time t = t,, [26]. The velocity Verlet method has many favorable properties. Namely, it is explicit,
O(At?), and symplectic [26]. For future reference, we will call running this experiment as the
multirate test.

Figure 1.1 shows the results of our experiment. We plot the Lo, error over all target particles
between W ¢4, (x) and W,eqr(x) and their respective least squares approximating polynomials for

various degrees. We represent the error logarithmically, showing the digits of precision in the error.

Figure 1.1: Results of the multirate test
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These results provide numerical evidence of the inherit temporal multirate behavior in the
FMM. We can see that for the same error, there is about a 3-degree separation in the least squares
polynomial between the smoother W g4, (x) than W,,cq,(x). That is for a fixed error, ¥ y,,(x) needs
a lower degree least-squares polynomial than that for W,,,,.. This agrees with our intuition; the
far-field potential should change more slowly in time than the far-field potential. Thus, we have two
distinct temporal behaviors. We will take advantage of the FMM’s inherent multirate behavior in

what we will call the MRFMM in modeling Eq. (1.1).
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CHAPTER 2
Deferred Correction Methods

It is desirable for algorithms to efficiently converge to solutions of large-scale long-time simulations
for ODEs with high accuracy. One way to obtain such high accuracy solutions is to create methods
that converge to high order temporal collocation formulations. Solvers that have been made to
directly calculate accurate collocation formulation solutions have shown to not be able to do so
efficiently. For example in [23, 25], the Gauss collocation formulations using only 2, 4, and 6 nodes
were implemented as geometric integrators for Hamiltonian systems. Unfortunately, numerical
results show that without the aid of deferred correction or other acceleration techniques, these
solvers may not be able to calculate a highly accurate solution as efficiently as other linear multistep
methods (see Fig. 5.1 in [23]). If an algorithm can obtain high accuracy at the cost of severely
reduced efficiency, the algorithm becomes impractical in application. Hence, it is of great importance
to create algorithms that obtain high accuracy while at the same time obtaining high efficiency.

What follows is a perspective of understanding and integrating methods in a numerical framework
for solving ODE systems by calculating high order collocation formulations (highly accurate solutions).
In this framework, we consider the deferred correction techniques as efficient iterative schemes to
reduce the error in the convergence procedure; and different deferred correction strategies can
be applied to reduce different error components in the provisional solution. Within the prescribed
convergence tolerance, we will analyze the mathematical properties of the solution by studying the
underlying collocation formulations. In the optimal numerical implementation of this framework,
the collocation formulation is selected based on the physical properties of the solution. We treat
each low order deferred correction scheme as a preconditioner, and integrate these preconditioning
techniques with existing iterative solvers (e.g., fixed point iterations or Jacobian-free Newton-Krylov
methods) for better convergence. By understanding the different properties of various collocation
formulations for high accuracy and the different convergence procedures for high efficiency, we will

lay the ground work for creating an “optimal” algorithm for attaining high temporal accuracy.
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This chapter is organized as follows. In Sec. 2.1, we study the converged solution by developing
the “collocation formulations database” for the numerical framework for solving ODE initial value
problems and by discussing the properties of each formulation. In Sec. 2.2, we start from the
backward Euler based spectral deferred correction methods and their convergence properties, and
then study different deferred correct methods to form the “deferred correction methods database” in
the convergence procedure, an iterative procedure to reduce the errors in the provisional solution.
In Sec. 2.4, we discuss several algorithm design guidelines to integrate different components to

efficiently converge to the solution of an “optimal” discretization in the numerical framework.

2.1 Collocation Formulations and Properties

For long time simulations, it is in general impractical to use one single step for the entire
interval from ¢ = 0 to tinq (e.g., by using a spectral formulation for [0, nq]). What is done
in practice is that the entire time interval is divided into a sequence of subintervals (time steps)
based on the properties of the solution and any step size constraints. In this section, we discuss
different collocation formulations for each time step. These collocation formulations differ in the
mathematical formulations, choices of collocation points, and numerical integration or differentiation
strategies. We leave the discussions of their accurate and efficient solutions to later sections.

Spectral and pseudo-spectral methods have been widely used for solving spatial differential
equations in simple geometries (i.e., Fourier series for periodic solutions, or Chebyshev polynomials
for rectangular or cubic geometries) [11, 20, 21]. One advantage of these methods is that when the
number of expansion terms (in the spectral formulation) or node points (in the pseudo-spectral type
collocation formulation) increases, the approximation error decays very rapidly for smooth functions.
And unlike traditional linear multistep methods or low order explicit Runge-Kutta methods for
the temporal initial value problems, the stability region constraint is in general not a big concern.
Not surprisingly, as time is only one dimensional and there is no complex geometry involved, these
methods have also been applied for solving time-dependent differential equations in the past. In
this section, we first discuss the Legendre polynomial based Gauss collocation formulation, and
then discuss other collocation formulations for initial value problems. We would like to emphasize

that when an iterative scheme is applied to a specific collocation formulation and is convergent
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(up to a prescribed precision), the numerical properties of the solution are then determined by the
properties of the collocation formulation, not the convergence procedure. Unlike existing analysis of
the deferred correction methods, this new viewpoint allows us to study the mathematical properties
of the framework (e.g., order and stability) by focusing on the converged solution of the collocation
formulation, and to consider the convergence procedure (describing how the iterations converge)

separately.

2.1.1 Gauss Collocation Method

We first present a variant of the well-studied Gauss collocation formulation (also referred to
as the Gauss Runge-Kutta (GRK) method) for ODE initial value problems y/(t) = f(¢,y(t)) with
given initial data y(0) [25, 28]. To march one step from ¢ = 0 to t = At, we define Y (t) = ¢/(¢) as
the new unknown function and recover y(t) using y(t) = y(0) + fg Y (7)dr. This will give what we

call the “yp-formulation” as

t

Y (t) = f(t,y(0) —l—/o Y (7)dr). (2.1)
In the Gauss collocation formulation, p Gaussian quadrature nodes t = [t1,ta,- - - ,tp]T are used
to discretize the yp-formulation in [0, At]. For the given function values Y = [Y1,Ya, -, Y,]T

at the Gaussian nodes, we can construct the (p — 1) degree Legendre polynomial expansion to
approximate Y (t) = y/(t) where the coefficients are computed using the Gaussian quadrature rules.
We can integrate this interpolating polynomial analytically from 0 to t,,, where 1 < m < p, to
form a linear mapping that maps the function values Y to the integral of Y (¢) at the node points.
Taking out the scalar factor At in this mapping, the integral fot Y (7)d7r can be approximated by
AtSY, where S is called the “spectral integration matrix” [21] which can be precomputed. The

discretized Gauss collocation formulation using p node points in the time interval [0, At] is given by
Y =F(t,yo + AtSY). (2.2)

The following theorem, mostly from [28], summarizes several nice properties of this formulation,

assuming it is solved exactly.
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Theorem 2.1.1. For ODE initial value problems, the Gauss collocation formulation in Eq. (2.2)
with p nodes is of order 2p (super convergence), A-stable, B-stable, symplectic (structure preserving),

and symmetric (time reversible). In addition, the error decays exponentially when p increases.

Interested readers are referred to [5, 27| for the proof of the theorem. These nice properties
allow the use of very large time step sizes when solving ordinary differential equation initial value
problems.

Comment: The yp-formulation can be easily generalized to differential algebraic equations

(DAEs) of the form F(t,y,y’) = 0, and the discretized system becomes

F(t,yo + AtSY,Y) = 0.

Similar to the ODE case, the pseudo-spectral type collocation formulation allows much larger time
step sizes in the numerical simulation. In Fig. 2.1, we compare the Gauss collocation formulation

with traditional BDF methods for the DAE system from [1]

) 100-55 0 10(2-t) 1 St
7 | = 2 . 9 ze |+ 2e! (2.3)
0 t+2 24 0 z ef(2—t—1t?)

whose analytical solution is given by (z1,z2,z) = (ef,e’, —e/(2 — t)) and can be resolved to machine

precision using a 15-term Legendre polynomial expansion for each component when ¢ € [0, 1]. Due
to the stiffness of the DAE, the fourth order BDF method requires a time step size of 1073 for 10
digits of accuracy, as shown in (a) of Fig. 2.1 (also see [1], p.268). On the other hand, the Gauss
collocation discretization using a step size of 107! and 5 Gaussian nodes gives 14 digits accuracy
(see (b) in Fig. 2.1). Detailed analysis of different collocation formulations for DAE systems can be
found in [24] and references therein. More examples demonstrating the step size-accuracy relations
of the pseudo-spectral type collocation formulations for both ODE and DAE problems can be found
in [29, 30].
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Figure 2.1: Accuracy in z for different step sizes using (a) traditional BDF methods, orders 2, 3, 4
(from [1]) and (b) Gauss collocation methods using 3, 4, 5 Gaussian nodes.

2.1.2 Different Collocation Formulations

In the Gauss collocation formulation discussed in the previous section, the Legendre polynomial
based Gaussian quadrature nodes are used and the spectral integration matrix is constructed
accordingly for the yp-formulation. Other types of formulations, quadrature nodes, and numerical
differentiation or integration techniques have also been studied in the literature. In this subsection,
we present different collocation formulations to form our “collocation formulation database” for
ODE initial value problems.

For the ODE initial value problem y' = f(¢,y), most existing collocation formulations use y as
the unknown and solve the differential equation directly. In the “differential quadrature method” [13]
and other traditional pseudo-spectral collocation formulations, the “spectral differentiation matrix”
is constructed by differentiating the interpolating polynomial of y at the collocation points and
evaluating the derivative polynomial to form the spectral differentiation matrix D mapping y at the
collocation points to y’. We refer to this class of formulations as the “differential formulation,”
and the discretized ODE system can be represented as Dy = f(t,y). An alternative formulation is
to use the equivalent Picard integral equation formulation y(t) = yo + fg f(r,y(7))dr and discretize
the ODE system as in

y =yo+ AtSF(t,y) (2.4)
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where y are the unknowns at the collocation points, and S is the (scaled) spectral integration
matrix. We refer to this formulation as the “integral formulation.” It is important to note that
when the spectral integration matrix is used, this integral formulation also converges to the Gauss
collocation formulation. When this formulation is coupled with uniform collocation points, the
resulting deferred correction methods are called the integral deferred correction methods (InDC)
[14]. In the previous subsection, we also presented the “yp-formulation” using ¢y as the unknown
and using the spectral integration matrix to form the discretized collocation formulation given by
Y = f(t,yo + AtSY). Although these formulations are equivalent mathematically, they have very
different numerical properties. Also, it is not easy to generalize some of these formulations to more
complicated differential equation systems. For example, for a general DAE system F(t,y,y’) =0,
it is nontrivial to derive the standard Picard integral equation for y in the integral formulation,
and one may prefer the differential formulation or yp-formulation. On the other hand, we will see
later that an integral formulation approach may be better suited for handling stiff systems than a
yp-formulation approach.

Instead of Gaussian quadrature nodes, other node points have also been studied in the literature:
when Radau Ia nodes are used, the left end-point ¢ = 0 is added when constructing the numerical
integration or differentiation matrices; when Radau Ila nodes are used, the right end-point
t = At is added. In the Gauss-Lobatto scheme, both end points are added in the collocation
formulation. One can also use the Chebyshev polynomial based Clenshaw-Kurtis quadrature
and the corresponding spectral differentiation or integration matrices to take advantage of the “near-
minimax” approximation properties of the Chebyshev polynomial expansion and the fast Fourier
transform [50]. Since these collocation points are closely related with the underlying orthogonal
polynomials, one can very stably construct the least squares polynomial using the corresponding
Gaussian-type quadratures and differentiate or integrate the resulting polynomial to construct the
spectral differentiation or integration matrices. Note that for ODE problems, when considering the
errors at both the interior and boundary collocation points, these collocation formulations have
similar order properties as shown in traditional ODE analysis. However, when only considering the
solution at the right end point ¢ = At, the Legendre polynomial based collocation formulations are
preferred due to their relatively higher order of convergence. Also, for DAE problems, the orders

at t = At will be different for the “differential” and “algebraic” components (see, e.g. [28]) for

24



different choices of nodes; and the Radau Ila or Gauss-Lobatto nodes are usually preferred due to
their relative higher order properties for the algebraic components.

More recently, assuming the solution can be better approximated by exponential sums as
in the case for linear homogeneous ODEs, collocation nodes and spectral integration matrices are
designed using skeletonization techniques by Rokhlin et. al. for ODE systems [19, 38]. When the
solution can be approximated by the so-called “band-limited” functions, in [6], quadrature nodes and
the corresponding spectral integration matrix using the “prolate spheroidal wave functions”
were applied to initial value problems. These collocation formulations only differ in the set of node
points and precomputed spectral differentiation matrix D or integration matrix S. It is therefore
possible to precompute and form a collocation formulation database. For a given ODE system,
based on the physical properties of the solution and different measures of the error, one can choose a
particular set of nodes and the corresponding matrix to form the “optimal” formulation. Also note
that unlike traditional ODE solvers, for better accuracy, in addition to changing to a smaller step
size and reducing the error using the “order of convergence” concept, one can also add more points
to the interval in the collocation formulation to take full advantage of the convergence properties
in the orthogonal basis based pseudo-spectral methods. The latter option may be more favorable
if the resulting system can be solved efficiently, and usually allows much larger step sizes in the
simulation.

When a smaller number of nodes (e.g., less than 10 node points) is preferred (e.g., due to
memory constraints), in the existing integral deferred correction methods [14], the uniform nodes
are usually applied as they show better convergence properties in the deferred correction iterations
as will be discussed in the next section. However, such uniform collocation formulations may have
serious numerical problems (especially when the number of nodes increases) due to the stability
and accuracy issues from the underlying uniform polynomial interpolation schemes, such as the
well-known Runge’s phenomenon. We believe such collocation formulations should be avoided in
the final converged solution; however, one may want to take advantage of their fast convergence
in the deferred correction iterations as will be discussed in Section 2.2. Also, generalization of the
collocation schemes to partial differential equations is straightforward and interested readers are

referred to [12, 33, 34] for preliminary results along this direction.
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2.2 Deferred Correction Methods and Properties

Despite the aforementioned excellent properties of many of the high order collocation formulations,
the higher order (p > 10 node points) collocation formulation is rarely used in most of today’s
numerical simulations. The main reason is the efficiency of the solution algorithms. Assuming
an ODE system with N equations is resolved using p Gaussian nodes in the Gauss collocation
formulation, as the spectral differentiation matrix D or integration matrix S is dense (solutions at
current time depend both on history data and solutions at future times), the Newton’s method and
direct Gauss elimination (for each linearized system) will require O((Np)3) operations. This number
increases cubicly as p increases. In most BDF type methods, the operation is only N3 for each time
step. Also, when the step size is large, the initial value may no longer serve as a good initial guess
for the solution in the time interval, resulting in convergence problems in the nonlinear solver.

Instead of direct Gauss elimination, in recent years, different deferred correction methods were
proposed to improve the efficiency when solving the discretized collocation formulations iteratively.
We first present the backward Euler based spectral deferred correction (SDC) methods for the

yp-Gauss collocation formulation.

2.2.1 Backward Euler Preconditioned SDC for yp-Gauss Collocation Formulation

We consider the yp-formulation in Eq. (2.2) using the Gaussian nodes. The first step in a SDC
method is to use a low order “predictor” to find an approximate solution of Y'(¢) at the collocation
points in [0, At], denoted by Y = [V1,Ya, - ?};]T. When the backward Euler’s method is applied,

the predictor solves the low order discretized system given by

Yi = f(ti,y0 +AtY7)

Yo = f(ta,yo + At1Y1 + AtyY5)

Y, = f(tpv Yo + Atl?l + AtQYQ s Atpf/;;)
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where At; =t; —t;—1 (to = 0) is the time step size from t;_; to ¢;. In matrix form, this is equivalent

to solving
Y =F(t,yo + AtSY) (2.5)
where ~ -
Aty 0 - 0 0
Aty Aty - 0 0
AtS = |At; Aty -~ 0 0 (2.6)
| Aty Aty -0 Aty Al

is the first order rectangular rule (using the right end point) for approximating f(? Y (7)dr. Unlike
the spectral integration matrix S where solutions at current time depend on both the history
and future data, in the low order discretization represented succinctly in Eq. (2.5), solutions are
“decoupled” due to the lower triangular structure of S. This reduces the solution time to O(N3p) for
ODE systems of size N, assuming Gauss elimination is used for each step of the Newton iterations
when solving the nonlinear system Y, = fte,yo + At Yy + AtyYs - -+ Atkf/k) when marching from
tp_1 to tp. We use f/(t) to represent the corresponding Legendre interpolating polynomial of Y,
where the expansion coefficients are stably computed using the Gaussian quadrature.

In the second step of the SDC method, we define the error as §(t) = Y () — Y (t). We can express

the “error’s equation” given by

Y (t) +0(t) = f(t, 50 + /o (Y (7) + 6(7))dr) (2.7)

with initial value §(0) = 0. Since Y at the Gaussian nodes is given, we can apply the spectral
integration matrix to fg Y (7)dr to accurately evaluate the integral. For the unknown §(t), similar to
the predictor step, the backward Euler’s method can be applied to obtain a low order approximation

of the error §(¢) by solving the equation system
Y +6 =F(t,yo + AtSY + AtS4) (2.8)
where & = [01, 02, - - - ,Sp]T is the low order solution at each collocation node. Next, we can add &
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to Y to obtain an “improved” approximation of Y (t), define the new error, and repeat the second
step. We refer to each such iteration as one SDC correction. In the SDC methods, this procedure is
stopped either when 4 is smaller than a prescribed accuracy requirement or after a fixed number
of iterations. In the latter case, if the error is still large, one reduces the step size and solves the
collocation formulation in a smaller interval. In other words, one accepts the SDC results only when
d in Eq. (2.8) is within certain error tolerance. Notice that in this case, Y approximately satisfies
(up to O(d) error)

Y =F(t,yo + AtSY) (2.9)

which is exactly the Gauss collocation formulation in Eq. (2.2). Therefore, SDC is simply an iterative
scheme trying to converge to the Gauss collocation formulation.

Comment: When analyzing the deferred correction methods, most existing results follow
traditional numerical ODE theory and study the convergence and stability region properties for
varying step size At. However, note that when the error is large in the deferred correction iterations,
the results will not be accepted and smaller step sizes have to be used until the error is small enough.
This implies that most existing analyses cover inapplicable numerical regimes which never appear
in real implementations. It is therefore more appropriate to separate the study of the convergence
procedure from that of the converged solutions. When the corrections are convergent, the numerical
properties of the algorithm are determined by the underlying collocation formulation.

Comment: Generalization of the SDC methods to the DAE problems is straightforward. When
the backward Euler’s method is applied, the corresponding low order discretization for the error
is given by F(t,yo + AtSY + AtS8,Y + 8) = 0. For a given provisional solution, only O(N3p)
operations are required to get the low order error approximation d in each SDC correction due to

the lower triangular structure of S.

2.2.2 Backward Euler Preconditioned SDC for integral-Gauss Collocation Formula-
tion

We now consider the integral formulation in Eq. (2.4) using the Gaussian nodes and present

a similar analysis as the previous subsection. As mentioned earlier, SDC begins with a predictor.
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And applying the backward Euler’s method, we obtain the provisional solution

g1 = yo+ Aty f(t1, 1)

g2 = yo+ Atif(t1,91) + Ataf(t2, 92)

Up = yo+ Atyf(t1, 1) + Ataf(ta, §2) +- -+ Aty f(tp, Up)

where At; =t; —t;—1 (to = 0) is the time step size from t;_; to ¢;. In matrix form, this is equivalent
to solving

¥ = yo + AtSF(t,y) (2.10)

where AtS is the same as in Eq. (2.6).
In the second step of the SDC method, we define the error as 6(¢) = y(t) — g(t). The error’s

equation is now given by

30 +60) =0+ [ ' F () + 8(r))dr (2.11)

with initial value 6(0) = 0. We then obtain a low order approximation of the error §(¢) by solving

the equation system

where 6 is the low order solution at each collocation node. Next, we continue the SDC procedure by
adding d to y to obtain an improved approximation to y(t), defining a new error, and repeating

the second step. When & is within a certain error tolerance in Eq. (2.12), the approximation y

approximately satisfies (up to O(4) error)
y =yo+ AtSF(t,y) (2.13)

which is the Gaussian collocation formulation in Eq. (2.4).
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2.2.3 Understanding Deferred Correction Iterations

To gain further insight of the deferred correction iterations, we first consider the SDC scheme
in matrix form applied to a linear ODE of the form y/(t) = Ay + f(t) with given initial condition
y(0) = yo. We will present an analysis using both the yp-formulation and the integral formulation.

The corresponding collocation formulations for the yp-formulation and integral formulation,

respectively become

Y = A(yo + AtSY) + F (2.14)

Yy =yo+ AtS(A\y +F) (2.15)

where yo = [0, 0, ,y0]? and F = [f(t1), f(t2), -+, f(tp)]T. Therefore the linear systems for Y

and y are given by

(I = AALS)Y = Ayo + F (2.16)

(I — AAtS)y = yo + AtSF. (2.17)

In the first step of SDC, using the backward Euler’s method as the predictor to solve the low

order discretization for the respective formulations

(I —AAtS)Y = \yo+ F (2.18)

(I — AAtS)y = yo + AtSF, (2.19)

we obtain the respective initial provisional solutions

YO = (1 = XALS) Y (A\yo + F) (2.20)

Y% = (1 = AALS) " (yo + ALSF). (2.:21)

Assuming the provisional solution from the previous SDC correction is denoted by Y and y[,

the discretized low order error’s equations in Eq. (2.8) and Eq. (2.12) for the respective formulations
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become

Y 4+ 6 = Ayo + AtSYP + ALSS) + F (2.22)

vy 4+ 8 = yo + AMALSY! 4+ AtS8) + ALSF. (2.23)
For the yp-formulation, using Eq. (2.20) to write (Ayo + F) as (I — AAtS)Y) § is then given by
6 =Y — (1 —XALS)"1 (I — AALS) Y, (2.24)

Similarly for the integral formulation, using Eq. (2.20) to write yo + AtSF as (I — AAtS)y!?, the

integral formulation correction is then given by
6 =yl — (I = AALS) ' (I — AALS)y!™. (2.25)

Notice that the correction equations for the yp-formulation and the integral formulation mirror each

other. Therefore, we have the same recursive relation for both formulations

yl =yl 4§ = y0I 4 oyl (2.27)
where the matrix C' is given by

C = I—(I-MAtS)"YI - \ALS)
= I — (I —MAtS)"HI — AALS + AALS — MALS)

= (I = )AtS)"IAAL(S - 9),

and is what we call the “correction matrix” in this dissertation. We would like to emphasize the
fact that the correction matrix is the same for both the yp and integral formulation based SDC

schemes. Solving the recursive equation in Eq. (2.26) for the yp-formulation and Eq. (2.27) for the

31



integral formulation, we obtain

Y[n} _ Y[O] + CY[O] + CQY[O] et C’"Y[O} (2.28)

y[”] - y[O] 4 Cy[o] 4 C2y[0} NI C”y[o}‘ (2.29)

Instead of the above step-by-step analysis of the SDC method, a more straightforward viewpoint
is to consider the collocation formulations in Eq. (2.16) and Eq. (2.17) and apply the low-order

preconditioner (I — AAtS)~! to get the preconditioned systems

(I — AALS) NI — AALS)Y = (I — AALS) ' (\yo + F) = YU (2.30)

(I — AALS) NI — AALS)y = (I — AALS)H(yo + ALSF) = ylol. (2.31)

Since S is a low order approximation of S (or when AAt is small), (I —AAtS) 1 (I —\AtS) = I —C'is
close to the identity matrix. Applying the Neumann series to the equation (I — C)Y = Y, we can
derive Eq. (2.28) directly. Likewise, applying the Neumann series to the equation (I — C)y = yl0,
we can derive Eq. (2.29) directly. Therefore, for linear ODE problems, we conclude that the SDC
method is simply a Neumann series expansion for solving the optimal collocation formulation
preconditioned by the low order methods. The convergence of the deferred correction methods is

then determined by the following theorem.

Theorem 2.2.1. For linear ODE initial value problems, the spectral deferred correction iterations
in Eq. (2.28) are convergent if and only if the spectral radius p(C) (the supremum among the

absolute values of all the eigenvalues) of the correction matriz C is less than 1.

For nonlinear problems, the SDC approach can be considered as a simplified Newton’s method for
the yp-formulation. For a given input provisional solution Y!*!, denoting the low order approximation
of the error § as an implicit function of Y as § = H(Y¥)), one can apply the Newton’s method to
find the zero of H,

Y =y ta (Y ) = Y gt
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80

5y We can start with the general error equation for DAEs

To find an expression for J 1}1 =
0="F(t,aY+9d)

where @1 = yo + AtSY + AtS3. As in [30], we use the implicit function theorem to obtain s
OF - 06 OF Do
0= " v 1+ 22
ou oY oY oY
. <8F OF OF \,& > < >
oY ou
~1
(2 (5
(‘3Y oY oOu
L (OF | OF OF OF
8 (9u ou ou

95 OF OF OF
Ty = Y_—I+<a o ) ((Tm(s S))

Here, we can think of the Jacobian matrix as Jgy = —I + C (note that gg = [ for ODE systems).
The Jacobian matrix is close to the negative Identity matrix —I when the low-order preconditioner

is effective, since S is an approximation to S and At is small. Therefore, the Newton’s method in
ylk+1 — ylk] J;lH(YN[k]) =YW — j15

is simplified to Y*+1 = Y[H 4 §.
We can show that SDC is a simplified Newton’s method for the integral formulation as well. For
a given input provisional solution y[k], denoting the low-order approximation of the error 5 as an

implicit function of yl* as § = H(yfk]), one can apply the Newton’s method to find the zero of H,
ylE 1] = ylk] J H(ylk) = ylFl — J}—Il&

To find an expression for J;II = %, we can start with the error equation for the integral formulation
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in Eq. (2.12) and use the implicit function theorem to obtain

) OF OF - 96 OF
I+ _—=AtS +Ats<8y( +5)<I+69>8y>

oy oy

= (I AtSa—F( +6)> 08 ——I+At58—(y+6)+At(S S)aF

oy ay oy oy
GH) SOF N\ OF
= Jp=—=-1 I—AtS—(y+4 At(S - S .
" oy i ( dy G+ )) ( ( ) 8Y>
Once again, we can think of the Jacobian matrix as Jgy = —I + C. Thus, the Newton’s method

in

=yl = M) =y - gt

is simplified to ylF+1 =yl 4§,

2.2.4 Properties of Deferred Correction Iterations

Our numerical results (also see [16]) show that for many ODE initial value problems, the
properly implemented deferred correction methods outperform many existing commonly used solvers
in efficiency for the same accuracy requirement, especially when very high accuracy (i.e., more
than 6 digits accuracy) is required. However, we also observe the “order reduction” phenomenon
when deferred correction iterations are applied to very stiff ODE systems. For some DAFE systems,
the deferred correction scheme becomes divergent, independent of the selected step size. We refer
interested readers to Fig. 7 in [30], where the SDC method is applied to Andrews’ squeezing problem
(see [44] for the full description of this DAE system) and becomes divergent after a few iterations for
different step sizes. One observation is that when the Gauss collocation formulation is solved exactly,
“order reduction” or divergence is never a concern in the converged solution. This observation means
that the order reduction or divergence is not caused by the final converged solution, but by the
deferred correction convergence procedure, in particular, the spectral radius p(C') of the correction
matrix C' and the error in the initial provisional solution.

We first define the “convergence region” to measure when the deferred correction methods are

convergent for linear problems.

Definition 2.2.2. For linear ODE initial value problems, we define the “convergence region” 2
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of a deferred correction method as Q = {AAt: p(C(AAt)) < 1, A € C}. The method is called “A-
convergent” if ) contains the left half complex plane. It is called “L-convergent” if it is “A-convergent”

and lim|ya¢|—s00 P(C(AAE)) — 0 for AAt on the left half complex plane.

s T T T T o7

10 -

0.79

2353
= 0 z
s
£3
sk 125 4
Fe:s
~10 i
-isk, ‘ 075 ‘ L 07 A
-10 -5 0 5 10 15 20

Figure 2.2: Contour of p(C(AAt)) for p = 4 for SDC, AAt = z + iy.
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Figure 2.3: Contour of p(C(AAt)) for p = 10 for SDC, AAt = = + iy.

For the backward Euler preconditioned SDC methods for yp-Gauss collocation formulation, the

correction matrix is

C = (I —XAtS)L(AAL)(S - S). (2.32)

In Figs. 2.2 and 2.3, we plot the numerically computed convergence region (contour = 1) and other
contour lines of p(C) for p = 4 and p = 10. Both seem to be A-convergent.

For the correction matrix C'(AAt), we are particularly interested in two regimes to understand
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the properties of the deferred correction iterations: when |[AA¢| < 1 (non-stiff systems), and when
|IAAt| — oo (“strongly stiff limit” for stiff systems). For non-stiff systems where [AA#| < 1, after

each iteration, clearly the error will decay approximately by the factor (AA)(S — S) as

Cos = I+ (AALS) + (AALS)2 + - )(AAL)(S - S) (2.33)

= (AAY(I + (NALS) + (AALS)? +---)(S = 9). (2.34)
However in the strongly stiff limit, the correction matrix becomes

—(AALS) (ALY (S - 5)

Cs =
Cs=1-5871S. (2.35)

The convergence of the iterations will then depend on how accurate the low order integration rule
in S approximates the high order rule in S. In Table 2.1, we list p(Cs) for different numbers of node

points. It can be seen that “order reduction” becomes a serious problem as the number of nodes

Table 2.1: p(Cs) for different numbers of Gaussian nodes, stiff case, SDC.

P 2 3 4 5 6 7 8
p(Cs) 03170 0.4210 0.5610 0.6653 0.7420 0.7998 0.8448
P 9 10 11 12 13 14 15
p(Cs) 0.8805 0.9096 0.9337 0.9540 0.9713 0.9861 0.9991
D 16 17 18 19 20 25 50
p(Cs) 1.0105 1.0205 1.0295 1.0375 1.0448 1.0724 1.1280

increases. For 8 points, the modulus of the largest eigenvalue of the correction matrix is 0.8448.
This means that for general stiff ODE systems, one error component will decay asymptotically by
the factor 0.8448 after each SDC iteration due to the “unresolved” stiff components (as [AAt| > 1)
in the iterations. When p = 16, the SDC method becomes divergent as p(Cs) = 1.0105. Clearly,
when p > 15, the methods are not A-convergent, and the error will eventually start to increase
when the number of iterations increases. For several cases when p < 15, our numerical results show
that the methods are A-convergent. Also, from Table 2.1, we see that none of these methods are
L-convergent. In Fig. 2.4, we also plot the eigenvalue distributions of Cy for p = 10 and p = 40.

In addition to spectral radius p(C') which determines the asymptotic convergence properties of
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Figure 2.4: Distributions of correction matrix eigenvalues for p = 10 and p = 40, stiff case, SDC.

the deferred correction iterations, the initial error (and its corresponding eigen-decomposition) in
the provisional solution also plays an important role in the “convergence procedure”. This will be
explained in this subsection by comparing the SDC iterations with standard Picard iterations for

non-stiff linear ODE systems (Picard iterations are divergent for stiff systems).

0.35 T T T T T T T T 0.35

Largest eigenvalue (Picard) Second largest eigenvalue (Picard)
03l — — — Largest eigenvalue (SDC) | 03l — — — Second largest eigenvalue (SDC) |

Eigenvalue
Eigenvalue

2 4 6 8 10 12 14 16 18 20 2 4 6 8 10 12 14 16 18 20

Number of nodes Number of nodes
(a) (b)

Figure 2.5: Modulus of the (a) largest and (b) second largest eigenvalues for different numbers of
nodes, SDC wvs. Picard for the Gauss collocation formulation.

In the standard Picard iteration, the solution is derived by applying the Neumann series directly
to (I —MAtS)YY = b= (Ayo+F)asY =b+CLb+ (CF)2b + --- for the yp-formulation or
(I = AALS)y =b= (yo+AtSF) asy = b+ CLb+ (CL)2b+ - - - for the integral formulation. For
both cases, the new correction matrix is given by CF = MAtS. To understand the asymptotic
convergence properties, we notice that after each Picard iteration, similar to the SDC iterations,

the error will be reduced by a factor of O(AAt). We therefore compare the constant prefactor
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determined by the spectral radius of S — S in the SDC correction matrices Cps and the radius of S
in the Picard correction matrix CL.. In (a) of Fig. 2.5, we compare the spectral radius (modulus of
the largest eigenvalue |A|;q,) of S for Picard iteration and that of S — S for SDC. It can be seen
that asymptotically the SDC iterations have a similar convergence rate as the Picard iterations
when AAt is small. In (b) of Fig. 2.5, we also show how the second largest eigenvalues change as a
function of the number of Gaussian nodes for the SDC and Picard iterations. In Fig. 2.6, we plot
the eigenvalue distributions of the matrix S — S in the SDC method and S in the Picard iterations
for (a) p =10 and (b) p = 20, respectively. In Fig. 2.7, we plot the normalized eigenvectors of the
matrix S — S, and in Fig. 2.8, the normalized eigenvectors of S, both for p = 15. These vectors
can be considered as the discretized eigenfunctions. Each component v; in the eigenvector v is

considered as the eigenfunction value at t;.
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Figure 2.6: Eigenvalue distributions of SDC and Picard iterations for (a) 10 nodes and (b) 20 nodes

One interesting observation is that even though the spectral radii of the two correction matrices
are similar in magnitude (which implies similar convergence rates for a large number of iterations),
the eigenvalue distributions and structures of the eigenvectors are very different. To see this behavior,

note that we can use Eq. 2.26 and Eq. 2.28 to express the solution of the yp-formulation as

v = vl 4 oyl 4 o2y 4 ... 4 onyl0]

— vl 4 5 o5 Ly o1l

where C' can be the Picard correction matrix Cks or the non-stiff SDC correction matrix C,s and

<[0] . ... . <[0] . . . . .-
o 0] is the initial error. Expressing & ] in the eigenvector (of the correction matrix) decomposition
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Figure 2.8: S: Real (0) and imaginary (4) components of each eigenvector at the collocation points,

non-stiff case, p = 15, Picard iteration
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Figure 2.9: How errors decay after each SDC or Picard iteration.

[0] D . . . .. . o
= Y «a;v;, we can express k iterations of the correction matrix impacting the initial error as
i=1

)

[0]

Ccks"” = Ck(a1V1 + vy + -+ apvy)

= (al(/\l)kvl + ag()\g)kVQ + -+ ap()\p)kvp) (2.36)

where Cv; = A\v; with [A] < [Ag] < -+ < |A\|. Though |\,| for Chs and C,s are similar, the
eigenvalues in Figs. 2.7 and 2.8 show different behaviors.

For the matrix S — S in the SDC iterations, zero is an eigenvalue and the corresponding
eigenvector is the constant vector. Notice that for both methods, when a Taylor expansion is
applied to the error term in the initial provisional solution, the constant component is usually the
largest term, followed by linear, then quadratic, and then higher degree terms. Thus, one should
expect smaller initial error when using the SDC method because SDC can effectively eliminate
the dominating “low-frequency” error components. This is validated numerically in Fig. 2.9, by
implementing both the SDC and Picard iterations for the model problem y/(t) = y(t) + f(t), where
f(t) is chosen so that the analytical solution is given by y(t) = %-Ht The figure shows how the errors
decay after each SDC or Picard iteration in one time step [0,0.6]. In the simulation, p = 15 is used
for both methods; and the spectral radius of S — S is approximately 0.049. It can be seen that the
error from the SDC iterations is smaller than that of the Picard iterations, and the asymptotic

decay slope of the Picard iterations approaches that of the SDC method. Also, the numerical value
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of the slope of the SDC curve is approximately —3.37, which is very close to the theoretical value
—3.53 =~ log(0.6 - 0.049).
When the SDC methods are applied to the stiff systems where |[AA¢| > 1, in Fig. 2.10, we

plot all the eigenvectors of the correction matrix Cs for p = 15. It can be observed that higher
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Figure 2.10: Real (0) and imaginary (4) components of each eigenvector at the collocation points,
stiff case, p = 15, backward Euler preconditioned Gauss collocation formulation.

frequency errors decay slower than the lower frequency errors because the moduli of the corresponding
eigenvalues are larger. Recall that for the initial provisional solution in the SDC iterations, the
low frequency errors are usually the dominating components. The overall errors will therefore
decay rapidly in the first few iterations, but “order reduction” or even “divergence” is expected
eventually for a large number of corrections due to the asymptotic convergence properties determined
by the spectral radius p(Cs). One interesting numerical example can be found in Fig. 7 in [30],
where the SDC method is applied to Andrews’ squeezing DAE system. For this specific example
and different step sizes, the errors decay in the first few iterations and start to increase once the
dominating error becomes the high frequency component corresponding to the largest eigenvalue.
In existing deferred correction implementations, such divergence (and order reduction for smaller
p) was usually controlled by fixing the total number of iterations to bound the growth of the
eigenvectors corresponding to eigenvalues of large moduli, and by using smaller step sizes to reduce

the magnitude of the coefficients of these eigenvectors in the initial error.
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Comment: For general DAE systems, it is usually expected that in the discretized algebraic
equations, since S~ is applied to precondition S directly by applying the implicit function theorem,
the convergence of the SDC method for DAE systems will most likely depend on the spectral radius
of I — 8718, especially for higher index DAE systems, and the numerical properties of the SDC

methods will be similar to the strongly stiff limit case for ODEs.

2.2.5 Different Deferred Correction Methods

In this subsection, we discuss several deferred correction strategies and present their properties.
We focus on the “yp-formulation” but other formulations (like the integral formulation) have
also been studied and can be included in the “deferred correction methods database”. In the
“convergence procedure”, appropriate deferred correction schemes will be selected to reduce different
error components in the initial solution for faster convergence to the collocation formulation.

We also studied the backward Euler preconditioned SDC type methods for the Radau Ila
collocation formulation (SDC-Radau) where the right end point ¢ = At is included in the spectral
integration, and the Lobatto formulation (SDC-Lobatto) with both end points ¢ = 0 and t = At
used in the formulation.

For Radau ITa nodes, we found that the convergence behaviors of the SDC-Radau schemes are
similar to those of the Gaussian nodes in both the non-stiff (|]AA¢| small) and stiff (|AA?| large) cases.
In Table 2.2, we show the spectral radius p(C') of the correction matrices for different numbers of
Radau Ila nodes for the stiff case. It can be seen that when p > 12, the SDC-Radau methods

become divergent. We also plot the convergence region of the SDC-Radau. Similar to the Gauss

P 2 3 4 ) 6 7 8
p(C) 0.2500 0.4344 0.6184 0.7364 0.8161 0.8726 0.9146
p 9 10 11 12 13 14 15
p(C) 09469 0.9724 0.9931 1.0101 1.0244 1.0365 1.0470
P 16 17 18 19 20 25 50

p(C) 1.0560 1.0639 1.0709 1.0772 1.0827 1.1037 1.1444

Table 2.2: p(C) for different numbers of nodes, SDC-Radau.

collocation case, our numerical results show that the methods are A-convergent for smaller p, but

become divergent when p is large. Also, none of these formulations are L-convergent.
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Figure 2.11: Contour of p(C) for p = 4 for SDC-Radau, \At = x + iy.

For Lobatto nodes, the left end point (¢ = 0) is included in the integration quadrature and we
also add tg = 0 to the collocation formulation. It is easy to see that all entries in the first row of the

integration matrix S (representing foo Y (7)dr) will be zero. We denote

g O1x1 O1x(p—1) ’

So1 Sa2
where Sa; is the (p — 1) x 1 vector and Sz is the (p — 1) X (p — 1) submatrix. The equation at ¢ = 0
is simply the initial consistency condition Yy = f(to,y0). The low order quadrature rule can be
represented in a similar way as
O1x1 01><(p71)
So1 Sao
When the backward Euler’s method (rectangular rule using the right end point) is used, So1is a
zero vector, and Spy contains the lengths of the subintervals between adjacent Lobatto quadrature

nodes similar to Eq. (2.6). Applying the Woodbury matrix identity, the correction matrix can be
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Figure 2.12: Contour of p(C) for p = 10 for SDC-Radau, AAt = x + iy.

simplified as

C =1—(I—\AtS) (I — \ALS)

:I—

(I — AAtS99) " AAtSy; (I — AAtSs) ™!

1

0

0

1
—AAtS9;

0
(I — AALSss)

(I — )\Atggg)_lAAt(Sgl — 521) I— (I — )\Atggg)_l(f — )\AtSQQ)

One therefore only needs to study the “sub-correction matrix” I — (I — AAtSas) (I — AAtS52) to
understand the convergence properties of the original correction matrix. For stiff systems when
|[AAt| is large, one needs to study the matrix I — 3521 Soo. In Table 2.3, we show the spectral radius
of this matrix for stiff ODE systems. Similar to the Gaussian and Radau Ila cases, the SDC-Lobatto

methods become divergent when p > 14 and order reduction is expected for smaller numbers of

nodes. For comparison, we also plot the convergence regions of SDC-Lobatto methods.

Comment: In most existing analysis and implementations of deferred correction methods, a
fixed number of iterations is performed and the resulting “solution” may still be far away from
the converged solution in each time step. Hence, one should expect a relatively large error in the

initial value yg for the next step. For stiff problems, the large error may accumulate rapidly when
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P 3 4 5 6 7 8 9
p(C) 0.5000 0.5922 0.6837 0.7576 0.8150 0.8600 0.8957

P 10 11 12 13 14 15 16
p(C) 0.9247 0.9485 0.9685 0.9853 0.9998 1.0123 1.0233
P 17 18 19 20 21 25 50

p(C) 1.0330 1.0415 1.0492 1.0560 1.0622 1.0820 1.1333

Table 2.3: p(C) for different numbers of nodes, SDC-Lobatto methods.

03 |

Figure 2.13: Contour of p(C) for p = 4, SDC-Lobatto methods, AAt = x + iy.

the number of time steps increases in any yp-formulation using the left end point ¢ = 0. This
can be shown by studying the initial provisional solution Y0 = (I — AAtS)~1(\yo + F) (also see

Eq. (2.20)). When the left end point is used in the collocation formulation, as

_ 1 0
(I —AALS)™ =

~ ~ ~ )
(I — )\AtSQQ)_l)\AtSQ]_ (I — )\AtSQQ)_l
the error in the first entry (corresponding to the left end point) of Y[ will be X times the error
from the initial value yg. When this entry is used in the spectral integration scheme, this error will
propagate to other collocation points and magnify the overall error by O(A) in the final solution
at each time step, resulting in an unstable numerical time marching scheme. Therefore, the yp-

formulation with the left end point ¢ = 0 should be avoided in the standard deferred correction
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Figure 2.14: Contour of p(C') for p = 10, SDC-Lobatto methods, AAt = x + iy.

methods.

It is well-known that the uniform interpolations suffer from the Runge phenomena when a large
number of interpolation points are used, so in existing implementations, only low order uniform
collocation formulations (e.g., p < 10) are considered in the integral deferred correction (InDC)
methods [14]. In this subsection, we analyze the backward Euler preconditioned deferred correction
methods for the uniform yp-collocation formulations (denoted as InDC-yp). In Figures 2.15-2.17, we
show the convergence regions for p = 4, p = 5 and p = 10. The numerically computed convergence
regions show that when p = 4, the method is A-convergent. However, the method is no longer
A-convergent when p > 4.

The most interesting feature of the InDC-yp is the following theorem for stiff systems.

Theorem 2.2.3. For the InDC-yp method, when |AAt| — oo, the correction matriz S8 — T has

etgenvalues equal to zero; and its Jordan canonical form consists of one Jordan block.

The proof is sketched in the Appendix. Because there only exist zero eigenvalues, we conclude
that the InDC-yp methods are L-convergent for p < 5. Clearly, the InDC methods have better
convergence properties, but larger error is expected from the converged solution due to the uniform
collocation points for large p.

In the following we study the convergence properties of the second order trapezoidal rule
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Figure 2.15: Contour of p(C) for p = 4 for InDC-yp, AAt = x + iy.

preconditioned yp-formulations.

We first consider the non-stiff case. The left end point (¢ = 0) is used in the first subinterval
by the trapezoidal rule. We add it to the collocation formulation to compare the trapezoidal rule
preconditioned Lobatto collocation formulation (denoted as SDC-Lobatto-T and the corresponding
correction matrix is denoted as C) with the backward Euler preconditioned Lobatto collocation
formulation, SDC-Lobatto. From Fig. 2.18, it can be seen that the spectral radius of S — S from
CT is smaller than that from the SDC-Lobatto. Therefore for non-stiff problems, the second order
trapezoidal rule preconditioned SDC-Lobatto-T should converge asymptotically faster. Also, using
the trapezoidal rule predictor, the initial low order solution should have much better accuracy
(smaller error). One interesting observation is that as the spectral radius of the trapezoidal rule
preconditioned SDC-Lobatto-T method is non-zero, one should only expect the error to decay by
the factor A\At after each iteration, assuming the initial error has all eigenmodes. This disagrees
with some existing claims that the error decays by a factor At? after each 2"¢ order SDC correction.
Such disagreements were also pointed out in [14], where the integral deferred correction methods
are studied as special Runge-Kutta approaches.

For stiff problems, the second order trapezoidal rule preconditioned SDC-Lobatto-T iterations

show worse convergence properties. In Table 2.4, we show the spectral radius of the correction
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Figure 2.16: Contour of p(C) for p =5 for InDC-yp, AAt = x + iy.

matrix in this regime. It can be seen that the trapezoidal rule preconditioned SDC iterations
become divergent when p > 5. Therefore, without resolving the “order reduction” and divergence
problems, the higher order trapezoidal rule preconditioner is usually not recommended for solving

the pseudo-spectral discretization for stiff ODE and DAE systems.

p 3 4 5 6 7 8 9
[Almaz 0.3333  0.6180 0.8934 1.1658 1.4370 1.7076 1.9780
D 10 11 12 13 14 15 16
[Almaz 2.2482 2.5183 2.7884 3.0585 3.3285 3.5986  3.8687
D 17 18 19 20 21 25 50

[Almaz 4.1388 4.4089 4.6789 4.9490 5.2191 6.2995 13.0530

Table 2.4: p(C') of SDC-Lobatto-T, strongly stiff limit case.

Another interesting observation is obtained when the trapezoidal rule preconditioner is applied
to the uniform collocation formulation (denoted as InDC-yp-T) of non-stiff problems, described in

the following theorem, and the proof is given in the Appendix.

Theorem 2.2.4. For a non-stiff ODE system and its uniform collocation discretization, after each
trapezoidal rule preconditioned InDC-yp-T iteration, the error decays by the factor (At)? before

reaching its discretization order (At)PT1.

Therefore, higher order preconditioners are more effective to reduce the non-stiff errors when the

48



600 | R
400 |- 4

200 - q

-200 - g
—400 - 4

—-600 - B

-200 0 200 400 600 800

Figure 2.17: Contour of p(C) for p = 10 for InDC-yp, AAt = = + iy.

uniform nodes are used. However many of these schemes show worse convergence properties for stiff
systems in the standard deferred correction iterations, e.g., we found that for p = 6, the trapezoidal
rule preconditioned iterations are divergent. For smaller p, severe order reduction is observed.

For non-stiff problems, existing numerical results show that the Neumann-series type deferred
correction methods are very effective in the solution procedure to converge to the corresponding
collocation formulation. This is unfortunately not true for stiff problems, and one has to deal
with the divergence and order reduction for stiff ODE systems in the convergence procedure.
One effective solution in existing literature is to search for the optimal solution in the Krylov
subspace. One can use the Krylov deferred correction (KDC) methods [29, 30] to solve the
preconditioned formulation in Eq. (2.30). For linear stiff problems, instead of the Neumann series
solution in Eq. (2.28), one can search for the optimal least squares solution in the Krylov subspace
K (C, Y)Y = span{YL cYl 02y 0l ... C©m=1Y]} using existing Krylov subspace methods
such as the GMRES (generalized minimal residuals) or BiCGStab (bicongugate gradient stabilized
method) as the matrix C' is usually non-symmetric [4, 35, 46].

For nonlinear stiff problems, one can apply the Jacobian-free Newton Krylov (JENK) methods
to find the root of the low-order method preconditioned system 5 = H(Y), where the “input”

variable Y is the approximate solution and the “output” & is the low-order estimate of the error in
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Figure 2.18: Spectral Radius p(S — S) for different numbers of nodes, SDC-Lobatto and SDC-
Lobatto-T.

the SDC correction. Note that when Y solves the original collocation formulation in Eq. (2.2), the
output 5 =0. Also, when the output is a good estimate of the error in the input variable Y, by
applying the implicit function theorem, one can show that the Jacobian matrix of H is close to —1I.
We refer interested readers to [36, 37] for details of the JENK methods. In the following we present

the algorithmic structure of one step of the KDC methods marching from 0 to At using existing

implementations of the JFNK methods.

Krylov deferred correction method: Subroutine OneStep(y(to + At), Y, y(to), to, At)

Comment:
Input: Initial values y(to) at t = to and step size At.
Output: Solution y(ty + At) at ty + At and derivatives Y at collocation nodes.
Step 1, Predictor: Use a low order method to find an approximate solution Y
as the initial guess.
Step 2, JFNK: Call existing JENK solver to find the root Y of the equation
6 =H(Y)=0.

Step 3, Output: Use high order quadrature and integrate Y to get y(tg + At).

In the JENK method, the function evaluation 6 = H(S?) is simply one SDC iteration for the
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given provisional solution Y, and such a function evaluation module should be provided by the
user. We refer interested readers to [29, 30, 33] for details of the KDC algorithm and preliminary
numerical results. Though KDC is a promising method, we do find that straightforward application
of existing JFNK packages in KDC is not optimal. For small At, existing JENK methods often
encounter difficulty converging to the collocation formulation even though the original deferred
correction approaches converge satisfactorily. Also, for some settings, the deferred correction
approach converges faster than the JFNK. We believe the reason is that the general purpose JFNK
solvers are unaware of the special structures in the preconditioned system implicitly given by the
function H. Modification and optimization of the JFNK methods for the numerical framework will

be further addressed in chapter 3.

2.2.6 Integral Formulation, yp-formulation, and Convergence

Our analysis also shows that using different formulations will also change the convergence prop-
erties of the deferred correction iterations. In this subsection, we compare the integral formulation
with the yp-formulation for the linear ODE y/(t) = Ay(t) + f(t) for both non-stiff and stiff cases.
In the yp-formulation, we use Y (t) = ¢/(¢) as the unknown and solve the discretized system in
Eq. (2.16). The iterations for the yp-formulation is given in Eq. (2.28), and the converged solution
Y is explicitly given by

Y = (I - MALS) Y (\yo + F).

After finding Y, the solution ¥ is constructed using ¥ = yo + AtSY. In the integral formulation,
one computes y(t) directly by solving the Picard integral equation y(t) = yo + fg (Ay(T) + f(1))dr.
The discretized system is given by y = yo + AtS (A\y + F), and the converged solution is given
explicitly by

y = (I — MALS) ! (yo + ALSF).

The Neumann series expansion for the preconditioned formulation

(I — AALS) NI — AALS)y = (I — AALS) ' (yo + ALSF) =yl

o1



is given by

where C' is the same correction matrix as in the yp-formulation.
However, after a fixed number K iterations, the truncated expansions will have different properties.
Assuming both series expansions are convergent, the error from the truncated yp-formulation is

then given by

erryy = AtS( > CFY) = AtS ( > CHI = AALS) T (Ayo + F)) ,
k=K+1 k=K+1

and the error from the integral formulation is given by

0o 0o
erTintegral = Z C’“y[O] = Z ck ((I - )\Atg)fl(yo + AtSF)) )
k=K+1 k=K+1
Comparing the error terms, we can see that for non-stiff problems when |AA¢| < 1, the error
from the yp-formulation should be one order higher (in At) than the integral formulation due
to the additional At factor. However for stiff problems when |[AA¢| > 1, the integral form is
preferred. Also, when the deferred correction methods are applied to the integral formulations with
the left end point ¢t = 0, the numerical schemes should be more stable in time marching than the
corresponding yp-formulation case discussed in Sec. 2.2.5, since the term Ay doesn’t exist in the

integral formulation.

2.3 Algorithm Design Guidelines and Numerical Experiments

In most existing deferred correction implementations, one applies a particular deferred correction
method for the corresponding collocation formulation. For stiff systems, when the estimated error is
still large after a fixed number of iterations due to the order reduction or divergence, a commonly
used strategy is to reduce the step size since the error components corresponding to the “bad
eigenvalue” in the provisional solution become smaller when At decreases. One can therefore
“control” the growth of the divergent or slowly convergent components in the Neumann series

expansion by stopping the iterations before they become significant. The drawback of this strategy
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is that this approach only works when the step size is reasonably small (due to the divergence
or order reduction), and one can no longer take advantage of the large step size in the optimal
collocation formulations.

In the new numerical framework, instead of using one single deferred correction method for
a particular collocation formulation, different deferred correction techniques can be applied to
reduce different components in the error of the provisional solution in order to more efficiently
converge to the solution of the “optimal” collocation formulation for the underlying ODE system.
In the following, we provide some guidelines for each step of the numerical framework. Preliminary
numerical experiments are also performed to support these guidelines. We want to mention that the
new perspective of looking at the deferred correction methods as iterative schemes to converge to the
optimal collocation formulation also allows the introduction of other existing effective preconditioning
techniques for faster convergence, e.g., domain decomposition or multigrid techniques commonly

used in today’s spatial solvers.

2.3.1 Optimal Collocation Formulation

P 4 ) 6 7 8 9 10
Erry 1.51le-1  1.05e+0 4.82e-2 5.27e-1 1.78e-2  2.68e-1  7.11e-3
Errg 3.83e-2 223e-2 5.91e-3 4.11e-3 1.05e-3 7.99e-4  1.99e-4

P 11 12 13 14 15 16 17
Erry  1.36e-1  297e-3  6.94e-2 1.28e-3 3.52e-2 5.6le-4  1.78e-2
Errg 1.57e-4 3.86e-5 3.1le-5 7.55e-6 6.17e-6 1.48e-6  1.23e-6

P 18 19 20 21 25 31 41
Erry  2.50e-4  9.03e-3 1.13e-4 4.56e-3 1.15e-3 1.47e-4  4.66e-6
Errg 2.93e-7 2.44e-7 5.81e-8 4.86e-8 1.94e-9 1.54e-11 4.88e-15

Table 2.5: Errors from Gauss and uniform collocation formulations for different numbers of nodes.

A good collocation formulation can be selected from the “collocation formulation database”
based on the physical properties of the system. For ODE systems, our default choice is the Legendre
polynomial based Gauss collocation formulation. In general, the orthogonal basis functions based
collocation formulations are recommended because it is a widely accepted fact that they outperform
the uniform nodes based formulations by allowing larger step sizes and better accuracy. This is

demonstrated by comparing the solutions from the Gauss and uniform collocation formulations for
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the non-stiff ODE system y/(t) = y(t) + f(¢) with the analytical solution y(t) = s (and

TF5a-05)?
f(t) is determined accordingly). In Table 2.5, we list the errors for different numbers of nodes for
both formulations, where the numerical solution is derived by solving the collocation formulations
directly using Gauss elimination (instead of deferred correction iterations) in one time step [0, 1]. It
can be seen that for this particular system, the results from the Gauss collocation formulations are
always more accurate than those from the uniform collocation formulations.

There are several factors in finding the optimal formulation for a specific ODE system. One may
need to know the properties of the solution to determine which formulation will need fewer points
for the same accuracy requirement. In general, the orthogonal basis based collocation formulations
or the skeletonization based schemes should give good results for most problems and uniform

collocation formulations should be avoided, especially when one wants to use a large number of

node points for efficiency considerations.

2.3.2 Techniques for Convergence Procedure

Existing studies of the deferred correction methods show that it is more efficient to solve the
collocation formulation using an iterative approach instead of the direct Gauss elimination, and the
low-order methods are good preconditioners for the pseudo-spectral collocation formulation. In the
“convergence procedure” of the numerical framework, different preconditioning techniques can be
integrated to eliminate the errors of the provisional solutions efficiently. In this section, we compare
different strategies for stiff and non-stiff problems, and provide guidelines for faster convergence.

We first compare different schemes for the non-stiff model problem y/(t) = y(t) + f(t) with
analytical solution y(t) = %th (and f(t) determined accordingly). In Table 2.6, we show how
the errors change for different numbers of deferred correction iterations using different low-order
preconditioners and collocation schemes. We march from ¢ = 0 to £ 4,4 = 3 using “nsteps” time steps,
and set the number of node points to p = 7 for each time step in all cases. In the “Uniform+B(oth)”
collocation formulation, both end points are used in the formulation. We also tested the Radau Ila
nodes and Gaussian nodes, and the results are very similar to those from the Lobatto collocation

formulation for the non-stiff case in Table 2.6. We therefore neglect those results in the table. It

can be seen that:
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nsteps 4 8 16 32 Order

yp, BE, Uniform+B, 0 SDC Iters 3.14e-1 7.55e-2 1.83e-2 4.48e-3  2.04
yp, BE, Uniform+B, 1 SDC Iters 2.64e-2  2.72e-3 3.06e-4 3.62e-5 3.17
yp, BE, Uniform+B, 2 SDC Iters 2.31e-3 1.00e-4 5.19e-6 2.94e-7 4.31
yp, BE, Lobatto, 0 SDC Iters 3.78e-1 9.39e-2 2.32e-2 5.76e-3  2.01
yvp, BE, Lobatto, 1 SDC Iters 4.56e-2  4.93e-3 5.Tle-4  6.85e-5 3.13
yp, BE, Lobatto, 2 SDC Iters 6.43e-3 2.80e-4 1.48e-6 8.53e-7  4.29
vp, TR, Uniform+B, 0 SDC Iters 1.49e-2 1.88e-3 2.28e-4 2.78e-5 3.02
yp, TR, Uniform+B, 1 SDC Iters 6.90e-5 1.62e-6 4.36e-8 1.30e-9  5.23
yp, TR, Uniform+B, 2 SDC Iters 3.11e-5b  2.56e-7 1.33e-9 6.43e-12  7.42
yp, TR, Lobatto, 0 SDC Iters 2.18e-2 3.11e-3 4.0le-4 5.03e-5 2.92
yp, TR, Lobatto, 1 SDC Iters 7.44e-5 5.25e-6 3.74e-7  2.50e-8 3.84
yp, TR, Lobatto, 2 SDC Iters 2.74e-6 7.31e-8 2.25e-9 6.92e-11  5.08

integral, BE, Uniform+B, 0 SDC Iters 6.20e-1 2.78e-1 1.32e-1  6.45e-2 1.08
integral, BE, Uniform+B, 1 SDC Iters 5.38¢-2 1.01e-2 2.22e-3 5.22e-4 2.23
integral, BE, Uniform+B, 2 SDC Iters 5.44e-3 4.00e-4 3.89e-5 4.32e-6 3.43

integral, BE, Lobatto, 0 SDC Iters 8.38e-1 3.7le-1 1.75e-1  8.46e-2 1.10
integral, BE, Lobatto, 1 SDC Iters 9.88e-2 1.89e-2 4.15e-3 9.74e-4 2.22
integral, BE, Lobatto, 2 SDC Iters 1.52e-2 1.11e-3 1.08e-4 1.19e-5 3.43

integral, TR, Uniform+B, 0 SDC Iters 1.55e-2 3.89e-3 9.73e-4 2.43e-4 2.00
integral, TR, Uniform+B, 1 SDC Iters 1.47e-5 1.17e-6 9.78e-8  6.46e-9 3.70
integral, TR, Uniform+B, 2 SDC Iters 3.08e-5 2.52e-7 1.29e¢-9 5.80e-12  7.46

integral, TR, Lobatto, 0 SDC Iters 2.62e-2 7.04e-3 1.80e-3 4.52e-4 1.96
integral, TR, Lobatto, 1 SDC Iters 6.08e-5 2.76e-6 1.39e-7  7.76e-9 4.31
integral, TR, Lobatto, 2 SDC Iters 7.98e-7 1.42¢-8 9.46e-9 5.98¢-10  3.50

Table 2.6: Errors and Orders of the backward Euler and trapezoidal rule preconditioned deferred
correction iterations for different collocation formulations, non-stiff case.
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(a) The order of the yp-formulation is 1 order higher than the corresponding integral formulation.

(b) After each correction, the backward Euler preconditioned deferred correction methods improve

the convergence order by 1 for both the yp-formulation and integral formulation.

(c) For both the yp-formulation and integral formulation, the trapezoidal rule preconditioned
deferred correction methods improve the convergence order by 2 after each iteration for the

uniform collocation formulations. This is not true for the Lobatto nodes.

(d) For all cases, the trapezoidal rule preconditioner outperforms the backward Euler preconditioner

for the non-stiff problem.

These results agree with our analysis in previous sections and suggest the following strategies to
start the iteration procedure: (1) one should apply a high order “predictor” to uniform collocation
formulations to derive a more accurate initial provisional solution Y using the yp-formulation; (2)
to reduce the non-stiff error components in the provisional solution, the higher order method (e.g.,
trapezoidal rule) preconditioned deferred correction schemes for the yp-formulation with uniform
grids are preferred as they show better convergence properties; (3) one should compare the result
619 from the first deferred correction iteration to the initial provisional solution, to check if YO
is an acceptable initial guess for the Newton’s method to converge to the collocation formulation
solution. One possible measure is to check if the ratio ||6||/|[Y Y]] is sufficiently small; and (4) for
the first several deferred correction iterations, as the dominating error comes from the non-stiff part,
it is probably unnecessary to search for the solution in the Krylov subspace, and the fixed point
type iterations (Neumann series for linear problems) should provide good convergence properties.
This can be measured by the ratio of [|§/*T1[|/||6[]|. When the ratio is small, standard deferred
correction iterations should still be acceptable.

A relatively large ratio |[6[*T1]|/]|6!"]|| (e.g. > 1/2) suggests that the dominating error no longer
comes from the non-stiff components, and algorithms which can efficiently reduce the errors from
the stiff components should be applied. It is unfortunately still an open problem what the optimal
strategy should be to reduce the errors from the stiff components. In this dissertation, we consider
possible strategies for two scenarios: (1) when only the Neumann series type iterations are used

as in standard deferred correction procedures, and (2) when the Krylov subspace based iterative
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methods can be applied to further accelerate the convergence. Note that many researchers prefer
the standard deferred correction methods in the first scenario since it doesn’t require additional
overhead operations (e.g., solving the least squares problem using the Krylov subspace methods)
or additional memory to store the vectors in the Krylov subspace. However when scenario (1) is
used to solve stiff ODE systems, serious order reduction (or even divergence) is expected unless
very small time step sizes are used. In the remainder of this chapter, we provide some guidelines for
scenario (1); and we will present the framework for scenario (2) in chapter 3.

In Table 2.7, we check the numerical properties of different deferred correction schemes for the
stiff model problem y/(t) = \y(t) + f(t) with analytical solution y(t) = %th (and f(t) determined
accordingly). We set A = —10° and use the same settings for other parameters as in the non-stiff
case. We show how the errors change for different numbers of deferred corrections in a time marching
scheme. In the table, we add the “uniform+R” collocation formulation where only the right hand
side is included in the spectral integration. We focus on the first order backward Euler preconditioner,
and neglect results from the trapezoidal rule based schemes due to their poor convergence properties
in the “strongly stiff limit” case as summarized in Table 2.4. The purpose of this experiment is not
to identify which method should be used to reduce the stiff components errors, but to find out which
methods should be avoided when standard deferred correction methods are preferred. We consider
the case when one doesn’t require the iteration procedure to converge to the collocation formulation
and hence allows the existence of relatively large errors in the solution. Our observations can be

summarized as follows:

(a) Without converging to the collocation formulation, the deferred correction schemes for the
yp-formulation using the left end point should be avoided because the large error in the initial
value will be magnified by the factor A and will propagate to later steps when marching in time,

as discussed in Sec. 2.2.5.

(b) When the iterations converge to an acceptable accuracy, the yp-formulation without the left

end point will become acceptable (see the case yp, Radau Ila, 2 SDC Iters).

(¢) When there are large errors in the initial solution, the integral formulations give more stable

results than the yp-formulation, as discussed in Sec. 2.2.5.
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nsteps 4 8 16 32 Order

yp, Uniform+B, 0 SDC Iters 2.04e+9 9.89e+20 1.17e+42 3.80e+79  —
yp, Uniform+B, 2 SDC Iters 7.09e+6 2.86e+17 3.12e+36 1.11le+70 —-
yp, Lobatto, 0 SDC Iters 1.62e-1 2.84e-1 2.31le+0  4.98e+2 —
yp, Lobatto, 2 SDC Iters 1.80e+5 9.16e+12 1.26e+26 5.81le4+47 —
yp, Uniform+R, 0 SDC Iters 6.21e-1  8.6le+0  4.69e+3  4.46e+9 —
yp, Uniform+R, 2 SDC Iters 2.73e-2 1.39%e-1 3.24e+1  1.64e+7 —
yp, Radau ITa, 0 SDC Iters 1.42e-1 2.57e-1 2.21e+0  5.3le+2 —
yp, Radau Ila, 2 SDC Iters 1.25e-4 2.61e-5 6.01e-6 1.44e-6 2.14

integral, Uniform+B, 0 SDC Iters  3.99e-3 1.97e-3 9.82e-4 4.90e-4 1.01
integral, Uniform+B, 2 SDC Iters  3.87e-4 1.50e-4 6.71e-5 3.17e-5 1.20

integral, Lobatto, 0 SDC Iters 7.38e-4 1.41e-4 2.77e-5 3.78e-6 2.51
integral, Lobatto, 2 SDC Iters 1.14e-3 6.12e-5 3.00e-5 2.34e-6 2.78

integral, Uniform+R, 0 SDC Iters 3.41e-3 1.69e-3 8.41e-4 4.19e-4 1.01
integral, Uniform+R, 2 SDC Iters 4.01e-6 4.66e-7 4.93e-8 9.87e-10  3.92

integral, Radau Ila, 0 SDC Iters 7.96e-4 3.97e-4 1.99e-4 9.99¢-5 1.00
integral, Radau Ila, 2 SDC Iters 1.90e-4 7.49e-5 3.26e-5 1.50e-5 1.22

Table 2.7: Errors and orders of the backward Euler preconditioned deferred correction iterations for
different collocation formulations, stiff case.

(d) The best results are derived using the integral formulation with uniform grids.

Note that in the previous numerical experiments, we follow the standard deferred correction
schemes and consider both the converged and non-converged solutions in the simulations. Also,
in the initial error, we have both stiff and non-stiff components. Because in the new numerical
framework we first reduce the errors from the non-stiff components, it is more appropriate to
focus on the rate of convergence (determined by the spectral radius of the correction matrix) for
different schemes for stiff problems (instead of checking the errors in the first few iterations that
also include the initial errors as in the previous experiments). In Figure 2.19, we compare the rate
of convergence for the backward Euler preconditioned deferred correction iterations for the integral
formulations using the Gauss collocation points to that using the uniform collocation points.
Both schemes are applied to the model problem /(t) + sin(t) = A (y(t) — cos(t)) with initial value
y(0) = 1. We march from ¢ = 0 to t = 1 using one big step, and use p = 10 node points in the
discretization. We only test real X values for A = —10%, k = 1,--- ,6. Our numerical results show

that the scheme using the uniform nodes converges at a faster rate compared to that using the
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Figure 2.19: Convergence rate for backward Euler preconditioned Gauss (a) and uniform (b)
collocation formulations for different stiffness parameters .

Gauss nodes. For A\ = —1le + 6, the error decays rapidly when the uniform nodes are used. We
therefore conclude that when the standard deferred correction scheme is preferred, the backward
Euler preconditioned integral deferred correction schemes for the uniform collocation formulation are
acceptable schemes to reduce the stiff error components. However order reduction (and divergence

for large numbers of nodes) is still expected, e.g., the case when A\ = —1e + 2 in the numerical

experiments.

2.4 Mapping Between Different Node Points

Analysis and numerical experiments in previous sections show that when the uniform nodes are
used in the “convergence procedure”, better convergence properties are usually expected compared
with deferred correction schemes using other types of nodes. However the converged solutions are less
accurate and may suffer from the Runge phenomenon. In this section, we show how to use different
nodes for the provisional solution Y and error ¢ for both the yp- and integral formulations so that
when the deferred correction iterations for the uniform collocation formulations are convergent, the
converged solution will solve the orthogonal basis based collocation formulations.

We first consider the yp-formulation given in Eq. (2.7); its error’s equation is given by

o(t) = <f(t, Yo +/0 (Y(7) +8())dr) — f(t.yo +/0 ?(T)d7)> + ()
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where ¢(t) = (f(t,yo + fg Y (7)dr) — ?(t)) is usually referred to as the residual function in the
spectral deferred correction methods. Introducing the linear mapping P, which maps the polynomial
values at the Gauss nodes to those at the uniform nodes, we can discretize the error’s equation at

uniform node points as
0y = (F(tw Yo + Puc(ALScY ) + AtS,8,) — F(ty, yo + PuG(AtSGYG))) + Pucpe (2.37)

where o5 = F(tg,y0 —I—AthX?G) — Y is the discretized residual at the Gauss collocation nodes, the
sub-indices v and G represent that the corresponding vectors or integration matrices are defined on the
uniform (u) or Gauss (G) nodes, respectively. Once the low order estimate of the error 8, is available,
it can be mapped to the Gauss nodes using a precomputed linear mapping Pg,, = PJC}; and Pgy 0y,
can be added to the provisional solution Y defined on the Gauss nodes in the deferred correction
procedure. Note that when the residual ¢, = 0 (meaning that Y solves the Gauss collocation
formulation), d, = 0. Similar to section 2.2.3, for a linear ODE of the form ¢/(t) = Ay + f(t)
with given initial condition y(0) = yo, detailed matrix analysis shows that this mapping procedure,

if applied from the beginning of the deferred correction iterations, is equivalent to solving the

Gauss collocation formulation Y¢g = Ayo + AtScYq) + Fg (with given yo = [yo, %0, -, v0]” and
F = [f(t1), f(t2), -, f(t,)]") using the preconditioner Pg, (I — AAtS,)~'P,g. The preconditioned

system is given by
Pou(I — AALS,) " Py (I — AAES,)) Y = Pau(I — MALS,) ' Puac(Ayo + Fo) = YO (2.38)

This mapping procedure can be applied in the same way to the integral Gauss collocation
formulation represented by yo = yo + AtSef(te,¥¢). Defining the residual function as o =

yo + AtSaf(ta,¥o) — Ya, the discretized error’s equation at uniform nodes is then given by
3, = AtS, (f(tu, Pucyc + 84) — f(ta, PuGyG)) + Puaog, (2.39)
where the operators Pg, and P,g are the same operators as the yp-formulation. Clearly when

wq = 0, the error 8, = 0.
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CHAPTER 3
A New Jacobian-free Newton-Krylov Method

In this chapter, we will present a brief overview of general Jacobian-free Newton-Krylov (JENK)
methods [30]. Then, we will present a novel improved implementation of the JFNK algorithm made
for deferred correction formulations. And finally, we will apply this novel technique to solve stiff
time-dependent differential equations and compare performance results to general JENK methods

and SDC.

3.1 Krylov Methods

Before we present JENK methods, it is important to review iterative methods to solve general
matrix systems Ax = b. Solving Ax = b using direct methods like Gaussian elimination is
computationally expensive, requiring O(NN?) operations. To avoid the cost of direct solvers, one can

use iterative methods instead.

3.1.1 GMRES

One class of iterative methods is the Krylov methods, and one of the popular Krylov methods is
the GMRES (generalized minimum residuals) method. We will now give a brief overview of GMRES.
Note that a detailed overview of various Krylov methods can be found in [35, 36, 46, 51].

Assume we are trying to solve the linear system Ax = b where A € C"*" is a square matrix and

b € C" is a vector. We will denote the Krylov subspace as K,,, given by
K (A, b) = span {b, Ab, A2, ... ’Am—lb} '

Assuming that A is nonsingular, GMRES is an iterative scheme that creates a series of converging
solutions z[™ to the exact solution = A~b. The idea of GMRES is to calculate an approximation

zl™ € KC,,, that minimizes the Ly norm (the reader should note that we denote | - || as the Ly norm)
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of the residual r[™ = Az[™ — b This turns out to be the same as solving a series of least squares
problems to find zl™ [51].

GMRES starts by constructing a sequence of Krylov matrices ),,, whose orthogonal columns
q1,q2, - ,qm span the successive Krylov subspace K,,. During the m!" iteration of GMRES,

GMRES attempts to solve the least squares problem
| Az™ — b|| = minimum. (3.1)

We can express 2™ within the Krylov subspace Ky, as ™ = Q,,y!™ where yI™ e C" is a

vector of coefficients for the the orthogonal basis q1 - - - ¢;,,. The system now becomes
|AQpmy!™ — b|| = minimum.

Note that applying @}, ., the conjugate transpose of Q;,+1, to the above equation does not change
the value of the norm. Using this fact and the Hessenburg factorization H,, = @}, 1AQm, we

obtain

||Q;Fn+1Ame[m] — @4 1b|| = minimum

| Hppy™ — ||b]|2€1]| = minimum (3.2)

where H,, is a (m + 1) x m upper Hessenburg matrix and e; = (1,0, ---0)7. At each iteration m of

GMRES Eq. (3.2) is solved, and the approximate solution becomes M = @yl

3.1.2 Inexact GMRES

The above GMRES description assumed that the matrix-vector product Av can be computed
exactly. However, there are cases where one will not be able to have such a formulation. We now
present the “inexact” GMRES method where we assume that the product Av cannot be computed
exactly [15].

Assume we are trying to solve the linear system Az = b. Let 2 be an provisional solution and
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rl0 = b — Azl the initial residual. Solving Az = b is equivalent to solving the residual equation

A = rl0] (3.3)

where the exact solution z = z[% + §. Let §(™ be the approximate solution to Eq. (3.3) at the m'®

iteration where 6™ e Km(A,q1). The Krylov subspace is given by

Km(A,q1) = span {q1, Aq1, A%qa, -, A" ' }

with ¢ = ”:—SH In addition, let Qmpm+1 = [q1,92, s Gm+1] be a matrix whose columns are the
orthonormal basis of Ky, 4+1(A,q1). @m+1 is generally obtained by the Arnoldi method (a Graham-

Schmidt procedure applied to a Krylov subspace) [51]. We then write the Arnoldi relation as

AQm = Qm+1Hm (3.4)

where Hy, is an (m + 1) x m Hessenburg matrix.

In the inexact Krylov method, the matrix-vector product Aglm]

cannot be calculated exactly.
Instead we have (A + Ey,)qm, where E,, is an error matrix. When this occurs, the Arnoldi relation

Eq. (3.4) does not hold. Instead we have the inexact Arnoldi relation

(A4 E)q1 (A+ Ea)gz -+ (A+ En)gm] = Qumir Hm

AQm + [EIQI Esq --- EQO] = Qerle- (3.5)

Note that the above relation no longer spans the Krylov subspace K,,11(A, q1). However, as || E;q;||
decreases, we approach the true Arnoldi relation.

The exact GMRES method calculates the approximation 6/ = Q,,,y/™, where y[™ solves the
least squares problem

| Hpy™ — ||7%e1]] = minimum. (3.6)

In the inexact GMRES method, the approximation 60" is computed in a similar manner using the

matrices Q41 and H,,, satisfying the inexact Arnoldi relation Eq. (3.5). After 6™ is found, we
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have two different types of residuals: the computed residual and the true residual. The computed

residual 7 is defined as

Il = b — Azl = p — A2 4 607])
=b— A + Quy™)
_ 0 ag, bl

— 0 _ Qm+1Hmy[m]. (3.7)
Secondly, we will define the true residual 7™ as

riml = b — Ag ]

=b— Azl — AQ,y™

_ 0 aq, )
=l — (Qui1Hp + [Brq1 Bagz - -+ Emgm])y™
=% — [Biq1 Baqz -+ Emgmly™. (3-8)

For the inexact GMRES method to converge to the exact GMRES method within a prescribed
error tolerance € > 0, we must have ||r™ — 7#™]|| < e. The following theorem from [47] explains the

conditions for convergence.

Theorem 3.1.1. Let ¢ > 0. Let r[™ = ¢l0] — gglml Flml — 0] _ QmHHmy[m] be the true and
computed residuals after m iterations of the inexact GMRES method, respectively with y'™ being

the solution of Eq. (3.6). If for allk =1,...,m,

(Hmfl) €

1By < T _
m el

where pmin(Hm_1) is the smallest singular value of Hy,_1, then ||rl™ — #mM|| <.

Note that the inexact GMRES assumes that 7% = b — A2[% is calculated exactly. If there is

an error Ep, then the computed residual becomes 7% = b — (A + Eg)zl% = 7% — Egzl%. And the
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inexact GMRES method converges to

||7’[0] — A5[m}\| = minimum.
Hence, the inexact GMRES converges not to the solution

HT[O} — A(S[m]H = minimum

but to

[ — 460" — Egz¥| = minimum.

This may be a problem for overall convergence if || Ep|| is large [47].

3.2 General JENK Methods

To begin, let’s consider a general nonlinear algebraic system M (x) = 0 with N equations and
N unknowns. Suppose an approximate solution z[% is known. Newton’s method can be used to

iteratively compute convergent approximations

where k = 0, 1,... For each iteration k, the vector 6z[¥ is found by solving the following system
Jar (z*hs2kl = b (3.10)
where b = —M (z!*) and Jy(z*)) is the Jacobian matrix of M(x) at z!*. We will call solving

Eq. (3.10) solving the Newton iteration.
When the matrix Jys (x[k]) is dense, computing the solution directly is computationally expensive,
especially for large systems. For many special systems, the amount of operations necessary to find

the solution can be significantly reduced. Consider systems with the following property

Iy =+1r-C
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where most of the eigenvalues of the matrix C, A, are such that |A| < 1. Due to the rapid decay of
eigenmodes in C™b, instead of using Gaussian elimination, a more efficient approach is to iteratively

search for the optimal solution in the Krylov subspace given by

K (Jar,b) = span {b, (£I — O)b, (£I — C)?b,--- , (£l — C)" b}

= span {b, Cb, C?b, - - - ,Cm_lb} .

That is, in order to solve Eq. (3.10), we can use a typical Krylov method like GMRES to efficiently
solve the Newton’s iteration. When the Newton’s method iterations and Krylov subspace methods
are combined, they are referred to as the Newton-Krylov methods.

To have an efficient implementation of a Newton-Krylov method, the system to be solved needs

the following properties:
1. A system M (z) such that Jys is close to the identity matrix +1.
2. An efficient way to calculate the matrix-vector product Cb, or equivalently Jsb.

It is common that the original system M (x) may not have favorable convergence properties for the
Newton-Krylov method. A common technique to improve convergence is to apply a “preconditioner”
to the original system such that the preconditioned system satisfies (1). In addition, it is usually
the case the the Jacobian of the operator M (z) is not easy to derive. To address point (2), a
general forward difference approximation technique is used to approximate the Jacobian in most

Newton-Krylov solvers. That is, we have (V,M)(x) ~ Jy(z) where (V,M)(x) is given by the

following definition from [36].
Definition 3.2.1. Let M (x) be defined in a neighborhood of x € RN, (V,M)(x) is the N x N

matrix whose j*" column is given by

M(z+hl||z]le)—M(z) .
h”xﬁ ifx#£0

(ViM)(z); =

M(hej;;M(z) ifr=0

for some parameter h.

We will denote using this Jacobian approximation technique within the Newton-Krylov method
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as the general Jacobian-free Newton-Krylov Method (or general JENK for short). A more detailed

analysis of the choice of h can be found in [36].

3.3 Modified JFNK Method

In this section, we present the principles behind an improved JFNK method applied to deferred
correction systems. We claim that by taking advantage of special properties of deferred correction
systems, one is able to design a JFNK algorithm that will take far fewer calculations than general

JFNK methods.

3.3.1 Deferred Correction Methods

Consider a general nonlinear algebraic system A(y) = b with NV equations and unknowns. In
addition, assume given a provisional solution g, we have a method to approximate the error 6 = y— g
by

0 = H(7)

where ¥ is the input variable and the output variable, B , is an approximation to the error. Note
that solving A(y) = b is equivalent to solving H(y) = 0. Assume that we have a method that solves

H(y) = 0 via a deferred correction formulation

5l = H(yl)

gt =yl 46l =19 ...

that creates a series corrections 8l! that converge to a prescribed error tolerance. When the correction
6l reaches the prescribed error tolerance, we will have ylit1) = ylil 4 6l ag the solution to A(y) =b.

To accelerate deferred correction methods, we can view solving H(y) = 0 as a root finding
problem. Hence, we can use Newton’s method. Using 2! as the provisional approximation within the

Newton iteration, we obtain a series of converging solutions z¥! by using the following formulation

Ju (e®oxlkl = — H(xlk]) ( )
3.11

k1] =gl 4 520k k=12, ...
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In addition, we will use the ideas behind Newton-Krylov methods. Namely, we assume that
Ju(Z)==+I-C
where most of the eigenvalues of C, A, are such that |A\| < 1.

3.3.2 Properties

Recall that in order for Newton-Krylov methods to be efficient, there must be a way to calculate
Jpv efficiently. Deferred correction algorithms have special properties that can be exploited to

attain this goal. First, note that a deferred correction can be expressed as
slm+1] — H(y[m+1]) - H(y[m] + 5[m])_

Taylor expanding the above formulation, we can write an equation of the Jacobian matrix J H(y[m])

applied to the correction vector 5™ as
31— 5 = g (a4 O(2). (3.12)

When the Jacobian Jg (y[m}) is applied to an arbitrary correction vector ¢ [il where i #£ m, we can
Taylor expand J H(y[m]) about yl! to derive the following expression
T ()8t = T (y) st 4 O(|[y™ — y )| - [|s1]))

m—1
= Ju(y)st + ol > 16).
j=i+1

Using Eq. (3.12), an expression of the Jacobian J H(y[m}) applied to an arbitrary correction vector

6l when i # m can be expressed as

m—1
T (ym)sth = 611 —sF - o6t > 165)). (3.13)

j=i
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3.3.3 The Krylov Subspace

For the vector 61 and the Jacobian matrix Jg = J H(y[l]), the exact Krylov subspace is given

by the following
Ko (Ji, 61) = span {5[11, Jol et J;Infl(;m} _
Using Eq. (3.12) and Eq. (3.13), we can build an “inexact” Krylov subspace

Ko (Jp, 011y = Span{5[1]’5[2}75[3]’ . 75{m—1}} +{0, 62, €3, em}

i1
where the error terms ¢; = O(||61] 32 [|6V)]]) come from the approximations from Eq. (3.13). Note
j=1
that this formulation resembles the inexact Arnoldi relation in Eq. (3.5) where ¢; = || E;||. Hence,
the successive vectors 61 from the deferred corrections formulation approzimately span the Krylov

subspace K, (Jgr, 6M) in a similar manner of the inexact GMRES method.

3.3.4 Newton’s Method

We will now lay the ground work of accelerating deferred correction methods via the Newton-

Krylov framework by taking advantage of special properties when solving the Newton iterations

JH(x[k])gx[k] - _H(x[k])

in solving H(z) = 0.

In terms of notation, we will designate the value 5,[;”} as the mt" deferred correction iteration

(also referred as an “inner” iteration) taking during the k'* Newton iteration (also referred as
[m]

an “outer iteration”). Also, we will designate the approximate solutions 3, to follow the same

convention of notation.

First Newton Iteration To begin the Newton iteration, let the initial approximation in Newton’s

method can be provided by using the (m + 1) iterate a:[lmH] of a deferred correction procedure.
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That is, let 2] = ygmﬂ]. We now obtain the following system to solve

JH(ygmH})éx[l} = —(ﬂmﬂ]. (3.14)
Using ygmﬂ] instead of ygll as an initial solution in Newton’s method has two main properties
that we will take advantage of. First, ygmﬂ] is closer to the solution than ygl], SO we can expect

Newton’s method to converge more rapidly. Secondly, doing m + 1 deferred correction iterations
allows us to construct vectors that span the Krylov subspace l@m(J H, 551]).

To have efficiency of the Newton-Krylov method, assume H (z) is preconditioned such that Jg
has favorable convergence properties. Recall that for a Newton-Krylov method to be efficient there
must be a way to calculate Jy(Z)v efficiently. We will present a novel way to approximate the
Jacobian without using a finite difference approximation.

If we express ozl in Eq. (3.14) as a linear combination of previous deferred correction vectors,

which span K, (Jy, 5%1]), such that

szl = Z ci(ﬂi]7

=1

The Newton iteration, Eq. (3.14), can be rewritten as

T )Y ol =~ (3.15)
i=1

where the coefficients ¢; are the unknowns. Applying the results from Eq. (3.13) to Eq. (3.15), an

expression for the system to be solved, Eq. (3.14), may be written as

ZciJH(ygmH])égi] = _(ﬂm“]
i=1
> |e@ ™ —ath +oda’| 3 e | = —sim
i=1 =i

Since the error should decrease with each deferred correction iteration, we should have ||5£1] | =
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max ||5[ ||. Hence, the above formulation becomes
1<i<m

D feta™ =) + o Z 1| = o,
i=1 j=i

Ms

[cl gt _ gl +0(( z‘+1)u<5£”\|2)}:—5§m+”.
i=1

= (2 1 1 m
Yl -+ o <(m T hm |5[”|\2> — g, (3.16)
=1

Instead of solving Eq. (3.14) for 6z, one can efficiently solve the following preconditioned system

m
ch 5[z+1] z] 5[m+1] (317)
i=1
where ¢, a vector consisting of the coefficients ¢;, is the unknown. Note that from Eq. (3.16) the
m .
solution of the preconditioned system dz[1 = 3° ciégl] satisfies Eq. (3.14) up to O (@Hdg] H2>

i=1
Recall that z*! is the solution after & Newton iterations. After solving Eq. (3.17), one updates

[m+41]

the solution used in the Newton iteration 2] = g with 22l = y&mﬂ} + 6zl Let 5%1] = H(z1?);

we can approximate the magnitude H(Sé || using the formula

1657 = | H @+ szl

= [l8" ! T (™l - O(lsaV )|

From Eq. (3.16), we obtain the following estimate of Hégﬂ Il,

m+1)m
1350 = 0 (R R + et ).

m .
Notice that we can expect [|dzl!|| = O(||5£1]||) since 6zl = 3 ci(ﬂz]. We obtain a sizeable drop
i=1
or “jump” in the error since Hég”H < Hfﬂmﬂ}H. If Hég”H < € where € is a prescribed tolerance,
we have converged; and we stop the Newton’s method. The approximation to the solution is

22 = 4 s,

Consider the case when Hég] || has not converged to a prescribed error such that Hégﬂ || > e We
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will we attempt to solve the Newton iteration
T (z2)s22 = —s!

where 622! is a linear combination of m correction vectors.

We want to update the Krylov subspace K,, by using the latest information. Therefore, we will
add new Krylov vector and remove ||5£1] | from the Krylov subspace K,,. In order for a vector the
span the subspace, the m correction vectors must be such that the approximation in Eq. (3.13)
holds. Keeping this in mind, one can see that ozl cannot be included within the subspace due to

two reasons.

m . ~
1. The correction vectors in dzt) = 3 cicﬂd already span the original Krylov subspace Cp, (J#, 5%1])

i=1
where Jg = J H(ygmﬂ]). Hence, 62! does not provide new information in terms of the Krylov

subspace.
2. The jump in the error H&é” | may cause the assumption from Eq. (3.13) to not hold. To see

this, let’s consider

o = H@?) = HyI™ Y 4 5211

= o7+ T el + o(|laat)?).
.. [m+1] .
Writing Jy(y; ) as —I — C, we obtain
oi = oIt 4 (-1 — ¢)sal + o5V ?).

If the eigenvalues of the matrix C, A, are such that Jg % —I, our Jacobian matrix-vector
product approximation from Eq. (3.13) will not be valid. Under these conditions, the magnitude
of the right hand side of the above equation is O(Hégl] ||) while H(Sg] || is O(||(5£1] ). Note that
this phenomenon may be observed when solving stiff ODE systems with deferred correction

methods like SDC.

Due to the above reasons, updating the Krylov subspace calls for adding the vectors 6£i]. In fact,

we have two different strategies to consider for updating the Krylov subspace for the k' Newton
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iteration:

1. The restart strategy. This idea is popular in “restarted” GMRES procedures. Given (5][6”,

one can do an additional m deferred correction iterations to use y,&mﬂ] as the provisional
solution for the Newton iteration and use 5,[? i=1,...,m vectors to span K, (Jg, 5,&1]) where

m .
Jg=J H(y,[cmﬂ}). Afterwards, we can use m of the new deferred corrections in dz* = 37 ciél[z ]
i=1
and solve Eq. (3.14) by using the novel JFNK strategy. This is equivalent of restarting the

entire deferred correction JENK procedure.

2. The recycle strategy. One can calculate p < m new deferred correction vectors and remove
the first p deferred correction vectors in 6z*~1 while keeping vectors 5][57:1}, e ,5][2]1, hence
recycling them, and adding the new p deferred correction vectors. Hence we solve Eq. (3.14)

by using

(5x[k] = clél[cpj_ll} + -+ Cm—p(s][gmjl + Cm—p—i—l(sl[j} + - Cm(s’[gp].

In the next section, we take into account of the properties discussed so far when providing the initial
design of the modified JFNK algorithm. In the algorithm, we will focus on the restart strategy and

leave the recycle strategy for future research.

3.4 Algorithm Design

Assume we are trying to solve the deferred correction H(y) = 0. In the algorithm, we will
continue using the deferred correction type function evaluations & F_ H (Sf[k_l] + S[kil}) as they
effectively control the growth of the non-stiff errors, even though the Jacobian matrix of the low
order techniques preconditioned system is no longer close to —I for the stiff components.

We introduce a predefined but adjustable parameter 1; < 1 to check if the initial provisional
solution provided by the predictor can serve as a good initial guess for the Newton’s method
when solving the nonlinear collocation formulation. We also include another parameter 7, < 1
to check if the standard deferred correction schemes are still effective. When order reduction or
divergence is observed, we search for the optimal solution in the Krylov subspace, K,,, using a
modified Jacobian-free Newton-Krylov method. The Krylov subspace is updated when the low order

[k—1]

. <k ~ < .. . . .
estimate M _ H (y[k_” + 6 ) shows no significant improvement compared with previous step
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results. When the subspace k), is complete with m vectors, the optimal solution for the linearized

equation Jydx = —S[k]

in each Newton’s iteration is sought in the updated Krylov subspace. In the
modified JFNK, instead of the finite difference approximation as used in standard JFNK methods,

. <lk=1] . . .
the matrix-vector product Jgd =1 is computed using the Taylor expansion

(K]

6 — H(y[k—l] _‘_S[k*l}

<[k—1 <[k—1
)%5[ }‘FJHJ[ ]7
<[k <[k—1
which is valid when O(Hé[ ]||) ~ O(||5[ }H), i.e., when the result from one deferred correction
iteration no longer converges efficiently for stiff systems. We stop the iterations in the “convergence
procedure” when the solution is sufficiently close to that of the collocation formulation, measured

by a prescribed error tolerance. The algorithm is described in detail by the following pseudo-code.
JFNK based “convergence procedure”

Step 1: Predictor: Use a “good” low order method to find an approximate solution 5,[0}
Step 2: Check y[%: Use a “good” low order method to solve the error’s equation to

0 ~
Y= H(z),

get a low order estimate of the error )
i 1187]1/1151] < .
1 = 39 1+ 6 continue
else
Select a smaller time step size, go to Step 1.
endif
Step 3: Standard Deferred Correction Iterations: Start from k£ = 1, update the
error’s equation and get a low order estimate of the error 8 k] _ H(y.
if [16™)] < c,
Go to Step 5 with the converged solution y*I + & [k}.
elseif [16"1/118" || < e,
gl = gkl 4 S[k], k + +, repeat Step 3.
else

Set k=1. Add & i as the first vector in the Krylov subspace.

Go to Step 4.
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endif
Step 4: Modified JFNK:

iftk<m+1
Update ylFt+1 = ylkl 4 5
Evaluate 8 = H (yF+1),
if |6 )| < e,

Go to Step 5 with the converged solution yF+1.

else

Update the Krylov subspace, by adding S[k+1]

and updating the
corresponding .J, HS““], and by removing any outdated (inaccurate)
S[j] and JHSU].
k + +, go to Step 4.
endif
Solve the linearized equation Jy (3™ +t1)éz = 0 m+] by searching for the optimal
solution in the Krylov subspace K, (Jir, 8 [1]).
Set y10) = g1, 6% = 5o
Set k=0, go to Step 4.

Step 5: Output: Output the computed approximate solution.

3.5 Numerical Experiments

In this section, we show some preliminary numerical results in solving linear and nonlinear stiff
ODE systems using the following techniques: a spectral deferred correction method, the general
JFNK, and the modified JFNK. We compare their performance results over the coarse of one time
interval of size At. Each method attempts to find a solution to the deferred correction formulation
H(y) = 0. The deferred correction formulation = H (j) that we use is the backward Euler, integral
formulation of SDC consisting of 10 Gauss-Lobatto nodes. Recall that converged solution is not the
exact solution to the ODE system but the Gauss collocation solution Eq. (2.4).

For each example, the predictor solution is gained via the backward Euler method. The modified

JFNK method is implemented as follows. Note that the we relate the following procedure to the
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steps from the proposed pseudo-code from the previous section. After obtaining the provisional

solution, the deferred correction JENK does ky > 0 additional iterations to obtain an adequate low

order approximation (Step 3). For the k' Newton iteration, 11 SDC iterations are used to gain the

(5,[5} i=1,...,11 used in solving the Newton iteration dz*! = 12()1@5,[? with the initial solution for
i=

the Newton iteration as z!# = y,[gm in conjunction with Eq. (3.11) (Step 4). Lastly, note that the

number of SDC iterations 11 corresponds to the number of Lobatto nodes + 1.

3.5.1 Cosine Problem

The system that we are trying to solve is

where p(t) = cos(t). The exact solution is y(¢) = p(t). When X is a large negative number, the

system is stiff. We set A = —100 and At = 7 and solve the system within ¢ € [0, At]. We show the

results in figure 3.1.

the norm of the corections ¥ vs yspect
B T T T

T
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) —6— jfnk-new ——jfnk
b ink-new

1og10 (err

o . . . . . 4
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number of Hiy) fime

(a) (b)

Figure 3.1: Cosine problem. (a): the magnitude of the deferred correction =r. (b): the relative

error of the final iteration vs. the collocation formulation

The results from figure 3.1 (a) show the relative magnitude of the calculated deferred correction

from the following methods: SDC (sdc), general JENK (jfnk), and the modified JENK (jfnk-new).
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First thing to note is that the SDC method suffers from order reduction as predicted. This leads to
a high number of SDC iterations needed to converge. The general JFENK method is able to converge
must faster than SDC. We can see that the modified JFNK method (kg = 0) is in line with SDC for
the first 11 iterations. Then there is a large jump in the error due to solving Eq. (3.11). Since we
are solving a single-mode linear problem, the approximation Eq. (3.12) is exact and explains why
after the Newton iteration we practically converge to the solution.

The results from figure 3.1 (b) show the relative error of the backward Euler provisional solution
(be), SDC, general JFNK (jfnk), and modified JFNK (jfnk-new) methods compared to the collocation

formulation. All three methods are able to converge to the collocation formulation.

3.5.2 Linear Multimode Problem

The system that we are trying to solve is

where 3(t) and p(t) are vectors of dimension M. The exact solution is g(t) = p(t). The matrix B is
constructed by

B =UTAU,

where U is a randomly generated orthogonal matrix, A is a diagonal matrix whose diagonal entries
{\M are all negative. We have p;(t) = cos(t + a;) with a; = 27i/M.

For this experiment, M =7 and A =[-100 -1 —1 -1 —1 —1 — 1] . We set At = 7 and
model the system from ¢ € [0, At]. Figure 3.2 shows the numerical results.

The results from figure 3.2 (a) show that SDC suffers from order reduction due to the stiffness of
the problem. The general JFNK converges faster than SDC, but takes more iterations than in the
single mode cosine problem. Since the initial SDC iterations converge quickly, we start the deferred
correction JFNK method’s Newton iterations Eq. (3.11) after kg = 5 iterations. Recall that in order
for Eq. (3.12) to be valid, ||6/**1| &« ||6/¥||. That is, if the error of successive iterates drops too

fast, we cannot add those correction vectors to the Krylov subspace. Instead, we do k0 =5 SDC
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Figure 3.2: Linear multimode problem. (a): the magnitude of the deferred correction HZH . (b): the

relative error of the final iteration vs. the collocation formulation

iterations so that order reduction can slow down the convergence of SDC.

Although the problem is linear, the deferred correction JENK undergoes a series of Newton
iterations, each causing a jump in the error. This occurs because the problem is a multimode
problem, unlike the cosine problem, which is single mode. Nevertheless, we see that the deferred

correction JFNK outperforms SDC and the general JENK.

3.5.3 Nonlinear Multimode Problem

The system that we are trying to solve is

(i) — (1)) =My (O (i) —pi(t), 1<i< M —1

(W) —pm (1) = Myilt) —pi(t)), i = M.

The exact solution is y;(t) = pi(t) where p;(t) = 2 + cos(t + «;) and «; = 27i/M. For the numerical
simulation, we set M =7, A\=[-100 —100 —1 —1 —1 —1 — 1], At = 7/2, and t € [0, At]. Figure
3.3 shows the numerical results.

The results from figure 3.3 show the SDC method suffering from order reduction, once again.
However, the general JENK requires does not converge to the accuracy of SDC. The modified JFNK

with kg = 5 is able to converge much faster than the other two methods since it needs 50 iterations.
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Figure 3.3: Nonlinear multimode problem. (a): the magnitude of the deferred correction ”QH . (b):

the relative error of the final iteration vs. exact solution

3.5.4 Van der Pol Oscillator

This last example describes the behavior of vacuum tube circuits. The following formulation
was proposed by B. Van der Pol in the 1920’s and is referenced as the Van Der Pol Oscillator [29)].

The system that we are trying to solve is

where the initial condition is [y(0), v’ (0)] = [y1(0),y2(0)] = [2, —0.6666654321121172].

For this experiment, A = —100. We set At = 7 and model the system from ¢ € [0, At]. Figure
3.4 shows the numerical results of solving this system.

The results from figure 3.4 show that the SDC method suffers from order reduction. The general
JFNK is able to converge faster than SDC. The modified JFNK with kg = 0 is able to converge
much faster than the other two methods.

We summarize the results from the the numerical experiments in Table 3.1 and Table 3.2. We see
that for stiff systems, SDC suffers from order reduction and does not perform well. It is interesting
to note that the general JFNK outperforms SDC in all examples except the nonlinear multimode

problem. Nevertheless, the modified JENK method is able to converge much faster than SDC and
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Figure 3.4: Van der Pol oscillator. (a): the magnitude of the deferred correction
relative error of the final iteration vs. the collocation formulation

problem SDC general JENK modified JENK
cosine 255 73 13
linear multimode 220 113 42
nonlinear multimode 180 649 50
Van der Pol 360 189 66

Table 3.1: The number of H(y) needed to converge.

problem SDC general JENK modified JENK
cosine -15.9 -16.0 -16.6
linear multimode -16.1 -15.4 -16.2
nonlinear multimode -15.9 -15.1 -15.7
Van der Pol -16.2 -15.5 -16.3

I3

Table 3.2: The relative correction logy, (II?JH

80

) of the converged solution.



is about 3 to 4 times faster than the general JFNK method.
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CHAPTER 4

Parallel Full Approximation Scheme in Space and Time

There is new interest in developing numerical algorithms with parallel temporal integration.
The creation of the parareal algorithm in 2001 by Lions, Maday, and Turinici has given insight on
making numerical parallel integration methods for solving ordinary differential equations (ODEs)
and partial differential equations (PDEs) [42]. Parareal is an iterative method where the algorithm’s
parallel efficiency is bounded by % where K is the number of parareal iterations needed to converge.
To address this limitation, Minion and Emmett created another parallel integration method called
the parallel full approximation scheme in space and time, known as PFASST [17]. PFASST is an
iterative method the combines ideas from parareal, spectral deferred corrections (SDC), multigrid,

and the full approximation scheme (FAS). PFASST’s parallel efficiency is bounded by g; where K,

and Kg are the number of iterations need for PFASST and serial SDC to converge respectively [17].

This chapter will review the temporal and spatial properties that lie within PFASST.

4.1 Temporal Methods

In this section we will describe the numerical time stepping methods used for parallel integration
in time. First, we will briefly mention some favorable properties of SDC. Afterwards, we will review
a parallel integration method called parareal followed by the full approzimation scheme (FAS),
popular in multigrid methods. And finally, we will see how all of these methods merge to form

the parallel time-stepping algorithm, the parallel full approximation scheme in space and time

(PFASST).

4.1.1 Spectral Deferred Corrections

PFASST uses SDC as a main component, of its temporal integration scheme. SDC has many

favorable properties to be considered when integrating in time. Other than being able to converge
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to the solution of the Gaussian collocation formulation, SDC’s use of low order methods allows
construction of methods that use operator splitting and/or multirate time-stepping [7, 8, 39]. In
addition, SDC can be modified to create semi-implicit or IMEX schemes [17]. To see this, assume

we are trying to solve the following ODE system

y'(t) = fe(ty®) + fi(t,y(@))
y(0) = yo

where the first term on the right-hand side fr should be treated explicitly and the second term f;

should be treated implicitly. The SDC sweep becomes

G = G At it 5 4+ ) — (o, 550

+ Aty lFr (st 55 Omsn) = Frltmen, 555 0]+ ST ) — gl 4 g,

where g% is the k" iteration’s approximation of y(t,,), §*! is a vector consisting of all the values of

gL’i], and S™F1f(t, 71*]) is the spectral integration matrix applied to f (¢, 71¥) from t € [ty, tmi1].

4.1.2 Parareal

The second component of the PFASST algorithm is the parareal method. The following is a

brief explanation of the parareal method. Assume we are solving the general ODE system

where t € [0,Tx]. The domain is divided into N intervals where T,, = nAt and At = TWN Parareal
first computes a provisional solution Y,, using a low-order method (like backward Euler) in serial

over the entire time domain [0, 7]

Yn+1—Yn
% = f(Tn—l-b Yn+1)

Yo =Y
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forn=1---N. We will call Y,, the “coarse solution.” Next, we use the calculated solutions Y,, as
initial conditions for each interval [T},, T, 1] and solve the following system ezxactly for y,(t) in the
interval [T}, Tp+41]

Un(t) = f(t,yn(t))

yn(Tn) = Ya.

We will call y,(t) the “fine solution.” In practice, it is impossible to solve the above system exactly;
instead, one uses a highly accurate solve. The above system can be solved in parallel if each
processor P, is responsible for solving for y,(t), where t € [T},, T},11]. Parareal then approximates
the error §(t) = y(t) — yn(t) in the interval t € (T,,,T,+1] by solving an error’s correction. The

error’s equation can be written as

o(t) = y(t) = yn(t)

= y(Tn) + f(Tay(T)) dr =Y, — f(T7 yn(T)) dr
T Ty
=y(Tn) — Yo + . (T yn(7) +6(7)) = f (7, yn(7)) dr. (4.1)

Using Eq. (4.1), an expression for §(7,+1) can be written as

Toi1
5(Tsr) = y(Tn) — Yo + / £ (7 m(7) + (7)) = (7, (7)) dr.

We can calculate an approximation of the correction & by using a low-order method (like backward
Euler) to approximate the integral. In addition, since y(t¢) is the unknown, we can approximate
y(T},) in the above formulation as y(T},) ~ yn_1(Ty) + 6(T},). Keeping this in mind, we can write an

expression for the correction as

Sn—H - gn + yn—l(Tn) - Yn + At[f(Tn—Ha yn(Tn-l—l) + Sn-i-l) - f (Tn—i-la yn(Tn-I-l))]

Finally we finish the “parareal iteration” by updating the coarse solutions Y,P] = Yu_1(Ty) + 6n

in serial. The process continues with calculating a new fine solution. That is, assuming we have

already done k iterations of parareal, the coarse solution is updated Y#HH = yLkll(Tn) + Sllk]

an

Parareal iterates by using as the new initial condition when calculating the fine solution in
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yLk:-i—l] (Tn) _ Yr[k—ﬂ]

and so on.

Parareal can also be understood in terms of two numerical approximation methods: G and F.
Both G and F are ODE methods that take an initial condition g, = y(T},) and compute the solution
to the ODE from T, to T,,+1. For parareal to be efficient, G must be computationally less expensive
than F. Hence, G is usually a low-order method; and F is a high-order method. In addition, F also
may use a smaller time step than G because the accuracy of parareal is limited by the accuracy of
F. Thus, we will refer to G as the coarse propagator and F as the fine propagator [17].

Parareal begins by calculating calculating the coarse solution in serial using the coarse propagator
k
Y7£+]1 = g(T’VH-l? T, Yryg]>

forn =0---N —1 with yo = y(0). These values act as the initial conditions for the respective

processor in the parallel computation

k

y7[’LJr1 = }—(Tn—H, T, Yik})

Parareal continues iteratively by alternating between the parallel computation of F (T}, 41, Ty, Yn[k])
and updating the initial conditions at each processor of the form

Y = G(T 0, T, YD) 4 F(Toir, T, YIF) = G(Togr, T, VI (4.2)

forn=0---N —1 with yo = y(0) [17].

After N iterations of the parareal method, the solution is equal to applying F in serial. In
practice, the iterations converge much more quickly for large N. Parareal provides speedup if the
number of iterations needed to converge K is significantly less than N. Recall that the parallel
efficiency in parareal is bounded by %, which limits parareal’s effectiveness and scalability. Full

details on the parareal method can be found in [42].
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4.1.3 Full Approximation Scheme

The third component of PFASST is the use of the full approximation scheme (FAS). To

understand the FAS, we should consider applying multigrid to solve a nonlinear equation of the form

A(z) = b. (4.3)

Let T be a provisional approximation to the solution of Eq. (4.3). The residual equation becomes

Az +0)=A@)+r

where 0 = x — Z is the error and r = b — A(Z) is the residual.
Like in multigrid, we define two levels in solving Eq. (4.3): a fine level and a coarse level, denoted
with the 0 and 1 superscript respectively. In multigrid, an approximation for the solution to Eq. (4.3)

is first found on the fine level, Z° by solving

the fine-grid formulation of Eq. (4.3). Next, one solves the residual equation on the coarse level

using data from the fine-grid approximation z". That is, one solves

Al(z) = AY(RZ°)R[b — A°(3Y)).

Al(x) and A°(x) are the formulation of the equation on the coarse and fine grid respectively; and R
is a restriction operator that takes the data on the fine grid and expresses it on the coarse grid. Let
7t = AY(R3%) — RA%(2°). We will call 7 the FAS correction. The residual equation can now be
rewritten as

A'(z) = Rb+ 1.

The FAS correction added to the residual equation allows the solution to attain fine-grid accuracy
though the residual equation was calculated on the coarse gird [9]. Let the numerical approximation

to solution of the residual equation be denoted as #'. The error §' is calculated by §' = 2! — Rz°.
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Finally, we then update the fine-grid solution & = % + L&' where L is the interpolation operator

that takes data from the coarse grid to the fine grid.

4.1.4 Parallel Full Approximation Scheme in Space and Time

The parallel full approximation scheme in space and time (PFASST) is an iterative parallel-in-
time algorithm that combines SDC, parareal, and the FAS to solve ODEs and PDEs [17]. Like in
multigrid methods, PFASST works by operating on multiple grids. However, PFASST operates on
temporal grids with different step sizes. For now, let’s assume the PFASST algorithm only has 2
levels (level 0 being the finest and level 1 the coarsest).

Like SDC, PFASST is an iterative method for solving

by computing the Gaussian collocation formulation using the integral formulation for each time
interval

y — AtSF(y) = yo (4.4)

where y = [y(to),y(h), T ’y(tM)]T’ F = [f(toay(to))vf(tlay(tl))7 T vf(tMay(tM))]T and yo =

[y(to),y(to), -~ ,y(to)]T. It is useful to rewrite Eq. (4.4) as the following system that resembles
nonlinear multigrid

A(ly)=b

where
Aly) =y — AtSF(y)
b =Yyo.
Similar to SDC, PFASST consists of using a provisional solution and iteratively updating that
provisional solution by approximating the error via an error’s equation.
In PFASST, the time domain [0, Tx] is divided into N uniform intervals [T;,, T, +1] where each
interval is assigned to a processor P,,, n = 0,1,2,..., N—1. When temporal and spatial parallelization

are combined, P,, is not a single processor but one communicator in charge of a group of processors
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responsible for calculating the solution within [7},, T5,+1] [48]. In PFASST, each interval [T}, T},+1]
is divided into subintervals on each level [ defined by the A + 1 SDC nodes t; = [t;o - - - t; ] such
that T,, = t;0 < --- <ty = Try1. We choose that the SDC nodes to be Gauss-Lobatto nodes
where there are more nodes on the fine level than the coarse level (Mo > Mj).

For a two-level scheme, the system of equations that PFASST solves on each interval [T},, T},+1]

forn=0,1,--- ,N —11is

y? — AtS'FO(yY) = bY = yq (4.5)

y! — AtS'Fl(y!) = bl = Rb? + 7L (4.6)
Note that the FAS correction 7! is given by
! = AYRY°) - RA°(3").
Since A(y) =y — AtSF(y), the FAS correction 7! becomes
= -At[S'FY(RY®) - RS"FO(3")].

In the above equations, S and S are the spectral integration matrices corresponding to My and M;
nodes, respectively. F? and F! correspond to the expression of f(¢,4(t)) on the fine and coarse grid,
respectively. Like the temporal coarsening in PFASST seen with My > M;, PFASST allows spatial
coarsening as well. That is, F¥ may be a more accurate representation of f(t,y) than F!. R is the
restriction matrix that takes data from the fine grid to the coarse grid, and L is the integration
matrix that takes data from the coarse grid to the fine grid.

PFASST starts in an initiation phase where each processor P,, performs n coarse SDC sweeps.
This has the same computational cost as doing one SDC sweep per processor in serial; however, it
has been shown that the additional SDC sweeps improve the accuracy of the final solution [17].

What follows is a description of each PFASST iterations on each processor P,. Assuming we
have that the fine solution yyf U of the previous iteration, the PFASST iterations undergo the

following steps:
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1. Do one SDC sweep on the fine level using yq[f 1 ¢o calculate an approximation to the solution

to Eq. (4.5). We now have an updated value ylf'].

2. Do n. SDC sweeps using yi{“q to solve Eq. (4.6) to gain a coarse approximation Y,[f].

~1 ’
3. Interpolate the coarse correction § = YLk] - Ry,[iC I'to obtain an updated fine-grid approxima-

tion yif] = yl{“‘” + Lé.

Recall that the FAS correction in Eq. (4.6) allows PFASST to obtain fine-grid accuracy on the
coarse grid. For complete details of PFASST, we recommend the reader to read [17, 48].
PFASST’s parallel speedup and efficiency can be calculated by comparing PFASST to serial
SDC. The speedup S is defined as the ratio of the cost of serial SDC to the cost of PFASST run
with Py processors in the temporal direction. The efficiency is defined as %. In order to compare
the two methods, we assume that PFASST and serial SDC will approximately attain the same
accuracy. We will denote the number of iterations to needed to converge to the desired accuracy as

K, and K, for the PFASST and serial SDC methods, respectively. It can be shown in [17] that one

can bound the maximum speedup in the two level case by

K
Prn) < == Phy.
S( N)_Kp N

The maximum parallel efficiency of PFASST is [[gz, which is better than the parallel efficiency of

parareal, %
P

4.2 Spatial Methods

When solving PDEs, there are also considerations in the spatial calculations that the general
PFASST algorithm must consider. Recall that PFASST has different temporal grids, a coarse grid
and a fine grid when assuming two levels. For PDEs, PFASST attains higher efficiency by also

being able to coarsen in space as well as in time.

89



4.2.1 Grid Systems

An example of coarsening is when the system being modeled has spatial unknowns at fixed grid
points. A natural way to coarsen space in this system is by dividing the unknowns in the spatial
domain by 2 in each spatial dimension, assuming d dimensions. That is, if there are (2N)¢ spatial
unknowns on the fine level in Eq. (4.5), we can solve Eq. (4.6) using N¢ spatial unknowns. This
allows us to solve the coarse-grid equation with 2¢ times fewer spatial unknowns. Keep in mind

that the spatial coarse evaluation F! in Eq. (4.6) is less accurate than the fine-grid evaluation.

4.2.2 Gridless Systems

When solving a particle system, the concept of spatial coarsening is harder to define since the
spatial domain does not have a grid. Fortunately for some systems such as the N-body problem
consisting of the evolution of charged particles, the fast multipole approximation ¥ allows us to
an obtain spatial coarsening for a gridless system. This is done by changing the precision of ¥
by changing the amount of terms p in ¥ on the various levels. That is, we use a more accurate

approximation on the fine level in Eq. (4.5) and use a less accurate approximation in Eq. (4.6).
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CHAPTER 5
A PFASSTer Application: Geochemical Problem

In this chapter, we will examine how PFASST performs within a stiff system relevant to
environmental science. A problem of interest for environmental scientists is the reaction and

diffusion of chemical species while being advected within a fluid flow.

5.1 Formulation

We will assume that the chemical species are advected within a 1D single phase fluid flow with

a known, invariant velocity. In this case, the transport of chemical species is described as

dc; d%¢; Oc

E— mw—vxaix—i—Ri,i::L...,nc (51)

where ¢; is the concentration of species i, n. are the number of species, t is the time, D, is the
hydrodynamic dispersion, « is the spatial dimension, v, is the average pore velocity of the aqueous
phase, and R; represents the mass transfer and chemical reactions of ¢;. Note that D, and v, are

known inputs.
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The concentrations that correspond to the species that we are solving are the following

¢ = [Ca®T]

¢s = [HCO3
¢3 = [OH™]

¢y = [HY]

¢s = [COs]

cg = [HoCO3]
¢ = [CO37]

cs = [CaHCO;3 ]

where the primary species are Ca?*, HCO3, and OH™. The secondary species are HT, CO2, H,COs3,
and CaHCO?{.

Eq. (5.1) can be simplified to the following system

ot % ox2 _”Iax
092 _ ,, g2 Og2

2
O _p 0o _, %9, (5.2)

ot~ T ox2 T ox
0g3 d%g3 Jg3

ot T 022 " ox

where g1, g2, and g3 are

g1 = cCo+ 5+ ¢+ cr + cg,

g2 = cC2—c3+cqg+2c5 + 2¢6 + cs, (5-3)
g3 = Co+cCs5+cg+cr—cq.
r is defined by
r=rko(l—Q) (5.4)

where k is a known constant; o is a known constant, the specific reactive surface area of calcite; and

() is a saturation index indicated whether the aqueous phase is sub-saturated or super-saturated
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with respect to calcium and carbonate. € is defined as Q@ = 2°*. In our simulations, we assume
sp

k=1.0,0=0.1, and K, = 3.98 107°.

The chemical species are subject to the following constraints

ce = (Kl + 1)65

asa4
Cg —

K,

a7a4
ag =

K3

aiaz
ag —

Ky

asag = Ky

where a is the vector of activities, a; = vic;, i = 1,...,8 and K; = 1.58 1073, Ky = 3.80 1077,
K3 =37210"", K; =5.50 1072, and K, = 4.57 1015,

The activity of species i is
i = 7iCi-
The activity coefficient v; is a function of the ionic strength of the solution, which is defined as

1
n=y >z} (5.5)

where Z; is the charge of species i. The activity coefficients are computed using the DeBye-Hiickel

relationship

—logypvi = % (5-6)

where A and B are values that depend upon the temperature and «; is a coefficient for species i that
depends upon the diameter of the ion solution. We set A = 0.5, B = 0.326, Z = [21110021]7,
and a = [64391156]7. These addition algebraic constraints cause the system to be a partial

differential algebraic system, which are stiff systems.
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5.2 PFASST Simulation

In this dissertation, we ignore the spatial calculations in the partial differential equation system
Eq. (5.2). Secondly, we add the algebraic constraints discussed earlier to obtain the following

differential algebraic equation system

& = Fe) (5.7)

L(C, g) =0

subject to the initial condition c3(0) = c4(0) = 6.760177512462228 10~% and ¢;(0) = 0 when i # 3, 4.

g=1gi(t,x)],i=1,2,3; F = (r,0,0); ¢ = [¢;(t,z)],i = 1,...,8; and the operator L is

¢

Cy+¢c5 +cg+cr+cg — g1,
Ccag —c3+cqg+ 2c5 + 2¢c6 + cg — 9o
Co+¢C5+cg+cr—c1— g3

ce — (K1 +1)cs

(5.8)
oo — 9
ag — %
ag — %
asaq — Kw.

The purpose of these simulations is to see if PFASST’s parallelism can outperform the serial
SDC method by converging in far less time. In the simulations, we used PFASST with 2 levels.
For time stepping, we used PFASST with 100 time steps from ¢ € [0, ¢ finqi] and varied ¢finq;. The
temporal coarsening proceeds as follows. Each time step [T),,T,+1] used 5 and 9 Gauss-Lobatto
nodes on the coarse and fine level, respectively. Since there are no spatial calculations, there is no

spatial coarsening.
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5.2.1 Results

What follows are the convergence results of our simulations for various end times tf;nq;. We
apply the serial SDC method and PFASST to the geochemical system and compare the results.
The reference solution consists of serial SDC with 4,000 time steps with 10 nodes per time step
for the respective tf;nq;. Finally, the reader should recall that SDC and PFASST are methods that
alm to converge to the Gauss collocation formulation and not the exact solution. We apply serial
SDC with 9 Gauss-Lobatto nodes and plot the convergence results of the relative L, error of the

concentrations ¢;(t): one with tfinal = 1072 and the other with tfinal = 1073,

102 level 1 104 level 1

10 10
4
10 m‘ﬁ\
10°
107
10°
107 10°
s g 4o
5 10° 5 10
3 s
10° 101
1070 g o
]
" 8
10 107

o /\4/\/—
10"
10"

semilogy rel
milogy rel

10
107

16 16
10 10 20 40 60 80 100

20 0 60 80 100
step/processor steplprocessor

(a) trina = 1072, At =101 (b) tpina = 1073, At =105

Figure 5.1: Relative error of L (c) per iteration over time using SDC

We can see that in Fig. 5.1 (a) SDC converges in 7 iterations when ¢ inq = 102 and 6 iterations
when tfipq = 1073. Notice that in Fig. 5.1 (b) the system reaches equilibrium around ¢ = 4 1073,
This occurs because dditl = 0 when (1 — Q) = 0, implying that at this point % ~ 1. In addition to
a SDC reference solution, we compare results to a Krylov deferred correction (KDC) solver. We use
a converged KDC solution as a reference solution and compare the results of serial SDC. In what
follows, we compare the error calculating the concentrations ¢;(t finq) per iteration. Unlike SDC,
these KDC methods converge to the exact solution.

The results in Fig. 5.2 (a) show that SDC with ¢finq = 102 converges to the KDC method
solution in 4 iterations. Fig. 5.2 (b) shows that SDC with tfinq = 1073 converges to the KDC
method solution in 5 iterations.

What follows are the convergence results of the PFASST simulations for various ty;nq. We

plot the relative Lo, error for the concentrations c;(t) between the reference solution (SDC) and
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Figure 5.2: Relative error per iterations for each ¢; at tipa

approximated solution (PFASST).
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Figure 5.3: Relative error of L (c) per iteration over time, PFASST

The results in Fig. 5.3 (a) show that the PFASST with ¢ finq = 102 converges to the reference
solution in 10 iterations. When the time step is decreased to At = 107°, PFASST only needs 5
iterations to converge to the reference solution in Fig. 5.3 (b).

In addition to a SDC reference solution, we compare results to a Krylov deferred correction
(KDC) solver. We use a converged KDC solution as a reference solution and compare the results
of PFASST. In what follows, we compare the error calculating the concentrations ¢;(tfinq) per
iteration.

The results in Fig. 5.4 (a) show that PFASST with ¢ a1 = 102 converges to the KDC method
solution in 8 iterations. Fig. 5.3 (b) shows that PFASST with ¢ finq = 103 converges to the KDC

method solution in 4 iterations.
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Figure 5.4: Relative error per iterations for each ¢; at tipa

Recall for stiff systems, deferred correction methods, such as KDC, require many iterations
resulting in long runtime. Thus, it is desirable to introduce parallelism in hopes of decreasing the

runtime of computation. Table 5.1 shows timing results for running serial SDC and PFASST.

Table 5.1: Timing results for SDC and PFASST
Method  tfinq iterations Run Time[s] speedup efficiency

SDC 1073 6 11.9
PFASST 1073 5 6.5 1.83 1.83 1072
SDC 1072 7 11.4
PFASST 1072 10 13 0.88 8.8 1073

Notice, that PFASST for this problem is not efficient compared to serial SDC. This is due to
the fact that there is only temporal coarsening since we are solving an ordinary DAE system. If we
added the spatial equations to solve a partial DAE, we could include spatial coarsening. This would
allow an enhanced speedup and would likely make PFASST more efficient. In addition, the cost of
communication between the 100 processors may be relatively high when compared to the low cost

of solving for ¢;(t) and ¢;(t) in each time step, which would also decrease the efficiency.
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CHAPTER 6
A PFASSTer Application: N-body Solver

Parallel integration algorithms show potential to decrease the runtime of various physical
simulations such as the evolution of charged particles seen in molecular dynamics. For large systems
of N particles, one of the challenges in modeling is due to the cost of direct calculation of the
acceleration over all of the particles, which is O(NN?). In practice, simulations avoid this difficulty by
using approximation techniques such as the fast multipole method (FMM), which approximates the
direct calculation with O(N) [22]. Another challenge in molecular dynamics simulations lies with
the fact that simulations often require large number of small time steps. Thus, parallel integration
techniques such as PFASST are desirable in order to decrease the overall simulation time. We will
show that parallel integration via PFASST combined with a parallel implementation of the FMM
and the MRFMM (multirate fast multipole method) is capable of greatly decreasing runtime versus

serial integration methods.

6.1 PFASST Simulation

In this section, we will discuss how to implement PFASST with the FMM and the MRFMM in
solving Eq. (1.1). For a charged particle system with N bodies in free space, we are trying to solve

the following differential equation system

with
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x;(t), vi(t), a;(t), m;, q; are the position, velocity, acceleration, mass, and charge of the i*" particle
at time t. 7; is the initial condition for the i*" particle. For simplification, we set 4megm; = 1.
We will use the integral formulation of SDC in order to converge to the Gauss collocation

formulation

yi — AtSF(y;) = n;.

In addition, we also use the first order rectangular rule (using the left end point) S to approximate
the spectral integration matrix S.
The process of solving Eq. (2.12) at each node t,, is called an SDC sweep. It is useful to express

the SDC sweep in matrix notation as

Fi =+ atsFE) + aSEEH) - R (6.1)

6.1.1 Temporal Coarsening

For all of the numerical experiments, PFASST was used with only two levels. Each time step
[Th, T+1] was divided into subintervals using Gauss-Lobatto nodes. The temporal coarsening was
such that there were 3 nodes per time step on the coarse level and 5 nodes per time step on the fine

level.

6.1.2 Multirate Fast Multipole Method

Earlier we provided numerical results showing the different temporal scales of the FMM potential.
Because the near-field forces at x;, frear = —¢; VW near, change in time quickly, they are calculated
at all nodes in [T},,T,,11]. However, the far-field forces at x;, fro, = —¢; V¥ f4,, change slowly in
time. Instead of calculating the far-field forces at every node, we use a strategy of interpolating the
far-field forces in time at some nodes and directly calculating the far-field forces at other nodes.

The following describes the interpolation scheme used on the far-field forces in the MRFMM.
On the coarse level (consisting of 3 nodes), we use a constant interpolation for the far-field forces
based on the value at node 0. On the fine level (consisting of five nodes), the interpolation is a
degree two Lagrange interpolating polynomial based on the far-field forces from nodes 0, 2, and

4 from the previous iteration. That is, for a given particle, if we let fi[k] with ¢ = 0,1, ...,4 be the
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far-field forces based on iteration k£ at node ¢ and ly, l2, and I4 correspond to the Lagrange weights,

then the far-field at nodes 1 and 3 are calculated by

fl[k} = f(gk_l]lo(ﬂ) + fg[k_l}lz(ﬁ) + fik_llh(ﬁ) (6.2)

B = & o) + 5 a(m) + £ () (6:3)

(t—72)(T—74)

where the Lagrange weights are lo(7) = ( = w, and l4(7) = Ar=mo)(r—r2)

T0—72)(T0—T4)’ 2(7—) ~ (m2—70)(T2—T4) (ta—70)(Ta—T2) "

7; corresponds to the 7" Lobatto node scaled in the range [0, 1].

Now we will describe the calculation/ interpolation scheme for the MRFMM evaluations in
PFASST. It should be said that for the FMM evaluations, we hold the FMM tree fixed within each
time step [T, Tp+1]. The following is the MRFMM calculation/ interpolation scheme on the coarse

level with 3 nodes:

Node 0 Calculate the FMM tree. Calculate f,,c.r and fy,,..

Node 1 Calculate f,,cqr. Use a constant interpolation of fy,, calculated at node 0.

Node 2 Calculate f,,c.-. Use a constant interpolation of ff,, calculated at node 0.

The following is the MRFMM calculation/ interpolation scheme on the fine level with 5 nodes:
Node 0 Calculate the FMM tree. Calculate fy,cqr and fy,,.

Node 1 Calculate f,,cqr. Interpolate ffq, using Eq. (6.2).

Node 2 Calculate f,,c4r and fy,,.

Node 3 Calculate f,cq,. Interpolate ff,, using Eq. (6.3).

Node 4 Calculate fy,cqr and fy,,.

6.1.3 Step size

In order to have adequate multirate behavior for the near and far-field potentials, we need to
choose a step size At such that Ve, (x) and V4. (x) have adequate smoothness within the step

At. To do this, we divide a step size At = 1.25 x 10~ into 200 substeps and run the multirate test
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described in section 4.2 to show the smoothness of the FMM potentials Wy,cqr(x) and V4, (x) as

they change in time within the interval of size At.

error in least squares approc

o~ far, deg =0
o9 far,deg =1
13 1 : oo far, deg =2
I fi i
i i near, deg = 2

» N J = near, deg =3
A/‘ ‘\_—/ \_.._/"W’deg:4
§
i

] 50 100 150 0
timestep

Figure 6.1: Multirate test for electrostatic case

Fig. 6.1 shows that to achieve 11 digits of precision within the interval At, one needs to use a
least squares polynomial of degree 4 for the near-field and of degree 2 for the far-field potential.
This corresponds to using 5 nodes for the far-field and 3 nodes for the near-field potential on the

fine level of PFASST.

6.1.4 Spatial Coarsening

Earlier, we mentioned that for PDEs one can increase speedup by adding temporal as well as
spatial coarsening to the PFASST algorithm. Because we have a particle system and there is no
concept of a physical spatial grid to coarsen, we achieve spatial coarsening by changing the accuracy
of the FMM evaluation on the coarse level and fine level. In Table 6.1 we show the calculation time

of the FMM approximation W(x) over all particles for different accuracies € = |®(x) — ¥(zx)|. Ideally

Table 6.1: Runtime for various FMM precisions

€ Runtime]s]

051072 5.2910°1
0.5107% 9.4310°1
0.51079 1.47

we would use a computationally cheap, low-accuracy FMM approximation in the coarse propagator

G. And we would use a more computationally expensive, high-accuracy FMM approximation in
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the fine propagator F. In the numerical experiments, we surveyed the following spatial coarsening

strategies:
1. Use the FMM with the same fixed spatial accuracy on the coarse and fine level.
2. Use the MRFMM with the same fixed spatial accuracy on the coarse and fine level.

3. Use the FMM with less accurate spatial solver on the coarse level and a more accurate spatial

solver on the fine level.

4. Use the MRFMM with a less accurate spatial solver on the coarse level and a more accurate

spatial solver on the fine level.

6.2 Numerical Results

In this section, we present the numerical results of running PFASST with the FMM and MRFMM.

6.2.1 Numerical Setup

For the following numerical experiments, we ran a simulation with 16,000 source particles with
charges randomly distributed between [—%, %] The particles are initially distributed within a unit
cube. The simulations were run from ¢t = 0 to ¢t = 8 x 1073,

The reader should know that the numerical simulations only model the Coulomb forces stemming
from the potential Eq. (1.10). The simulations do not take into account the collisions of particles.
Since particles of opposite charge attract, it is inevitable that at least two particles will start to
accelerate towards a collision. When this occurs, we need to use a different physical model than
Eq. (1.1). Therefore, we had to limit the runtime of the simulations so our physical model was valid
during the total simulation time.

We have a reference solution using serial SDC with 5 nodes per time step and directly calculating
the Coulomb potential Eq. (1.10). The reference solution uses 7 SDC iterations, At = 3.125107°
for 256 steps. The approximated solutions used PFASST with At = 1.25 x 10~ for 64 steps. All of
the PFASST calculations are done using 2 levels and 7 PFASST iterations. Each PFASST iteration

consists of 1 fine SDC sweep and 1 coarse SDC sweep.
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Each FMM evaluation calculates the Coulomb potential Eq. (1.10) within a certain tolerance.
We will denote the tolerance approximating the Coulomb potential on the coarse and fine grid as €'
and €, respectively. We can expect a loss of some digits of accuracy from the electrostatic potential

for the acceleration due to the numerical derivatives of the gradient operator in a; = —¢; VV;.

6.2.2 Results

Recall that € and €! are the accuracies of the electrostatic potential evaluation on the fine and
coarse level respectively. All of the PFASST solutions in this chapter have € = 0.5 x 1077, We will

use the notation for the PFASST solutions.

(%]
fmm

of el =0.5x 1079.

° o be FMM solution on the k" iteration for the velocity using a spatial solver accuracy

° V[k]

fmm1l

of e =0.5 x 1076,

be the FMM solution on the k" iteration for the velocity using a spatial solver accuracy

o V1

fmm2

of el =0.5 x 1072.

be the FMM solution on the k" iteration for the velocity using a spatial solver accuracy

° V'r%ﬂ() be the MRFMM solution on the k" iteration for the velocity using a spatial solver

accuracy of e = 0.5 x 1077,

o V1

mrl

be the MRFMM solution on the k" iteration for the velocity using a spatial solver

accuracy of €' = 0.5 x 1075,

o V1

mr2

be the MRFMM solution on the k" iteration for the velocity using a spatial solver

accuracy of e = 0.5 x 1072,

Figures 6.2, 6.3, and 6.4 are the convergence plots of the particle velocity calculated by PFASST
with various spatial solver accuracies with the FMM and MRFMM solvers. For each time step, the
maximum absolute velocity error of the approximated solution compared to the reference solution
over all particles is plotted for each iteration. Each line corresponds to the absolute error at each
time step of a PFASST iteration with the topmost line corresponding to the first iteration. The

next line down corresponds to the second iteration and so on.
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In Fig. 6.2, both solutions used a spatial solver with electrostatic potential tolerance ® = ¢! =
0.5 x 1072, We see that as we increase the PFASST iteration, the errors decrease. Here we see
that the MRFMM scheme has similar convergence properties as the FMM scheme. The numerical

method converges in 6 iterations. However we will later that PFASST with the MRFMM runs

quicker than PFASST with the FMM.
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Figure 6.2: Absolute error of velocity per iteration compared to the reference solution. Coarse-level
FMM precision is €' = 0.5 x 107

Instead of fixing the spatial accuracy on the coarse and fine level, we can also use different

spatial accuracies on the various levels. Notably, we can do the following.
1. Use a less accurate FMM on the coarse level and a more accurate FMM on the fine level.
2. Use a less accurate MRFMM on the coarse level and a more MRFMM on the fine level.

Figures 6.3 and 6.4 show the velocity convergence plots of the FMM and MRFMM by varying
the spatial accuracy on the coarse level and fixing the spatial accuracy on the fine level. It seems

that changing the spatial accuracy of the correction equation has little effect on the convergence

behavior of the solution.

In order to see the effect of varying the spatial accuracy on the correction equation, we calculate

the Lo norm of the relative error of the various FMM/ MRFMM solutions (Vrgﬂﬂ’ Vr[riﬂl, Vf[lfn]ml,

1 ) with respect to the high accuracy FMM solution, Vf[i]zmo of that particular iteration k for

fmm2

all iterations. We show the results in Figures 6.5, 6.6, and 6.7.

Figure 6.6 shows that the FMM solution Vf[l:im1 converges to the more accurate solution Vf[fr]zm()

within 3 iterations and Vf[:]zm2 does so in 4 in Fig. 6.5. Since we showed earlier that it takes 6 PFASST
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Figure 6.3: Absolute error of velocity per iteration compared to the reference solution. Coarse-level

level 2

FMM precision is ¢! = 0.5 x 1076

Figure 6.4: Absolute error of velocity per iteration compared to the reference solution. Coarse-level

FMM precision is €' = 0.5 x 1072
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iterations for the FMM solution to converge, dropping the accuracy of each FMM evaluation in
solving Eq. (4.6) on the coarse level has negligible effect in the overall convergence.

V,EZ!Q are less accurate than V"

The MRFMM solutions V¥ y* Fmm0

05 Vil and converge towards

mml

the Vf[fr]mo solution slower than Vf[H . The difference in behavior from both MRFMM solutions
compared to the FMM solutions comes from the MRFMM'’s interpolation of the far-field. Noticeably,
we lose some far-field accuracy because of the constant interpolation of the far-field per time step

when solving Eq. (4.6).

6.2.3 The Residual Equation

In order to explain the lack of change in the convergence behavior of PFASST using the FMM
and MRFMM, while varying the spatial accuracy, we need to examine the coarse-level residual

equation Eq. (4.6). We can express the residual equation as
y' — AtS'Fl(y") =yg— At[S'F(RY) — RS°F°(3°)]. (6.4)
We solve the above equation by using one SDC sweep to obtain
§' = yb + AtRS'FO(F°) + AtS'[FL(31) — FL(RY")]. (6.5)

For this analysis, we are only focussing on solving for the velocity as the unknown y as opposed
to having y = [xv]T. Hence, F will be the acceleration calculation. We can rewrite F(y) as
the acceleration due to the sum of near and far-field forces such that F(y) = Fpear(y) + Ffar (y).
Eq. (6.5) becomes

¥' = $o + AtRSFO(5°) (6.6)

+ At‘gl [F}“Lear(yl) - F%lear(R‘yO)] + At‘gl [F}ar(yl) - F}ar(RyO)}'

Let’s examine the case of using the FMM with varying spatial accuracy on the coarse level. Recall
that Vimmo, Vimmi, and Vigme have the spatial accuracy of the potential set to ¥ =0.5x10"? on

the fine level. First note that by using the FAS, the coarse-level solution is able to attain fine-grid
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resolution via the

7° + AtRSOFO(3°)

term in Eq. (6.6). Given the same fine-level solution y°, for all of the FMM solutions, this operation

is the same. The difference in the solutions comes from the later part of Eq. (6.6), which is
AtSl [F}lear(‘- ) - near(Ry )] + Atgl[F}”ar(yl) - F}”ar(RS’O)]'

By examining the solutions Vim0, Vimmi, and Vipma, we see that the difference in solutions
comes from the coarse-level calculation of near and far-field forces in Eq. (6.6). To see that relation,
let x be Ry" and u be the solution to the SDC sweep y! in Eq. (6.5) such that u = x + §. We can

express Fl(u) — F!(x) for the i*" particle in Eq. (6.5) as

Flu) = FHz;) = —qiV[®(u;) — ()]

1 1
= —aV . _
v ;qﬂ(uj—ua m—m)
1 1
= —aV . _
v ;qj(wj—méj—én |xj—x@-)

- qlvzm_%‘ (( +||_iz||> 1).

Recall we have set 4meg = 1. Taylor expanding the above formulation and assuming | ‘ <1, we

obtain
Fl(u;) — Fl(z;) = qu Z ( 5|>
|95J - $z| \asj — i

Filw) = F(m) = &9 Zm—m<|xj—i;||>+0<<m)2>' (00

This can be rewritten as

. 5; — i qj |05 — 04
F1 i _F1 Vxa q; ’ j J J . .
(ui) (@)~ aV | > |z — 2] <’=’Bj_$i‘ ps |5 — @] \|zj — @il (05

Z 5 eQnea'r ijQf(”‘
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Recall that each FMM calculation directly calculates near-field forces and approximates far-field
forces. The more accurate the FMM approximation, the more particles are assumed in the near-field.
The less accurate the FMM, the smaller the near-field is, and the larger the far-field is. Hence,
the inaccuracy from the FMM comes from not only limiting the amount of terms in the expansion
but also poorly approximating the far-field by not including enough near-field particles in direct
calculation. However, even for an inaccurate FMM calculation, the potential for the nearest (hence,

the most influential), neighbors to a particle are always calculated directly.

(K]

By using less accurate FMM evaluation on the coarse level than v vIHand kame are

fmm0> ¥ fmml

able to attain similar convergence to 1

Fmmo0 after few iterations as seen in Figures 6.6 and 6.5 with

a smaller computation cost. This occurs because the difference in the far-field forces in Eq. (6.8)
are negligible. Note that as approximations become more accurate as we iterate, the corrections
in |0; — 0;] become smaller. More importantly, in the far-field |z; — x;| is large. This dampens the
effect of the calculated inaccuracies even when the FMM solver is inaccurate.

V[k] and V}I:)]lm2 comes from the near-field

The difference per iteration between Vf[fr]L Fmm1>

m0?

component in Eq. (6.8). We see that even though V[ilml and Vf[f)lm2 contain an inaccurate spatial

solver on the coarse level, the two less accurate solutions directly calculate enough of the most

influential near-field particles. Hence, they Vf[il,ml and Vf[];]wrﬂ are able to obtain similar convergence

behavior to Vf[i]zmo in few iterations.

There is very similar convergence behavior with Vn[fvl(]’ Vr[fgl,

and Vn[ﬁZ in Figures 6.7, 6.6, and

6.5. However, the MRFMM solutions are not as able to converge to the Vf[:l,mo solution as the
other FMM solutions. This difference in behavior comes from the MREFMM’s constant interpolation
of the far-field forces over a time step At on the coarse level in Eq. (6.8). As seen in Figure 6.1,
using a constant interpolation for the far-field forces causes a loss in accuracy. But a second order
interpolation of the far-field (used on the fine level) does not. Hence, unlike the FMM solutions, the
dominant error in Eq. (6.8) comes from the far-field interpolation and not the near-field calculations
for the MRFMM solutions. Recall that the near-field forces are calculated at every node in a
time step At in both the MRFMM and the FMM. Even with the interpolated far-field forces, the
(%]

MRFMM solutions are able to converge very close to the high spatial accuracy FMM solution memO

with less computational cost after 6 iterations.
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6.2.4 Gravitational Forces

Each particle in the electrostatic simulation is under the influence of more singular attractive
forces (71”13%) %2) and smoother repulsive forces (Tli_glo %2) due to charge-polarities being opposing or
similar, respectively. If all the forces were to be attractive, like in gravitational simulations, we
should expect the MRFMM to be less effective. This should occur because the force field exclusively
contains increasingly fast-changing attractive forces that are less smooth in time. Thus, these forces
are more difficult to interpolate.

To show this phenomena, we run the same simulations as earlier with the following changes.
All of the charges have the same magnitude and are all positive. We change the sign in Eq. (1.1)
so that now all of forces are attractive whereas they would be repulsive. Finally, the time step is
shortened to At = 7.8125 x 107° to avoid the more imminent particle collisions.

Figure 6.8 shows the result of the multirate test within the first time step A¢. Keep in mind that

the forces are less singular in the first time step. Figures 6.9 and 6.10 are the velocity convergence

error in least squares approx

e—e far,deg=0

12+ e—o far,deg=1 |
e—e far,deg=2

s <~ near,deg =2 |1

i il =< near,deg =3

near, deg =4 |]

h ;{Jl|
ol X Wﬁx %Wf %W x |

s X

digits of precision
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timestep

Figure 6.8: Multirate test for gravitational case

plots for PFASST with the FMM and MRFMM respectively. The results show that the MRFMM
converges to the solution; however, it takes more iterations than in the FMM case. In addition, the
initial MRFMM iterations are less accurate than the FMM’s. The higher abundance of singular
forces causes the MRFMM to behave less predictively than in the simulations with the dual charge

polarities.
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Figure 6.9: Absolute error of velocity per iteration compared to the reference solution. Coarse-level
FMM precision is ! = 0.5 x 107
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Figure 6.10: Absolute error of velocity per iteration compared to the reference solution. Coarse-level
FMM precision is €l = 0.5 x 1072
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6.3 Speedup

The following are results for the parallel speedup and efficiency for the PFASST algorithm using
the FMM and MRFMM for the electrostatic problem. Recall that €® and €' correspond to the FMM

evaluation tolerance for the electrostatic potential for the fine and coarse level, respectively.

Table 6.2: Serial SDC, 6 iterations

Method €V Nsteps Run Time]s]
FMM 051077 64 4131
MRFMM 0.5107° 64 3275

Table 6.3: PFASST, 7 iterations

Method el €0 Nsteps  Opeedup  Parallel Efficiency Run Time]s]
FMM 051072 0.5107° 64 15.078 0.236 274
FMM 0.5107% 0.5107° 64 8.101 0.127 510
FMM 05107 051072 64 5.819 0.091 710

Table 6.4: PFASST, 7 iterations

Method el €0 Nsteps  Opeedup  Parallel Efficiency Run Time]s]
MRFMM 051072 051077 64 26.484 0.414 156
MRFMM 0.510°% 051079 64 9.675 0.151 427
MRFMM 051072 051079 64 7.915 0.124 522

Table 6.2 shows the runtime of serial SDC. Tables 6.3 and 6.4 shows the various speedup attained
by PFASST. PFASST is able to run much quicker than serial SDC. The various speedup in the
PFASST solutions comes from mainly two different attributes: the spatial coarsening and the
multirate time stepping. By making the coarse-level spatial solver less accurate, i.e. cheaper to
compute, PFASST is able to undergo the initialization phase described in [17] much quicker. This
allows PFASST to start iteratively approximating the solutions much earlier than if we used a high
accuracy, i.e.more computationally expensive, spatial solver on the coarse level. This phenomena
is greatly enhanced when the MRFMM is used because the multirate time stepping has fewer
calculations. The PFASST iterations are also done quicker due to the coarser approximations and
MRFMM.

To explain the speedup that PFASST has with the MRFMM, let F and A be the amount of

work it takes for a FMM evaluation to calculate the far-field forces and near-field respectively. For
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this analysis, we will assume that that the coarse and fine-level spatial solver will have the same
accuracy. We will ignore the cost of communication between processors and the cost of interpolation
and restriction between PFASST levels. For the FMM, computing 1 PFASST iteration (with 1
SDC sweep on the fine and coarse level) corresponds to doing 2 x 3(F + A) work on the coarse
level (3 nodes) and 2 x 5(F + N') work on the fine level (5 nodes) for a total of amount of work
T¢mm = 16F +16/N amount of work. For the MRFMM, computing 1 PFASST iteration corresponds
to doing 2 x (1F 4+ 3N') work on the coarse level and 2 x (3F + 5N) work on the fine level for a
total of amount of work 7,,, = 8F + 16\

Let g = 73—’% be the ratio of the amount of work between PFASST with the FMM and the
MRFMM. We have two limiting cases for 8: when the amount of work in the far field equals the
amount of work done in the near field (F = N') and when the amount of work in the far field

dominates that of the near field (F > N'). This gives us bounds for § as long as F > N

1+

wl
wl=,

<B<2 (6.9)

—
+
[\

=]

Eq. (6.9) provides insight on how the MRFMM algorithm should be made to increase speed
in PFASST. To increase the speedup, we need %/ < 1. The smaller this ratio is, the faster the
MRFMM will run in comparison to the regular FMM. That is, one should design a FMM algorithm

in a way such that as much of the computational time is used calculating the far-field as possible.

6.4 Conclusion

For the simulation of charged particles, we have showed that parallel integration in time should
be considered. The PFASST algorithm used with the FMM allows one to attain speedup versus
serial SDC. PFASST’s multigrid-like structure allows additional speedup by relaxing the accuracy
of the FMM on the coarse level without compromising the convergence of the solution. By taking
into account the temporal behavior of the far-field and near-field forces, one can use the MRFMM’s
property of interpolating the far-field forces to decrease the total amount of calculations per time
step. Hence, PFASST used with the MRFMM allows for greater speedup without too much of a

loss of accuracy.
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The MRFMM decreases the amount of calculations per time step by only calculating forces
when they change quickly in time and interpolating forces when the change slowly in time. This is
a promising property for more complex simulations that include dipole (%3) and Van der Waals (%7)
forces. These more singular forces have the property that the more singular the force, the smaller
Qear is and the larger Q¢,, is. Hence, by using the MRFMM, one can decrease the net amount of

calculation by interpolating the larger far-field in a time step At instead of calculating the far-field

at each node within the time step.
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CHAPTER 7
Future Work

When using deferred correction methods, a numerical algorithm of an “optimal” method can be
made by keeping in mind the ideas of the “collocation formulation” and “convergence procedure.”
For a given problem, an efficient method can made by selecting a collocation formulation to
converge to based on the properties of the solution from a “collocation formulation database.”
Afterwards, different deferred corrections schemes can be selected from the “deferred correction
methods database” to effectively reduce different error components in the provisional solution. When
deferred correction methods stall, especially in stiff systems, the modified JENK then can be used
to accelerate convergence. A possible way to make this new JFNK method more efficient would be
to find a way to reuse/ recycle the old Krylov basis vectors instead of always computing new Krylov
basis in forming a new subspace.

The PFASST algorithm has great potential in decreasing runtime by taking into account temporal
parallelism. PFASST could be used to accelerate calculations of many elliptic equation systems
such as Stokes flows, electromagnetics, and Helmholtz equation systems. For elliptic equation
solvers and fast N-body solvers, work can be done to increase efficiency by using temporal multirate
techniques when taking account more singular potentials than the % Coulomb potential. Multirate
time stepping with these singular potentials would greatly add to the algorithm’s efficiency.

For differential (algebraic) equation initial value problems or very stiff systems, PFASST should
be able to be combined with the modified JENK. Since PFASST depends on SDC as its integrator,
PFASST will suffer from order reduction or divergence in solving extremely stiff systems. However,
the inclusion of the modified JFNK could overcome this limitation while still maintaining time
parallelism.

PFASST’s use of multiple grids and multirate time stepping are a significant step towards possible

temporally adaptive algorithms where signals are only calculated when they change significantly

and interpolated when they do not. This feature added with time-parallelism can be very promising
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for long-time, large-scale simulations.
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APPENDIX A
PROOFS OF THEOREMS

A.1 Proof of Theorem 2.2.3.

Proof. Assuming p points {1/p,2/p,---,(p—1)/p, 1} are used in the uniform collocation formulation,
then S is a lower triangular matrix and all non-zero entries (including diagonal entries) are 1/p.
Simple calculation shows that S~! has zero entries everywhere except along the diagonal and

subdiagonal, with nonzero entries p on the diagonal and —p on the subdiagonal,

p 0 0 0 0
—-p P 0 0 0
-1 _ 0O —-p »p 0 O
0 0 —p 0 0
o o o0 - —p p

Consider the vector V; = [(p—1)7, (p—2)7,---,27, 19,017 (j =1,--- ,p—1) and Vg = [1,1,--- ,1,1]T.

As S integrates polynomials of degree < p — 1 exactly, one can show

N 1 =20
SIS -V, = —— \%
( Vi j+1lzg<j+1> b

and

(S71S —1)Vy =o0.

Define Wy = V. The basis for the Jordan canonical form can then be constructed recursively by

solving (5‘13 —I)W; = W,_;, where W consists of a linear combination of Vi, k =0,---,5. O

A.2 Proof of Theorem 2.2.4.

We start from the following Lemma:

Lemma A.2.1. For the trapezoidal rule preconditioned uniform collocation formulation (InDC-
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yp-T), the matriz S — S maps the vector [(%)k]];:o = [(%)k, (%)k, (%)k, e ,(E)k, 17 (k<p)toa

linear combination of vectors [(%)m]g’zo, m=0,---,k—1.

Proof. Assume p + 1 points {0/p,1/p,2/p,---,(p —1)/p,1} are used in the uniform collocation

formulation. As the integration matrix S integrates polynomials of degree p or less exactly, we have

(o] -l

Now consider the j* entry of the vector S [(%)'ﬂ?zO given by

s[ir] - SO C) e (5 1)

bk ok g Lo

1 jk+1

1 1
S (k 1 + 5]"“ + lower order (< k) terms — 5]’“)

Therefore, after cancelling the j**1 and j* terms, we have

1

a9l Bl

j=0 0

p

JZO.
]

Applying Lemma A.2.1 and the Taylor expansion of the initial provisional solution in the
trapezoidal rule preconditioned deferred correction iterations for the uniform collocation formulation

(InDC-yp-T), Theorem 2.2.4 can be proved as follows:

Proof. From Eq. (2.34), we see that the correction matrix has the expansion

Ot = (AAE)(S — 8) + (ANAD?S(S — §) + (A\AH3S (S = §) + -+,
and the initial provisional solution b has the expansion of the form (neglecting all (At)?*! and

higher order terms)

b~ zp:(mt)mcm {(i)m} .

m=0
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By induction and Lemma A.2.1, it is straightforward to show that
- j
(€ 0 Y e |
m=0 p

neglecting (At)P*!1 and higher order terms. Therefore, after each trapezoidal rule preconditioned
SDC iteration for the uniform collocation formation, the order will increase by (At)2, until it reaches

(At)PFL O
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