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It is not possible to be a scientist unless you believe that it is good to learn. It is
not good to be a scientist, and it is not possible, unless you think that it is of the

highest value to share your knowledge, to share it with anyone who is interested.

It is not possible to be a scientist unless you believe that the knowledge of the
world, and the power which this gives, is a thing which is of intrinsic value to
humanity, and that you are using it to help in the spread of knowledge, and are
willing to take the consequences.

—Robert Oppenheimer, November 2, 1945
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Preface

This thesis gives a general framework for local Fourier analysis of multigrid methods that is
versatile and well suited for computer implementation. Multigrid methods are often a crucial
component for the efficient numerical solution of partial differential equations. Local Fourier
analysis is an idealized, quantitative analysis for these methods, i.e., it gives an estimation of
the behavior of a multigrid method.

Multigrid methods [12, 15, 32, 63, 68] consist of two components. A smoother and a
coarse grid correction. There exist many different smoothing methods and many different
ways to construct a coarse grid correction. These two components have to complement each
other to be efficient. Furthermore, they have to be chosen in such a way that matches the
problem that is to be solved. As the implementation of a multigrid method can be tedious,
one wants to know how well different smoothers and coarse grid corrections work for a
specific problem in advance. Local Fourier analysis is an efficient tool that provides the
desired information.

Local Fourier analysis is performed by analyzing a substitute problem that is similar to
the one we are interested in, but simpler to analyze. Therefore, local Fourier analysis is an
idealized analysis. As we expect that similar problems behave similarly, by knowing the
behavior of the substitute problem, we can predict the behavior of the original problem. To
apply local Fourier analysis to a problem, however, we need to find a suitable substitute
problem.

Local Fourier analysis has been successfully applied to many problems [9, 13, 26, 27, 36—
38, 45, 48, 49, 63, 68, 74-77] and there already exists a software [74] that performs local
Fourier analysis. Consequently, why do we need a new framework and a new analysis tool?

We need a new framework, as there are still applications that cannot be analyzed with local
Fourier analysis. The new framework, which we introduce in this thesis, allows the analysis
of new applications, for example the analysis of jumping coefficient problems and block
smoothers (Chapter 4). On the other hand, we can analyze many of the problems that have
been successfully treated by local Fourier analysis within the new framework as well. As a
consequence it allows the analysis of combinations of multigrid components that have been
analyzed with different local Fourier approaches, as these approaches can now be formulated
within the same framework.

We need a new software tool, because the program described in [74] has some limitations.
This software tool is essentially a collection of templates, i.e., the software allows to fill in
some blank spots, but it is not possible to reuse or recombine components. This limits the
situations where the software can applied and extending the software is complicated. In
contrast, the new analysis software that we propose (Chapter 5) builds on a limited set of

ix



Preface

primitive components'. These components can then be combined in various ways to analyze
arbitrary complex methods. The local Fourier analysis framework that we shall introduce
will provide us with these primitive components and ways to combine them.

The primitive components that we shall use will be matrix symbols. They can be used
to represent periodic stencil operators, restriction operators, and interpolation operators
(Chapter 3). Matrix symbols, can be combined in various ways, and the combined symbols
then represent corresponding combined operators. Combining a few primitive operators is
often sufficient to describe a multigrid method. Hence, this approach gives a great flexibility.
Furthermore, as we shall see, these symbols allow us to determine many properties of the
method they describe, like the convergence rate of the method.

We start with a basic introduction to multigrid methods, formal eigenfunction analysis
(Chapter 1), and a rigorous treatment of local Fourier analysis for constant stencil operators
(Chapter 2).
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1. Multigrid Essentials

Multigrid methods form a class of methods rather than a single method. They have to adapted
be to the problem they are supposed to solve, and until now nobody has found a general
recipe for the construction of multigrid methods that works for arbitrary problems. Therefore,
for every new problem that is supposed to be solved by a multigrid method, some clever
thinking is required, to choose the right multigrid components. Hence, multigrid methods
are best explained by constructing a multigrid method for a specific and simple example.

1.1. Wire under Tension

Imagine a wire that is strained between two walls. The tension of the wire is so large that
the wire is a straight line between the endpoints. Then a load is attached to the wire which
deforms it. We want to determine the shape of the wire.

‘ &

(a) Wire without load. (b) Wire with load.

Figure 1.1.: Shape of a wire.

The wire always assumes the shape that has the smallest energy of all possible shapes. The
energy is the sum of the tension energy and the potential energy of the load. When the load is
attached the wire expands. The load moves down and therefore its potential energy decreases.
On the other hand, the strain energy increases due to the expansion. Thus, by minimizing the
total energy, the system balances between the expansion of the wire and height of the load.

To describe the shape of the wire, we first pick a coordinate system. Let the endpoints of
the wire be (0, 0), and (1, 0), and let the vector (0, 1) be pointing in the upward direction, as
depicted in Figure 1.2. Now we can describe the shape of the wire by a function y : [0, 1] — R.
Before the load is attached, the wire has the shape yo(x) = 0. Let L(y) be the length of the
wire that has the shape y. The length is given by

L(y) = /01 A1+ (x)?dx.

We start by computing the tension energy of the wire. Let 7 be the tension of the wire.
Assume that the wire is only stretched by a small amount. That means that 7 is nearly
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y
N - |
W X
y ) o

Figure 1.2.: The function y(x) describes the shape of the wire.

constant, i.e., the force required while expanding the wire from its initial length L(yg) to
its final length L(y) equals 7. As a result, the work [29, 67, 78]—and therefore the tension
energy—is proportional to the extension of the wire, i.e.,

L(y) 1
T<y>=/L rds=r-<L(y>—L<yo>>:r-/o J1+ver - 1dx.

(»0)

We can simplify this expression if we assume that y’ is small. In this case, the Taylor
expansion yields V1 +¢ = 1 +¢/2 + O(t?); leading to

1
T(y)zr-‘/ %y'(x)zdx, (1.1)
0

which is our desired formula for the tension energy.

We continue by computing the potential energy. Assume that the mass of the wire is so
small in comparison to the load that we can neglect it. Therefore, the only force in vertical
direction is caused by the weight of the load. Let — f(x) be the force that acts on the wire at x
in the downward direction.

The potential energy is only determined up to a constant. Hence, we can define the
potential energy to be zero when the wire has the shape yjp; if the wire has the shape y then
the potential energy is

1
V() = - /O Fy() dx. (12)

The tension energy (1.1) and the potential energy (1.2) give the total energy of the wire-load
system:

1 1
T(y) + V(y) = /O Ty — f()y() dx = /O £ (6 y(x).y'(x)) do,

where L(x,y,y’) := 7 - y”? — f(x)y. Recall that the wire assumes the shape from all possible
shapes that has the smallest total energy. Which is why we can find the shape of the wire
under load by finding the function y that minimizes

1
/0 £ 0 y(x) ()

If the minimum y is in CZ[O, 1] then it fulfills the Euler-Lagrange equation [28, 29, 67, 71],
i.e.,

9L 30, Y () - & (F5 6 y(x), ¥ () = 0.



1.2. Numerical Approximation

Thus,
d
0=-f(x)- P (Ty'(x) = = f(x) = 7y"(x) .

If y is the shape of the wire, then it is necessary that y is the solution of the boundary value
problem

—%(x) = f(x) for xe(0,1) (1.3a)
y(0) = y(1) = 0. (1.3b)

1.1.1. Solving the Boundary Value Problem

Let us solve a slightly more general version of the boundary value problem (1.3). In the
original boundary value problem, we required that the function y is zero at the boundary. We
shall now require that the function y takes the values g(0) and g(1) at the boundary points 0
and 1, where g is some given function. In the light of the previous section, this situation
would correspond to the wire to be attached to the wall at different heights, on the left hand
side at height g(0) and on the right hand side at height g(1).

Furthermore, let us introduce some notation. The operator 86—; is known as the one-dimen-
sional Laplace operator, which is usually denoted by A. Hence, we can write the generalized
boundary value problem as

—Au(x) = f(x) for xe€(0,1) (1.4a)
u(x) =g(x) for xe{0,1}. (1.4b)

To solve the boundary value problem, we integrate both sides of (1.4a) twice; giving

—u(x)+cix+cp = / f(x)dxdx =: F(x),
where c; € R and ¢; € R are constants of integration. Thus, by rearranging the terms
u(x) =cix+cy — F(x). (1.5)

We substitute zero for x into (1.5) to get ¢; = F(0) + g(0). This fixes ¢,. Substituting one
for x into (1.5) yields ¢; = F(1) + g(0) — ¢, which also fixes ¢;. Consequently, (1.5) is the
solution of the boundary value problem (1.4).

Note that the solution is unique; the antiderivative is unique up to a constant. Both
constants of integration, however, are completely determined by the boundary values (1.4b).

1.2. Numerical Approximation

The boundary value problem (1.4) can be solved analytically if we can find a second
antiderivative of f. Finding the antiderivative is, however, not always possible [54, 55]. In
this case a numerical approximation of the solution is desired.
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0 1
: ' : —
X0 X1 Xn-1 Xn
—
h

Figure 1.3.: The points of the grid Q,.

1.2.1. Discretization

To approximate the solution numerically we need to simplify the problem, i.e., we just
compute approximations to the function values of u just at a finite set of n € IN points
X0, . . ., Xn (n € N). We choose these points x; € [0, 1] to be equidistant, i.e.,

x; :=i-h where h=%.

We denote this set of points by Q. It is called a (one-dimensional) grid and illustrated in
Figure 1.3. Furthermore, we define the inferior and boundary of the grid by

Qn:={x;:ieN,1<i<n-1} and 09y :={x0, xn},

respectively. Consequently, the whole grid Q;, = ), Ud€,. Let us denote the approximation
to u by uy,.

We want to compute up(xg), ... un(x,) such that the boundary value problem (1.4) is
approximately solved, i.e.,

—Aup(x) = f(x) forx € Qy, (1.6a)
up(x) = g(x) for x € 9CY,. (1.6b)

We can write this equation more explicitly as

_Auh(-xi) = f(-xi) fori=1,...,n-1, I/lh()C()) = g(O)’ l/lh(.xn) = g(l)

These are (n + 1) equations for (n + 1) unknowns. However, we cannot directly use these
equations to compute the approximation uy,, as they involve the derivative of the function uy,.
We do not have access to the derivative of uj,, because we compute uy, only at a finite set of
points. Therefore, we need to approximate Au using only the values uy(xo), . . ., un(x,).

We construct this approximation using polynomial interpolation. For x € R we can find a
polynomial p with deg p < 2 such that

p(=h) =u(x—h), p0)=u(x), and p(h) =u(x+h).
From the Lagrange interpolation formula [34, 60] it follows that this formula is given by

22 —zh zz—h2+u(x+h)zz+zh
2h? 2h?

Applying the Laplace operator, i.e., differentiating twice, yields

p(z) = u(x — h)

1 2 1
Ap(z) = u(x — h)ﬁ - u(x)ﬁ + u(x + h)ﬁ )
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The value p(z) is an approximation to u(x + z) on the interval for z € [—h, h]. Thus, Ap(0)
should be an approximation to Au(x). Let Apu(x) := Ap(0), i.e.,
u(x — h) = 2u(x) + u(x + h)
h? ’
then Au(x) ~ Apu(x), which is the so called finite difference discretization of the one-dimen-

sional Laplace operator A.
We can plug the approximation (1.7) into the reduced boundary value problem (1.6) to find

Apup(x) = f(x) forx e Qy
up(x) = g(x) for x € 9QY,.

Apu(x) =

1.7

More explicitly

up(xi—1) = 2up(x;) + up(Xiz1)
h2

= f(x;)) fori=1,...,n—-1,

un(xo) = g(0),  un(xn) = g(1).

This is a linear system in the variables uy, (x;), which we can write as

2 -1 up(x1) f(x1) + g(0)/h?
| -1 2 -1 up(x2) f(x2)
5 S . : = ; . (1.8)
-1 2 -1 up (x,,_z) f(xn_z)

=1 2) \up(eat)) \fCrnor) + g(1)/ R

Thus, we have a linear system with n — 1 equations and n — 1 variables that we can (try
to) solve. If we can find its solution, then its solution uy(x;) for i = 0,...,n is then an
approximation to the solution u of the boundary value problem (1.4).

1.2.2. Consistency

We constructed the discretization
u(x — h) = 2u(x) + u(x + h)
h2

of the Laplace operator Au. It is, however, not clear that it yields useful results, i.e., that the
approximation uy, is close to the true solution. We want that the approximation u;, converges
to the true solution u, if the step-size i converges to zero, which can be shown by proving
that the discretization is consistent and stable. In this section we show that A, is consistent;
in section 1.2.3 we show that it is stable and that consistency and stability imply the desired
convergence.

Apu(x) := (1.7 revisited)

Definition 1.1. The discretization Ay, is consistent if there exists a function ¢ : [0, ) — R
with ¢(h) — 0 for h — 0 and
|Apu = Aullp, < c(h), (1.9)

where
||ulln := max |u(x)|.
erh
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In other words a consistent discretization converges to the continuum operator. Let us now
prove that the discretization Ay, is consistent. For this purpose we need the following result.

Lemma 1.2. Let u(x) be two times continuously differentiable on [xo — h, xo + h]. Then there
exists & € (xo — h, xo + h) such that

Apu(xo) = Au(¢) .
Proof. Special case of [60, Satz 3.4]. O
Let w(v; ) : [0, 00) — [0, 00) be the modulus of continuity of v on [a, b] (see e.g. [56)), i.e.,
w(v;6) := sup{|v(x1) — v(x2)[ : x1,x2 € [a, D], |x1 — x| < 6}
Then by using Lemma 1.2 and the definition of the modulus of continuity we have that

|Apu(xo) — Au(xo)| = [Apu(xo) — Au(€) + Au(é) — Au(xo)|
< |Apu(xo) — Au(€)| + [Au(€) — Au(xo)|
<0+ w(Au; h).
It is known that lims_,¢ w(v; ) = 0 if and only if u(x) is uniformly continuous on [a, b] [56].
Thus, if we restrict ourselves to functions # where Au is uniformly continuous, then Ay, is

consistent. To make a qualitative statement about how fast A, u approaches Au, we have to
make an additional assumption.

Lemma 1.3. Ifu € C*[0, 1] then for x € [h, 1 — h]

h2
[Anax) = M) < 35 D

Proof. Using the Taylor expansion yields that there exists &~ € [x — &, x] and &, € [x, x + h]
such that

’ " 3) )
W), W0, 0w e

u(x + h) = f(x)+ T X T Y and (1.10a)
/ " 3 @
u(x — h) = u(x) - ”](!x)h 4 2(;‘);12 U 3?“) 3.8 f‘)h‘*. (1.10b)

Substituting the Taylor expansions (1.10) into the discretized Laplace operator (1.7) gives
Mpu(x) = u”(x) + o (u0E) + u ) 2.
Rearranging the terms and taking the absolute modulus then gives that

44 2
[nu(x) = ()] = & [u D) + w2 < B Ol o

If we restrict ourselves to functions u € C*[0, 1], then Lemma 1.3 shows that the difference
between Aj, and A can be bounded by a function proportional to #2. We say that the
discretization Ay, is consistent of order 2.
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1.2.3. Stability and Convergence

Consistency alone is not sufficient to show that 7 — 0 implies that u;, — u. We only have
that if u,(x;) = u(x;) then Apu, =~ Au. What we need, however, is the reverse statement,
because the solution u of the PDE and the solution u;, of the discretized PDE fulfill

Au(x;) = f(x;) and  Apup(x;) = f(x;).

Thus, we have Au(x;) = Apup(x;) and want to show that u(x;) ~ up(x;).
Let us assume that we have a consistent discretization, i.e.,

Apu — Aullp < c(h). (1.9 revisited)
Then, since Au(x;) = f(x;) = Apup(x;),
lApu = Apuplln < c(h).

Since Ay, is a linear operator,
AR Qu = up)lln < c(h).

By defining the error ep,(x;) := u(x;) — up(x;) we get
lAnenlln < c(h). (1.11)

We have that Aye;, — 0if h — 0. Thus, if we can show that ¢;, — 0 if Aje;, — O then we
have our desired result. A stable discretization fulfills this property.

Definition 1.4. If there exists a constant € > 0 independent of 4 such that
ellenlln < |Anenlln for all e,

then the discretization Ay, is called stable.

The bound (1.11) implies for a stable discretization
llenlln < £e(h). (1.12)

Thus, if c(h) — 0 then the norm of the error goes to zero as well and therefore uy, (x;) — u(x;).
In other words, consistency and stability imply that the approximation converges to the
solution. Note that it is important that the constant € is independent of 4. If it decreases with
h then %c(h) might go to infinity for & — 0 even if ¢(h) — 0.

We show that the discretization (1.7) is stable, i.e. the bound (1.12) holds.

Lemma 1.5. Let Ay, be defined in (1.7) and ey, : Q, > R If ey (x0) = ep(xy,) = 0 then
llenlln < CllAnenlln
where C > 0 is independent of h.

Proof. We prove the assertion in three steps.
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1. We show the discrete maximum/minimum principle, i.e., for a function uy, : Q, — R
with up(xo) = up(x,) = 0 the following statements hold.
a) If [Apup](x;) <0fori=1,...,n—1, then

max up(x;) < 0.
b) If [Apup](x;) > 0fori=1,...,n—1, then
min up(x;) > 0.

2. We show using the discrete maximum principle that if we can find a function
wy - Q — R with wy(xg) = wi(x,,) = 0 such that

[Anen — Apwp](x;)) <0 for i=1,...,n—1 and (1.13a)

[Anen + Apwp](x;)) >0 for i=1,...,n-1, (1.13b)
then

—wp(xi) < ep(x;) <wp(x;) for i=1,...,n-1. (1.14)

This inequality implies that
llenlln < llwalln - (1.15)
3. We show that there exists a function wy, : Q, — R with wy,(x0) = wp(x,) = 0 that
fulfills (1.13) and
walln < CllAen|ln,

where the constant C > 0 is independent of the step-size #. Combining the last
equation with (1.15) proves the assertion.

(1) We prove Statement 1a). Let j be the index such that uy(x;) is the maximum value of
up. If j =0or j = n,i.e., the maximum value is located at the boundary, we have that the
maximum value of uy, is zero, because the uy, is zero at the boundary by definition. Hence, in
this case the statement is true.

Let us consider the other case; assume that j, the index of the maximum value of u(x;),
is an index of an interior point. From the definition of Ay (1.7) and the assumption that
[Apup](x;) < 0, we have that

—up(xj-1) + 2up(x;) — up(xjs1) -

[Anun)(xj) = 2 <0.

Rewriting the last equation yields that

up(xj-1) + up(xj41)

> .
In other words, uy(x;) is smaller than the average of the function value at x;_; and x;;.
In combination with the fact that u;(x;) is the maximum value of u; we conclude that
un(xj-1) = up(x;) = up(xj+1).

Now j—1 and j + 1 are also indices which correspond to maximum values of uj,. Repeating
the above argument, it follows that u;, must be constant, and as the boundary values are zero,
the whole function must be equal to zero. Thus, we have proven Statement 1a).

Statement 1b) follows from applying Statement 1a) to the function —uy,.

uh(xj) <
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(2) Assume we have a function wy, that fulfills (1.13a). Using the linearity of A;, we obtain
that
[An(en, —=wp)](x;)) <0 for i=1,...,n—1.

Hence, from the discrete maximum principle, it follows that
en(xi) = wi(x;) <0

and
en(x;) < wp(x;).

In a similar way, it follows from (1.13b) and the discrete minimum principle that
—wp(x;) < en(x;)

and combining the previous two equations then gives (1.14).
(3) To find a function wy, that fulfills (1.13), we just have to find a function wj, whose
second derivative is large enough and which is zero at the boundary. We choose

A A
wh(x) = M.(x_)ﬂ): M.(‘l‘_(x_%y)’

The function wy, is a polynomial of degree two, and the operator A;, computes the exact
derivative for all polynomials of degree less or equal than two, because it was constructed
using an interpolation polynomial of degree two. Hence!,

[Arwr](x) = [Awr](x) = |Anenln -

This equation implies that wy, fulfills (1.13).
It remains to bound the values wy(x;) fori = 1,...,n — 1. From the definition of wy, it is
easy to see that wy, has its largest value at x = % Hence,

A
wi(x;) < wi(3) = %’

and setting C = % proves the assertion. O

The stability estimate from Lemma 1.5 applies only to the Poisson equation, however, only
small changes to the proof are needed, to prove stability estimates for other equations [46].
Combining the results from this section gives the following theorem.

Theorem 1.6. Let u € C* be the solution of the Poisson equation and uy, the approximation
given by (1.8). Then there exists a constant C that is independent of h such that the error
en = u — uy, fulfills _

llenlln < Ch*.

Proof. The assertion follows from Lemma 1.3, Lemma 1.5, and the bound (1.12). O

Finally, note that Lemma 1.5 gives a lower bound for the modulus of the smallest eigenvalue
of the matrix representing A;,. Thus, we know that A, is represented by a regular matrix and
therefore the linear system (1.8) has a unique solution.

The finite difference has been known for a long time and it has many applications. For a
more in-depth introduction and further applications see, e.g., [46, 51, 60].

IThis formula can also be shown by a straightforward, but lengthy calculation.
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1.3. Multigrid Methods

The numerical approximation of the boundary value problem (1.4) requires the solution of
the linear system (1.8). There are two classes of methods for solving linear systems—direct
and iterative.

Direct methods compute the exact solution (up to machine precision); iterative methods
compute an approximation [30, 59]. A direct method computes the solution in one monolithic
step; an iterative method starts with an initial guess ug of the solution x and successively
computes the iterates uy, uy, u3, . . .. In every step the current iterate is improved such that u
converges to the solution u for k — co. Therefore, the runtime of an iterative method depends
on the approximation accuracy, as the iteration can be stopped when the approximation is
sufficient. If machine precision accuracy is not needed then in many applications iterative
methods are faster than direct methods.

This is, for example, the case when solving the discrete Poisson equation (1.8). The
solution of the linear system is an approximation to the exact solution; the difference between
the exact solution and the approximation is called the discretization error. The difference of
the exact solution of the linear system and an approximation is called algebraic error. If the
algebraic error is small in comparison to the discretization error, the overall error is nearly
unaffected. Thus, an iterative method can speed up the solution process.

It can even be reasonable to make the algebraic error of the same order of magnitude as
the discretization error, and reduce the discretization error a little bit, to get the overall best
performance.

As mentioned at the beginning of this chapter, multigrid methods are best explained by
constructing a multigrid method for a simple problem. For this reason we shall derive a
multigrid method for the discrete Poisson equation (1.8).

1.3.1. A Relaxation Scheme

A vital component of multigrid methods are simple iterative methods like the weighted Jacobi
method. To introduce this method, we consider the linear system Au = f or equivalently
f—Au =0, where A € R and u € R" are given and u € R" is the desired solution. For
an arbitrary vector w € R” the residual r,, fulfills

rw = f—Aw. (1.16)

Thus, w equals the solution « if and only if its residual is zero, and w is close to u if the
residual is small. The main idea of the Jacobi method is to successively reduce the residual.
The method starts with an arbitrary vector uy € R”. In every step the method takes the
current vector u and produces a new vector uy.1.
The n entries of the solution u are determined by the n equations

n

Zaij'btj:ﬁ (i=l,...,n).

Jj=1
When n > 1 finding n variables that satisfy n equations is difficult; finding one variable
that satisfies one equation is easier. In every step the Jacobi method constructs corrections

10
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vi € R" (i = 1,...,n). The new iterate is
Uk+1 =uk+w-(v1+---+vn), (1.17)

where w € (0, 2) is the weight. The corrections have the form v; = &;e; where ¢; is the ith
unit vector and &; € R. The value &; is chosen such that the ith component of the residual of

Uy + v; is zero, i.e.,
n

Fugvi)i = Ji = (Z aij - ”j) -a;& =0.

i=1
Thus, the size of the ith correction &; depends only on one equation; its solution is &; = aLruk i
A step of the Jacobi method then reads
Uk+l,i = Uk + oo Tupi -
We give the whole method in the JacoBi-ITERATION procedure, where we use the pseudocode

notation from [16].

JacoBI-ITERATION()

1 while u is a bad approximation

2 fori — 1ton

3 Uk+1,i €= Ui + 3 Tugi

Let D := diag(aiy, . . ., an,) then we can formulate the method more compactly by using the
following:

U1 = ug + D7y, (1.18)

The weight w is used to fine-tune the corrections v;. For example for the discrete Poisson
equation (1.8), the corrections are somewhat too large. Thus, choosing w = 0.8 improves the
convergence rate.

It remains to specify when the iterate uy is a bad approximation. The iteration uy is a bad
approximation if the difference of the iterate uz and the solution u is large, where we measure
the site of the difference in some norm, e.g., the Euclidean 2-norm. However, as we do not
have access to the solution u, we generylly cannot measure the difference of u; and u.

There are different ways to estimate the difference between the iterate and the solution.
One way is to measure the size of the residual r,,, . When the residual is small, we expect uy
to be close to u; remember, ux = u only if ||r,, || = 0.

Finally note that the convergence of the sequence ug, u;, u, ... to the solution u depends
on the properties of the matrix A and the initial value ug [59].

1.3.2. The Error lteration

The first step in introducing multigrid methods is to describe iterative methods more abstractly.
Assume uy, the kth iterate, is an approximation to the solution u of the linear system Au = f.
The (algebraic) error of the kth iterate is defined as

€k = U~ Uk . (1.19)

11
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Thus, a small value for ||ex|| (for an arbitrary norm || - || on R") implies that uy is close to
the solution u. Therefore, iterative methods aim to reduce the norm of the error. We can
rearrange (1.19) to get that

u=uyg + e,

which means that we can compute the solution if we know the error. Although in general the
error is not easily available, an approximation to the error é; = e; might be available. If the
approximation & is sufficiently close to ej then

Upt] := U + €kt (1.20)

is a better approximation than uy, and the error e is smaller than e;. We can repeat this idea
to successively obtain better approximations of the solution. The procedure ERROR-ITERATION
describes this process.

ERROR-ITERATION()

1 choose u

2 while u is a bad approximation

3 € « approximation of the error
4 U—u+é

5 return u

To use the ERROR-ITERATION procedure we need a way to compute approximations of the
error. Consider
Aer = A(lu —ug) = f — Aug .

We see that the right hand side of this equation is the residual (1.16) w.r.t. ux. Thus
Ae =ry, . (1.21)
We can multiply this equation by A~! from the left to obtain
ex = A, . (1.22)

The residual r,, is easily computed. Nevertheless solving (1.22) for ej is not practical, as
it is as expensive as the original problem. Though if we have a matrix B~! which is an
approximation to A~! and B‘lruo is easy to compute, then we can replace A~! by B! in
(1.22) to get the error approximation

é =B'r,, . (1.23)
By using this equation in the error correction step (1.20),
Ups1 = Uk + & = ug + By = ug + BTN(f — Aug). (1.24)

Note that if the error correction step has this shape, i.e., the approximation of the error is
obtained by multiplying the residual with a matrix, we call the iterative method stationary.

12
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For example, the Jacobi method is a stationary method, as we can see from comparing
(1.18) and (1.24). These two equations give that

B !'=wD™! (1.25)

in the case of the Jacobi method.
It is important to know, how the error changes from one step of the iteration to the next.
The new error after one step of the iteration is

Cl+l = U — Uk+1 :u—(uk+ék):ek—ék. (1.26)

In other words, the error approximation éj is removed from the error.

1.3.3. The Jacobi Method and the Poisson Equation

The second step in introducing multigrid methods is the following crucial observation.
Consider the boundary value problem (1.4) with the functions

f(x)=(127)* -sin(127 - x), u(0)=0, wu(l)=10.
In this case the solution of the continuous equation is
u(x) = sin(127 - x) + 10 - x.

We approximate the solution u by applying the Jacobi method to the linear system (1.8) with
initial iterate uy = 0. In Figure 1.4a we see the initial iterate uy and in Figure 1.4b the initial
(algebraic) error eg. As ug = 0 the initial error equals the solution of the linear system and is
therefore a good approximation of the solution u.

After 20 iterations of the Jacobi method we inspect the iterate uyo (Figure 1.4c) and the
error ey (Figure 1.4d). The ripples of the solution are already visible in the iterate uyg. The
smooth increase from left to right, however, is not captured well, which is also visible in the
error eyp; it is slowly varying. Thus, the Jacobi method is reducing oscillatory part of the
error well and the slowly varying part of the error remains. We call an iterative method with
such a behavior a smoother and one iteration of the method a smoothing step.

Now take a look at the 2-norm of the residuals and errors during the iteration (Figure 1.5).
In the beginning the residual norm and error norm are strongly reduced; in the end only
slightly. Thus, the Jacobi method is loosing efficiency when the error is slowly varying.

1.3.4. Coarse Approximations

The third step in introducing multigrid methods is to describe coarse approximations. For
now assume we have a continuous operator A, e.g., the Laplace operator A that maps
functions from e : Q — R to functions r : Q — R, and we want to find an approximation for
the solution e of the equation

Ae=r. (1.27)

13
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Figure 1.4.: Jacobi method applied to the Poisson equation.
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Qy:0,0 —[:]—O—D—O—D—O—D—O—[',]—>
Qp:0O

Figure 1.6.: Coarse and fine grid: The squares are in Qy, and Qp, while the circles are only
in Qh.

This approximation should be the solution e, : Q, — R of
Apen =1y (1.28)

where Ay, is a discretization of A on Q, and r,(x) = r(x).

If ey, is slowly varying, we can compute a good approximation &, to ey, by solving a linear
system, having less degrees of freedom than (1.28). To show this let H := 2/ and consider
the coarse grid Q. The e step-size of Qy is twice as large as that of Qy,, thus Qg contains
every second point from Qy; see Figure 1.6. Furthermore, consider the approximation ez on
Qy of e, given by

AHeH =TH, (129)

where Ap is a discretization of A and rgy(x) = r(x).

For x € Qp we have that eg(x) ~ ep(x), but for x € Q;, \ Qp the value ey (x) is not
defined. As ey, is slowly varying, i.e., if x is close to x’ then ey (x) is close to ej(x’), we can,
however, approximate e, (x) by linear interpolation between ey (x — k) and ey (x + h).

To sum it up, let P be the interpolation operator given by

if x € Qp, —
[Pen](x) = elH(x) | 1 vl for x € Q.
seg(x —h)+seg(x+h) ifx ¢ Qp

Then éj, := Pep is an approximation of ej,.
Note that rg(x) = r(x) = ry(x) for x € Q. Thus, if we define

[Rr)(x) = rp(x) for Qp (1.30)

then
én = PA Rry, (1.31)

is a coarse approximation to ey. As the size of Ay is only half the size of Ay, it is cheaper to
compute than ey,.

The restriction operator R defined in (1.30) is called injection. There are other types of
restriction that are sometimes useful. For example, the full weighting restriction operator,
which will be introduced in Section 1.3.7.

Note that in the computation of the coarse approximation (1.31) neither the continuous
functions e and r nor the continuous operator A are directly involved. They were only
necessary to establish the connection between the fine (1.28) and the coarse linear system
(1.29). Therefore, they are not needed for practical computation.

15
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1.3.5. Two Grids

The fourth step is to combine the ideas and observations from the previous three sections
to construct the rwo-grid method. The Jacobi method solves the discrete Poisson equation
inefficiently; it reduces only the oscillatory parts of the error well while the slowly varying
part remains. Therefore, after applying a smoothing method like Jacobi, we can compute a
coarse approximation (1.31) of the error, which we use to remove the slowly varying part
from the error by performing an error correction step (1.20). The procedure of performing
an error correction with a coarse approximation is called coarse grid correction.

The two-grid method combines two components—the smoother and the coarse grid
correction. Those two are applied alternately. The method performs v; smoothing steps, e.g.,
v1 steps of the Jacobi method. Then it performs n coarse grid corrections and further v,
smoothing steps. The whole procedure is repeated until the approximation is sufficient. The
method is given by the Two-Grip-ITERATION procedure. Typical values are vy =2, v, =2
andnp =1.

Two-GRID-ITERATION()

1 choose u

2 while u is a bad approximation

3 perform v; smoothing steps on u

4 fork — 1ton

5 € « coarse approximation of the error
6 U—u+é

7 perform v, smoothing steps on u

1.3.6. Multiple Grids

We can now introduce the multigrid method by modifying the two-grid method. The two-grid
method iteratively computes a solution on the fine grid. This computation involves the
solution of a linear system on the coarse grid in every iteration. The coarse grid system is
smaller than the fine grid system, but still expensive to solve. However, as the coarse grid
system has the same structure as the fine grid system, we can use the two-grid method to solve
the coarse grid system, as well. By that we obtain a three-grid method. We can repeat this
idea until the coarsest grid is so small that the coarse grid approximation can be computed
easily.

As the two-grid method solves the coarse grid system exactly, it would be reasonable to
assume that we need many iterations of the coarse-grid solver to get a good coarse grid error
approximation. We need, however, only an approximation to the coarse grid error. Thus, it is
sufficient to make only a few iterations of the coarse grid solver.

Let h; be the step-size of the finest grid. Assume we have L € N grids, with the step-size
herr = he,for € =1,..., L — 1. For every grid we have the discretization Ay, : ﬁh[ — ﬁh,»
and for all except the coarsest grids we have interpolations P : Qy,,,, — Qj,, and restrictions
Re: Qy, ;= Q 4+1- The multigrid method is given by two parts. The MULTIGRID-ITERATION

16
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procedure repeatedly calls the MuLTIGRID-CYCLE procedure. The MULTIGRID-CYCLE then
recursively calls itself to correct the error on the different grid levels.

MULTIGRID-ITERATION()

1 choose u
2 while u is a bad approximation
3 u < MuLtiGrID-CYCLE(f, u, 1)

MuctiGrID-CYCLE(f, u, £)
1 ife=L

2 return A, f

3 else perform v smoothing steps on u

4 ec+1 < R(f — Acu)

5 reep < 0

6 fori — 1ton

7 ery1 < MULTIGRID-CYCLE(rp4 1, €p41, € + 1)

8 u<— u+ Pepyq

9 perform v, smoothing steps on u

10 return u

Depending on the number of coarse grid corrections that are performed in every iteration
this method has further names. In case of 7 = 1 it is called a V-cycle. In case of n = 2 it is
called a W-cycle.

1.3.7. Weighted Restriction

Using the injection operator for the restriction sometimes leads to a method that converges
badly. This is for example the case when the function that is restricted is very oscillatory, as
we shall see.

Restriction operators were introduced in the section about the coarse approximations,
Section 1.3.4. In that section we used the fact that we want to solve a linear system that stems
from a continuous equation

Ae =r. (1.27 revisited)

The continuous residual r is approximated on two different grids: on the fine grid by r; and
on the coarse grid by rg. The restriction operator R describes the relation between the two
residuals, i.e., Rr, = ry. We now want to determine the quality of a restriction operator.

A suitable restriction operator maps a good approximation ry, of r to a good approximation
rg. Consequently, to determine the quality of a restriction operator, we need to be able to
determine the quality of the approximation rg. The vector rg contains values that correspond
to function values at certain points. If we interpolate those points we obtain a function which
can be compared to the continuous residual r. Let us consider an example.

Assume that the residual r is the function shown in Figure 1.7a. We approximate the
function r by a finite set of points, which is shown in Figure 1.7b. Using linear interpolation

17
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(a) An oscillatory function. (b) Representing the function using a finite set
of values.

(c) Restrict the function to a coarse set of values  (d) Restrict the function to a coarse set of values
using injection. using full weighting.

Figure 1.7.: Restriction of an oscillatory function.

we see that the fine grid approximation is a good representation of the continuous residual
function. Figure 1.7c shows the coarse grid approximation obtained by the injection operator;
demonstrating that this approximation does not represent the continuous function well. In
this case, the full weighting restriction will be a better choice.

The idea of the full weighting restriction is to compute the restricted value at some point
by a weighted sum of function values at neighboring grid points. The weights can be derived
from the linear interpolation in the following way. As the interpolation is a linear operator, it
can be written in matrix form, i.e., we have

n
up; = [Pugl;i = Zpij “UHj,
=1

where p;; are the entries of the matrix representing the interpolation P. An interpretation of
this formula is that the entry p;; describes the influence of the jth entry of uy on the i-th
entry of uy,. It is reasonable to assume that we can reverse this relation when constructing a
restriction operator. Thus, for the restriction we assume that the entries py j, . . ., p,, j describe
the relative importance of ry 1, . . ., 7, , when computing ry ;. More precisely we set

n

'H.j = W) Zpij “Thiis
i=1

where w; is a suitable scaling factor. This equation can be written as
rg = WP T rn,

where W = diag(wy, ...,w,) and PT is the transpose of P. It remains to determine the
scaling factors.

18
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T

We want to choose w; such that the constant vector (1,...,1)" is restricted to the constant

vector (1,...,1)". This constraint implies

n
1 =w; Z pij - 1,
i=1
and consequently
-1
n
Wj = (Z pij) .
i=1
Summing it up, we make the following definition.

Definition 1.7. Let P € R™™ be an interpolation operator. The restriction operator
R € R™" induced by P is given by

R=wpP",
where W is the diagonal matrix with diagonal entries
n -1
w j = (Z Pi j) .
i=1

We can now apply this construction to the linear interpolation. The 1D linear interpolation
in matrix form is

Il
DNO|— it
= = D=

— Nl

From the matrix form of P we obtain

I

A=
ENESTE
==

IR

which is the full weighting restriction in 1D. Figure 1.7d shows the result of applying the full
weighting restriction to our example problem. We can see that the function is much better
approximated than when the function is restricted using injection. Note, however, that there
are applications where injection is a better restriction than the full weighting restriction.
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1.3.8. The General Multigrid Method

Until now we have only discussed a multigrid method for the 1D Poisson equation. Multigrid
methods, however, are a class of methods, and to apply a multigrid method to a specific
problem, the method needs to be tailored towards this problem. So how can we apply
multigrid methods to other problems?

This can be done by starting with the MULTIGRID-ITERATION procedure. This procedure
uses a smoother and the operators A¢, Ry, and Py. Choosing these components in a way that
matches the problem then gives a multigrid methods.

This type of multigrid method is called multigrid iteration. There are other types of
multigrid methods. For example the full multigrid method [32, 68] or K-cycles [53]. However,
we will not address them here.

1.3.9. The Error Propagator

Multigrid methods are best analyzed by considering the behavior of the error during the
iteration. In many iterative methods, the error e before the (k + 1)th iteration and the error
ex+1 after the iteration can be related by

ers1 = Eey,

where E is a matrix that does not depend on the iteration number or the iterates. In this
case, the whole method can be analyzed in terms of the operator E, which is called the error
propagator of the method. Furthermore, we can use the error propagator to compute the
error of any iterate given the initial error eg, by computing

e =FEer_1 = Ezek_z =...= Ekeo.

We shall now show the existence of error propagators for different methods.

Stationary Methods

First, we show that stationary iterative methods have an error propagator. From (1.26) we
know that after one iteration, the error e¢; becomes

Ck+1 = €k — & .
Recall that the error approximation & in a stationary method is given by
& = B'ry,, (1.23 revisited)
where B~! is a matrix that approximates A~!. Furthermore
Aey =1y, . (1.21 revisited)
Combining the last three equations yields

exs1 = ex — B 'Aey = (I — B 'A)ey .
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1.3. Multigrid Methods

It follows that the matrix
E=I-B'A (1.32)

is the error propagator of the stationary iterative method given by the matrix B!,
Recall that for the Jacobi method

B ' =wD™. (1.25 revisited)
Thus, the error propagator of the weighted Jacobi method is

E=1-wD'A. (1.33)

The Two-Grid Method

Second, we show that the entire two-grid method has an error propagator.
Proposition 1.8. Let S be the error propagator of the smoother, v| the number of pre-
smoothing steps, and v, the number of post-smoothing steps. Furthermore, let P be an

interpolation operator and R a restriction operator. Then the error propagator of the coarse
grid correction is

Ecoe = I — PA;' RA, (1.34)

and the error propagator of the two-grid method is
Erg = S(I — PAZ RA,)S™. (1.35)
Proof. The coarse grid error approximation in the two-grid method is
én = PAy Rry,. (1.31 revisited)
The residual and the error are related by Apeq = ry, (cf. (1.21)). Thus
én = PAL RApeq .

As the error approximation &y, is used in an error correction step, the error after the coarse
grid correction is, by (1.26), given by

el = ey — &, = eg — PA; RApeg = (I — PA;; RAp)ep .
Thus, (I - PA;}RAh) is the error propagator of the coarse grid correction. The two-grid

method applies v; smoothing steps before the coarse grid correction and v, smoothing steps
afterwards, which yields (1.35). m|
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The Multigrid Method

Third, we show that even the whole multigrid method has an error propagator. To prove this
assertion, we need to generalize the result of Proposition 1.8. As the multigrid method solves
the coarse grid recursively, we need to allow for the coarse grid to be approximated by a
stationary method, instead of solving it exactly.

Lemma 1.9. Assume that the two-grid method solves the coarse grid system inexactly with a
stationary method, whose error propagator is Es. Furthermore, assume that the iteration is
started with zero as initial guess. Then the two-grid method is stationary and has the error
propagator

Erg = S(I — P(I — Es)A7 RAp)S™ . (1.36)

Proof. In the original two-grid method, we compute the coarse approximation, by computing
A;il f, for a certain right hand side f. Here, we replace this computation, by the application
of one iteration of an iterative method.

Recall from (1.24) that the error correction step of a stationary method is given by

uy = ug + B~N(f - Aug) .
This method has the error propagator
E=I1-B'A. (1.32 revisited)
When we are given the error propagator, then we can obtain B~! by
B'=(U-E)A™",
and thus the error correction reads
uy = up+ (I — E)A™\(f — Aug) .

Replacing E by the stationary coarse grid error propagator Eg and A by the coarse system
matrix Ay, and using that 1y = 0 by assumption, we get

w = (I - Es)Ay f .

Hence, in this case, the coarse grid inverse A;il is approximated by (I — ES)A;{l, and we
obtain the result by replacing A;} by (I - ES)A;} in (1.35). m]

This lemma allows us to derive the error propagator for a multigrid iteration with L levels.

Theorem 1.10. The error propagator E| of the multigrid method is given by the recursive
Jormula
E; = S*(I - P(I-E! )A;\RA)S" fori<L,

) (1.37)
E =0 fori=L.
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1.3. Multigrid Methods

Proof. The assertion is shown by proving by induction that E; is the error propagator of the
multigrid method for the levels i, . .., L. We start with i = L. Then E; is the error propagator
on the coarsest level. On this level the system is solved exactly; implying that no error is
made and therefore E; = 0, wheni = L.

Now assume that i < L, thus by the induction hypothesis E;. is the error propagator of
the multigrid method for the levelsi + 1,..., L, and E:il represents 77 iterations of the coarse
grid iteration. The multigrid method for the levels i, . . ., L is a two-grid method, where the
coarse grid is solved by the multigrid method for the levelsi + 1, ..., L. Thus, E; is given by
(1.36), where the error propagator of the coarse grid solver Es = E;. 1. O

1.3.10. Galerkin Coarse Approximation

There are applications where it is not feasible to obtain the coarse approximation using a
discretization of the continuous problem on a coarse grid. For instance, this is the case if the
discretization requires a certain minimal resolution, the construction of the discretization on a
coarse grid is very complicated, or the discretization is very expensive. The Galerkin coarse
approximation avoids these problems as it requires only a restriction and an interpolation
operator for its construction. Furthermore, the Galerkin coarse approximation appears
naturally in multigrid methods for variational problems, e.g., the finite element method
[10, 41], and it is optimal in the sense that it minimizes the error in the energy norm [66,
Corollary A.2.1].

To approximate the action of the fine grid operator on a coarse grid function it is reasonable
to just interpolate the coarse grid function, then apply the fine grid operator, and then restrict
the result back to the coarse grid. The operator that performs this procedure is called the
Galerkin coarse approximation.

Definition 1.11. Let A;, € R™*™ be a fine grid operator, R € R"™*™ a restriction, and
P € R™™ an interpolation operator. The Galerkin coarse approximation Ay is given by

Apg = RA,P.

Another useful property of the Galerkin coarse approximation is that it simplifies the
computation of the induced restriction operator. To see this, assume we have two multigrid
methods. The only difference between the two is the first uses the restriction that is induced
by the interpolation operator (Definition 1.7), while the second uses the transpose of the
interpolation as restriction. If both methods use the Galerkin coarse approximation then the
two methods are identical, as we shall show.

Theorem 1.12. Let A| € R"™™ be given. The matrix Ay is the matrix of a linear system
we want to solve. Furthermore assume we have a hierarchy of interpolation operators
Pi, ..., Py with P; € R"*"i+1 gnd invertible matrices Wy, . . ., Wr_1 with W; € R +*i+1,
Let Ey and E, be the error propagators of two multigrid methods.
1. The method described by E| has the restriction operators R; := Wl-Pl.T and the Galerkin
coarse grid approximations A;y1 1= R;A; P;.
2. The method described by E\ has the restriction operators R; = Pl.T and the Galerkin
coarse grid approximations ZH 1= IZ-AiPi.
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1. Multigrid Essentials

Then
E, =E,.

Proof. According to Theorem 1.10 the error propagators E; and E, can be computed
recursively. We prove the assertion by induction over this recursion.

(a) Leti = L. Then E; = E; = OandE EL = 0. Thus E; = E

(b) Leti < L. We have

E; = S”(I-Pi(I-E! )A;L RiA)S .

i+1
By the induction hypothesis we have that E; ;| = Em. Thus, the previous equation
reads

E; = S”(I-Pi(I-E! )A; \ RiA)S . (1.38)

i+1

Let us have a closer look at the term Ai_+11Ri; we have

AL R = (RiAP) 'R = WiPF A P) "W, PT = (PF AP W W, PT
= (PTA;P)'PT = A\\R; .

i+1

Plugging this relation into (1.38) we get

E; = 8*(I-Pi(I-E! DA \R:A)S" = E; . O

i+1

In other words, when using the Galerkin coarse approximation, it is not necassary to
normalize the transpose of the interpolation operator to obtain a suitable restriction.

1.4. Formal Eigenfunction Analysis

In the experiment conducted in Section 1.3.3, we saw that after some iterations of the Jacobi
method the error was slowly varying. Without further justifications we concluded that the
Jacobi method is a smoother, i.e., that for any initial error the error is slowly varying after a
few iterations of the method. We shall provide some justification for this conclusion by using
formal eigenfunctions. This analysis will then be turned into a rigorous statement about
operators on infinite grids in Chapter 2.

Formal eigenfunction analysis is a way to gain insight into the behavior of operators, by
probing them with wave functions of different frequencies. Under the right conditions these
wave functions are the eigenfunctions of the operator. Hence, as we shall see, we gain insight,
by inspecting the relation between the wave function frequency and the eigenvalue. To begin
with the introduction of formal eigenfunction analysis, we first need some notation.

1.4.1. Stencil Notation

Many grid operators are local in the sense that the value of the result at a specific point x
can be computed using only the values of the argument that are close to x. Stencil notation
makes use of this locality to represent these operators in a compact way. Conversely, if we
write an operator in stencil form, the structure of the locality of the operator is revealed.
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1.4. Formal Eigenfunction Analysis

We call a family {s,}, 0, with s, : hZ. — C avariable stencil. The corresponding stencil
operator A is

[Aul(0) = D sx() - ulx+y).
yeh%
x+yeQy

The stencil at x, sy, can be written in matrix form by
Sx(_h) Sx(o) Sx(h) Sx(zh) T B’

where we underlined the central element.
As an example consider the error propagator of the weighted Jacobi method applied to the
discrete Poisson equation (1.8):

E=1-wD'A

l-w w/2
w2 1-w w/2

w2 1-w w/2
w2 1-w

Recall that the variables of this matrix correspond to function values of grid functions. If we
define e := (ep(x1), en(x2), . . ., en(xn-1))" and [Enen](x;) := [Ee]; fori = 1,...,n— 1, then

[Enenl(x1) = (1 — w) - en(x1) + 5 - en(x2)
[Enenl(x) = 5 - en(xi-1) + (1 —w) - en(xi) + 5 - ep(xip1) forl <i<n-—1

[Enen](xn-1) = 5 - en(xn-2) + (1 — w) - en(xn-1) .

From these three equations we see that the operator £, can be written in stencil form by

sq=[l-w /2], (1.39a)
sy = /2 1-w /2], forl<i<n-1, (1.39b)
Sxuy = [0/2 1-w], . (1.39¢)

We observe that almost all equations of the linear system are given by the same stencil (1.39b).
Only the boundary points require different stencils.

1.4.2. Formal Eigenfunctions

Formal eigenfunction analysis is an idealized analysis. Instead of analyzing the operator we
are interested in, we analyze an operator that is similar but defined on an infinite grid and
given by a constant stencil. The infinite grid with step-size 4 is G5, and defined by

Gy={hz:z€Z}.
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An operator A is a constant stencil operator, if it can be written in the form
[Aul(x) = > s(y) - ulx +y), (1.40)

yeGp

where s : G, — C is called the constant stencil of the operator.
Constant stencil operators can be analyzed by the help of the wave functions ¢g : G, — C
with 6 € [-7, 7+) and
Po(x) = 0% (1.41)

When a constant stencil operator is applied to a wave function the result is a scaled version of
this wave function, as the next proposition shows.

Definition & Lemma 1.13. Let A be the constant stencil operator given by (1.40) and ¢g a
wave function (1.41). Then

Apg = a(0) - ¢g,
where 4(0) is the scalar function given by
a) = Z sye . (1.42)
y

We call 4(0) the Fourier symbol, ¢¢(x) a formal eigenfunction, and A(0) the corresponding
formal eigenvalue of A.

Proof. We have

(Agg)(x) = Z sye 00Y) = Z syel 0% e = (Z syei'ey) - po(x). i

y y y

To study the Jacobi method using formal eigenfunctions, we have to find an error propagator
which is defined on an infinite grid, given by a constant stencil, and behaves similarly to the
error propagator of the Jacobi method on the finite grid. Considering the stencil of the latter
operator (1.39b), we see that for large n almost all stencil entries are equal to

[a)/Z l-w w/Z].

Hence, we define the constant stencil operator on the infinite grid to have all entries equal to
this stencil. Computing the symbol ¢é of this operator gives

é(@) — %ei-(-}(—h) + (1 _ w)ei-(-)O + %ei-(ih
=9l + (1 -w)+ %ewh

(1 —w)+Re (a)ei'gh)

= (1 - w)+wcos(6h).

This symbol is shown in Figure 1.8 for different values of w.
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— w=0.6
S — w=038
I — w=10
- w=12

Figure 1.8.: Fourier symbol of the error propagator of the weighted Jacobi method applied to

the Poisson equation for different weights w.

1.4.3. Wave Functions

Before we can interpret the Fourier symbol of an operator, we need to discuss a few properties
of the wave functions (1.41). If the domain of the wave function is equal to the whole line
of real numbers, then every choice of 6 leads to a different wave function ¢¢. If, however,
the domain is restricted to the grid Gy, then there are 6,0’ € R such that ¢g = ¢g, i.e.,
do(x) = ¢pgr(x) for all x € Gy,. To prove this assertion we will need the following lemma.

Lemma 1.14. Let 0 < h € R. Then
i0x _ . . 2
(e'x—l for all xEGh) ifand only if 0 € F7Z.
Proof. Recall that for a real number a € R we have
¢“=1 ifandonlyif ae€27Z.

Assume that § € ZW”Z and x € hZ. Then Ox € 277 and therefore ¢'* = 1.

Conversely, assume that %% = 1 for all x € hZ. Thus, for x = h we have 1 = ¢i?%

implying that 6h € 2nZ, and therefore 6 € %’TZ.
Theorem 1.15. Let 0 < h € Rand 0,0’ € R. Then
iO0x _ i0’ . . ’ 277
(el =YY forall xe Gh) ifand only if (0 -6") e Z=.

Proof. Consider

. ) (0_p’ ’ 0’
el()x — el@x i(0-0'+6)x _ ,i0'x

e

i(0—6")x | 819 X _ 610 x

— e

— ¢

As %% £ 0, we can divide both sides by ¢!* and obtain that

elGx — el@x i(0-6")x _ 1,

— ¢

and the assertion follows from Lemma 1.14.

(1.43)

i6h

=e ,

O
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Let @ := [O, 27”), which we call the set of visible frequencies on Gp. Theorem 1.15
implies that every wave function on Gy, is uniquely written as ¢ with 6 € Oy

There are other sets with this property. We choose, however, ®, to represent the wave
functions on Gy, as this choice simplifies the discussions in the later chapters.

Low and High Frequencies

Let us now address the questions: When are wave functions slowly varying; when are they
oscillatory?

If we consider the continuous variable x, the absolute modulus of the derivative with
respect to x of the wave function answers these questions. The absolute modulus of the
derivative is

|d¢9

dx

Thus, for continuous x the wave function ¢y becomes more oscillatory the larger |6| becomes.

The behavior of the wave function is different when we restrict x to the grid Gj,. In this

case we can measure the amount of oscillation by the difference of the wave function at

neighboring grid points, i.e., |¢9(x) — do(x + h)!. This difference can be expressed by a
simple formula.

(0] = o - e[ = o] - [i] - || = fe] .

Proposition 1.16. Let x,0,h € R. Then

|$o(x) — po(x + )| = v2 = 2 cos(6h). (1.44)
Proof. We have
|pa(x) = do(x + )| = [0* = OHN)| = |e10%(1 - €M)
=[] |1 = &) = [1 = £

This equation can be further simplified by using the definition of the absolute value of
complex numbers;

|1 _ ei(-)hlz -(1- eieh) (1 - eifh)y = (1 - eiHh) (- e—ieh)
=1 =TI _ giOh | fiOh iR _ | (pmiOh ity | 0

=2 —2cos(6h). (1.45)
Taking the square root on both sides proves the assertion. O

The amount of oscillation in dependence on the frequency (1.44) is shown in Figure 1.9.
The amount is periodic in 8 with period 27”, which is in agreement with Theorem 1.15. The
amount of oscillation at § = 0 and 6 = 27” is zero and has its maximum value of two at 7.
The amount increases on the interval [0, ;l—r] and decreases on the interval [;l—r, 27”] Thus, the
amount of oscillation is small if € is close to a multiple of 2%; otherwise it is large.

Definition 1.17. Let & > 0 be given. We say
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amount of oscillation
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Figure 1.9.: The amount of oscillation of a wave function on a grid with step-size /4. Small
values yield a slowly varying function.

1. 6 € O, is a low frequency if 6 is close to a multiple of 2%, and
2. 0 € Oy, is a high frequency if 6 is away from every multiple of 27”

This definition is of course vague, as we have not stated what “close” and “away” mean.
We will be more precise when discussing harmonic frequencies. There we will see that the
context determines when to consider a value as close enough to 27" to call it “close”. All that
matters now is that if 6 is closer to a multiple of 27” than 6’ implies that ¢g is varying more
slowly than ¢¢-. Or, in other words, if a frequency 8 is lower than 8’ then ¢y is varying more
slowly than ¢g.

Corollary 1.18. Let h > 0 be given. A wave function ¢g
1. is slowly varying if and only if 6 is a low frequency, and
2. is oscillatory if and only if 6 is a high frequency.

Interpretation of Fourier Symbols

We want to give an interpretation of Fourier symbols. For this purpose, recall that a wave
function ¢y is a formal eigenfunction of any constant stencil operator A. The corresponding
eigenvalue is d(0), i.e.,
Qo) = Z syet® (1.42 revisited)
y
where a is the Fourier symbol of A. From this equation we see that if the operator A is
applied to the function ¢g, the function

damped if |a(9)| < 1,
¢g is {amplified if [@(0)] > 1,
unchanged if |a(0)| = 1.

Let us go a step further and consider a linear combination of wave functions;

m
¢ = Zak¢9k for 0r € O and a € C.
k=1
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Since the operator A is linear
m m
A¢ = Z ar(Agg, ) = Z i d(6y) - b, -
k=1 k=1

Therefore, if we know the eigenvalues corresponding to the formal eigenfunctions of A, we
already know how A acts on a linear combination of eigenfunctions.

This observation allows us to study the smoothing behavior of a method. Assume, e.g.,
that the operator A damps oscillatory wave functions strongly. If we apply the operator to a
linear combination of oscillatory and slowly varying functions, the slowly varying functions
will dominate the result, as the other functions have been damped. In this case, the operator
A smooths wave functions.

Let us now consider the error propagator of the Jacobi method applied to the discrete
Poisson equation. The Fourier symbol of this error propagator is shown in Figure 1.8 on
page 27.

For w = 0.8 the error propagator damps the wave functions significantly if 6 is a high
frequency, i.e., 6 is not too close to 0 or 27” Consequently, the Jacobi method for w = 0.8
damps oscillatory error functions strongly, while slowly varying error functions are only
weakly damped or remain unchanged. This is the ideal behavior of a smoother.

The behavior of the Jacobi method for other values of w is less optimal. For example for
w = 1.2, highly oscillatory error functions are amplified.

Harmonic Frequencies

We introduce an idealized analysis of the two-grid method in this section. We start by
considering the restriction of wave functions to a coarse grid.

Assume that the fine grid has the step-size i and the step-size of the coarse grid is an
integer multiple of 4, i.e., the coarse grid step-size is n- h for n € IN. We call n the coarsening
range. Let R be the injection restriction operator from the grid G, to a grid G,.,. The
operator is given by

[Rul(x) = u(x) forx e G,.p.

According to Theorem 1.15 there are frequencies 6, 8’ € @, such that the wave functions ¢g
and ¢g differ on Gy, but are the same when restricted to G5, i.e.,

do * do but Rog = Ropy.

More precisely, the theorem states that on the grid G,,.;, the parameters 6 and 6’ describe the
same grid functions if
’ 2,
(0-0")€ 77.

In this case we say that 8’ € @y, is an n,h-harmonic of 0 € @y,. It is easy to see that n is
the number of n,h-harmonics that every frequency has. Furthermore, the predicate “is an
n,h-harmonic of” is an equivalence relation. Thus, the frequencies of the wave functions that
map to the same wave function on the coarse grid is the equivalence class

[0] = {0’ € ®, : 6’ is an n,h-harmonic of 6} .
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Figure 1.10.: The relation of the frequencies (upper points) and their base frequency (lower
point) for n = 5.

Recall that every wave function on G, j, is uniquely described by a frequency in @,,.,. We
call this the base frequency. Using the base frequency, we can write the set of harmonics as

[0]1={6p+j-2Z:0<j<njeZ}.

In other words, we can say that the restriction maps all harmonic frequencies to the same
frequency—the base frequency. Figure 1.10 illustrates the relation of the frequencies and
their base frequency.

Now we construct an idealized interpolation for wave functions. This interpolation should
be close to the interpolation we use—the linear interpolation—and it should map a grid
function on the coarse grid to a grid function on the fine grid. We cannot use the linear
interpolation, as it does not return a wave function in general.

As a natural requirement, we want that interpolating and then restricting a wave function
should return the same wave function, i.e.,

RP¢g = g .

This relation implies that Pgg = ¢¢ for some n,h-harmonic 6’ of 6, as the wave functions of
all n,h-harmonics are restricted to the same wave function. Hence, to uniquely determine P
we need to determine which harmonic 6’ to choose.

We want that P is close to the linear interpolation. As the linear interpolation returns
slowly varying functions, we choose 6’ to be the lowest frequency from the n,h-harmonics
[6]. In other words, we pick 8’ to be the frequency from [6] that is closest? to a multiple of
27”. This frequency is called the low n, h-harmonic of 6 and denoted by 6,. Furthermore we
say that 6 is a low n, h-harmonic if there exists a @ such that 6 = §,. Using this definition we
can define the idealized interpolation operator P as

Pog = g, -

Note that this makes Definition 1.17 precise under the assumption that we have a coarsening
range n that we consider.

2In case of ambiguity we choose the larger one.
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Figure 1.11.: Computation of the low harmonic of a frequency.

The set of low n,h-harmonics can be characterized as follows. The n,h-harmonics of a
frequency 6 are evenly spaces with a distance fl—’[l Hence, a frequency 6 in this set is closest
to a multiple of 27” if and only if

Ea 2n-D)x 27
0<O< 3 or —=<60<5t.

Thus, a frequency 6 is a low n,h-harmonic if and only if the above inequalities hold. Using
this relation, we can give a formula for the frequency of the wave function ¢g, = P¢g. In
this case 6 € @,,., and the corresponding low harmonic is

; {0 ifo < =, (1.46)
¢ = 2z(n-1 . .
%+0 if 6 > 2.

This relation, which is shown in Figure 1.11, completes the description of the idealized
interpolation operator P.

We idealize the two-grid method by assuming that the coarse-grid error is exactly computed
on Gp,. In other words, we assume that the error propagator of the coarse-grid correction is

0, :=1-PR,

where R and P are the idealized restriction and interpolation operators introduced in this
section. Therefore, the error propagator of the idealized two-grid method is

E =5"0,5", (1.47)

where S is the error propagator of the smoothing method. The error propagator of the
idealized coarse grid correction Q,, is given by

0 if @ is alow n,h-harmonic,
Qn¢9 =

¢g otherwise.

Thus, ¢y is a formal eigenfunction of the idealized coarse grid correction, and its Fourier
symbol is given by

. 0 if 8 is a low n,h-harmonic,
Qn(g) = .
1 otherwise.

32



1.5. Higher Dimensions

Using this symbol, we can write down the Fourier symbol of the idealized two-grid method
(1.47);
é(0) = 5(0)2 - G (6) - 5(0)".

The number |&(0)| is the ratio of the size of the wave function ¢¢ before one iteration of the
two-grid method and after. We define the smoothing factor (w.r.t. the coarsening range n) as

smf(S, n) := max |é(0)| = max [5(6) - G,(0) - 5(6)"].

As the coarse grid correction is idealized, the smoothing factor only gives information about
the quality of the smoother when using the coarsening range n—hence the name smoothing
factor.

1.5. Higher Dimensions

To this point we considered only multigrid methods for one-dimensional problems. In the
one-dimensional case, notation is easier and concepts of multigrid methods can be well
explained. Many real world problem, however, have higher dimensionality. Furthermore, in
1D there are often better methods; multigrid methods are often the best choice in 2D and 3D.

1.5.1. Multi-Index Notation

To deal with higher dimensional problems, we need additional notation. We shall use this
notation frequently in the following sections and chapters.

We denote the dimensionality by the letter . We represent the vectors in R and the
elements from Z¢ and N¢ by bold letters. Most of the time they will be used as (multi-)indices.
Let a,b € R?. Whenever we multiply or divide two vectors the operation is meant to be
carried out component wise, i.e.,

a-b:= (agb,g)?zl and a/b:= (ae/b[)?zl .

In unambiguous situations we shall also write ab for a - b and § for a/b. The scalar product
of two vectors is denoted by angle brackets;

d
(a,b) = Zb, - aj .
i=1

Whenever we compare vectors it is to be understood component wise as well, i.e.,

as<b < (ag<by forall ¢=1,...,d).
Furthermore, whenever we write “fori = a,...,b” we mean “for i; = ay,..., b1, ir =
ay....by,...,ig=agq,...,bg". We define
b b b ba
Z Uj = Z Z U1, jo-erja)”
=a ]1:01 ]2 a ]d:ad
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and

b b b b
(uj)j:a = ( o ((u(jla.h ---- ]'d)T)jll=a1)j22:a2 e )_j(j:ad :

Furthermore, let 0 := (O);l:1 and 1 := (1)?:] the vector whose entries are all zero and all one,
and let vol, := H;l: | a; be the volume of the hypercube with side lengths ay, ..., a4.
When we write |a] we mean the vector that contains the element-wise absolute value of
the elements of a, i.e.,
d
al = (lal)

=1

The euclidean norm of a vector a is denoted as ||a||;

1.5.2. The Poisson Equation in 2D

The multigrid method can be applied to higher dimensional problems, e.g., 2D and 3D
problems. It requires, however, some adjustments.

Let us consider a 2D example: the shape of a square membrane deformed by aload. Assume
that the membrane, when seen from above, forms a square located at Q := (0, 1) x (0, 1).
The height of the membrane is described by a function u : Q — R. At the boundary, the
membrane is fixed at height g(x). The load on the membrane is given by the function
f : Q — R. The vertical position u of the membrane is then described by the 2D Poisson
equation [6]

—Au(x) = f(x) for xeQ (1.48a)
ux) = g(x) for xedQ, (1.48b)

_ Pu Pu

where Au := el et

Discretization

We want to compute a numerical approximation to the solution of the Poisson equation in 2D
(1.48). For this purpose letn € N2, h := 1/n and

Ghn={z-h:ze7%
We define the grid, grid boundary and closure of the grid by
Qn:=QNGy, Q=0 NGy, and Qp:=QpU (O,

respectively. We seek for an approximation of the solution u at the points ,.
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1.5. Higher Dimensions

Like in the 1D case, which is described in Section 1.2, we need an approximation Ay, to the
operator A that needs only the values of u at the discrete points €, for its computation. Using
the idea of polynomial interpolation in a similar way as in Section 1.2, it can be shown that

8%u u(xy — hy, x2) = 2u(xy, x2) + u(xy + hy, x2)
—(x1, x) & >
0x hy

and
0%u u(xy, x3 — hp) — 2u(xy, xp) + u(xy, x3 + hp)
—(x1, x0) ~ > .
0xy h3

If we plug these approximations into the definition of the operator A, we obtain a reasonable
approximation:

u(xy — h, x2) = 2u(xy, x2) + u(xy + h, x2)

Ahu =

h2
1
L U, X2 — h) — 2u(x, xp) + u(x, X + )
h? '
Using this approximation results in the linear system of equations
Apup(x) = f(x) for xe Qy (1.49a)
up(x) = g(x) for xe€ Q. (1.49b)

Multigrid

To construct a multigrid method for the 2D Poisson equation, we need to specify a smoother,
a restriction, an interpolation, and a coarse grid operator. We can choose the Jacobi method
as a smoother, as it can directly be applied to the linear system and it is known that it is a
suitable smoother for this problem. For the coarse grid operator we can just use the operator
Aop. The restriction and the interpolation operator, however, have to be adapted to the new
dimension.

The formula for the injection restriction in 2D is very similar to the 1D case (1.30). The
2D formula is:

[Ru](x) = u(x) for x€ Go.

The description of the bilinear interpolation—the interpolation we will chose for the 2D
case—is a little more complicated. Let us denote the neighbors of x in the grid Gy, in the
following way:

XHW XH XHC
Xy X Xe
Xsw X5 Xge
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1. Multigrid Essentials

) ) ) ©) ©) ©)
1 1
> e o
O——O0«—O
) ) ) ©) ©) ©)
(a) Interpolating the value at a point that is (b) Interpolating a value at a point, whose left
also contained in Gap,. and right neighbor are in Gy,
) )
1
2
) )
1
2
) )
(c) Interpolating the value at a point, whose (d) Interpolating the value at a point, whose
top and right neighbor are in Gy top-left, top-right, bottom-left, and

bottom-right neighbor are in Goy,.

Figure 1.12.: Rules for the bilinear interpolation.

Using this notation, the bilinear interpolation in 2D is defined as

u(x) if x € Qop,
[P ]( ) w ifXW’XC€§2h’
ulx) = —
m if xg, Xp € Qop,

M(Xsw)+u(xse)zu(xnw)+u(sne) if Xows Xses Xnws Sne € 5211’
Figure 1.12 gives a visual description of this formula.

The equation can be written more compactly using the definition of the neighborhood of a
point x in the grid Gy. The neighborhood of x is defined by

NEX):={yeQpy:|y-x| <h}.

The interpolation P can be written as

[Pu](x) = Z u(y) forx e Q. (1.50)

#N(x) ey

1.5.3. Formal Eigenfunctions

In the 1D case we used formal eigenfunctions to show that every constant stencil operator
has a Fourier symbol3, and the Fourier symbol provided insight into the behavior of the
corresponding operator. We shall see that the same is true for higher dimensions.

3See Section 1.4.2.
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1.5. Higher Dimensions

In dD the infinite grid Gy, with step-size h is
Gh:=th-z:2e€Z% ={(hz,...,haza)" 12 €2%. (1.51)
On this grid a constant stencil operator A is given by

[Au](x) := Z s(y) - u(x +y). (1.52)

Y€Gn
Furthermore, let 6 € R? and x € Gy; the wave functions in dD are then
po(x) = &'@Y (1.53)

where (a,b) := Zf-l:l b;a; is the Euclidean scalar product. Note that 6 and x are vectors.
Thus, in comparison to the 1D case (1.41), we replace the multiplication of the two scalars
by the scalar product of two vectors. The function ¢y is a plane wave. The wave propagates
into the direction of the vector 8 and the length of @ is the frequency.

In 1D, the wave functions are the formal eigenfunctions of the constant stencil operator (cf.
Lemma 1.13). The same is true in dD:

Lemma 1.19. Let A be the constant stencil operator given by (1.52) and ¢g a wave function
(1.53). Then

Agg = a(0) - do, (1.54)

where G(0) is the scalar function given by

a) = Z s(y) - ey (1.55)

yeGn

Proof. We have

[A¢0](X) = Z S(y) . €i<0’x+y> = Z s(y) . ei<9’X>+i(9,y)

YEGhn y€Gh

— Z s(y) - e 0X) . 10) Z s(y) - €OV | 0% — a9y g(x). O

yeGh yeGp

1.5.4. Wave Functions

We discussed in Section 1.4.3 that in 1D the restriction of different wave functions to a coarse
grid can give the same wave function. This statement can be generalized to the dD case. In
the following we generalize Lemma 1.14 and Theorem 1.15.

Lemma 1.20. Ler 0 < h € R4,

(eiw”‘> =1 forall x€ Gh) ifand only if 0 € 2727 /h.
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1. Multigrid Essentials

Proof. Lemma 1.14 shows the assertion for d = 1, i.e.,

(eiex 1 forall xe Gh) if and only if 6 € 7. (1.43 revisited)

Assume that § € Z4/h and x € Gy. Then

el<9,X> — 6101x1 . el@zxz .. ,elgdxd — 1 . 1 . 1 — 1

Conversely, assume that ¢/¢®* = 1 for all x € G. Let & € hiz,j=1,...,d, and
X = X0rj, where Oy, is the Kronecker delta, i.e.,

P 1 itk =,
k= 0 otherwise.

Then
1 - ei(@,x) - ei@j}? .

Thus, the one-dimensional (1.43) case implies 6; € 2nZ/h;. |
Theorem 1.21. Let0 < h € Rand 6,6" € R?. Then

(ei<9’x> =% forall xe Gh) ifand only if (0 —0") € 22Z%/h.

Proof. Letx € R?. Consider

. /0 . 0 ’ : ’
el((),x) — €1<H ,X) el<9 0'+0",x) _ 61(6) ,X)

Y s 0
— e1<0 0'.x) | el(H,X) — el(é),x) )

Since ¢{(?"X) £ 0, we can divide by ¢!(/"*) to obtain that
POX) _ HOx) L Li(0-0'x) _ |
Thus, the assertion follows from Lemma 1.20. ]
We define the set of visible frequencies on Gy, as

O = [o,i—f) XX [0, i—g) . (1.56)

A consequence of Theorem 1.21 is that for every wave function ¢y, there exists a unique
6’ € Oy, such that

dg(X) = ¢pgr(x) forall xe€ Gy.
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1.5. Higher Dimensions

1.5.5. Low and High Frequencies

Depending on the frequency 6, a wave function can be oscillatory or slowly varying. This
statement is also true in dD.
The dD wave function with frequency 6 can be written as

po(x) = e OX) = Ot baxa) - 01 ibaxa = g (1)) g (xq). (157

Thus, the dD wave function is the product of d 1D wave functions. If one of the wave
functions is oscillatory, the whole function will be oscillatory, which motivates the following
definition.

Definition 1.22. Let h > 0 be given. The frequency 6
1. is a low frequency if all 8y (k = 1,.. ., d) are low frequencies.
2. is a high frequency if one 0y (k = 1, ..., d) is a high frequency.

The amount of oscillations of a wave function on the grid Gy, is the difference of the
function value at neighboring grid points. In contrast to the 1D case, which is characterized
by Proposition 1.16, there is more than one direction in which a wave function can vary.
Therefore, we can measure the amount of oscillation in different directions.

Let x € Gy and x + Ax € Gy, be two neighboring points. Then the difference

|¢0(X) - go(x + AX)|
is the amount of oscillation of ¢ at x in direction Ax. It is computed in:

Proposition 1.23. Ler 6, Ax € R?. Then for all x € R¢

)¢9(X) — do(x + AX)| = /2 — 2 cos(H, Ax) .

Proof. The wave function

P (0,x) _ el (0,x+Ax)

|ei(6,x> _ (H0X)+i(0.0%)

_ |ei(6,x> _ oOX) | i(0.A%)

— ei(@,x) — )

) ’1 _ (0.M%)

’1 _ (0.M%)

Combining this equation with the simplification (1.45) yields

=42 —2cos(f, AX) . O

Using this result we can determine the amount of oscillation in the direction of a coordinate
axis. Let e be the kth unit vector; if Ax = h - e then (0, AX) = 0y hy.

|1 _ o (0.0%)

Corollary 1.24. Let 6,h € RY. Then for all x € R?

B0(x) = Bolx + hier)| = V2 = 2cos(Oche)
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1. Multigrid Essentials

Comparing the last equation to the amount of oscillation of a 1D function, given in (1.44),
we see that the amount of oscillation in the x;-direction is the amount of oscillation of the
factor e'%*« in the product (1.57). In other words, the wave function ¢y is oscillatory in the
xy-direction, if the wave function €' is oscillatory.

We can also show the converse statement. If the wave functions ¢'%*« for k = 1,...,d
have a small amount of oscillation, i.e., they are slowly varying, then the product of the wave
functions also has a small amount of oscillation. This fact is proven in the next theorem, by
bounding the amount of oscillation in any direction in terms of the amount of oscillation
of the function in the direction of the coordinate axes, which is the sum of the amount of
oscillation of the factors el%¥k.

Theorem 1.25. Let 6,h € RY and z € {~1,0,1}¢. Then

d
$o(x) — po(x +h - z)| < Z V2 — 2 cos(Oxhy).
k=1

Proof. We define the sequence

po =0,
Px = Pi—1 + hrzrer fork > 0.

Ash-z=hizie; + -+ hgzqgey, we have that p; = h - z. Combining this with the fact that
po = 0 yields

d
po(x) — po(x +h-z) = Z $o(X + Pr-1) — Po(X + Pk),

k=1

It follows that

d
[00) = go(x + h- )] < 3" |0(x-+ Pic) = olx+ i) (1.58)
k=1

Now note that
'%(X + Pi-1) — Po(X + Pk)‘ = ’fﬁe(x + Pi-1) — Po((X + Pr—1) + thkek)’ .

Thus, by using Corollary 1.24 we see that

0000+ picr) ~ dox+ pu| = 1 o =0, (1.59)
X —1) — do(x = .

¢ Pi-! ¢ Pk V2 =2cos(Orhr) if zx = £1.

Combining the sum (1.58) with the upper bound (1.59) completes the proof. O
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1.5. Higher Dimensions

1.5.6. Harmonic Frequencies

In higher dimensions the coarsening range n € IN? is a vector instead of a scalar. If Gy, is
the fine grid and n is the coarsening range then Gy, is the corresponding coarse grid. The
meaning of the kth entry of n is as follows. We obtain the coarse grid from the fine grid by
selecting every ng-th point in the xi-direction. With this definition of the coarsening range,
we can introduce the harmonic frequencies in d dimensions.

A frequency 6 € @y, is a n,h-harmonic of 8" € @y, if the wave functions ¢g and ¢4 coincide
on Gpp,i.e.,

do(xX) = pgr(x) forall x e Gpp.

Theorem 1.21 then states that 8 is a n,h-harmonic of 8’ € ®y, if
0-0")e2xZ%/(n-h).

Besides, in dD we have that “is n,h-harmonic of” is an equivalence relation; the equivalence
class
[6] := {0’ : 6 is a n,h-harmonic of 6"}

is the set of all harmonics of 6. To get a unique representation of the harmonics we define the
base frequency 0y, to be the unique frequency in Gy, that is in [8]. With this definition, we
can write the set of n,h-harmonics as

[0]={6p +j-2n)/m-h): 0 <j<njeczZ%}. (1.60)

In Section 1.5.5 we realized that a dD wave function is slowly varying if and only if it is
slowly varying in the direction of all coordinate axes. Hence, the low n,h-harmonic of 6 is
defined coordinate-wise; 6, is the low n,h-harmonic of 6 if 6, is the ng,hx-harmonic of 6y
for all k. In other words,

Otk = Ok, -

We define a frequency 6 to be a low n,h-harmonic if there exists a frequency 6’ such that
0 is the n,h-harmonic of #’. From (1.46) we obtain that a frequency 6 € ®y, is a n, h-low
harmonic if and only if

0<6, <-Z— or <2"k‘1)”<9k<§77,j forall k=1,....d. (1.61)

nkhk nkhk -

To define the smoothing factor we define the Fourier symbol of the ideal coarse grid
correction (cf. Section 1.4.3) as

. 0 if 8 is a low n,h-harmonic,
gn(0) := ) (1.62)
1 otherwise.
Then the smoothing factor is
smf(S, s) := max [5(8)" - Gn(0) - 5(8)"], (1.63)
96®h

which generalizes the smoothing analysis to d dimensions.
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1. Multigrid Essentials

1.5.7. A 2D Fourier Symbol

As an example, let us consider the Fourier symbol of the Jacobi method when applied to
the discrete 2D Poisson equation (1.49). To analyze the error propagator of this method, we
need to specify its stencil. Accordingly, it is useful to denote a constant stencil s in 2D by

s(—h', +h) s(O,'+h) s(+h', +h)
s=|-- s(=h 0) s, 0) s(+h 0) ---| ,
s(=h,—h) s(0,—h) s(+h,—h)

where we have underlined to central element s(0, 0).
Let us assume that 4| = hy, i.e., the grid spacing in each direction is the same. For the
interior points the finite difference discretization of the 2D Poisson equation (1.49) is

-1
Ll-1 4 -1
-1

h

Let us apply the weighted Jacobi method to the discrete Poisson equation. Then the stencil of
the error propagator for the interior points is

wl4
w4 (1-w) w/4

wl4 b

The Fourier symbol of the error propagator of the Jacobi method applied to the 2D Poisson
equation is

() = L) 4 @102 (] — )0 4 @i0ah2 @ i1
= (1-w) +2Re (2e”M) + 2Re (g™
= (1 —w) + % (cos(6 1) + cos(6212)) .

This symbol is shown in Figure 1.13 for w = 0.8. We see that the values of é(6) are only
large if 6y is close to 0 or 27” for any k£ = 1,2. Thus, the weighted Jacobi method reduces the
oscillatory wave functions and is therefore a smoother.

1.6. Operator Norm and Spectral Radius

Despite the formal eigenfunction analysis, there are further ways to gain insight into an
operator and, consequently, insight into stationary iterative methods. For example, let V
be a Banach space—a normed, closed vector space. Furthermore, let £ : V — V be the
error propagator of an iterative method, and let e € V be the error. We are interested in the
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1.6. Operator Norm and Spectral Radius

— 0.8

H 0.6
H 0.4
H 0.2
H 0.0
H -0.2

e K TRT: e 0
Bo0SE 1R LSE 23

0

Figure 1.13.: Fourier symbol of the error propagator of the weighted Jacobi method applied
to the Poisson equation in 2D with w = 0.8.

difference of the size of the error e before the application of E and afterwards. Consequently,

we want to know the ratio
¢ = lEel|
T lell

of the new and the old error. If the ratio ¢; < 1 then E reduces the error e; if the ratio ¢; > 1
then E amplifies the error. The operator norm gives an upper bound for the ratio c;. It is
defined by

IE| ::sup{%:fev,f;eo}.

This definition implies

IESI < NET- AN (1.64)

which gives an upper bound for c;.
In an iterative method the error propagator is applied multiple times. We are, thus, also
interested in the ratio

If ¢, — 0 for n — oo then the error converges to zero during the iteration, and therefore the
iterative method finds the solution.
Equation (1.64) implies

IE" < IEI-IE" " < - < E|I".

That means ||E||" is an upper bound for ¢,. For many operators, however, ||[E"| < || E]|".
To improve the estimate, we use the geometric mean to define an average of norms for n
applications of E by ||E™||'/". Similarly, the spectral radius is defined as

r(E) := lim ||E"||'/". (1.65)

Thus, in the above sense it is the average of norms of infinitely many applications of E. The
definition implies that for large n there is a small € > 0 such that

IE"|| < (r(E) + €)",
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1. Multigrid Essentials

which yields that
IE"fIl < (r(E) +€)" - IIfIl-

The spectral radius also provides a criterion for £ — 0 for n — oo:

Proposition 1.26. Ifr(E) < 1 then ||E"|| — 0 forn — oo, and as || - || is continuous E™ — 0
forn — oo,

Proof. As r(E) < 1, we can pick a number ¢ € R such that r(E) < g < 1. By definition of
the spectral radius (1.65), there exists a number ng € IN such that

IE"|Y" < g forall n>ng.

Thus,
IE"|| < q".

The number ¢ < 1. Hence, ¢" — 0 for n — oo and so does ||E"||. O

We shall see in the next chapter that the Fourier symbol of an operator can be used to
compute the operators norm and spectral radius.

1.7. Further Applications

The multigrid method can be used to efficiently solve discretizations of other partial differential
equations (PDEs) than the Poisson equation. For instance, consider the Poisson-like diffusion
problem

~Z@g) - L@y =f onQ, (1.66a)

u=g ondQ, (1.66b)

where a : 2 — R is a smooth, non-negative function. A finite difference discretization can
be constructed [33, Section 5.1.4] leading to a linear system similar to the discrete Poisson
equation (1.49). This linear system can be efficiently solved with the multigrid method
described in Section 1.5.2.

The multigrid method, however, sometimes needs to be modified before it can be applied to
a certain PDE. The method consists of different components—the smoother, the interpolation,
the restriction, and the coarse grid approximation. These need to be chosen so that the
interplay between them yields an efficient method. Occasionally, the Jacobi method is a bad
choice or the linear interpolation does not work well. For example, consider the anisotropic
problem

u  0*u
_W_(’)_);Z_f on Q
u=g onodQ,
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with 0 < € < 1. This equation can be discretized using finite differences as well [68]. The
Jacobi method is not a good smoother for this problem. It smooths only in the direction of
strong connection, i.e., in y-direction. In the other direction, the error remains oscillatory.

There are two ways to construct an efficient multigrid method for this problem. Either one
chooses a different smoother or one constructs a coarse grid approximation that is capable of
approximating an error that is only slowly varying in one direction.

Furthermore, consider the PDE (1.66), but allow for a to be discontinuous. More precisely,
assume that the domain Q is split into two parts, i.e., Q = Q; U Q and a jumps several
orders of magnitude at the boundary between Q; and €,. In this situation the usual finite
difference discretization is not feasible anymore. A finite volume discretization can instead
be applied [68], for which the coarse grid correction needs adjustments.

The construction of multigrid methods for many different problems can be found in
monographs [12, 15, 32, 63]. Especially [63] treats many problems from a practical point
of view. Furthermore, people have been wondering, whether there is an automatic way of
constructing multigrid methods. This resulted in the development of algebraic multigrid
methods [15, 58, 59, 62, 66], which use heuristics to construct the components of a multigrid
method.

1.8. Literature and Contributions

This chapter starts with the famous example of the deflection of a wire under load. This
example is, e.g., discussed in [40]. We derived the equations describing the shape of the wire,
using calculus of variations. The derivation is based on techniques found in, e.g., [6, 71].
For a more elementary derivation of similar problems see, e.g., [22, 67].

Finite Differences are a well established technique to approximate the solution of partial
differential equations, and the convergence of the method is usually analyzed by proving
consistency and stability separately. In this thesis, we followed the lines of [46]. Similar
results can be found, e.g., in [33].

An introduction to multigrid methods followed the derivation of the finite difference
discretization. Introductions to multigrid methods are given in [12, 15, 32, 59, 63, 68]. The
presentation of the Jacobi method in this thesis was especially inspired by [59]. Analyzing
multigrid methods in terms of spectral radii and norms of their error propagation matrix is a
well known technique, which can be found, e.g., in [32, 63, 74]. In the literature the error
propagation matrix is also known as iferation matrix.

After introducing multigrid methods, we discussed the formal eigenfunction analysis of
them. This analysis can be found in the monographs [68, 74]. Formal eigenfunction analysis
is an idealized analysis, however, for some cases it can be turned into a rigorous one, see [64].
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2. Local Fourier Analysis

The Fourier symbol d of a constant stencil operator A tells us that the operator acts on a wave
function ¢y, by
Apg = a(0) - ¢g. (1.54 revisited)

Especially, it tells us whether a wave function with a certain frequency is damped or amplified,
and if we have a linear combination of wave functions, we use @ can determine how A acts on
this combination; each part of the combination is treated separately and damped or amplified
according to d(6).

This relation allowed us to determine if an operator is a smoother, i.e., if repeated
application of the operator returns a slowly varying function. This is the case when 4 is
small on the high frequencies and large on the low frequencies. The theory from the previous
chapter allows us to make these predictions for linear combinations of wave functions. There
are, however functions that cannot be written as a finite sum of wave functions. The question
is: is it still true for such a function that repeated application of an operator returns a slowly
varying function if 4 is small on the high frequencies and large on the low ones?

An example of a function that cannot be written as a finite sum of wave functions is the
function ¢ : G, — C with

1 ifx=0,

o(x) =
0 otherwise.

This function is important, e.g., as it can be used to obtain discrete analogs of Green’s
functions [18-20]. Hence, we would like to know how an operator acts on this function.
Furthermore, any function with a bounded support cannot be written as a finite sum of wave
functions. It is important to know whether an operator is a smoother for these functions as
well. We shall show in this chapter that the Fourier symbol gives the desired information
also in this case.

Another limitation of the theory from the previous chapter is that it does not allow us
to determine the properties of an operator like the norm and the spectral radius. Assume
we would like to determine the norm of a constant stencil operator A : V — V by using its
Fourier symbol, where V is a suitable space. To compute the norm of A we would have to
determine

sup { ”ﬁ””” cueV,u# 0} )

If u € V, however, cannot be written as a finite sum of wave functions, the theory of the
previous chapter gives no way to compute Au by using the Fourier symbol. Thus, to be able
to use Fourier symbols we need to improve the theory we have so far. In this chapter we show
that for a suitable space V there are simple formulas that allow to compute the operator norm
and the spectral radius by using the Fourier symbol. Let us start with the required definitions.
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2. Local Fourier Analysis

Recall that the infinite grid with step-size h is
Gh:=fth-z:2€Z% ={(hiz, ..., haza)" :z € Z%}. (1.51 revisited)

A grid function assigns a complex number to every point of an infinite grid Gy. Let
f.g : Gp — C be two grid functions. We define their scalar product by

(fr8yi= D 8- f(),

xeGp

which induces the norm
1= (s V2.

A grid function f is bounded if || f|| < co and we denote the set of bounded grid functions as
6(Gh) :={f:Gn = C: [|f]| < oo},

It is well known that the set £>(Gy) is a Hilbert space [42]. This is the set of grid functions
that we shall consider in the following.

It might seem arbitrary that we restrict ourselves to bounded grid functions. We are
interested, however, in the norm of the operator, and therefore need to be able to compare the
norm of a function before and after applying the operator, meaning that these norms need to
be finite. There are of course other norms, however, the £,-norm is the most useful one for
our purposes.

The main idea of this chapter will be to use the discrete time Fourier transform to transform
functions from position space to Fourier space and perform the analysis in Fourier space.
This idea first appeared in the local Fourier analysis literature in [11]. In this chapter we
expand the idea from [11] in various ways. For some treatment of the discrete time Fourier
transform of grid functions see also [35].

2.1. Operators on Infinite Grids

Before dealing with constant stencil operators consider the more general case of linear
bounded operators that map from ¢,(Gp) to €2(Gp). A linear operator A : £,(Gy) — £2(Gn)
is bounded if its operator norm is finite. The operator norm is given by

Al = sup {1401 : £ € exGu), f # 0}
We denote the set of all linear bounded operators by
L(62(Gy)) := {A : £2(Gn) — €>(Gy) : Ais linear, ||A]| < oo}.
In general, we will denote L(X) to be
L(X;Y):={A:X — Y : Ais linear, |A|| < oo}

for any Banach space X. Furthermore, we write L(X) := L(X; X).
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2.1. Operators on Infinite Grids

2.1.1. Matrix Representation and Matrix Norms

Matrices are a simple representation for linear operators. They allow us to describe an
operator just by an array of numbers, instead of a formula. This property makes matrices very
useful. Like in the finite dimensional case we can define a matrix representation of operators
in L(£2(Gp)) (cf. [42]). We shall use them later to show that any operator in L(£,(Gy)) has a
stencil representation.

Theorem 2.1. Let A € L(6,(Gy)) and for x € Gy, define the grid function ex by ex(z) = Oxz.
Then with axy := (Aey, ex)

[Au](x) = ) axyu(y). @.1)

yeGn

Proof. Let f = Au. The orthonormal basis {ex : X € Gy} of £,(Gp) permits us to write

f= 2, f0ex and u= 3 f(¥ey.

xeGp YEGn

It follows that

FO) = (frex) = (At exy = (A D uY)ey,e) = ) u(y)-(Aey,ex) = > u(y)-ayy. O

yeGp yeGp yeGh

Theorem 2.1 shows that every operator A € £,(Gy) has a matrix representation. The
converse, however, is not true. There are infinite matrices that do not define operators from
L(€;(Gy)). For example if

axy =1 forall x,y € Gy.

the sum (2.1) gives an unbounded grid function if u # 0. Furthermore, it is easy to see that
there are matrices axy and functions u such that the sum (2.1) diverges.

Let a € COv*5h be an infinite matrix. For a to define a bounded operator A two conditions
have to be fulfilled. First, the sum (2.1) has to converge for every u € £>(Gy). If this condition
is fulfilled, Au is defined for any u € £,(Gy). Second, the operator A has to be bounded, i.e.,
||A]| < oo. Let us give a sufficient condition for the sum (2.1) to converge.

Proposition 2.2. Let u € £,(Gy) and

Z |axy|2 < oo forall xe€ Gy. 2.2)
YEGhn

Then (2.1) converges for all X € Gy,.

Proof. By the Cauchy-Schwarz inequality

(3 ol 1) < (3 lan) - (3 W) < .

y€Gh y€Gy y€Gn

Therefore, the sum (2.1) converges absolutely. m|
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2. Local Fourier Analysis

The following norms provide us with a sufficient condition for an operator that is given by
a matrix to be well defined and bounded.

Definition 2.3. Let A € L(¢,(Gn)). The Hilbert-Schmidt norm of A is

1/2
. 2
Alls :=| > > lagl?]
xeGp yeGy
the column sum norm is
IAlles := sup > layl,
yEGh XGGh
and the row sum norm is
1Allks = sup > laxy|.
XEGh yeGh
The functions || - ||us, || - llcs, and || - ||rs are actually norms for the spaces

{A : &2(Gp) — 6(Gy) : A is given by an infinite matrix, ||A|lgs < oo},
{A : 62(Gp) — €2(Gp) : A is given by an infinite matrix, ||A||cs < oo}, and
{A : £2(Gn) — €(Gp) : A is given by an infinite matrix, ||A]lcs < co},

respectively. Furthermore, these functions can be used to show that a matrix defines an
operator. To prove this statement, we need to first prove an auxiliary result.

Lemma 2.4. Let 1 < p < g < co and {ax};., be a sequence such that

Z lag|P < o0. (2.3)
k=1

Then
(o)
D laxl? < .
k=1

Proof. The sum (2.3) of the elements of the series is a finite value thus a; — 0 for k — co.
Therefore, only finitely many |ay|P are larger than one, meaning that we can find m € IN such
that

lagl? <1 forall k>m.

Thus, for k > m
q/p
jarl? = (laxl?)"" < laxl?

Consider

) m—1 0
Dlal® = lald + > laxl?.
k=1 k=1 k=m
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2.1. Operators on Infinite Grids

The first sum on the right hand side of this equation is finite. Furthermore, the second sum
on the right hand side of the equation can be bounded by

(o0 [Se]
Dolarl? < >
k=m k=m

and is therefore also finite. m|

Proposition 2.5. Let a € CO%Cn be an infinite matrix. If | Allus < o0 or ||Allrs < oo then
(2.1) converges for all x € Gy,.

Proof. It is easy to see that from ||A|lgs < oo condition (2.2) follows. Using Lemma 2.4 we
find that from ||A||rs < oo the condition (2.2) follows. O

The operator norm can be bounded in terms of the Hilbert-Schmidt or the column-sum
and the row-sum norm [42].

Proposition 2.6. Let A be given by the infinite matrix a € CO¥Cv; then
Al < lAllus ~ and (2.4)
Al < VllAllcs - 1 Allrs - (2.5)

Proof. Let u € €,(Gy). We start with the definition of the norm

2

2
1Aul:= > | D agu)]| < D D) lagl - lu)l

XEG}, yGGh XEGh yEGh
The term in brackets is a scalar product; the Cauchy-Schwarz inequality gives

1/2\2

1/2
lAul? < 37| D Jaw| | D] lu@)?

x€Gp \ \yeGy YEGn

2 2
R

XeGp yeGp

2 2
Allgs - [lell®

which proves the Hilbert-Schmidt norm inequality (2.4).
To prove the other inequality consider that

2
laulP < 37| D el @l = D0 D Tyl (lag 2 - u())

XEGh yEGh XEGh yEGh

2
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2. Local Fourier Analysis

By the Cauchy-Schwarz inequality

aul?> < D" [ D) lagl|-| D lasl - u@P | < D) IAlks | ) lasyl - lu(y)l?

XEGh yGGh yEGh XGGh yEGh
= llAlls > > laxyl - ) < lAllks )| (Z |axy|) Ju(y)|?
yetheGh yeGh XEGh
2 _ 2
< |Allrs Z lAllcs - [u(¥)I” = [|Allrs - [[Allcs - lu(y)I” -
Y€Gn
Hence, the row/column-sum estimate (2.5) is established. O

From Proposition 2.5 and Proposition 2.6 we know that if either || A||us or v/||Allcs - ||Allrs
are bounded then A € L(6,(Gy)).

2.1.2. Stencil Representation

In many grid based applications stencils are a convenient description for operators (cf.
Section 1.4.1 and 1.5.2). We shall see that every operator in L(£,(Gy)) can be represented
by a variable stencil. A variable stencil on an infinite, dD grid is a family {sx}xec, With
sx : Gp — C; the corresponding stencil operator A is defined by

[Au](®) 1= > sy(y) - u(x +y).

YEGh
Theorem 2.7. Let A € L(€2(Gy)). Then A has a variable stencil representation.

Proof. According to Theorem 2.1, the operator A has a matrix representation a € C%*6n,
Let

Sx()’) ‘= Ay (x+y) -

This definition implies that the corresponding stencil operator A fulfills that

(A0 = > sx(¥) - u(x+y) = D axxay - u(x +y).

yeGhp YEGn

Substituting y — x for y gives that

[Aulx) = ) axy-u(y)= ) axy-u(y).

(y—x)€Gn y€Gh

Comparing the last term to the matrix representation of A,

[Au](x) = Z axyu(y), (2.1 revisited)
YEGh
we conclude that A = A, i.e., the stencil s represents the operator A. O
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2.1. Operators on Infinite Grids

Let us turn to constant stencil operators. A stencil 8y is called constant if there exists
s : Gp — C such that

Sx=s forall xeGy.

Thus, a constant stencil operator is given by

[Au](x) := Z s(y) - u(x +y). (1.52 revisited)
yeGn

Like in the case of infinite matrices, there are stencils that do not give a well-defined and
bounded operator. For this reason, it is useful to have a sufficient condition that guarantees
that a stencil describes a well-defined and bounded operator.

Theorem 2.8. Let A be an operator given by the constant stencil s : Gy, — C; then

1Al < " 1sol.

xeGy

Proof. By the definition of the column sum norm

1Alles == sup ) layl=sup > Is(y=x)l = sup > Is(®)]= ) Is(x)l.

yEGh xeGp yeGh xeGp yEGh xeGp xeGp
Similarly,
1Alls == sup Y layl=sup > Is(y=x)| = sup > syl = ) Is(y)l.
XEGhyeGh xeGy yEGh xeGp yEGh yEGh
By Proposition 2.6,

1Al < VilAlles - 1Allks = D, 15l 0

xeGp

In particular, Theorem 2.8 implies that a stencil operator with a finite number of non-zero
entries represents a bounded operator from L(£3(Gy)).

2.1.3. Shift Invariance Characterization

Sometimes it is helpful to know whether the stencil of an operator in L({>(Gp)) is constant or
not without actually computing the stencil. In what follows, we introduces shift invariance
and its relationship to constant stencils.

Let z € Gy, and let the shift operator S; : €2(Gn) — €2(Gp) be defined by

[Su]l(xX) =u(x—12z). (2.6)
An operator A € L(£,(Gy)) is shift invariant if
AS,=S,A forall ze€ Gy.

Theorem 2.9. An operator A € L({>(Gy)) is shift invariant if and only if it is represented by
a constant stencil.
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2. Local Fourier Analysis

Proof. Assume that A is represented by the constant stencil ¢; then

(ASa)(®) = > 1Y) (Sa)(x+y) = D 1(y) - ulx+y—2)

yeGn yeGn

and

(S,AW(X) = (A(x=2) = ) 1(y) - u(x =z +Y).

yeGn
Thus, A is shift invariant.
Conversely, assume that A is shift invariant and that s is the stencil representing A. If e, is
the canonical basis vector given by e;(X) = x, then

[Ae](x) = Y sx(¥) - esx+¥) = sx(z—x). 2.7
Y€Gn

It follows that for v, w € Gy,
(AS_vey+w)(0) = (Aew)(0) = so(W).
If we use (2.7) again then
(S—vAeyiw)(0) = (Aeyiw)(V) = sy(V + W = V) = 5y(W).
Combining the last two equations and using the shift invariance of A yields

so(w) = sy(w) forall v,we Gy. O

2.2. Fourier Representation

We shall introduce the Fourier representation of operators in L(€2(Gy); €2(Gy)), where
h € R? and h’ € R? are (potentially) different step-sizes of two grids. Every operator has
a Fourier representation and vice versa. The Fourier representation of a constant stencil
operator is especially simple and directly related to its Fourier symbol.

2.2.1. Discrete Time Fourier Transform

To introduce the Fourier representation of an operator we first have to define the discrete time
Fourier transform and derive some of its properties. For this purpose, we define the wave
functions

12 .
U(0,X) = gjﬁe'w”‘) for 6 ¢eR%x e Gp, (2.8)
12

1
where voly, := hihy - - - hg. Despite the factor (zvjrﬁ, these are just the wave functions (1.53).
Furthermore, we need to introduce the space L,(®y). This space consists of all functions!

f : O — C that are bounded by the norm induced by the scalar product

(.2) :=/® 30)- 7(6)d0.

IWith “function” we actually mean the equivalence class of functions that are equal almost everywhere.
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2.2. Fourier Representation

In other words, || ]| := (f, /)!/2, and
Ly(®p) = {f : O = C: || f]| < oo}.

We can now use the wave functions (2.8) to define the discrete time Fourier transform
(DTFT). The transform maps a function f € £(Gy) to a function f € L,(®y), which
describes how f can be represented by a combination of the wave functions (6, x).

Definition 2.10. Let f € £,(Gy). The discrete time Fourier transform Fy, : £2(Gp) — L(®p)
is

(Faf)O) = D f®) - u(6,x). (2.9)

xeGp

In the following theorem we state the most important facts about the DTFT.

Theorem 2.11. The discrete time Fourier transform has the following properties.
1. It is well defined.
2. It is an isomorphism—Iinear and bijective.
3. Its inverse is

Fi Hx) = /@ ) w0.x0d0. (2.10)
4. It preserves the scalar product, i.e.,
(Fnf. Fng) = (f.8) - (2.11)
5. It is an isometry, i.e.,
17 sl = I£1 2.12)

Proof. We proceed by proving the individual statements.
1. The set of wave functions {1//(-, X):X€E Gh} is—as shown in Appendix A—an or-

thonormal basis of the space L,(®y). Thus, for every f € £2(Gp)
D ()0 (.X) € La(On),

xeGp

meaning that 7y, is well defined.

2. First, it is easily seen from the definition of the DTFT (2.9) that the DTFT is a linear
map.
Second, the fact that the wave functions form an orthonormal basis implies that every
f € Ly(®p) can be written in the form of

= r®-ux).

xeGy

for some f € €>(Gyp). Therefore, Fy, is surjective.
Third, to show that #y, is also injective let f € £>(Gy) and

f=Ff= ), f)-9(x%).

xeGy
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2. Local Fourier Analysis

We want to show that the operator ?}1‘1 defined by (2.10) fulfills ﬂ_lﬂ f = f. Using
the orthogonality of the wave functions we have that

Tl D) = /@ £(6) - (6, x)d6 = X, f)
WCx), D FO)-u(x)

xeGy

D WX, (X)) = f(X).

xeGy
Thus, 7—;1‘17-}1 f = f, and therefore 7y, is injective.

3. As we already know that 7y, is surjective, the fact that ﬁl‘lﬂ f = f also implies that
7—;1‘1 is the unique inverse of #y,.

4. Let f,8 € Ly(®y). Then

(f.8y= D FuCxNw(.x),8) = (R f. 718

XEGh

Thus, by substituting f and g by % f and Fng we obtain
(Fuf, Tng) =(f.8)-

5. The last equation also implies that

IFnf1l = 11l o

As ¥y, is an isomorphism, we can say that every grid function has two representations:
a representation f in position space and a representation f in Fourier space. These
representations are related by f = Ff. Theorem 2.11 shows that the DTFT preserves
many important properties of grid functions, especially the scalar product. Consequently,
when we are interested in any of these properties of a certain function, we can choose to
look at the position space or Fourier space representation of this function, and use the more
convenient representation. This representation will often be the Fourier space representation.
Furthermore, Theorem 2.11 gives the formula for the inverse of the DTFT (2.10), which
shows that the grid function is represented by a combination of wave functions.

If we shift a function, then the DTFT of the shifted function can be computed from the
DTFT of the original one, which is another property of the DTFT that we will use a few
times.

Lemma 2.12. Let f € £,(Gy) and S, be the shift operator (2.6). We have

[FnS2f1(0) = €712 - [F, £1(6). (2.13)
Proof. The DTFT of S, f fulfills

SN0 = 3 [Sf] 050X = 3 flx—2)- i)

xeGp xeGp
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2.2. Fourier Representation

Substituting (x + z) for x yields that

1 _ 1 B i
[FulS.A110) = > f(x)- (;]:)r)dﬂ i(0.x+2) _ Z Fx) - (;z)d/z i(0.%) | ,-i(0.2)

xeGy, xeGy
_il6.z vol _1 X —-i(0,z (0 <)
— i(02) ( Z f(x)- (z,r)d/z (0, )) — o i(0.2) ( Z f(x)-w(, X))
X€Gp xeGyp
=0 [ f] ). =

We shall now consider, how to determine the amount of oscillation of a general grid
function f € £,(Gp). We measure the amount of oscillation by comparing the size of the
function value at neighboring grid points. Thus, if Ax = heg, the amount of oscillation in
direction of xi is

ILf = S-axfl

171

We show that the numerator can be computed using the DTFT.

Theorem 2.13. Let Ax € Gy, f € ((Gy) and S, be the shift operator (2.6). Then

17 =S.axflP = [ [FOf - (2~ 2c080.00) a0 @.14)
Proof. From Lemma 2.12 we have
[FnS-axf1(6) = £(6) - ).
Thus, by the linearity of the DTFT

[Fa(f = S-axNO) = (0) = F(0) - % = f(g) (1= M)
The DTFT preserves the norm; thus
2
— S_Ax 2:7_' - S Ax 2 _ 1_i<0,AX> do
1f = S-acIP = IF(f = S-ax .éh (1- &)
= [ V@ |- e P ag
On

Recall the simplification (1.45), i.e.,

|1 - ei<‘9’A">|2 =2 —2cos{f, Ax).
Thus, by combining the last two equations the assertion is proved. O

Let us interpret the formula (2.14). First, assume the large function values of f are
concentrated around function arguments 6 where (2 — 2 cos(0, Ax)) is large. Then the integral
(2.14) is large in comparison to || f||. Thus, the function values differ strongly in the direction
of Ax, and therefore the function is oscillatory in the direction Ax.
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2. Local Fourier Analysis

Th
0(Gp) —— Lo(Bp)

| s

0(Gy) — Lo(By)
h/

Figure 2.1.: Relation between a bounded operator A and its Fourier representation A.

Second, assume that the large function values of f are concentrated around function
arguments 6 where (2 — 2 cos(#, Ax)) is small. Then the integral is small in comparison to
|| f1|, and thus the function is slowly varying in the direction of Ax.

Note that we already encountered the function (2 — cos({8, Ax)) when discussing the amount
of oscillation of wave functions in Section 1.5.5. The function value is large when 6 is a
high frequency and small when 6 is a low frequency. In other words, a function is slowly
varying if the large function values of its Fourier transform are concentrated at low frequency
function arguments and oscillatory otherwise.

In Chapter 1 we used low and high frequencies to determine the amount of oscillation
of wave functions. Theorem 2.13 now allows us to determine the amount of oscillation of
general functions from £,(Gp,).

2.2.2. Fourier Representation

The DTFT £ of a grid function f gives us information about the amount of oscillation of a
function. When analyzing multigrid methods we are interested in this information, e.g., to
determine whether an operator is a suitable smoother for a specific problem or not. Hence, if
an operator maps the function u +— f in position space, we want to know the corresponding
operator in Fourier space that maps 7 — f. This action on f is the Fourier representation of
A, which is defined as follows.

Definition 2.14. Let A € L(6,(Gy); €2(Gyw)). The Fourier representation of the operator A
is
A= Fw AR

The relation between A and its Fourier representation As depicted by the diagram in
Figure 2.1. As the diagram commutes, the Fourier representation A contains of course all the
information of A, since we can reconstruct A from A by

A=F' AR, .
Furthermore, we can show that many operations on the operator A directly carry over to A,

Theorem 2.15. Let A,B € L({2(Gn); (2(Gw)), C € L(6(Gw); &2(Gw)), and the opera-
tors A,B € L(Ly(Bp); L,(Bn)), C € L(Ly(®n); Lr(Oy)) their Fourier representations.
Furthermore, let A € C. Then the Fourier representation of
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2.2. Fourier Representation

1. AA+Bis 1A + B,
2. CBisCB,
3. Al Z_l, and
4. A*is AV,
Proof. Let us prove the statements individually.
1. Using the linearity of the DTFT, proven in Theorem 2.11, we have for all i € L,(®y)

Fiw(AA + BYFy 't = AFw AT 'a + FwBF; 't = (AA + B)a.
2. Using that 7"]1_1‘7‘}, is the identity, we obtain
T CBFyy' = P CFy Fw BT, ' = CB.
3. By properties of the inverse of the composition of operators,
ﬁA—lﬁ—l _ (ﬁAﬂ—l)—l _ Al

Note that as A is invertible, we have thath = h’.
4. We start with

(Af.8) = ([, A"g).

The scalar product is invariant under the DTFT (2.11), and thus,

(FwAf, Fwg) = (Fuf, FnA"g)
On the other hand

(FwAf, Fwg) = (AFuf. Fwg) = (Fufs A" Fwg) .

Combining the last two equations yields that

(Fnf. TaA’g) = (Fuf. A" Twg) .
As this equation has to hold for arbitrary f and g, we obtain that

FnA* = AP, . O

The DTFT preserves norms as shown in Theorem 2.11; it is no surprise that the Fourier
representation of an operator has the same norm as the operator itself.

Proposition 2.16. Let A be the Fourier representation of A. Then ||;f Il = ||A]l.

Proof. By definition of the Fourier representation

I|A]l = max |Af]| = max ||Fw AR fIl.
I 1I=1 [IF1I=1

We substitute f by n.f and obtain that

Al = max |FwAf]l.
[[Fnfll=1

Since the DTFT does not change the norm (2.12),

Al = max |Af]| = ||A]l. O
1 11=1 f
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2. Local Fourier Analysis

Another important property of an operator is its spectrum. Recall that the resolvent set p
and spectrum o of an operator are

p(A):={1e€C:(A—-Al)isbijective} and o(A):=C)\ p(A). (2.15)

Let us show that the spectrum of the Fourier representation and the original operator are
identical.

Proposition 2.17. Let A be the Fourier representation of A. Then 0'(;1\) = o(A).
Proof. Since 7y, is bijective,
(A—AI isbijective) ifandonlyif (Fn(A—ADF " is bijective).
Furthermore, by Theorem 2.15,
Fn(A—ADF = A-al.

Thus, by definition (2.15), p(Z) = p(A) and therefore (T(;f) = o(A). O

2.2.3. Constant Stencils

If A is a constant stencil operator, then the wave functions introduced in Section 1.5.3 are the
formal eigenfunctions of the operator. The function values of the Fourier symbol a of A are
the corresponding eigenvalues. Hence, if we know the Fourier symbol &, we know how the
operator A maps any linear combination of eigenfunctions. We shall now show that we know
how A maps any grid function from €>(Gy), if we know d. For this purpose we have to define
the space Lo, (Op).

The space Lo, (®p) is the set of functions? d : @, — C that are bounded in the infinity-norm
| - oo, Where

||dlleo :=inf{C > 0: u(|d| > C) =0} and

u the Lebesgue measure, i.e.,
Loo(®n) = {d: Op — C: ||| < o0} .

Theorem 2.18. Let A € L(£2(Gy)) be given by the constant stencil s and let G € Loo(B®y) be
given by
ae) = Z s(y) - €49V (1.55 revisited)
Y€Gn

Then the Fourier representation is the multiplication with the function d, i.e.,

Af=a-f. (2.16)

Zwith “function” we actually mean the equivalence class of functions that are equal almost everywhere.
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The function d in (1.55) is called the Fourier symbol of A as already defined in Section 1.5.3.
The action of the Fourier representation A is given by the pointwise multiplication of the

A

function 4 with the operator argument. An operator of the form of (2.16) is called
multiplication operator. Theorem 2.18 is a remarkable result for the following reasons.

First, it means that A is completely described by the Fourier symbol 4, and as A can be
constructed from A so is A. Second, in general we would expect that the function value
[Z £1(6) depends on all function values f(6’) where 6 € ©y,. In the case of a constant stencil
operator, however, the resulting function value [Z £1(6) depends only on the function value
£(6), which has an important consequence.

Assume that a(6) is substantially smaller than 1 at high frequencies 6. That means that
repeated application of A makes f(6) small for high frequencies 6, meaning that, due to
Theorem 2.13, the function f becomes slowly varying. Hence, in this case A is a smoothing
operator. We can therefore use the symbol a to analyze the smoothing properties of constant
stencil operator not only for wave functions but for general functions f € £>(Gy).

To prove Theorem 2.18 we first consider the Fourier representation of the shift operator S,
(2.6).

Lemma 2.19. Let S; be the shift operator (2.6). It has a Fourier representation,
5F= {0 s T1(02) f(a)} . 2.17)
Thus, the Fourier symbol § of the shift operator is
3(0) = e
Proof. Recall from Lemma 2.12 that
[F0S21(8) = e @2 - [, £1(6). (2.13 revisited)
Substitute f by 7—;1‘1 f to get
[FuS.Fy ' F1(0) = 702 - [Ty ' F10) = 7 - f(6). O
Proof of Theorem 2.18. Recall the definition of a constant stencil operator,

[Au](x) := Z s(y) - u(x +y). (1.52 revisited)
YEGh

Using the shift operator we can write this equation as

A= Z s(y)- Sy

y€Gn

The mapping that maps an operator to its Fourier representation is linear. Thus, it follows

A= Z s(y)-ST_\y.

Y€Gn
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2. Local Fourier Analysis

We know the Fourier representation of S_y from Lemma 2.19, implying that
A7 [ @ = 3 s |[S5F]@ = Y s 0 o) = ao) - f(0).
Y€Gn yeGn

It remains to show that ||al|.c < c0, which we prove by contradiction. Assume that A is
a bounded operator and ||a|| is unbounded, implying that for every C > 0 there exists a
measurable set M C R¥ such that a(x) > C forall x € M. Let f := yar/|lxa |2, where yas
is the characteristic function for the set M, i.e.,

1 ifxeM,

X (%) = {0 ifxe M.

With this definition

12 12
||Af||2=||a'f||2=(/(9 |a~f|2d9) ZC(/G |f|2d0) =C.

Thus, for an arbitrarily large C > 0 we find a function f with norm one such that ||Z fll > c,
implying that ||A|| = co and therefore ||A|| = oo, which contradicts the assumption. O

2.3. Multiplication Operators

The Fourier representation of a constant stencil operator is a multiplication operator—as we
saw in Section 2.2.2. Let us consider multiplication operators in general. In the following we
shall write L, for L;(®yp) and Ly, for L.,(®p) in unambiguous situations.

Definition 2.20. Leta € L, and f € L,. The operator A € L(L,) given by
Af=a-f

is called a multiplication operator. The function a is called the symbol of A.

Proposition 2.21. The multiplication operator is well defined.

Proof. We need to show that A € L(L;). For the pointwise product a - f we have

lla- fll2 < llalleo - 1f1l2- O

2.3.1. Properties of Multiplication Operators

We note a few properties of multiplication operators. First of all, there is a one-to-one
correspondence between multiplication operators and their symbols.

Proposition 2.22. If A is a multiplication operator, then its symbol is unique.

Proof. Assume that Af =a- fand Af =a’- f; implyinga - f =a’- f. With f =1 we
have a = a’ (a.e.). O
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2.3. Multiplication Operators

Furthermore, many operations on symbols directly translate into operations of the multi-
plication operators and vice versa.

Theorem 2.23. Let A, B be two multiplication operators with symbols a,b € L, and let
A€ C. Then

1. 1 is the symbol of the identity I,

2. d-a+ bisthe symbol of 1A + B,

3. a- bis the symbol of AB, and

4. a is the symbol of A™.

Proof. Let us prove the statements individually.
1. The assertion is trivial.
2. Consider the following:

(A+Bu=dAu+Bu=2-a-u+b-u=QA-a+b)-u.

3. We have
(AB)u = A(Bu) = A(bu) = a(bu) = (ab)u .

4. The adjoint is the unique operator A* that fulfills the equation
(Af,g)=(f,A"g) forall f,gel,.
Thus
@ ro=[7@nex= [@o rax=ira o,

proving the assertion.
o

An interesting consequence of Theorem 2.23 is that all multiplication operators commute.
Proposition 2.24. Let A, B be two multiplication operators then
AB = BA.
Proof. The symbol of AB is (a - b); the symbol of BA is (b - a). Furthermorea-b = b-a. O
Corollary 2.25. Every multiplication operator A is normal, i.e., A"A = AA™.
That two multiplication operators commute has another consequence.
Proposition 2.26. Let A € L(€,(Gy)) have a Fourier symbol A. Then A is shift invariant.
Proof. To show that A is shift invariant, we need to show that
S, A =AS,

for arbitrary zGy. Since the DTFT is bijective, we can equivalently show that the Fourier
representation of the left equals the Fourier representation of the right hand side, i.e.,

TS ARy = FaAS, "
By using Theorem 2.15 this equation is equivalent to
S,A=AS,.

The assertion then follows from Proposition 2.24. O

63



2. Local Fourier Analysis

2.3.2. The Spectrum of Multiplication Operators

We now turn to the computation of the spectra and spectral radii of multiplication operators,
which will allows us to obtain the spectral radius of Fourier symbols. The spectrum of an
operator is equal to the spectrum of its Fourier symbol. Hence, we can use this result to
obtain the spectrum of constant Stencil operators.

The spectrum of an operator is closely linked to the question whether an operator is
invertible or not. Recall,

p(A) :={1e€C:(A-Al)isbijective} and o(A):=C\ p(A). (2.15 revisited)

We shall define the inverse of a symbol and show that a symbol is invertible if and only if the
corresponding multiplication operator is invertible. As the symbol of (A — AI) is (a — ), if
(a — A) is not invertible then A is in the spectrum of A.

We start with the definition of the inverse of a symbol a.

Definition 2.27. Let a € L. The symbol a is invertible if and only if
1. the pointwise inverse a~! of a exists almost everywhere, and
2. the pointwise inverse a~! is bounded, i.e., a™! € L.

The following lemma provides a simple way to check if a symbol is invertible.
Lemma 2.28. The symbol a € L, is invertible if and only if
there exists € > 0 such that u(|la| < €) = 0.

Proof. The proof consists of two parts.

1. Assume that there exists € > 0 such that u(|a| < €) = 0, which implies that a # 0
almost everywhere. Thus, a~! exists. Furthermore u(Ja~!| > ') = 0. Hence, by the
definition of the infinity norm |la™!|j, < €'

2. Conversely, assume that for all € > 0 we have u(|a| < €) # 0. We have to consider two
cases.

a) If u(a = 0) # 0 then a~! does not exist, and therefore a is not invertible.

b) If a # 0 almost everywhere, the pointwise inverse a~! exists. For € > 0 we have
0 # u(lal < €) = u(la”'| > € !). Thus, by definition [[a~ [l > €!. As the
inequality holds for a arbitrary € > 0 we have ||a~!|| = co and thus a is not
invertible. m|

The following Lemma is a first step in proving the relation between the inverse of a
multiplication operator and its symbol.

Lemma 2.29. Let A be an invertible multiplication operator with symbol a. Then a # 0
almost everywhere, i.e., a~! exists.

Proof. We prove the assertion by contradiction. Assume that u(a = 0) # 0. Define set
M :={x : a(x) = 0} and the function u = y»s. Then yps # 0. However,

Axm=a-xm =0,

which implies that the kernel of A contains more functions than just the zero function.
Therefore, A is not injective, which is a contradiction to the assumption that A is invertible. O
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2.3. Multiplication Operators

We prove the relation between the inverse of the multiplication operator and its symbol.

Theorem 2.30. Let A be a multiplication operator with symbol a. Then A is invertible if
and only if its symbol a is invertible. If the inverse of A exists, it is a multiplication operator
with symbol a™".

Proof. We prove the two implications individually.
1. Assume that A is invertible. Let u € L, be arbitrary. Then

a-u=[Au]
By Lemma 2.29, the inverse of a exists, and we have that
u=a' [Au].
Consequently, the inverse of A can be written as
Alu=a"'u

meaning that A~! is a multiplication operator and a! is its symbol.
It remains to show that a=! € L.,. We assume that this is not the case, i.e., for all ¢ > 0
we have that u(la™!| > ¢) # 0. Let M(c) := {x : |a~'(x)| > ¢}. Then

IA™ Yar(olI* = / la™"(x)|* dx > / el dx = ¢ - [ xamo)ll-
M(c) M(c)
By the definition of yaz(c) we have || xaz(c)ll2 > 0 and thus the above inequality implies
1A xao)lI? o

L xaz(o)ll

Therefore, by the definition of the operator norm, we have for all ¢ > 0 that ||A~!|| > ¢,
i.e., ||A~!|| = oo, which is a contradiction to the assumption that A is invertible, because
in this case it is well known that the inverse of A is also bounded. Thus, a™! € L.

2. Assume that a is invertible, i.e., a'a = 1 and ||a™!||eo < c0. We define

Alu:=alu for ue L.

Thus,

A'Au=a' a-u=u for uel,.
It remains to show that A~'u € L,, which follows from the fact that [[A~lu|, =
lla~'ull» < || "o - |l#]l> and that =" is bounded. m]

Combining Lemma 2.28 and Theorem 2.30 yields a characterization of invertible multipli-
cation operators.

Corollary 2.31. The multiplication operator A with symbol a is bijective if and only if there
exists € > 0 such that
u(lal < €)=0.
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2. Local Fourier Analysis

With this knowledge we can compute the spectrum of multiplication operators. If A is a
multiplication operator then A — A/ is a multiplication operator with symbol (a — 1). Thus,
Corollary 2.31 yields that

p(A)={1e€C: pu(ja—2| <e)=0forany e >0} and
0g(A)={1€C: u(la- ] <e)#0forall e > 0}.

The spectrum o (A) is a special set; it is the essential range of a. We denote it by
ess-im(a) ;== {1 € C: u(la— 2| <€) #0forall € > 0}.

Thus, for a multiplication operator A the spectrum coincides with the essential range of its
symbol q, i.e.,
o(A) = ess-im(a) . (2.18)

The following lemma motivates the name.

Lemma 2.32. Leta € Lo. Then

ess-im(a) = m im(a),

ae€lal
where [a] is the equivalence class of all functions that are equal almost everywhere.

Proof. We show the assertion in two steps. First, we show that the left hand side is a subset
of the right hand side. Then we show the converse statement.
1. Let A ¢ ess-im(a). Then there exists € > 0 such that u(jJa — 1] < €) = 0. We can
alter a at a set of zero measure to obtain d € [a] with {x : |@(x) — 2| < €} = 0. Thus,
A ¢ im(a) and therefore

¢ ﬂ im(a). O
aelal
2. LetUcs(A):={1eC:|A-1] <€},and let A ¢ MNae[a) iM(@). Then there exists @
such that A ¢ im(&), and thus as im(a) is closed, there exists € > 0 such that for all
A € Uc(1), we have that A ¢ im(d). Hence, {x : |d — 1| < €} = 0, and

0=p(la-Al <€) =p(la-2a <e),
which implies that A ¢ ess-im(a).
We can relate the essential range of a symbol a to its Le,-norm.
Proposition 2.33. We have that
||allce = sup(ess-im(a)) .

We shall prove this proposition below. Let us first note, however, a few consequences
of this proposition. First, it gives us an easy way to compute the spectral radius of the
multiplication operator A.
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Corollary 2.34. The spectral radius r(A) of A fulfills r(A) = ||a|co-

As stated in Corollary 2.25, every multiplication operator is normal. For a normal operator
A, we have r(A) = ||A||. Thus, we also get the operator norm of A by using the infinity norm.

Corollary 2.35. Let A be a multiplication operator with symbol a. Then the norm of A
Julfills ||All = [lalle -

We now turn to the proof of Proposition 2.33. First, we need the following two auxiliary
results.

Lemma 2.36. If M C C is a compact, measurable set, f : R — C a measurable function
and u(f~Y(M)) # 0. Then there exists for every € > 0 a complex number z € M such that

H(f~ (Ue(2))) 0.

Proof. Let € > 0 be given. As the set M is compact, there exist zj,...,z, € M such that
M € UL, Ue(zi). Thus, f~4(M) € UL, 7 (Ue(z:)), and we have

0<pu(f~(M) < 3 u(f™ Uelz).
i=1

Therefore, for at least one index i, we have 0 < u(f~'(Uc(z;)), implying that z := z; € M is
the sought-for number. O

Lemma 2.37. If M C C is a compact, measurable set, f : RY — C a measurable function
and u(f~Y(M)) # 0. Then there exists a number z € M such that for every € > 0 we have

u(f ' (Ue(2)) # 0.

Proof. According to Lemma 2.36, there exists z; € M such that u(f~'(U;(z1))) > 0. We
construct a sequence recursively as follows. Let n > 1. According to Lemma 2.36 there
exists zu+1 € Ua-n(z,) such that u(f = (Up-tn+1)(zn+1))) > O.

For n > m we have z,, — z,, = Zf’;l Zi — Zi+1. Thus

m—1 m—1 oo
|Zn _Zm| < Z |Zi _Zi+1| < 22—1 < Zz_l = 21—n‘
i=n i=n i=n

Therefore, z, is a Cauchy sequence, and thus converges to a limit z, which has the desired
properties. m|

Proof of Proposition 2.33. Let ¢ := ||al|e := inf{b € R : u(|a| > b) = 0}. If 1 > ¢ then for
€ := |1 = ¢|/2 the equation

{x:]a(x) =2 <€} C{x:|a(x)| > c}

holds. By the definition of ¢, we have that u(|a] > ¢) = 0 and u(la — 1| < €) = 0. Thus,
A ¢ ess-im(a) and therefore sup(ess-im(a)) < c.

On the other hand, if 0 < ¢ < ¢ then u(|a| > ¢) # 0. Hence, the fact that u(|a| > ¢) =0
implies that u(¢ < |a| < ¢) # 0. Thus, due to Lemma 2.37, there exists A € Cwith¢ < || < ¢
such that for all € > 0 we have u(la — 1| < €) # 0 implying A € ess-im(a). Hence, for every
0 < ¢ with ¢ < ¢, we find A with ¢ < || < ¢, which implies sup(ess-im(a)) > c. m|
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2. Local Fourier Analysis

2.4. Operators with Fourier Symbols

An operator A has a Fourier symbol, if its Fourier representation A can be written in the form
A f =a- f , (2.16 revisited)
where a is the Fourier symbol of A. Such an operator can be characterized as follows.

Theorem 2.38. Let A € L(€2(Gy)). The following statements are equivalent.
1. The operator A is represented by a constant stencil.
2. The operator A is shift invariant.
3. The operator A has a Fourier symbol.

Proof. Proposition 2.26 shows that assertion 3 implies 2. Theorem 2.9 shows that assertion
2 implies 1. Theorem 2.18 shows that assertion 1 implies 3. O
The operator norm and spectral radius of the operator A can be easily obtained from the

Fourier symbol of A.

Theorem 2.39. Let A be a constant stencil operator with Fourier symbol 4. Then
r(A) = [[All = llalle. (2.19)

Proof. Proposition 2.17 states that o(A) = O'(X), where A is the Fourier representation of
A. Thus, to complete the proof it is sufficient to show that r(Z) = ||Z|| = ||d]lc. As Ais a
constant stencil operator, Aisa multiplication operator with symbol a. Hence, we have by
Corollary 2.34 that r(A) = ||d]ls and by Corollary 2.35 that || A]| = [|d]le. O

2.5. Smoothing Factor

In Section 1.5.6 we defined the smoothing factor by
smf(S, s) := max [8(6) - gn(0) - 5(6)"], (1.63 revisited)
€0

where § is the Fourier symbol of the error propagator of the smoother S, and g, is the Fourier
symbol of the idealized coarse grid correction Q. Using Theorem 2.39 we can justify this
definition.

Assume we are interested in either the norm or spectral radius of the error propagator

E =S520,8" .

of the idealized two-grid method, as they give the worst case and the asymptotic convergence
rate of the idealized method. Then

r(E) = [IEl| = 1€llo = [15"*Gn8"" l|oo -

If the symbol é is continuous, then the infinity norm equals the maximum function value of &
and hence it is equal to the smoothing factor, as defined above.

As we cannot guarantee that the symbol ¢é is continuous, from now on, we define the
smoothing factor, as

smf(S,n) := r(S”20nS"") = r(5200S"") = 18”2 - Gn - §'||oo - (2.20)
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2.6. Literature and Contributions

2.6. Literature and Contributions

This chapter is principally a summary of known results from different mathematical subjects.
The foundation of this chapter can be found in [11], which connects the analysis of operators
in terms of wave functions to the DTFT, to compute norms of stencil operators.

The Fourier representation of constant stencil operators leads to multiplication operators,
which are well understood. The fact that the essential range of a multiplication operator
coincides with its spectrum can be found, e.g., in [57].

The connection between multiplication operators and shift invariant operators via Fourier
transforms is a result from linear systems theory [5]. Furthermore, the representation of
linear operators on sequence spaces is, e.g., discussed in [42].

Theorem 2.13, which measures the amount of oscillation of a function in terms of its
DTFT, is closely related to the definition of norms in discrete Sobolev spaces in [31, 64].
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Fourier symbols represent constant stencil operators, but they have their limitations. For
example, we cannot describe the two-grid method by using Fourier symbols, which is why
we introduced the smoothing analysis in Section 2.5. Smoothing analysis is idealized, as it
uses an idealized coarse grid correction. Using matrix symbols, however, it is possible to
represent the coarse grid correction exactly.

While symbols are functions that map a frequency to a scalar, matrix symbols are matrices
of symbols. Hence, they give a greater freedom for representing operators. We shall use
this freedom to represent restriction and interpolation operators. Furthermore, we show that
periodic stencil operators can be represented by matrix symbols.

Periodic stencil operators have many applications. In this chapter we shall use them to
analyze multicoloring smoothers. In Chapter 4 we give more applications of local Fourier
analysis using matrix symbols and periodic stencils.

We start by deriving the Fourier representation of restriction and interpolation operators,
which will allows us to show how they can be represented using matrix symbols.

3.1. The Two-Grid Method

The smoothing factor is an analysis of an idealized two-grid method. It is idealized even if
we assume that the problem was posed on an infinite grid. We shall introduce a two-grid
analysis that is exact for problems posed on infinite grids.

3.1.1. Restriction

We consider the restriction of a grid function defined on the grid Gy, to a grid Gy,.p, for some
1 < n e N9 In Section 1.5.6 we considered a similar situation—the restriction of wave
functions. When wave functions are restricted, there are different wave functions that are
different on the fine grid, but identical on the coarse grid. We shall see that a grid function
from £>(Gp) behaves in a similar way.

To do so, we consider the injection restriction operator Riyj : £2(Gn) — ¢2(Gn.n) given by

[Rinj u](x) = u(x). (3.1
Furthermore, recall that the set of harmonic frequencies can be written as
[0] = {0 +j- 2n)/(n-h): 0 <j<njez} (1.60 revisited)

where 6, € O, is the base frequency of 6. Thus, if we define the n,h-frequency shifts,

hn  _ J - _
; '_2ﬂh‘n for j=0,...,n—-1, (3.2)
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/1IN D

Figure 3.1.: The action of the frequency splitting operator Ry, for a 1D function and n = (4).
The gray vertical bars mark one set of n,h-harmonics.

we can write

p—

[0]= {60y +s™ :j=0,...,n-1}.

Writing [6] in this way has the advantage that we can write every frequency uniquely as
the sum of its base frequency and a frequency shift. In the following we will often write in
unambiguous situations s; for shm.

To denote the Fourier representation of the injection restriction operator, we need the
[frequency splitting operator. This operator groups the function values of frequencies with
respect to their frequency shift.

Definition 3.1. Let Ry, : Ly(®y) — Ly(®p.p)" the operator given by
[Raid]j(6) := 2(6 + s;"“), (3.3)

where L,(®y.p)" is the n-dimensional space of vectors with entries in L,(®y.p). The operator
Rn is called the frequency splitting operator.

The frequency splitting operator returns a vector of functions, whose jth entry corresponds
to the function values of the frequencies of the frequency shift s™™ Note that if we evaluate
all entries of the vector Ry at the same frequency 6 € ®y,.,, we obtain the function values of
i at all n,h-harmonics of 6. The action of R, is illustrated in Figure 3.1. Its definition is
motivated by the following theorem.

Theorem 3.2. The Fourier representation of the injection restriction Ry is given by
n-1
Rinjit = —i7s " [Rul]; (3.4)
n .

Proof. Let i := $yu. For x € Gy, we have by the inverse of the DTFT (2.10) that

ol!/? n i
u(x) = 5t /@ a(9) e dg .
h
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3.1. The Two-Grid Method

Thus, by definition of Rjyj for x € Gy,

vol!/?

[Rinju](x) = W/@ () A% 49
h

Let @; := Sj + Opp forj=0,...,n— 1. This family of sets is a measurable partition of ®y,
ie., Op = UJ 1P and @; is measurable It follows that

172 n-1 A .
)= 2 S* [ ) 0000
j=0 Jj

and a variable substitution leads to
-1
112 n »
(2m) J:Z() Onn

Note that the frequencies 6 + s;j are harmonic frequencies of each other. Thus, for x € Gy.n
we have by Theorem 1.21 that e!?+5iX) = £i@+s0.X) — (1(0+0%) for § = 1, n. Therefore,

12nl

[Rinju](x) = (2 )d/z Z/ a(d + s; )gl(ﬁ X) 49

12 n-1

. vol n 1<ﬂ’ )
= —(zn)hd/z Ah o l1/2 ZO[RnM] (19) X7 d9
- =

The term in parenthesis is the operator Enj as defined by (3.4). Using the formula of the
inverse DTFT (2.10), we see that

[Rinju](x) = (ﬂ_;k\mjﬁ) (X)
= (o Rini Fntt) (X) .

Hence, the operator Enj defined by (3.4) is indeed the Fourier representation of Rjy;. O

Theorem 3.2 is a generalization of the statement that wave functions corresponding to
harmonic frequencies are mapped to the same wave function on the coarse grid. We can
realize this fact by considering a linear combination of wave functions. The frequencies of
these wave functions are chosen to be the n,h-harmonics of a base frequency 6;,. We write
this linear combination as

n-1

f(x) = Zaj “ $o,+s;(x) where aj€C.

=0
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Then if f(x) is restricted to the coarse grid Gy p,

o

n—

f(x) = ( aj) g, (x) forall x€ Gpn.

—
Il
(]

Thus, the coeflicients of the wave functions corresponding to harmonic frequencies merge
into one, by being summed. When a grid function u € £>(Gy,) is restricted to a coarse grid
then the function values at the harmonic frequencies similarly merge to yield the coarse grid
Fourier representation of the function, i.e., the DTFT 7 of Rjyju is given by

n-1
Ae(B) = —i ) 4(60) +5).

j=0

Let us summarize a few other properties of the frequency splitting operator. First of all, it
is invertible:

[R;IW](G) = wj(6p) where jis determined by 6 = 6, + ;.

Then if we define the scalar product on L(®p.1)" by

k-1
(f.8) =D (figi)
=0

the frequency splitting operator is an isometry, as the next proposition shows.

Proposition 3.3. Let f, g € Ly(®n.p)" and R the frequency splitting operator. Then
(RS, Rg) =(f.8)-

-1, .
Proof. We use that {@n.h +8j };0 is a partition of ®y, to show that

n-1 n-1
Ji 7). 1(0)a0 - Z Ji ICRCIE Z Ji T+ f0 )0

_Z/@ [Rf];d6 = Z(Rng} n

To this point we only considered the injection restriction operator. Many other restriction
operators, however, can be written in the form R;,; Ry where Ry is a constant stencil operator.
For example, it is easy to see that the weighted restriction operator can be written in this way.
In this case the Fourier representation of the restriction operator is i‘;inj Est.
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3.1. The Two-Grid Method

3.1.2. Interpolation

To define the smoothing factor in Section 2.5 we used an idealized interpolation operator.
We shall derive the Fourier representation of interpolation operators, which are actually used
in multigrid methods, e.g., the linear interpolation. Using these interpolation operators in
our analysis we expect better predictions.

We start by defining the injection interpolation operator Piy;. Given the injection restriction
operator Rj,j we want to define Py, in such a way that R;y; Pi,j = I, which is equivalent to the
condition that

—~ o~

RinjPinj = 1. (3.5)
For the injection restriction we have that
n-1
= —m [Raii]j, (3.4 revisited)
Vol 0
J:

meaning that all harmonic frequencies of the fine grid merge into one frequency on the coarse
grid. Thus, if we have a function value at a frequency on the coarse grid, we cannot say to
which harmonic frequency on the fine grid it belongs. The idea of the injection interpolation
is, to distribute this function value evenly to all harmonic frequencies on the fine grid; we
define Pjyju via

oAl o 1 oA
[RunPinjti]j := vol]/zu. (3.6)
n
Then
n-1 n-1 n-1
RiniPinjit = —Lz 3" [RaPuij = —z > = da ) 1=a
inj 4 inj V011/2 [ nt inj ]J voll,/z Vol,lfz vol,
=0 =0 =0

meaning that, indeed, the requirement (3.5) is fulfilled.
The position space representation of the injection interpolation operator will be useful for
the definition of general interpolation operators.

Theorem 3.4. Let P;yj be the injection interpolation operator. Then

u(x) ifx € Gy,

0 otherwise.

[Pinjue] (x) = {

To prove Theorem 3.4 we first need a few auxiliary results.

Lemma 3.5. If ¢ is a n-th root of unity, i.e., " =1, then

n—lgi:{n l:fley

Py 0 otherwise.

Proof. The formula for the geometric series yields for & # 1 that

—_

n—

1-¢&" 1-1
1-¢ 1-¢

¢ =

I
o
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For ¢ = 1 we have

S
|
3
|

~.
Il

[«
I

(=]

Lemma 3.6. Let k,n € IN. We have

-1 ; g .
nz L) n if k is a multiple of n,
e n =
- 0 otherwise.
Jj=0

Proof. We can write

k\" )
(627“;) — eka =1
the term ¢27k/") js an nth root of unity. Thus, the assertion follows from Lemma 3.5. O

Lemma 3.7. Letk,n € N9, Then

nz_l ik /m.j) {Voln if K is a (pointwise) multiple of n,
e > =

pa 0 otherwise.
Proof. Assume we have d sequences ay, . .., ag where a, € C"**. Then it holds in general
that
}’l]—] nz—] I’ld—l n1—1 n2—1 nd—l
J1=0 j2=0 Ja=0 J1=0 J2=0 Ja=0
Consequently,
n-1 n-1 . . .
. . ki kajp kaia
ZeZm(k/n,_]) — eZm W eZm . ‘eZm g
j=0 j=0
ni—1 - ny—1 . ng-1 .
27,1% 2ﬂim ZHiM
= e 1 . e ny e e ng s
J1=0 J2=0 Ja=0
and the assertion is, therefore, a consequence of Lemma 3.6. O

Proof of Theorem 3.4. The formula for the inverse DTFT (2.10) yields that

12 . '
)= 24 [ (Pl 00
On
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3.1. The Two-Grid Method

Using the partition {G)n.h + sj};:ol of ®y and the definition of the injection interpolation
operator (3.6) yields that

n-1
voll/2

— 1 =~ i(6+sj,
[Pinjl/t](X) = (2n)hd/2 Z ./@‘n,h Vol 72 i) - el( +54,X) do

12 n-1

— 1 oy ~o {0 +s;X)
= ol ? an)dr Z~/®nh i) - e X 46

n

172

n
— 1, voly 50) . H(0X) . i(s.%)
T YollZ T @Qrydr ‘/@n_h M(O) e Z e deo.

n =1

Let us inspect the term in parenthesis. As x € Gy, we can write X = h - z for some z € Z<.
Thus,

ei(sj,x) — ei(27rj/(n~h),h~z) — e27ri(j/n,z) )
j=0 j=0 j=0

Therefore, from Lemma 3.7, we have that if x € Gy, then

voll/2

[Pagl) = bz e [ () %) - vola @0 = )
n Onh

vol,
and if x ¢ Gy, .1, then

1 voll/2

- =1 . ©n 5(0) . o (OX) -
[Pinju](x) = Wl /@nh o) e 0do=0. O

Let us now apply Theorem 3.4 to derive the Fourier representation of the linear interpolation
operator for the 1D case. We saw in Section 1.3.4 that the linear interpolation is given by

u(x) if x € Gy,

| | ] . (3.7)
su(x —h) + su(x + h) if x ¢ Gy

[Prinut](x) = {

Let the stencil s be defined by
—[1 1
se=[3 1 3],
and associate the stencil operator Py with s. Then it is easy to see that we can write the linear

interpolation as
Piin = PstPinj-

In other words, applying the linear interpolation operator is equivalent to first applying the
injection interpolation and then applying a constant stencil operator.

Many interpolation operators can be written as the product of a constant stencil operator
and the injection interpolation. We shall now give a general result, which describes how
a certain kind of interpolation operator can be written in this form. For this purpose, we
introduce the space shifts

ty . =k-h for k=0,....n-1. (3.8)
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Every pointin x € Gy, can be written as the sum of a base point x;, € Gy, and a corresponding
space shift, i.e.,
X=X, +tx forsome ke{0,...,.n—1}.

Many interpolation operators compute the interpolated value at some point by computing a
weighted sum of the neighboring coarse grid points. The weights depend on the index k of
the corresponding space shift. The following lemma states that every such interpolation can
be written as the product of a constant stencil operator and the injection interpolation.

Theorem 3.8. Let the interpolation Py, (W for weighted) be given by

[Patl(xp +t) = > sily) - u(xp +), (3.9)
yeGn-h
where sx : Gpn — C fork =0,...,n— 1. Furthermore, let Py be the stencil operator

corresponding to the stencil s’ (xp — tx) = sx(Xp). Then
Py = stPinj .
Proof. We consider the operator Py Pj,;. We have that

[PaPuil®) = ) s'(2) - [Pijucl(x +2)

2€Gy

= > 5" @) - [Punjuel(xp + ti + 7).

ZEGh

Substituting z by y — ti yields the equation

[PaPigl(®) = > s'(y = ) - [Pl x5 +¥)-
Y€Gn

Using the formula for Pj,; given in Theorem 3.4, we can write the last equation as

[PaPiuil®) = D" s'(y = ti) - ulxp +)

y€Gnh

= > sly) - ulxy +y). 0

yeGn-h

Let us apply Theorem 3.8 to the linear interpolation in 1D. To apply the theorem we need
to define the stencils s¢ and s1, where sg is the stencil describing the interpolation for the
points X € Gy and sy is the stencil describing the interpolation for the points x € Gy, + t;.
If we define

S0 = [l]Zh and s = [i %]Zh s

some simple calculation shows that (3.9) is the linear interpolation (3.7). In this case the
stencil s’ defined in Theorem 3.8 is given by

S/:[% 1 %]h

We already know that this stencil gives an operator Py such that Py, = Py Piy;.
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3.2. Matrix Symbols

We saw that Fourier representations of constant stencil operators are multiplication operators.
In this section we introduce matrix multiplication operators. They will be used in later
sections to represent the Fourier representation of operators like the injection restriction or
injection interpolation operators. We start with the definition of matrix symbols.

Definition 3.9. Let 0 < h € R?. An m x n-matrix symbol with domain @y, is a is a family
of functions in L, (®p). More precisely,

aij GLOO((’Dh) for i:0,...,n—1, J =0,...,m—1.
We denote the set of all m X n-matrix symbols with domain @y by L™ (®y,).

Note that the indices i and j are multiindices. Furthermore, we start counting by zero, as it
will simplify some of the proofs later. Let us define the most common operations on matrix
symbols.

Definition 3.10. Let a € L™*"(®p,).
1. Let b € L™™(®y). Then the matrix addition is given by

(a + b)j = ajj + by . (3.10)
2. Let A € C. Then the scalar multiplication is given by
(/la)ij =A- ajj .

3. Letu € Ly(®y)". Then the matrix-vector-product a - u gives a vector f € Lr(®Op)™
such that

n-1

fi=(a-wp=) ay-u. 3.11)

j=0

4. Let b € L®. Then the matrix-matrix-product @ - b gives a matrix ¢ € L P such that

n-1
Cij = Z aik * byj . (3.12)
k=0

5. For n = m the symbol «a is called invertible if there exists a matrix symbol a~! € L™
such that
ala=a-a' =1,
where I is the identity matrix. The matrix symbol a~! is called the inverse of a.
6. The adjoint a* € L™ of the matrix symbol a is given by

* _ o
& = Gji -

Assume that we multiply a matrix symbol to a vector from L;(®p)" and multiply another
matrix symbol to the result of this operation. The result of these two multiplications can be
obtained by multiplying by just one matrix symbol, as the following proposition shows.
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Proposition 3.11. Leta € L™™(@®y,), b € Lw®, and u € Ly(Oy)P. Then
a-b-uy=(@-b)-u.

Proof. It holds that

n-1 n-1 p-1 p n-1
(a'(b'f))i: dij - (b f)J_ bjkfk—Z( aij )
j=0 j=0 k:0 k=0 \ j=0
p-1
= ) (a-blixfi = ((a-b)- f);. O
k=0

In a similar way as we defined ordinary multiplication operators, we can define matrix
multiplication operators.

Definition 3.12. Leta € L™™(®y). Then a is the matrix symbol of the (matrix) multiplication
operator A : Lr(®p)" — Ly(®y)™ given by

Af =a-f.

In the remainder of this section let us sum up a few properties of matrix multiplication
operators.

Proposition 3.13. If A is a matrix multiplication operator, then its matrix symbol is unique.
Proof. The statement can be proven in a similar way as Proposition 2.22. O

Many actions on multiplication operators directly translate into actions on their symbols
(Section 2.3.1). The same is true for matrix multiplication operators.

Theorem 3.14. Let A, B, C be three multiplication operators with symbols a,b € L™",
c e LEOXP, and let 1 € C. Then

1. 1 is the symbol of the identity I,

2. A-a+ bisthe symbol of 1A + B,

3. a- cis the symbol of AC, and

4. a* is the symbol of A™.

Proof. The first two assertions can be proven in a similar way as the corresponding statements
in Theorem 2.23. For the third assertion consider the following:

ACf)=a-(c-f)=(a-c) f=(AC)f.

The last assertion follows from the fact that

n-1 n-1 n-1 n-1
(Af.g) = Z< Af)ps) =) aufig) =) ) ey (g
i=0 i=0 j=0 i=0 j=0
n-1 n-1
(o D @iy = (£ A%g) . 0
=0 =0
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Proposition 3.15. If a is invertible then
a'(0) = (a(0))™! ae. (3.13)

Proof. As a is invertible
a a=1

which implies
a'®)-a®) =1 ae.

The function value a(6) is a matrix, and the last formula implies that it is invertible for almost
all 6. Thus, we can multiply by (a(#))~! from the left to get

a ') = (a0)™ ae. O

It is sometimes useful to have a way of determining whether an operator has a matrix
symbol or not. The next theorem gives a necessary and sufficient condition for this property.

Theorem 3.16. The operator A € L(L}(Bp); LY (Bn)) is a matrix multiplication operator if
and only if
Al@-u)=a-[Au] forall « € Lo,uc€ LY. (3.14)

Proof. Assume that A is a matrix multiplication operator. Then

o
o

n—

[Ala - u)]; = aij-(@-u)=a- ) aj-u=a-[Au],

n—

i
Il

]
[
Il

(]

which shows the first implication.
Conversely, assume that condition (3.14) holds. Any u € L} can be written as

u=epup+---+en-1Un-1,
where ej € L2(®y) with ejk = Ojk. By linearity of A we have
Au = [Aegug] + - -+ + [Aen_1un-1],
and using the condition (3.14),
Au = up[Aeg] + - - - + upn_1[Aen-1] .
Restricting this equation to the i-th component we have

[Aui = Z[Aej]i - uj,
J
which is a matrix-vector multiplication where the matrix entries are given by aj; = [Agj;.

It remains to show that the entries aj; are bounded, which can be proven by contradiction.
For this purpose, assume that there exist i, j such that g;; is unbounded in the infinity norm.
In this case, there exists for any C > 0 a set M of nonzero measure such that a;;(6) > C for
all @ € M. Using the characteristic function yjs of the set M, we obtain that

I[ACexa)lill = llaixall = Clixall-

Hence, A would be unbounded, which is a contradiction. Therefore, aj; must be bounded. O

81



3. Matrix Symbols

A consequence of the previous theorem is the next proposition.

Proposition 3.17. Let A be a matrix multiplication operator. If A is invertible then the
inverse A" is also a matrix multiplication operator.

Proof. As A is a matrix multiplication operator, we have for all @ € L., and u € LY that
Ala - u) = «a - [Au].
If we multiply the last equation by A~! from the left and substitute A~'w for u, we get
a-[A W)= Ao - [A[AW]]) = A N a - w). O

Corollary 3.18. A matrix multiplication operator is invertible if and only if its symbol is
invertible.

3.3. Fourier Matrix Symbols

Fourier symbols, as introduced in Section 2.2, can only represent constant stencil operators,
which limits their applicability. We shall introduce Fourier matrix symbols, which are a
generalization of ordinary Fourier symbols and are not limited to representing constant stencil
operators. For example, they can represent the injection restriction and injection interpolation
operators.

Definition 3.19 (Fourier Matrix Symbol). Let 0 < hjy, hoy € R4, 0 < m,n € N such that

n-hy, =m-hgy,. (3.15)
Furthermore let A € L(¢2(Gh,,); £2(Gh,,))- 1f the Fourier representation A of A can be written
in the form

A = R laRnil, (3.16)
where @ € L3 ™(®p.1,, ), then a is called the Fourier matrix symbol of A.

The relation between A, its Fourier representation A, and its Fourier matrix symbol 4 is
shown in Figure 3.2. When an operator has an ordinary Fourier symbol, the action of the
Fourier representation is just the pointwise multiplication with the corresponding symbol. In
contrast to that, if an operator A has a Fourier matrix symbol 4, then to give the action of the
Fourier matrix, we first have to use Ry, to split the argument into a vector of functions. Then
we can apply the matrix product with @, and after that we need to combine the elements of
the resulting vector using Ry, into a single function.

Remark 3.20. Equation (3.16) is the important part of Definition 3.19. The relation between
the step-sizes h;, and hyy, is just needed to make (3.16) consistent, which can be seen as
follows. If &I € Ly(Bp,,) then Ryil € Lr(Op.n,,)", implying that the entries of @ have to be
in L»(®y.p,,) in order to multiply @ and Rpii. It follows that aRpii € Lr(®Oy.ph, )™ and from
this relation that R;ﬂdﬂnﬁ € Ly(®m/m)-h;,)» Which implies h’ = (n/m) - h;,. Now, the last
equation is equivalent to (3.15). In short, we can sum up the argument by

Rn n @ m Rm
Lr(®p;,) — Lo(Onpy,)" = L2(Oppy,)™ — L2(Om/m)-hy,) -
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Fh Rn
0(Ghy,) —— L2(®p,,) —— Lo(On.py,)"

A‘ j; JﬁH&-ﬁ

0(Ghyy) — L2(Bny,) —— Lo(Omihg, )™
h Rm

Figure 3.2.: Relation between an operator X, its Fourier representation Z, and its Fourier
matrix symbol 4.

We shall now prove that the injection restriction and interpolation can be written in the
form of (3.16). In later sections of this chapter we shall see how we can use the Fourier
matrix symbol of an operator to obtain its operator norm and spectral radius.

Proposition 3.21. The injection restriction operator Riyj : €2(Gn) — €2(Gyp) from (3.1)
has a Fourier matrix symbol # € LY™®y.p). Its entries are all equal to the same constant
function. More precisely,

Foj(0) = W for 6 €OBpny. (3.17)
Proof. To derive the Fourier matrix symbol of the injection restriction let us rewrite (3.16)
RmE]nJu = CIA . [ﬂnu].

This equation is equivalent to

—~

[RmRinju]k

I
[SY

k- [Raul; for k=0,... m-1. (3.18)

n-1
Riyjli = 11, 7 ) [Raill;, (3.4 revisited)
voly, J:O
shows that if we choose m = 1 and
P
I"()j = Tﬂ/z, (319)
then 7 is the Fourier matrix symbol of the injection restriction. O

In a similar way, comparing (3.18) to the Fourier representation of the injection interpolation
(3.6) gives that p € L™1(®, ) with

Pro = —z (3.20)
vol,
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is the Fourier matrix symbol of the injection interpolation.

Fourier matrix symbols are a generalization of Fourier symbols; if we interpret the Fourier
symbol g as a 1 x 1-matrix symbol, it is easy to see that we can write the Fourier representation
A of the corresponding operator as

A=Ri'aR, .
Hence, in principle every Fourier symbol is also a 1 X 1-Fourier matrix symbols.
The next theorem shows that every operator which can be represented by an ordinary
Fourier symbol can also be represented by an nx n-Fourier matrix symbol for any 1 < n € R?.

To formulate this theorem, we need to define the frequency splitting of a symbol @ € Lo (®p).
In this case the frequency splitting operator is defined like in (3.3), i.e.,

[Radl;(0) := a(0 + s}"“). (3.21)
Theorem 3.22. If A has a Fourier (scalar) symbol G, then for any factor 0 < n € N the
operator has a n X n-Fourier matrix symbol d given by
] . [Rudlk  ifk =]
dij(0) = [Rndlk - O =13, _
0 otherwise.
We call d the expansion of @ and denote it by expand,(a) := d.
Proof. We have

Al =a it =R\ Rud -l = Ry dRuil . O

Many interpolation operators can be written as the composition of a constant stencil and
injection restriction operator. We derive the Fourier matrix symbol of the composed operator.

Proposition 3.23. Let Py be a (constant) stencil operator and piy; its Fourier symbol.
Furthermore, let Py be the injection interpolation and piy; its Fourier matrix symbol. Then
the Fourier matrix symbol p € L™V (®y) of P := Py Piyj is

Pro = — 75 [RmPstlk - (3.22)
voly,

Proof. Let p;, be the expansion of ps. The Fourier matrix symbol of P is then given by the
matrix-matrix-product of p and pi,j. We have

A AL A
Pko = E Pst ks * Pinj,s0
)

Z[Rmﬁ]kéks T

vol
S

1 A

= oz [RmPlk - O

The next proposition is a similar result for restriction operators. We omit the prove as it is
very similar to the proof of the last proposition.

Proposition 3.24. Let Ry be a (constant) stencil operator and Fy its Fourier symbol.
Furthermore, let Riyj be the injection restriction and fiyj is Fourier matrix symbol. Then the
Fourier matrix symbol # € LL™(@y) of R := Rinj Ry is

foj = —7s [RmPulj - (3.23)

vol
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3.3.1. The Two-Grid Method

The error propagator of the two-grid method is
Erg = S™(I — PAL} RA,)S™, (1.35 revisited)

where § is the error propagator of the smoother, P the interpolation, Ay the coarse grid
matrix, R the restriction, and A, the fine grid matrix. If we consider the Fourier matrix
symbol of each of these operators, we can derive the Fourier matrix symbol érg of the
two-grid method.

Assume that S, Ay, and Ay have ordinary Fourier symbols: §, dj, and dg. We have
discussed that we can interpret these symbols as 1 X 1-matrix symbols, implying that
$,4p € LUY®y) and 4y € LYY(O,.). Furthermore, we assume that p € L>(®,.p) and
7 € L™(@,.p) are the Fourier matrix symbols of the interpolation P and the restriction R.

The problem is that we want to multiply # and dy,, but their dimensions do not match. We
can, however, use Theorem 3.22 to expand d;, to a n X n-matrix symbol d,, € LEY™(@y.1).
Then we can compute the product 7dy. For the same reason we expand the symbol § to a
n X n-matrix symbol § € L2™(@yp). Using these expanded matrix symbols, we obtain the
Fourier matrix symbols of the error propagator of the two-grid method by

érG = §2(1 — pay; Fan)s™ .

3.4. Interpretation and Visualization of Matrix Symbols

We are able to represent the error propagator of many two-grid methods (cf. Section 3.3.1)
by a Fourier matrix symbol. As we shall see, the Fourier matrix symbol gives us some
information about the behavior of the error propagator.

Let us first assume that A has a (scalar) Fourier symbol a; then d(6) is a scalar for some
6 € ®y. This scalar provides a direct relation between one input frequency and one output
frequency. The input frequency is multiplied by the scalar to obtain the corresponding output
frequency, i.e.,

[AF10) = a() - £(6).

This relation becomes handy if we analyze, e.g., a smoothing error propagator E. If &(8), the
Fourier matrix symbol of E, is small for high frequencies 6, then the norm of highly varying
inputs will be substantially reduced, and the output will consist mainly of low frequencies.
Thus, we have answered two questions at once: First, how does a dominating frequency of
the input influence the norm of the output? Second, which frequencies dominate the output?
In the case where d is a matrix symbol, the relation is not as obvious. We only have that G(8)
for 8 € ®y, is a matrix that relates the m-harmonics of 6 of the input to the n-harmonics of
the output by the matrix-vector product (3.11).

For d < 3 the scalar symbols @ € L.(®y) can be visualized, e.g., by a contour or an
isosurface plot. If we have a matrix symbol in LE™(®y,), we have voly, - voly, functions from
L*(@y). As this number grows quickly, plotting every single function is not feasible. In
this section we discuss how to reduce a matrix symbol to a scalar function, to obtain the
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same pieces of information as in the scalar case. Unlike in the scalar case, two different
transformations are needed. The choice of the transformation depends on whether we are
interested in the influence of certain input frequencies or in the dominating frequencies in the
output.

3.4.1. Frequency Damping

Let us start by considering how strong the influence of the function value #(6) for a function
i and a frequency @ is on the size of the function resulting from the computation of Aii. For
this purpose, consider the function

1 if 8 = 0y,
ug,(0) =
(6) {0 otherwise,

and compute

Augo = Rr_nl &Rnugo .

We start by computing Ryug,. Decomposing the frequency 6y into a base frequency 05, € Op.p
and a frequency shift s, i.e., 89 = 0 + s, gives that

[Ruttg,1j(0) = g, (6 + sj)
{1 if 0p + sk = 0 +5;,

0 otherwise

1 if 6, = 0 and s = s;,
0 otherwise

= 06,6, * Ojk -
If we apply the matrix symbol a we obtain that

n-1

[aRnttg, ]i(0) = ) d5(6) - 66,0, - 6
j=0

= dik(0) - dga,

_Ja(8) if 6 = 6o,
o otherwise.

Thus, aRnug, is a vector of functions, where each entry is a function that is zero everywhere,
except at 6. If we join the frequencies back together, i.e., by applying Ry,!, the result is
a function that is non-zero only at the n,h-harmonics of 6 and takes the function values
aik(0p) fori = 0,...,m — 1. Hence, to measure the impact of the frequency 6y on the size of

m—
the output, we compute the Euclidean norm of the vector (&ik(é?b))‘ 0" Let us define the
i=
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function wy, : ®, — R, which assigns every input frequency this measure for the impact that
the frequency has on the size of the output, i.e.,

n-1 1/2
win(0p + Sk) = (Z |ﬁik(9b)|2) :

i=0
Applying the frequency splitting operator yields that

n-1

12
[Rawinlk(6p) = (Z |dik(9b)|2) )

i=0

If we define cn(d) to be the vector

1/2
[en(a)]k (Z i ) ,

i.e., cn(a) is the vector of column norms of @, then Ryw;i, = cn(d). Hence, if we are interested
in the damping of the input of A then

Ra len(a)
describes how the input of the Fourier representation influence the result. We refer to this
function as the frequency damping of the operator.
3.4.2. Frequency Emission

We shall now derive a way to measure, how strong a frequency 8 will be in the output of A,
in general. For this purpose, we compute a bound for

[[Au](0)| = |[Rp! aRaul(6)|

for some normalized functions u. How to properly normalize u, will become clear during
the following computation. To bound |[Au](0)| let us split the frequency 8 into the base
frequency 6 € Oy and a frequency shift s, i.e., 6 = 6 + sk. With this splitting, we obtain
that

(R aRutt] (0 + sk)| = |[@Rnte]k(65)]
n-1
= | > @i(0p) - [Raul(65)]
i=0

Using the Cauchy-Schwarz inequality yields that

1/2 1/2

—

n—

[[Ren aRuia] (6 + s10)| < kaj(ebn A D 1Rt lk(0)

-
Il
=
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We now assume that u is normalized in such a way that

12

n-1
D URud@p)? | =1
j=0

In other words, the Euclidean norm of the vector [Ryu](65) should be equal to one. We then

have that
1/2

(R aRate] (0 + 51| < Z |aii(0p)1?

Let us define the function wqy : @y — R, where woy(0) equals the upper bound for the
output Au at the frequency 8 in the case that u is normalized from the last equation, i.e.,

- 1/2
WoulB + i) = | ) 1aig(0)I?
=0
Using the frequency splitting operator Rp,, we obtain that
1/2

[RmWoutlk(0p) = Z |axj(0p)|

If we define rn(d) to be the vector
1/2

n-1
(@ = D lag|
j=0

i.e., rn(4) is the vector of row norms of @, then Rywey = rn(a). Hence, by construction,
-1 N
R ()

describes an upper bound for the output of A for a normalized input. We call this function
the frequency emission of the operator.

3.4.3. The Red-Black Jacobi Method

To illustrate the difference of the frequency damping and the frequency emission, let us
consider the red-black Jacobi method. We will discuss the derivation of the method and the
derivation of its Fourier matrix symbol later in section 3.6.1. For now, we just look at the
frequency damping and emission of the error propagator of the method when applied to the
discrete Poisson equation in 2D (1.49). The two quantities are shown in Figure 3.3.

When looking at the frequency damping of the method, we see that the damping has some
large values in the high part of the spectrum, i.e., in the center of the plot. Thus, we might
conclude that the red-black Jacobi method is not a good smoother for the Poisson equation.

88



3.5. Spectral Properties of Matrix Multiplication Operators

‘
17T T STTT77 T
0 < 0,2, % N < o, p.-
. &(7 OG I Q,}Q 00
0.8+ 4 0.8F 4
N o
S \ s \\
Q Q [ Q 0
| 25, C2s, [ 20
\ \
P . 1 1

0.6 0.6

04l \, ] 04l j
N ) : vl ™ ]
2. ey 92 2°
So I\ % o
0.2F H 0.2F E|
o S o O
~o, % X O d ©
5, % Ny . 0, % o B
0 % e
N (L1 /] AN [
0.0 02 04 0.6 0.8 1.0 0 02 0.4 0.6 0.8 1.0

Figure 3.3.: Frequency damping (left) and emission (right) of the red-black Jacobi method.

This conclusion, however, is wrong, as we can see from looking at the frequency emission.
There, the large values are only located in the corners, where the low modes are located.

The difference between the frequency damping and emission can be explained in the
following way. The frequency damping describes the influence of a certain input frequency
on the size of the output. Thus, the frequency damping plot of the red-black Jacobi method
shows that there are some oscillatory functions that result in a large output. On the other
hand, the frequency emissions shows that the output will consists of mainly slowly varying
functions.

This behavior is due to the fact that the red-black Jacobi method actually maps some
oscillatory functions to slowly varying functions without reducing their norm. Hence, the
red-black Jacobi method is indeed a smoother for the Poisson equation, because the output
will usually be slowly varying, even though some oscillatory functions lead to large outputs.

This example illustrates the difference between the frequency damping and emission, and
it shows that when we are interested in the smoothing effect of a certain method, we should
look at the frequency emission.

In Chapter 4, we will look at further contour plots of the frequency damping and the
frequency emission functions of various operators.

3.5. Spectral Properties of Matrix Multiplication Operators

The norm and the spectral radius are interesting properties of operators, especially of error
propagators (see Section 1.6). If we consider an operator that has a Fourier symbol, we can
obtain its norm and spectral radius from its symbol in a simple way (Corollary 2.34 and
2.35). We shall see that the Fourier matrix symbol gives the norm and spectral radius of the
corresponding operator in a similar way. Let us start by giving the norm and spectral radius
of a matrix multiplication operator in terms of its symbol.

Theorem 3.25. Let A € L(L(®y); La(®y)) be a matrix multiplication operator with symbol
a. Then

r(A) = ess-supyeg,, (a(d)) and |All = ess-supyeg,, lla(@)ll, (3.24)
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where
€ss-Supgeg,, J(0) :=inf{a > 0: u(f > a) =0}

is the essential supremum of the function f € Loo(®hp.n).

We shall give the proof of Theorem 3.25 later; let us first consider some of its consequences.
The theorem states that analogously to the scalar case the norm and spectral radius are given
by the essential supremum of some function. In the case of the last theorem, the function is
not the pointwise absolute value of the symbol but the pointwise norm and the pointwise
spectral radius of the matrix symbol. This result carries over to operators with Fourier matrix
symbols.

Theorem 3.26. Let A € L(£2(Gh); €2(Gn)) with Fourier matrix symbol d. Then
r(A) = ess-supyce,, (d(0)) and |All = ess-supyee,, lA(O) . (3.25)

Proof. Let A be the Fourier representation of A and d the Fourier matrix symbol of A. Then
Proposition 2.17 states that 0(A) = o-(A). We can write A as

A=R1aR, .

Thus, A — A/ is invertible if and only if Ry,!(@ — AI)R, is invertible, which is the case if and
only if @ — Al is invertible, implying that o(A) = o(A) = o (a).
Let us turn to the norm of A. We know from Proposition 2.16 that |A|| = ||A||. Furthermore

Al = max ||A|| = max ||Ry aRnil] .
l]]=1 la]|=1

As R is an isometry, we can substitute Ry by i’, and

|A]l = max [|[Rya- 'l
[l ||=1

By using again that R is an isometry, it follows that

Al = max |la-a'l. o
lla’]1=1

The remainder of this section is dedicated to the proof of Theorem 3.25. For this purpose
let 1 be the Lebesgue measure and X := ®y. (However, (X, X, u) can be any o-finite measure
space.) Recall that the spectrum of a scalar multiplication operator is given by the essential
range of its symbol (2.18). The essential union of the pointwise spectra of the matrix symbol
plays a similar role for matrix multiplication operators. The essential union of the pointwise

spectra o-(a(x)) is given by

ess- U o(a(x)) := m U o(b(x)),

xeX bela]l xeX
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where [a] is the equivalence class of functions that are almost everywhere equal to a. It can
be shown that the essential union of the pointwise spectra is given by

ess- U ola(x))={zeC:Ve>0.u{xe X :0(ax))NUs(z) # 0} >0}. (3.26)
xeX

The essential union can be used to compute the spectrum of matrix multiplication operators.

Proposition 3.27. Let A : L*(X)* — L*(X)" be a matrix multiplication operator with
non-empty resolvent set p(A) and matrix symbol a. Then

7(A) = ess- ] o(a(x)).
xeX
Proof. See [39]. m|
The proposition states that the spectrum of the matrix multiplication operator is the

essential union of the pointwise spectra. We derive a formula for the spectral radius of a
multiplication operator using this result.

Lemma 3.28. Let A be defined like in Proposition 3.27. The spectral radius r(A) of A is the
essential supremum of the pointwise computed spectral radii of a(9), i.e.,

r(A) = ess-supycx r(a(?)).
Proof. We set
C = ess-Supyey r(a(®)) = inf{e > 0 : u({x € X : r(a(x)) > a}) = 0}. (3.27)

It is known that
r(A) = max |1].
Aeo(A)

Thus, we can prove the assertion by showing that
1. forevery ¢’ > Oand all |[1] = C + &’ we have A € p(A), and
2. for every &’ > 0 there exists A € o-(A) with || > C —¢&’.
(1) We choose A € C such that || > C + &’. Then if we can find & > 0 such that

u{x e X :o(a(x))NU(A) #0})=0 (3.28)

the first assertion follows from Proposition 3.27 and the formula for the essential union of the
pointwise spectra (3.26). Let us show that this equation holds.

Letus chose € = &’. If the set {x € X : o(a(x)) N Ug(A) # 0} is empty then its measure is
clearly zero (equation (3.28) holds). Thus, we consider the case where this set is not empty.
For any xo € X such that o(a(xp)) N Ug(A) # 0, we find a 19 € o(a(xp)) N Ug(A). Since
Ao € Us(/l)7

A/ =1-A=D| 2|2 -]1-A>C+& -e=C.

Furthermore, as Ay € o(a(xp)), i.e., Ao is an eigenvalue of xy,

r(a(xo)) 2 [Ao| > C.
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Since xy was an arbitrary element from o (a(xg)) N Ug(1), we have shown that
{xeX:o(@x)NUs(A)#0} C{xeX:r(alx)>C}.

By the definition of the essential supremum and the constant C in (3.27) the measure of
the right hand side is zero. Thus

u{xe X :0(ax)NUs (D) #0}) < u({xe X :r(a(x))>C}) =0

for all |2| > C + &’, and we arrive at (3.28), which establishes the first assertion.

(2) We want to prove the second assertion by contradiction. Assume that there exists
&’ > O such that |1| < C — &’ implies A € p(A). Consider the set {x € X : r(a(x)) > C — &}.
We want to show that our assumption implies that the set has measure zero, which would be
a contradiction to the definition of C in (3.27). For this purpose, define the set

M:={1eC:C-¢& < |1 <C}.
Then
{xeX:r(ax)>C-¢e}c{xeX: r(ax)>CtU{xeX :o(ax)NM=+0}.

The first set on the right hand size has zero measure, due to the definition of C in (3.27).
Thus, it remains to show that the second set has also zero measure. By the definition of the
essential union of the pointwise spectra (3.26) we have that for every A € p(A) there exists
£(A) > 0 such that

u{x € X : o(a(x)) N Ug)(4) #0}) =0. (3.29)

We have that M C (U epr Ug(a)(4)), which is a family of open sets that cover set M. Since
M is compact, we can find finitely many A4, . .., 4, € M such that

m

M | JUg(Ai),
i=1

giving that

{reX:o(ax)nM =0} c| J{xeX:o(ax)nUsay) # 0},

i=1

and as the sets on the right hand side have all zero measure due to (3.29) the assertion (ii.) is
proven. O

With this lemma at hand, we can conduct the final proof of this section.
Proof of Theorem 3.25. We have
r(L) = €ss-SuPy e, , r(Z(ﬁ))
by Lemma 3.28. Thus

ILII> = IL*L|| = r(L*L) = ess-supg.q, . (L(9) L(9)). O
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3.6. Periodic Stencils

In this section we introduce periodic stencils and show that an operator that is given by a
periodic stencil has a Fourier matrix symbol. Periodic stencils can be used to analyze various
applications and, therefore, form the basis for the analysis the problems in Chapter 4.

Definition 3.29 (Periodic Stencil Operator). Let 0 < n € N be given. If A is given by a
stencil {s}xeg, and
Sx = Sxskhm) forall x € Gp, ke Z9, (3.30)

then A is called a periodic stencil operator, {s}xea, a periodic stencil, and n its period.

3.6.1. Red-Black Jacobi Method

As an example of a method that can be expressed in terms of periodic stencils, we introduce
the red-black Jacobi method. It is a variant of the Jacobi method introduced in Section 1.3.1.

In every iteration the Jacobi method computes a set of corrections vy, ..., v,. Then the
new iterate uy| is obtained from the old iterate uy by

Ul = U +w- (Vi + - +V,). (1.17 revisited)

The correction v; is constructed such that the ith component of the correction residual is
Zero, i.e., Iy, +v;,i = 0. If w = 1 and all corrections v; change only the corresponding ith
component of the residual, then after one iteration the residual is zero, and we have found
the solution of the linear system. This is, however, only the case when the matrix A is a
diagonal matrix. In all other cases the correction v; changes various, if not all, components
of the residual. In that sense the corrections interfere with each other. They are, however,
constructed completely independently from each other, as they only use the residual before
the iteration as source of information. In other words, the ith correction is construction
without using any information about how the other corrections change the residual.

The idea of the red-black Jacobi method is to increase the exchange of information between
the corrections, which is done by partitioning the indices i = 1, ..., n into two set R, and B.
Then an intermediate iterate is computed by

Up1/2 = Uk +w'Zvi,
i€R

and an intermediate residual is computed based on the intermediate iterate. This residual is
then used to construct the remaining corrections v; for i € B; the new iterate is

U+l = Ugs1/2 T W - Z Vi .
ieB

The black corrections v; for i € B are computed from the intermediate residual. By that they
use some information about the red corrections v; for i € R. Thus, we expect them to be
better corrections than the corrections based on the initial residual.

We give the red-black Jacobi method in the RED-BLACK-ITERATION procedure.
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REeD-BLACK-ITERATION()

1 while u is a bad approximation

2 fori — lton
%ruk,i ifi e R
3 Upy1j2,i < Ui+ 27 ,
0 otherwise
4 fori — 1ton
w o
5 Ukr i — Uks1)2i + aiiruk+l/2,l ifi € B’
0 otherwise

It remains to choose the partition of the indices into the red and the black ones. Assume
that we have a grid based problem, i.e., every index is assigned to a point in Gy. For many
applications the corrections corresponding to a point in the grid have a strong effect on the
residuals corresponding to neighboring points. Thus, it makes sense to assign different colors
to indices that correspond to neighboring grid points. We, therefore, define the set of red and
the set of black grid points by

R, ={h-z:z¢€ 780+ + 24 even} and (3.31a)
Bg, ={h-z:2€Z%z  + -+ 274 0dd}. (3.31b)

Then we can define the set of red/black indices as all indices that correspond to red/black
grid points.
Let us analyze the red-black Jacobi method, starting with the derivation of its error
propagator. To do so, let us define the two matrices
{1 ifi =jandi,j €R, 1 ifi=jandi,j€ B,
ZR,ij =

and Zg;i =
0 otherwise B4 {

0 otherwise.
These matrices allow us to rewrite line 2-3 of REp-BLACK-ITERATION as

Ups1j2 = g + WZRD (3.32a)
and line 4-5 as

Ups1 = Ugs12 + WZED ugir 2, (3.32b)

where D is the diagonal matrix containing the diagonal entries of A. Thus, the red-black
Jacobi method consists of two successive error correction steps. Recall that one iteration of a
stationary method is given by

U1 = g + By

which was stated in (1.24). Comparing this equation to the first step (3.32a) of the red-black
Jacobi method, yields that the first step corresponds to B! = wZrD~!. The error propagator
of a stationary method is given by (1.32), implying that the error propagator of the first step
fulfills that

Er=1-wZgrD'A. (3.33)
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Similarly the second step has the error propagator
Ep=1-wZgD'A.

The two correction steps are applied successively. Consequently, the error propagator of the
red-black Jacobi method is

Erp = EgEr = (I - wZgD ' A)(I — wZrD™'A). (3.34)

Let us now make a local Fourier analysis of the red-black Jacobi method. For this purpose,
we need to extend all operators involved in the computation of Egp to the infinite grid Gy,. If
we compare the error propagator (3.34) to the error propagator of the Jacobi method (1.33)
we see that the only new component are the operators Zg and Zg. Thus, all we have to do is
to extend Zr and Zp to the infinite grid Gy, and give their Fourier matrix symbol.

On the infinite grid Gy, the operator Zg is given by the stencil sg with

1 ify=0andx € Rg,,
Sra(y) = Y= " (3.350)
0 otherwise.
The operator Zp is given by the stencil sp with
1 ify=0andx € Bg,,
spx(y) = ) " (3.35b)
0 otherwise.

By comparing with the definition of Rg, and Bg, (3.31), we see that the stencils sg and sp
are periodic with period (2 - 1).
3.6.2. Fourier Matrix Symbol

Now that we have an example of a method that can be written in terms of periodic stencils,
we want to show that every periodic stencil operator has a Fourier matrix symbol and how to
compute it.

Theorem 3.30. Let A € L(£2(Gy)) be a periodic stencil operator with stencil sy and period
n. Let A®) be the (constant) stencil operator corresponding to the stencil (s®)y := sk.n (for
all x € Gy). Then A has a Fourier matrix symbol 4 € L%™(®p.n) with

a=F"-g, where gg(0)= F- &(k)(ﬁ +5j),
and F € C™" s the Fourier matrix, i.e.,

Ry = —L52 &m0 for kj=0,...,n-1. (3.36)

vo]ll1

To prove Theorem 3.30, we need to make a few preparations, but let us first outline the
idea of the proof. The idea is based on the following observation. We define the operator
Ti : £(Gn) — 62(Ghen) by

(Txu)(x) = u(x+tx) for x € Ghnq,
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where t for k = 0,...,n — 1 are the space shifts, defined by
txk:=k-h for k=0,...,n—-1. (3.8 revisited)
If A is a periodic stencil operator, we have that
TiA = TAW, (3.37)

where A®) is the constant stencil operator given by sy, This equation implies that at the
points (tx + Gh.n) the result f = Au will behave like it has been computed by a constant
stencil operator. Now Tx Au is a grid function on Gy,.,. Thus, we can apply the DTFT to Tx Au
to get gk := Fh-nTkAu. We will show that due to observation (3.37) the frequency function
8k can be computed from # (instead of u) by the knowledge of the symbol 4®, which is
easily obtained by (1.55) as A is a constant stencil operator. The next step is to show that
the functions gk can be combined to obtain f = Ry9nAu. Thus, in the end we can compute
f from 4.

In the following it will be helpful to combine the operators T into a single operator
T : £,(Gh) — (€2(Ghn))™ by (Tu)x = Txu. The combined operator T will be called space
splitting operator. On the space (£2(Gp.n))™ a scalar product can be defined by

n-1
(f.8) 1= D (fiogr)-
k=0

If we chose this scalar product, then T is an isometry between £,(Gy) and (€2(Gp.n))"-

Lemma 3.31. Let d € LY™(Oy.p) be the diagonal matrix symbol with dyj(0) = b - e(Ot),
Furthermore, let F € C™™ be the Fourier matrix (3.36). We define the matrix symbol

f:=d-F.
Then the kth row fy . of t is the Fourier matrix symbol of Tx. Furthermore
T := FanTH, " fulfills T =Ry, (3.38)

where we deﬁngfor u € £(Gp.p)" the element-wise DTFT Foon - 0(Ghn)™ = Lp(Op.p)™ by
the equation (Fn.ntt)j := Fnnldj -

Proof. The operator Ty is the injection restriction operator Rj,; from (3.1). Furthermore, if
we define the shift operators (Zxu)(x) := u(x + tx) fork = 0,...,n — 1, it is easy to see that
Tx = RZx. The Fourier matrix symbol of the restriction is

R | .
Foj = —m (3.19 revisited)

which is a 1 X n-matrix symbol. The Fourier symbol of the shift operator (cf. Lemma 2.19) is

2k(0) = %)
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>(Gn)
N
&(Ghon)™ L>(®n)
Fhon Rn
L>(Opn)" ; L>(®pn)"

Figure 3.4.: Commuting diagram that relates FuT and Ry Fr.

Theorem 3.22 shows that we can expand the symbol Zk to a n X n-matrix symbol expand,,(Zx).
Thus, we can multiply the last equation from the left by 7 to get the Fourier matrix symbol of
Rinj Zki

7 - expand, (Zx) .

To prove the assertion of this lemma, we have to show that this term equals 7 ..
We compute the matrix product

o

n—

(f . expandn(ik))oj = f()] . expandn(ﬁk)lj .
1

Il
>

We have that expand,, (Zi)1j(0) = 61j2k(0 + s1) = Gy - e {@+s:1) which we plug into th previous
equation. It follows that

n-1
(7 - expandy (2o (0) = ) —hz - 3y - /@080 = o 00
vol,

vol,l,/ 2

_ 6. 1 i€si,tx) — i(0,t
= if k),_l/z,el<_|k>_el( k>,ij
vol,

n-1
_ S - o0t Rj = Z da - Bj = fkj .
1=0
Thus, we have proven that the Fourier matrix symbol of Tk = RinjZx is f...
Let us turn to the operator 7. It is defined by (Tu)x = Txu, implying that
(FanTFal)k = FanTu Ty 't = Tiit = Ry i Rail = fi. Rl = (FRn)kil - o
Equation (3.38) basically states that the diagram in Figure 3.4 commutes. From the
diagram we see that T', Fy,, F.n and Ry, are isometries, which implies that 7 is also an isometry.

We can now prove the main result of this section.

Proof of Theorem 3.30. Let u € £,(Gy). We begin by computing the vector g := Fp.nT Au.
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We use the definition of the element-wise DTFT and observation (3.37), i.e., the fact that a
periodic stencil operator looks like a constant stencil operator when multiplied from the left
by Tk, to obtain

8k = FhnTkAu = Frn Tk A% u .

Using Lemma 3.31 and then Theorem 3.22, we can express g in terms of i := Fnu by
gk = P Tk AW A 1 = A4

The operator T has the 1 X n matrix symbol 7. and A® has the n X n matrix symbol
expand, (4%)). Thus, we can write

&k = .- expandn(d(k)) - (Raf) .

Recall that 7 . is a row vector and expandn(d(k))lj(e) = 61jd(k)(9 + s1) is a diagonal matrix.
Hence, 7 - expand, (a¥) is a row vector with

n-1

(fk,: . expandn(d(k)))oj(é) = Z fkl . (51j . d(k)(a + S]) = fkj . d(k)(Q + Sj)
1=0

= dik - Fig - a%(0 +5}) = dia - gkn -

By using that d is diagonal, we have that

n-1

(.. - expand, (@*))oj(0) = > da - gy
1=0

Thus,
8k = (dg)k.: - (Raid),

and the whole vector g can be computed by g = dg - (Ryii). By using that ¢ was defined as
¢ = FanTAF, "0, we get
FanT AFn = dgRn .

Now we use Lemma 3.31 again (cf. Figure 3.4) to obtain that
RoFnAF 'Ry = (dF) ' FanTAF 'Ry = (dF) 'dg = F'd'dg = F*g.

The last equality holds, as F is the DFT matrix and therefore unitary. Finally, the last equation
yields that F*g is the Fourier matrix symbol of A. O

3.6.3. Symbol of the Red-Black Jacobi Method

We have seen that the red-black Jacobi method can be analyzed in terms of periodic stencils
and that every periodic stencil operator has a Fourier matrix symbol. The formula for these
symbols is given in Theorem 3.30. We shall combine these results to derive the Fourier matrix
symbol of the error propagator of the red-black Jacobi method, providing us with a simple
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example of local Fourier analysis of periodic stencil operators. For notational simplicity we
shall restrict ourselves to the 2D case in this section. The calculation we present, however, is
also applicable in arbitrary dimensions. Thus, Theorem 3.30 is a generalization of known
results [47, 68, 74].

The first step is to compute the Fourier matrix symbol of the filtering operators Zg and Zp.
The error propagator of the red-black Jacobi method consists of different operators. All of
them except Zg and Zp are also present in the error propagator of the plain Jacobi method
(see Section 3.6.1), which we already analyzed. Hence, to derive the Fourier matrix symbol
of the error propagator of the red-black Jacobi method, it just remains to compute the Fourier
matrix symbols of Zg and Zp.

For the derivation let us introduce a convenient notation for matrix symbols. The entry
of a matrix symbol is referenced by two multi-indices if we provide an ordering of the
multi-indices we can write the matrix symbols as an ordinary matrix. For this purpose, let
n = (2,2)", 4 € L¥™(®y), and the order of the indices be (0,0)”, (1,0)7, (0, 1)T, followed
by (1, 1)7. Then we can write d as

doo,00 doo,10  doo,01  doo,11
dio00 dio10 dioor Aot
do1,00 do1,10 doror  doiil
dieo diyio dinor Ay

Using this notation, we can start computing the Fourier matrix symbol of the red-black Jacobi
method.

We split the computation of the Fourier matrix symbol of the Zg into several parts. We
need to compute the matrix F and the matrix g (see Theorem 3.30) to obtain the matrix
symbol by

a=F"-g.

Let us start with the matrix F, which is defined as

Fyj = V01+/2e12”<k/“’j> for kj=0,...,n—1. (3.36 revisited)

To compute F we first compute the matrix B defined by Byj := (k/n, j). Recall that in the
case of a 2D red-black Jacobi method n = (2, 2). Thus

0 0 0 O
B 0 2 0 1p .

0 0 'L 1A

0 2 h 1

Since we can write Fij = ﬁeiZ" k/nj) — %eiz” Bin | the previous equation yields that
vol,,

1 1 1
-1 1 -1
I -1 -1
-1 -1 1

=
[E N
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We turn to the computation of the matrix symbol g. It is given by
gkj(g) = ij . aA(k)(g + SJ) .

Thus, if we define the matrix C by Cyj := a®(e + sj) then g is the elementwise product of F
and C. The symbols a® fork = 0,...,n — 1 are determined by the periodic stencil which
defines the filtering operator Zgr. The periodic stencil is the identity stencil on the red points
and zero on the black points (3.35a). The symbol @® is the Fourier symbol of the stencil
operator that is applied at the grid point t. Thus, for the red points we have 4 = 1 and for
the black points @®) = 0. The red points are k = (0,0)” and k = (1, 1) and the black points
are k = (1,0)” and k = (0, 1)”. Combining these facts gives that

1 111
0 00O
C_OOOO
1 111

By multiplying F and C elementwise, we obtain

1 1 1 1

_1]/0 0 0 0

8720 0 0 0

1 -1 -1 1

Thus, we obtain the Fourier matrix symbol of Zr by
1 0 01
0110
2 * 1

R=F8=310 11 0
1 001

In the same way we can compute the Fourier matrix symbol of Zp:
1 0 0 -1
. _1/0 1T -1 0
BT2l0 -1 10
-1 0 0 1

Using the Fourier matrix symbols we can compute the Fourier matrix symbol of the error
propagator of the red-black Jacobi method as a whole. The error propagator is a combination
of a red and a black error propagator. The red error propagator is given by

Eg =1 -wZrD'A. (3.33 revisited)

Let us assume that the operator A and D are both given by Fourier symbols & and d. As g is
an X n-matrix symbol, we need to expand @ and d to be able to multiply them. Thus, the
Fourier matrix symbol of Ey is

ér=1-wig- expandn(ci)_l - expand,,(a) .
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Let us denote dx := a(6 + sx) and dx := d(6 + si). Then we can write

ﬁoo a?OO R
o ao AN dio
expand,(d) = N and expand,(d) = A
do1 doi
él\l] d]]
Computing the matrix products we obtain
—wz—gg +2 0 0 —wZ—H
., 0 —a)a—:g +2 —wZ—g: 0
R=1T 0 —wa—:g —w3t +2 0
aoo a
—wge 0 0 —wd—ii +2
(1—w3—3‘3)+1 0 0 (l—a)fl—:i)—l
_2 0 (1—w3—i(‘)’)+1 (l—w%—l 0
1 8 (l—wfl—ig)—l (1—w3—$)+1 (31
(l—wd—gg)—l 0 0 (l—wd—:i)+1

Note that é = 1 — wd/ d is the symbol of the Jacobi method. Thus,

é\OO"'1 0 0 é]l—l
éRzg 0 éln+1 ép—1 0
1 0 510—1 é01+1 0
éoo—l 0 0 e +1

Similarly, we obtain the Fourier matrix symbol of Ep; we have that

éoo +1 0 0 _éll +1
éBzg 0 élo+1 —ép1 + 1 0
1 0 —élo +1 é01 +1 0

—épp + 1 0 0 e +1

The Fourier matrix symbol of Erp = EgER is then easily computed by égp = épég.

The Fourier matrix symbol of the Red-Black Jacobi method is well known for 1D, 2D,
and 3D [63, 68, 74]. The reason we presented it here is to show that the concept of periodic
stencils and their Fourier symbols can be used to derive these known result in a unified
fashion. The 1D, 3D, and dD case can be obtained in a similar way. It is even possible to
compute the Fourier matrix symbol of multi-coloring relaxation schemes. All one needs to
do is to define a filtering matrix Z. for every color ¢ and compute its Fourier matrix symbol,
which just requires the computation of the formulas in Theorem 3.30. Then all that is left to
do is to multiply the individual matrix symbols.

3.7. Block Shift Invariance

It is sometimes useful to know whether an operator has a periodic stencil without actually
computing its stencil. For constant stencil operators we can check if an operator is shift
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invariant to see whether it has a constant stencil representation (Theorem 2.38). We shall see
that we can use block shift invariance for the case of periodic stencils. Block shift invariant
operators are defined as follows.

Definition 3.32. An operator A € L(£5(Gy)) is block shift invariant with block size n € Z¢
if
S;A=S,A forall ze Gy,

where S is the shift operator (2.6).

Note that the difference between shift and block shift invariant operators is subtle.
Comparing this definition to the definition to the definition of shift invariance (2.6), we see
that in the definition of shift invariance we require that S;A = AS, for all z € Gy, while in the
definition of block shift invariance we restrict z to the coarser grid Gu.n. Thus, only shifts by
a multiple of n are considered.

Using this definition we can generalize a result from the non-block case. We know that
operators that have Fourier symbols are shift invariant (Theorem 2.38). A similar statement
is true for operators that have Fourier matrix symbols.

Theorem 3.33. Let A € L(€2(Gyn)) with Fourier matrix symbol @ € LY™(@y.p). Then A is
block shift invariant with block size n.

Proof. Similarly to Proposition 2.26, it is sufficient to show that the Fourier representations
fulfill L
S,A=AS, forall ze€ Gy.,.

Recall
S5, f= {9 s ¢7102) f(e)}. (2.17 revisited)

We use this definition and the definition of the matrix multiplication operator to obtain that

[AS,](6) = [AS,i](05 + sk)

n n
= i (S0 +55) = D g - e PTID i6), + ;).
j=1 i=1

The frequency 6, is an n,h-harmonic of (6, + sj) and z € Gy, thus e HOb+8p2) — o=i(0p.2)
and therefore

n

[AS,2)(0) = ™2 . " aug - () +5;)
=1

= K00 [ A0](6), +57) .
On the other hand, let us compute that

[S,A2](6) = [S,Aal(6p + sk)

= e 1O +2) [ A7](6) + k) .
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Again, the frequency 6}, is an n,h-harmonic of (6, + sj) and z € Gy, which implies that
e 1 Opt5p2) — o=i0b.2) Therefore

[S,AR](0) = e %2 . [Ad](6)) .
Thus, we have shown that
[S,Ad](0) = e @2 . [A0](6)) = [AS,i](6). O

Another generalization of the non-block case is the following relation between block shift
invariant and periodic stencil operators.

Theorem 3.34. Let A be a block shift invariant operator with block size n. Then A is a
periodic stencil operator with block size n.

Proof. Let e, be the canonical basis vector e,(X) = dxy. Recall that then

[Ae,](x) = Z sx(y) - ez(x +y) = s5x(z — x). (2.7 revisited)
Y€Gn

Let v € Gpn and w,u € Gy,. Then
[AS_veyiwrul(@) = [Aeyiu](0) = su(W).

As A is block shift invariant, this equation implies that

[S-—vAeyiwiul(@) = [Aeyiwiu](@ + V) = spiy(W) .

Thus,
Su(W) = sysv(w) forall v e Guyand w,u € Gy,. m|

We can now combine the fact that every periodic stencil operator has a Fourier matrix
symbol (Theorem 3.30) with further results from this chapter.

Theorem 3.35. Let A € L(£2(Gn)). Then the following statements are equivalent:
1. The operator A is a periodic stencil operator with period n.
2. The operator A has a Fourier n X n-matrix symbol.
3. The operator A is block shift invariant with block size n.

Proof. Theorem 3.30 yields that statement 1 implies 2. Theorem 3.33 states that statement 2
implies 3. Furthermore, Theorem 3.34 yields that statement 3 implies 1. O

3.8. Expansion

We shall show that the product of two operators that have Fourier matrix symbols always has
a Fourier matrix symbol. Let us consider the operators A, B € L(£,(Gy)) with Fourier matrix
symbols

aeL™©y) and be L™™@y),

103



3. Matrix Symbols

where n # m. We cannot obtain the Fourier symbol of AB by multiplying @ and b, because
their dimensions do not match.

There must be, however, a Fourier matrix symbol of AB for the following reason. We
know from Theorem 3.35 that A has a periodic stencil s with period n, meaning that

Sx = axyy forall 'y € Gun.
We have for every 0 < p € 74 that Gp.nh € Gna. Thus,
sx = axry forall 'y € Gpnn.

In other words, A is also represented by a periodic stencil with period p - n, and thus by
Theorem 3.35 we have that A has a Fourier matrix symbol

dae LE™PT@y).
Analogously, for every 0 < q € Z¢ the operator B has a Fourier matrix symbol
b e LI™9™@y).

By computing the (pointwise) least common multiple of m and n, we find p and q such that
p - n = q - m. In this case the Fourier matrix symbol of AB can be computed by the product

\

Q0

We want to know how to compute d and b from 4 and b. We start by showing a connection
between the frequency splittings Ry, and R}, that we shall need later.

Lemma 3.36. Let 0 < n,p € Z9 be given and j € Z¢ be related with k € Z¢ and r € Z¢ by
j=k-p+r with 0<r<p.
Then the frequency splitting operator defined in (3.3) fulfills

[Rp-nﬁ]j = [Rp[Rnﬁ]k] .

r
Proof. From the definition of the frequency splitting operator (3.3), we have that
AT, A h,p-n
[Rpnil]j(6) = (6 +">™)
(6 +27j/(p - n - )
4(0+2n(k-p+r)/(p-n-h))
4(0 + 27k/(n - h) + 27r/(p - n - h))

a(o + 52’" + slr“"p)
h-n,p)

[Rnﬁ]k (9 + Sy
= [Rp[Rnﬁ]k]r(Q)- O

We can now use Lemma 3.36, to extend the Fourier matrix symbol of an operator to larger
matrix dimensions.
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Theorem 3.37. Let A be an operator with Fourier matrix symbol 4 € L™™ (®y) and
0<peZ Thend e L2™P" (®p-n), given by

o = JRpdacle ifr=r,
v 0 otherwise,

is also a Fourier matrix symbol of A, where j, j', kK, K, r, and v’ € 74 are related via
j=k-p+r with 0<r<p
j=K-p+r with 0<r' <p.

Proof. From the definition of Fourier matrix symbols (3.16) it follows that it is sufficient to

show R
RqnA = dRqw -

Thus, we start by computing [Rp.ngﬁ]j. Lemma 3.36 yields
[Rp-nAdlj = [Rp[RnAdlk].. -
Using the fact that A has the Fourier matrix symbol a, we get that

[RpnAdl; = [Rp[RaRy' dRuitlic], = [RplaRwil]. - (3.39)

We inspect the term on the right; by definition of the matrix-vector-product (3.11), we have

n’ -1

[aRwil]k = Z ae - [Rurti]ier -
k=0

Note that R is linear and in general Rp( f-8= [Rp f1- [Rp&], which is easy to see from the
definition of Rp. Thus,

n’ -1

[RplaRwitlk], = > [Rpdiaelr - [Rp[Ruitlic] -
k’'=0

If we plug this relation into (3.39), we get

n'-1

[RpnAtlj = > [Rpduaele - [Rp[Ruitlic]
k’=0

To rewrite the right hand side into a p - n X p - n’-matrix-vector-product, we need to sum over

J’=0,...,p-n’instead of k’. As we defined djj to be zero for r # r’, we can write
pn'-1
[RpnAdly= > djy - [Rp[Ruitlie], -
i=0
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3. Matrix Symbols

Again, as djy is zero for r # r’, we can replace r by r’ to get

p'—1 prn'-1

[Rp.ngﬁ]j = Z djj/ : [Rp[Rnﬁ]k’]r, = Z djj/ : [?p.n/ﬁ]j/. O
i=0 i=

In our previous discussion we assumed that the Fourier matrix symbols of A and B were
square. This is, however, not required. Assume that the operator A € L(£2(Gy); €2(Gy)) and
B € L(t2(Gy); t2(Gy)) with Fourier matrix symbols @ € L™ (@ 1) and b € L™™ (@)
Then we can find 0 < p, q € Z¢ such that p-n’ = q - m. According to Theorem 3.37 there
exists Fourier matrix symbols ¢ € L& P" (®Op.ww) and b e LI™am (Og-mw) of A and B.
Thus, the Fourier matrix symbol of AB is given by d - b.

This is an important result. It means that the set of operators that have Fourier matrix
symbols is closed under multiplication. Thus, whenever we multiply two operators that have
Fourier matrix symbols we are sure that the result will also have a Fourier matrix symbol.

In a similar way, we can show that the set of Fourier matrix symbols is closed under
addition. Let A € L(£>(Gy); £2(Gn) and B € L(£2(Gy); £2(Gn)) be operators with Fourier
matrix symbols. Then the operator A + B also has a Fourier matrix symbol.

3.9. Smoothing Factor

If the error propagator S of a smoother has an ordinary Fourier symbol § then the smoothing
factor, as discussed in Section 2.5, is given by

smf(S,n) := r(§”20nS") = r($20aS"") = 15”2 - Gn - §'|loo - (2.20 revisited)

When § is not a Fourier symbol but a Fourier matrix symbol of S we have two problems.
First, the we cannot multiply § and gy, as their dimensions do not match. Second, the right
most equality does not hold anymore.

The first problem can be addressed by expanding the operators § and gy to § and §p such
that their dimensions match. Then the product

=87 o &

is defined and is the Fourier matrix symbol of $2Q,S".

The second problem can be addressed by using Theorem 3.26. It gives a way to compute
the spectral radius from the Fourier matrix symbol of an operator. Thus, if the smoother is
represented by a Fourier matrix symbol, we can define the smoothing factor as

smf(S,n) := r(52QnS"") = ess-supyce, , 7(57(6) - Gn(6) - $(6)) . (3.40)

3.10. Three- and n-Grid Analysis

To this point we only considered the analysis of the two-grid method. Using the expansion
of Fourier matrix symbols, we can compute the Fourier matrix symbol of any sum or
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composition of operators if the operators themselves have Fourier matrix symbols. With this
ability, we can easily analyze a multigrid method consisting of any desired number of levels.
Theorem 1.10 states that the error propagator of a multigrid method with L levels is given

recursively by
E; = S*(I- P(I - E )A;\RA)S]" fori<L,

i+1

(1.37 revisited)
E; =0 fori = L.

Thus, we can compute the Fourier matrix symbol of E;| by writing down the Fourier matrix
symbol of all involved operators and then, after a proper expansion of the symbols, they can
be added and multiplied as required by the formula. Therefore, we can perform an analysis
of multigrid methods using an arbitrary number of grids.

3.11. Literature and Contributions

We started this chapter with a discussion about the Fourier representation of the injection
restriction and interpolation, followed by an introduction to (Fourier) matrix symbols. These
results are well known [11, 63, 68, 74].

After this discussion, we considered the interpretation and visualization of matrix symbols
(Section 3.4), which has not been examined in the literature so far.

This discussion was followed by the description of the spectral properties of matrix
multiplication operators. The formulas for the norm and the spectrum of these operators
have been known for some time (cf. [8] and [39], respectively). The formula for the spectral
radius, however, (Lemma 3.28) has been missing from the literature so far.

These results were followed by the discussion of the Fourier matrix symbols of periodic
stencil operators, a theorem about block shift invariance, and the description of the general
expansion of operators with Fourier matrix symbols. These results are original to this thesis.

With the introduction of periodic stencils and their Fourier analysis we were able to widen
the applicability of LFA. There are, of course, still problems where LFA has not been applied
successfully, which can be found, e.g., in [23-25, 52].
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Fourier matrix symbols allow us to represent periodic stencil operators and therefore analyze
problems that can be represented on an infinite grid by periodic stencil operators. In this
chapter we analyze two advanced problems—a PDE with jumping coefficient, and block
smoothers.

4.1. PDEs with Jumping Coefficients
Consider the PDE

-V-(aVu)=f onQ (4.1a)
u=g onoQ. (4.1b)

In this equation a : Q@ — R and a > 0. Furthermore, Vu for u : Q — R is the gradient of u,
defined by

._ (Ou ou \T
Vu '_(8_)61”"’6)6(1) 5

and V - w for w : Q — R is the divergence of w, defined by

V-w:=%+--~+%.
We assume that the domain Q is partitioned into several sub-domains, and a is constant on
every of these sub-domains. The function a, however, is allowed to vary by several orders of
magnitude between different sub-domains, e.g., as depicted in Figure 4.1.
This PDE models, e.g., the stationary temperature distribution # in some material that is
heated or cooled. The heating or cooling is described by the function f while the temperature
at the boundary is held fixed at the value described by g. The coefficient a then is the thermal

Q

X2

a=1 a=10°

X1

Figure 4.1.: The domain Q is split into two sub-domains where the value of a is different.
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X2
T —— ——
X X XX
i

Figure 4.2.: The domain Q split into control volumes €;. The crosses mark the degree of
freedom of the control volume.

conductivity [78]. When a is large at position x, then the material conducts heat very well at
this point, i.e., heat is transferred fast through the material. If a is small, then the material
insulates heat well, i.e., the heat is transferred slowly. The value of a jumps by several orders
of magnitude, e.g., when the domain Q is filled with different materials that have different
thermal conductivities.

The jump in the coefficient a causes problems when discretizing the PDE (4.1); it is well
known that the solution Vu will not be continuous in general. Thus, approximating the
derivatives by ordinary finite differences leads to large errors. In this case the finite volume
method [44, 68, 73] is a better approximation.

4.1.1. Finite Volume Method

The finite volume method can be applied to a wide variety of domains. However, since the
principles of the method can be well explained by deriving the method for a specific domain,
let us for simplicity assume that Q € R? and that Q is a rectangle. The main idea of the
finite volume method is to partition the domain € into small (non-overlapping) sub-domains
Q;—the control volumes. Again, for simplicity assume that the control volumes Q; are
rectangles as depicted in Figure 4.2 and that the coefficient a is constant within a control
volume. We assign a degree of freedom to every control volume €2;. In our case, if the
control volume lies in the interior of the domain we choose the function value u(x;) at the
center x; of the control volume; if the control volume lies at the boundary of the domain
we locate x; at the boundary. The degrees of freedom are marked by crosses in Figure 4.2.
These are the positions where we want to compute the function values of u.

To determine u(x;) fori = 1,...,n we need a set of n equations—one equation for every
degree of freedom, i.e., for every control volume ;. We obtain n equations by integrating
both sides of the PDE (4.1a) over Q, fori = 1, ..., n. Thus, we demand that

—/ V'(aVu)dV:‘/de for i=1,...,n. 4.2)
Q; Q;

i
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4.1. PDEs with Jumping Coefficients

This set of equations still involves all function values of u. Since, we want to compute u only
at the points x;, we need to approximate the integrals in a way that involves the function
values of u only at the points x;. Furthermore, we need to approximate the integral on the
right hand side, as its exact value will be usually not available.

The integral on the right hand side of (4.2) is readily approximated by the midpoint rule.
Thus, if we denote k| as the width and &, as the height of the control volume then

/ fdV = hihy - f(xi1, xi2) . 4.3)
Q;

The first step is to relate neighboring control volumes by using Gauss’ divergence theorem
[4, 20, 43], which states that for a vector field F' : Q — R we have that

/V-FdV:/ (F,n)ds,
Q oQ

where 7 is the outward-pointing unit normal of Q. Applying this equation to the left hand
side of (4.2) yields that

—/ V- (aVu)dV = —/ (aVu,n)dsS.
Q; Q;

In our case the control volumes €; are rectangles with sides &; = {e; n, ;. w» €i.s, €i.c }, Which
are shown in Figure 4.3. Thus, the integral over the boundary of ); becomes a sum over the
integral over the edges, i.e.,

- V- (@aVu)dV = — Vu,n)ds . 4.4
/Qi (aVu) eez&/ewum (4.4)

Consequently, we are left with the approximation of the integrals over the edges.

Let us approximate the integrals over the edges. We start with the east edge e; . of the ith
control volume ;. In the following we focus only on the edge of one control volume. We,
therefore, suppress the index i, i.e., x is the center of the control volume we consider and e,
is its east edge. First of all, since the normal of the edge is pointing in the x;-direction,

— [o)
/e(aVu)-ndS—'/ea-a—)’:ldS.

If we denote &, as the width of the control volume and 4, as the height we have

xy+hy /2 A
‘/e(aVu) -ndS = /x ag—)’(‘l (x1 + 5, xz) dx; .

2=hy/2

Recall that we assumed a to be constant on €2;. Thus, application of the midpoint rule yields
that

/(aVu) -ndS = hy - a(xy, x3) - g—)’:l(xl + %, x2), 4.5)
€e
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A
_____ : €in :____________
N
b
5
X2 T & X O X
5 €is 5
' = i s
I
x| (n1+3)  (a+m)

Figure 4.3.: The edges and edge mid-points of a control volume.

where we used that a(x; + %, x2) = a(xy, x2). It remains to approximate the partial derivative
of u in x;-direction at the point (x; + %, x2).

The approximation of the partial derivative requires some special care. The coefficient
a can be discontinuous at the point (x; + %, x2). Hence, the partial derivative 66_;:1 can be
discontinuous at that point, too, implying that a Taylor series expansion of u is only an
approximation of u to the point of discontinuity, but not beyond. Thus, we approximate the

partial derivative by

h _
I S R

Therefore, we need to find a way to approximate u(x; + h_21, X2).
To approximate the function value at the control volume midpoint we use the following
relation. We know that the flux aVu is continuous, in particular that

ou ou
lim a(x,x)  ——(F,x) = lim  a(x, ) ——(,x).
- 1 axl _ 1 ax]
X/ \xi+5 fN|xtg

If we plug in the approximation (4.6) for the left hand side and a similar finite difference for
the right hand side we get the equation

u (x1 + hl,xg)—u(xl + %,xz)

hi/2

u (x1 + %, xz)—u(xl, xz)

hi/2

=a(x; + hi, x2) -

a(xy, x2) -
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Solving for u (x] + %, x2) gives that

( hy ) _alxy, x)u(xy, x2) + a(xy + hy, x2)u(xy + hy, x2)
ulx + 5, X2 | = >
a(xy, x2) + a(xy + hy, x2)

which can be plugged into (4.6) to yield after a few algebraic simplifications that

ou ( h
— (x1 + 5 xz) ~
a)q 2

2 a(xy + hy, x2)

_ + h N —_ . . 4‘7
hy  a(xy, x) + a(x; + hy, x) u(xy + hi, x2) = u(x1, x2) 4.7)

We have arrived at an expression that involves the values of u only at x; fori = 1,...,n.
Hence, it remains to put the individual pieces together.

To obtain the final set of equations we start by substituting (4.7) back into (4.5), which
gives that

/ (aVu) - ndS ~ we - [u(xe) - u(x)] where

_ & ) a(x) - alxe)

= hi, d = : 4.8
Xe = (x1+hi,x) and  we ) +ata) (4.82)
Similarly if we define
2h - a(xy
Xy = (x1 = b1, x2), wy = 2 80 al) (4.8b)

hooa(x) +a(xy)’
_ _ 2 alx) - a(x)
Xn = (X1, X2 + h2), @n = a0 7 atn)’ (4.8¢)
2h  a(x) - a(xs)

xs = (x1, X2 — h2), ws = h_2 : m (4.8d)

then
/ (aVu) -ndS ~ wy - [u(xd) - u(x)] for de{ness,w}.
eq
Using that the integral over the control volume can be computed by the sum over the integrals
over the edges, i.e,

- / V- (aVu)dV = — Z (aVu,n)dSs, (4.4 revisited)
Qi e€8,~ e
we obtain
- / V- (aVu)dV ~ - Z Wy [u(xd) - u(x)] . 4.9)
Qi de{n,e,s,w}

We can now plug this approximation and the approximation of the right hand side (4.3) into

—/ V- (aVu)dV = / fdv for i=1,...,n, (4.2 revisited)
Qi Qi
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and obtain the set of equations

- Z wq [M(Xi,d) —u(x;))| = hihy - f(xi1,x2) for i=1,...,n.

de{n,e,s,w}

This is a linear set of equations which can be solved to obtain the approximations of u at the
points x;. Note that the left hand side can be represented by the stencil

—wy
—wy  (Wh + We + Ws + Wy) —we| . (4.10)

4.1.2. Fourier Analysis |

We want to construct a multigrid method that solves the linear system from the finite volume
discretization of the PDE (4.1a), whose coefficient a has a jump. To construct a multigrid
method, we need to pick a smoother and a coarse grid correction that work well together. Let
us start with the smoother.

We consider the weighted Jacobi method and want to know whether it is a suitable smoother
for this problem. To answer this question we perform an LFA for the error propagator of the
Jacobi method given by

E=1-wD'A. (1.33 revisited)

In this equation A is the matrix constructed by the finite volume method and D its diagonal
entries.

To perform an LFA we need to extend all operators to the infinite grid Gy,. The operator A
can be easily extended to the whole grid by using the stencil of the finite volume method
(4.10) for the whole grid. Then D is also defined on Gy,. The stencil, however, depends on
the coefficient a. Thus, a has to be defined on the whole space R?.

Let us consider the situation where a is constant along vertical stripes in the domain R?,
and the coefficient a alternates between a = 1 and a = 10° as shown in Figure 4.4. To use the
finite volume discretization, the jumps in the coefficient have to be aligned with the boundary
of a control volume. Furthermore, if we pick a to be periodic, then A is given by a periodic
stencil, which can be shown by an easy calculation. Thus, we choose p = n - h (with n; even)
and a p-periodic with

a(x) =1 forall 0<

_ 6
a(x)=10° forall & <

[

X1+%<
x1+%<

S

1-

In this case we know how to perform an LFA.
We compute the Fourier matrix symbols d and d of A and D using Theorem 3.30. Then

é=1-wd'a

is the Fourier matrix symbol of the error propagator of the Jacobi method. Figure 4.5 shows
the frequency emission for w = 0.8. The large values of the frequency emission are located in
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Figure 4.4.:

Figure 4.5.:

4.1.

PDEs with Jumping Coefficients

The pattern for the jumping coefficient. In the gray region a = 1 and in the white

region a = 10°.

1

0.7
2, ]

.

The values of the frequency emission of the error propagator of the weighted
Jacobi method. The method is applied to the jumping coefficient problem and

w = 0.8.
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the corners of the plot, where the low frequencies are located. In other words, the frequencies
that dominate the output of E are the low frequencies. Thus, the output should be slowly
varying, and the weighted Jacobi method is therefore a suitable smoother for the jumping
coefficient problem.

Let us now turn to the choice of an effective coarse grid correction. We need to choose:
a coarse step-size H, an interpolation P : £,(Gy) — £2(Gy), a restriction R : £,(Gp) —
6 (Gp), and a coarse grid approximation Ay : {2(Gy) — €2(Gpy). For the coarse step-size
we pick H = 2h. We have seen that the Jacobi method produces a slowly varying error
when applied to the jumping coefficient problem. Hence, as a slowly varying error is well
approximated by linear interpolation, we choose P as linear interpolation. For the restriction
we then choose R = P*.

Rediscretizing the PDE on the coarse grid with step-size H does not give a good coarse grid
approximation. Recall that the finite volume method requires that the jump in the coefficient
be located as the boundary of the control volume. Even if this condition is fulfilled for the
step-size h, it might be violated for the step-size H. Hence, we cannot choose Ay as the
finite volume discretization of the problem on the coarse grid G g but rather choose Ag to be
the Galerkin coarse grid approximation, i.e.,

Apg = RA,P.

This completes the two-grid method.
We can now analyze the two-grid method by using LFA. The error propagator of the
method is
Erg = S(I — PAZ RA,)S™. (1.35 revisited)

Since all operators on the right hand side of the equation have Fourier matrix symbols, the
Fourier matrix symbol of Etg is

érg = §2(1 — pagran)s" .

From the symbol we compute the norm and spectral radius of the error propagator Etg. We
have
r(E)=0.46 and |E| =0.91,

i.e., on the one hand the spectral radius is small, indicating an efficient method, on the other
hand the norm is large, indicating an inefficient method.

The difference between the spectral radius and the norm can be interpreted as follows. The
spectral radius describes the asymptotic behavior of the method, and a small spectral radius
means that the method works well when many iterations are performed. The norm describes
the worst case behavior of the method when just a single iteration is performed, and a large
norm means that for just a few iterations the method can indeed be inefficient.

This behavior can be explained by LFA. We have already seen that the Jacobi method
works well as a smoother for this problem; let us take a look at the coarse grid correction.
The error propagator of the coarse grid correction is

Ece = I — PAL'RA,,. (1.34 revisited)
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0.8

0.2%

Figure 4.6.: Frequency damping of the coarse grid correction applied to the jumping coeffi-
cient problem.

Thus, its Fourier matrix symbol is

écce = 1 — pay Fay .
Figure 4.6 displays the frequency damping of the coarse grid correction écgc. We see that
some high frequencies are amplified and that the largest amplification factor is 1.8. This
observation explains the behavior of the method.

During the first few iterations the error is oscillatory, and the coarse grid correction is
applied to an oscillatory function, which amplifies certain parts of its frequencies. Hence, we
expect a bad convergence rate in the beginning. During later iterations the error becomes
slowly varying and the coarse grid correction works efficiently. So why does the coarse grid
correction behaves that way?

Linear interpolation is not a good choice when we have a jump in the coefficient. As the
coeflicient is discontinuous, we expect the solution « to have a kink at the line of discontinuity.
Thus, in the beginning, when the error is just the solution, linear interpolation should be able
to interpolate functions with a kink. Linear interpolation, however, approximates a point
badly if the kink appears between two neighboring coarse grid points. Therefore, we need a
better interpolation, which we derive in the next section.

4.1.3. Adaptive Interpolation

We shall describe the operator dependent interpolation introduced in [3, 17]. As the name
suggests, this interpolation operator is derived from the stencil of the jumping coefficient
differential operator in (4.1). We first describe how linear interpolation can be derived from
the Laplace operator, then we show how this idea carries over to the differential operator
from (4.1).

Linear Interpolation

Linear interpolation is not well suited for the jumping coefficient problem. If the coefficient
a is constant then we know that Vu is continuous. If a is discontinuous, however, Vu is not
constant—only aVu is. We shall see, why this fact is a problem for linear interpolation.
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Q,:O0VAO
Qg:0O

Oop>oOop> 0O
4 040K
4 040K
Oop>oOop> 0O

Figure 4.7.: The splitting of the grid into coarse and fine grid points.

Let us show how the assumption that Vu is continuous, naturally leads to linear interpolation.
Consider the following 1D interpolation problem. Let xo < x; be given. We want to
approximate a function u on the interval [xp, x;] by a function i, and we know the values
u(xp), u(xy), and that u” is continuous. That &’ is continuous means that it can be approximated
locally by a constant. Thus, we want that our approximation # fulfills that &’ is constant,
i(xo) = u(xg), and @(x;) = u(x;). This constraint, however, completely determines & and i is
linear interpolation of the points (xo, u(xo)) and (xy, u(x)).

The assumption that #” is continuous is crucial for & being a good approximation to u. If
u’ is discontinuous then the graph of u is in general not well approximated by a straight line.

Let us now construct an approximation i of a function u defined on Gy, using only the
function values at Gyy. In other words, we know the function value of u at the squares,
shown in Figure 4.7, and want to approximate u at the triangles and circles. The values at the
triangles can easily be interpolated by the one dimensional interpolation discussed above.
The values at the upward pointing triangles can be interpolated from the values at the squares
above and below the triangle. The values at the downward pointing triangles can interpolated
from the values at the squares to their left and right. Approximating the values at the circles
requires a bit more work.

The function values at the circles could be approximated by the 1D interpolation from the
already interpolated values at upward pointing triangles or from the values at the downward
pointing triangles. We show, however, another approach that generalizes to the jumping
coefficient case. Let us assume that there is an approximation function #i. We know that Vi
is continuous. Hence, it is reasonable to require that g—)’fl and g—)’fz are constant, which implies

2 2 -
that % =0and % = 0. Therefore,
1 2

This is the Poisson equation and we have the approximation
Apii(x) =0

given in (1.49). Thus,

i (0x0) + (xe) = 4(x) + 1x,) + (%)) = 0,
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where we used the notation from Section 1.5.2. The last equation implies

(x) = 4 (00) + ) + (%) + i(x))

A simple calculation shows that this formula is the (bi-)linear interpolation introduced in
(1.50).

Operator Dependent Interpolation

In the case of a jumping coefficient we cannot assume that Vu is continuous. However, aVu
can be assumed to be continuous. We shall derive an approximation to i along the lines of
the previous section.
Let us start with the 1D case. We assume that
1. we are given the points x; < ¥ < x, and function values u(x1) and u(xy),
2. the coeflicient a is piecewise constant and has one jump at ¥, i.e.,

) a; forx < x,
a(x) =
ap forix < x,

with a1, a; € R, and
3. the functions u and au’ are continuous.
Let us construct an interpolation function i. We know that au’ is continuous, consequently
we assume that if aii’ is equal to a constant ¢, then # is a good approximation for u. This
condition is fulfilled if

» c/a; forx < X,
i'(x) = i}
c/ay forx > X.

Integrating i’ yields

. di+c/a;-x forx <X,
i(x) = _
dy+clay-x forx > x.

We want ii(x;) = u(xy), ii(x2) = u(x2), and i to be continuous, i.e., lim »z ii(x) = lim 5 i(x).
These equations can be written as

C
dy + — - x1 = u(xy),
aj
C
dr + — - x2 = u(x),
aj
c c
d1+—-x :d2+—-x.
aj aj

These three equations form a linear system w.r.t. the variables d;, d,, and c¢. Solving the

system for ¢ gives
ay - ap
c

[u(xz) - u(xl)] . 4.11)

T G-xDaz+ (- Dar
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Knowing ¢, we can easily compute d; and d>.

With this knowledge we can turn to the case of the finite volume method. In this case, the
coefficient can be discontinuous at the left and at the right boundary of the control volume.
Thus, if we want to interpolate the function value at the center of the control volume, we
need to construct an interpolation function where a is allowed to have two discontinuities
instead of one.

Let xo, h; € R, and let us assume that we know u(xo — k1) and u(xg + h1). Furthermore
the coefficient a is given by

a forx<x1—h1,
a(x)=qay, forx;—h; <x<xy+h,

ay; forxo+h <x.
We want to find an approximation i for # with
i(xo — hy) = u(xog— h1), i(xg+hy) =u(xo+hy), and ai’ constant.

These are nearly the same conditions as for the approximation of the beginning of this section.
The only difference is the number of jumps of a. We can, however, reduce this problem in
the following way to the case considered before. Let

- iw(x) forx < xp,
i(x) :=
ie(x) forx > xg,

where

fiw(xo — 1) = u(xo — hy), itw(x0) = yo, ail’ constant for x < xo,

iie(x0) = yo, iy (xo + hy) = u(xg + hy), aii’ constant for x < xg .

In other words, the function u,, approximates the left half of u while the function u.
approximates the right half of u. In order to guarantee that aii’ is constant, we need that

aity,(xo) = aiil(xp) . (4.12)
Note that aii}, = ¢, which we can use in (4.11) to obtain that

2 ay - ap

aiy,(xo) = . [yo —u(xo — hl)] :

h] ay +ap

We realize that the factor on the right hand side is ‘;l’—;v from the finite volume method (4.8).
Thus,

~/ w
aity,(x0) = h—;” : [yo — u(xo — hl)] :
In a similar way,

ay - as

~/ 2
aii(xp) = — -

We
: +hy) - ] = e [ +h) = ol .
ot [M(Xo 1) =0 n u(xo + h1) = yo
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Plugging these formulas for aii;, (xo) and aii’(xp) into the equation (4.12), we have that

w

W _ We _
T )’O_M(Xo_hl)] = [M(X0+h1) Yol -

This equation can be solved for yg, which gives that

y0:L-u(xo—h1)+i-u(xo+h1). 4.13)
Wy + We Wy + We
From this equation we see that the interpolation weights for the interpolation operator, needed
for the finite volume method, can be derived from the stencil of the finite volume method.
Therefore, this interpolation is also called operator dependent interpolation.

Let us now consider the case of a 2D grid. We want to construct an interpolation that
takes the function values u(x) for x € Gy, and gives an approximation i#(x) for x € Gy. From
Figure 4.7 we see that we need to consider four cases.

(1) We consider a point x € Gy, denoted by a square in Figure 4.7. Since we know the
function value u(x) for x € Gy, we set

iw(x) = u(x).

(2) We consider a point x, denoted by a downward pointing triangle in Figure 4.7 that is
located on the horizontal line between two points from Gpp. As these two points and x lie on
a line, we can use the 1D interpolation formula (4.13), i.e.,

w w,
ﬁ(X) =Y . u(x1 — h],X2) + — . u(x1 + hl,xz).
ww +we a)W +we

(3) We consider a point x, denoted by a upward pointing triangle in Figure 4.7 that is
located on the vertical line between two points from Goy. Like in the second case we set

Ws

i(x) = “u(xy, X2 = ho) +

~u(xy, X2 + hp) .
ws + Wy ws + Wy

(4) We consider a point x, denoted by a circle in Figure 4.7 that is at the center of four
coarse grid points. In this case we compute ii(x) by using the points computed in the second
and third case. As we stated earlier, under the assumption that aVu is continuous, it is
reasonable to assume that i is a good approximation if ag—z and ag—)’fz are constant, implying

that
0 oi 0 il
—|a—1]=0 d —([a—1|=0.
6x1 (d (9)61) an 6)62 (aa)q)
Adding the two equations yields
V- (aVi)=0. (4.14)
Recall that
—/ V- (aVu)dV ~ — Z Wy [u(xd) - u(x)] (4.9 revisited)
Q; de{n,e,s,w}
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and the volume of the control volume ; is A - hy. If we assume that the control volume is
small, then

V@i x> wd[ﬁ(x)—ﬁ(xd)].
de{nes,w}

Plugging this approximation into (4.14) and solving for #i(x) then gives

N 1 _ N N -
(x) = : [wnu(xn) + well(Xe) + wsii(xs) + wwu(xw)] .
Wh + We + Wy + Wy

Remark 4.1. This interpolation is only a good choice for a two-grid method. Using this
interpolation in the Galerkin coarse grid approximation leads to a 9-point stencil. Thus, for
the third level the interpolation should be adapted. For the adapted version of the interpolation
see [3, 17].

4.1.4. Fourier Analysis Il

The adaptive interpolation, introduced in the previous section, allows us to construct a new
two-grid method. Let P be the adaptive interpolation, let the restriction by given by R = P*,
and let the coarse grid approximation fulfill Ay = RA, P = P*ApP. Furthermore, we choose
the Jacobi method for smoothing the error. These choices determine the two-grid method.

We can analyze the effectiveness of the new method by inspecting the Fourier matrix
symbols of the involved error propagators. We start with the symbol of the error propagator
of the coarse grid correction, which is given by

A4 AL AR A A\— 1 A% A
écce = 1 = p(p*anp)~" p*an,

where p and aj, are the Fourier matrix symbols of P and A. Figure 4.8 shows the frequency
damping of écgec. When comparing this Figure to Figure 4.6, we see that the large
amplifications of some of the oscillatory modes are gone when using the adaptive interpolation.
Thus, the new coarse grid correction can be used with oscillatory functions. In this case the
slowly varying part of the error is reduced, while the oscillatory part remains unchanged.

The Fourier matrix symbol of the error propagator of the whole two-grid method gives
further information about the effectiveness of the method. The symbol of the two-grid
method is

A AV A AV
érg = 87 - écgc - 8",

where § is the symbol of the error propagator of the Jacobi method. From the symbol érg
we compute the norm and spectral radius of the error propagator. The results for the new
two-grid method and the two-grid method that uses linear interpolation are listed in Table 4.1.
In there we see that the adaptive interpolation reduces the norm of Etg substantially, meaning
that the new method works better during the first iterations than the old one. Furthermore,
we see that the spectral radius is also reduced, i.e., the asymptotic convergence rate improves.
All in all, the method is improved by using the adaptive interpolation.
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Figure 4.8.: Frequency damping of the coarse grid correction with adaptive interpolation
applied to the jumping coeflicient problem.

Linear Interpolation = Adaptive

r(Erg) 0.46 0.36
lExgl| 0.91 0.53

Table 4.1.: Comparison of linear interpolation and adaptive two-grid method.

4.1.5. Numerical Evaluation

Local Fourier analysis is an idealized analysis. It assumes that the problem is posed on an
infinite grid, while in real computations we can, of course, only work with finite grids. Thus,
we want to compare our prediction, that the spectral radius of the adaptive two-grid method
o(Etg) = 0.36 (see Table 4.1), to an actual run of the method.

For the finite grid we choose the domain by Q = (0, 1) X (0, 1), as the unit square, and apply
Dirichlet boundary conditions on dQ. We discretize the domain by a regular 33 x 33 grid.
Furthermore, we choose the coefficient a(x) in the following way. In the center of the domain
we let a(x) alternate in the x; direction between 1 and 10° eleven times. More precisely, we
change the value of a(x) in this area changes every two control volumes. Thus, in this area,
the coeflicient a consists of eleven strips of width 2/4. For this case we compute the spectral
radius of the adaptive two-grid method with Jacobi (w = 0.8) and obtain p(E%‘l) = 0.36,
which is in perfect agreement with our prediction.

When running the method on a finite grid, we observe that the number of jumps does
not influence the convergence rate. Hence, we wonder whether the Fourier analysis is also
able to predict the behavior of a domain that contains just one jump. Thus, we run the same
experiment again with

10° ifx; <1/2
a(x) = .
1 ifx >1/2

When we compute the spectral radius, we obtain p(E%‘l) = 0.36, which is still in perfect
agreement with the prediction, even though we have just one jump in the domain and our

analysis assumes that we have infinitely many jumps.
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4.2. Block Smoothers

In every iteration pointwise smoothers solve a large number of linear systems in one variable;
block smoothers solve fewer linear systems, but each system has more than one variable.
We shall show, using Fourier matrix symbols, how this difference affects the smoothing
properties of the methods.

4.2.1. Block Jacobi

The block Jacobi method is a generalization of the Jacobi method. It has often a better
convergence rate than the plain Jacobi method but requires a larger amount of arithmetic
operations per iteration.

Derivation of the Block Jacobi Method

Recall the basic idea of the weighted Jacobi method. The method produces a sequence

of iterates ug, uy, . ... To compute the (k + 1)th iterate the method computes corrections
V1, ..., vy. Then the new iterate is computed by adding the corrections to the old iterate, i.e.,
el = U +w- (Vi + -+ vy,). (1.17 revisited)

Let us for simplicity of the discussion assume that w = 1. Thus,
U+l = U +VI+--FV,.
From this equation we obtain that the (k + 1)th residual is given by
Py = = A +vi+---+v,) =1y —Avy —--- = Ay,

The correction v; is chosen such that the ith component of the correction residual, which is
given by
ruk+vi = b_A(uk + vi) = ruk _AVi,

is zero. Thus, the ith component of Av; annihilates the ith component of the residual 7, . If
the ith component of the residual is nonzero then the ith component of Av; is nonzero. The
vector Av;, however, has in general further nonzero entries. If we would just apply the ith
correction this fact would not be a problem. After the correction the ith component of the
residual would be zero. We apply, however, further corrections v; and for some of them
the ith component of Av; is nonzero, which changes the ith entry of the residual back to a
nonzero value; the corrections interfere.

In other words, the purpose of the ith correction v; is a to annihilate the ith component
of the residual. As a side-effect, however, it alters other components of the residual as
well. Thus, if the side-effect is small, the method converges fast. If the side effect is large,
the method converges slowly or even diverges. The idea of the block Jacobi method is to
reduce the side-effects by constructing corrections that annihilate multiple components of
the residual at once. Using this construction, less corrections per iteration are needed which
leads to less interference between the corrections and is done as follows.
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Let Sy, ..., S, be non-empty subsets of {1,...,n}. The ith correction should annihilate
the components of the correction residual whose indices are contained in S;, i.e.,

0= rupvy = (f — Alug +vi)); for jeS;. 4.15)

In the Jacobi method we required that the correction had the form ae; where @ € R and
e; was the ith unit vector. Consequently o was the only degree of freedom. One degree
of freedom, however, is in general not enough to annihilate multiple components of the
correction residual. Hence, we require the components of the correction v; to be zero for all
indices not in S; and allow arbitrary values for all indices in S;, i.e.,

v; € span{es : £ € S;}. (4.16)

When the corrections have been computed we can update the iterate. The new iterate is
computed from the old iterate by

sl = U +w - (Vi + -+ V). “4.17)

The difference to the update (1.17) is that we now apply only m corrections instead of n.

The method that we described so far is called block Jacobi method, if the sets Sy, ..., Sn
form a partition of the index set {1,...,n}, i.e.,

1. SUSHU---US,, ={1,...,n} and

2. 5;NS; # 0impliesi = j.
Other choices of Sy, ..., Sy, are possible and lead to different methods. For example, Vanka
[70] formulated an efficient smoother for the Navier-Stokes equation. This smoother uses a
partition with §; N S; # @ fori # j. If we, however, restrict ourselves to the case of the block
Jacobi method, the method can be written in a compact form.

Theorem 4.2. The block Jacobi method given by equations (4.15), (4.16), (4.17) and the
partition Sy, . .., Sy, can be written in the form

Ups] = U + a)D_lruk, (4.18)

where D is defined as follows. Let b : {1,2,...,n} — {1,2,...,m} the function that assigns
every indexi € {1, ...,n} the index of the partition the index i is in, i.e.,

i€ Sb(,-) .

Then the entries of D are give by

ij T € Sy
d,,:{“f Y7 € S (4.19)

0  otherwise.
Thus, the error propagator of the block Jacobi method is
E=1-wD'A. (4.20)

Furthermore, there exists a permutation of the indices such that D is block diagonal.
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Proof. Letus define v := v + - -+ + v,,,. Then the iteration update (4.17) can be written as

Uk+1 = U + WV. “4.21)
We shall see that the vector ¥ can be computed without computing the individual vy, .. ., vy,,.
Since the sets Sy, . . ., S, form a partition of the index set and v, is non-zero only for the

components whose index is in S¢, for every i there is precisely one vector, the vector vy, (),
that has a (potential) non-zero in position i. It follows that

With this knowledge we can compute 7.
From (4.15) we have
0=|f = Al +v0)| = |r —Ave| forall ieSande=1,...m.
4 L
This equation is equivalent to
n
ui = [Ave| = ayve; forall ieSpand€=1,...m.

i =

The entry v, ; is zero if j ¢ S, which implies

Fui = Y aive; forall ieSand€=1,...,m.
JESe

Substituting b(i) for £ and then using (4.22), we obtain that

n
Nugoi = Z aijVb(j).j = Z aijVj:ZdijVj for i=1,....n
=1

JESb() JESb(i)

The right hand side of this equation is a matrix vector product, meaning we can write the
equation as r,, = DV, which implies # = D~'r,, . Plugging this form of # into (4.21) gives
the desired iteration update (4.18).

The equation for the error propagator (4.20) follows from equation (1.32). Thus, it remains
to show the statement about the block diagonal permutation of D.

It can be shown that a matrix A can be written in block diagonal form, if there exists a
partition S, .. ., S,, of the index set {1, ..., n} such that

i€Scandj ¢S, implies a;; =0.

The matrix entry d;; = 0if j ¢ Sp(;). Now i € Sp(;) by definition of b(i). Thus, D can be
written in block diagonal form. O

In case that we consider a grid-based problem we can give the stencil representation of the
matrix D. Recall that in a grid based-problem every index i corresponds to a position X on
the grid Q. In this case the stencil form sp of D is given by

sax(y) if(x+y) € Spw),

(4.23)
0 otherwise,

SD,X(Y) = {

where s 4 is the stencil of A.
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Analysis of the Block Jacobi Method

Let us use LFA to analyze the block Jacobi method and compare it to other smoothers.
Especially, we want to know whether the block Jacobi method is a better smoother than the
plain Jacobi method. Furthermore, we investigate how the block size affects the smoothing
effect of the method.

To analyze a problem by LFA we need to formulate the problem on an infinite grid. We
see from the error propagator of the block Jacobi method (4.20) that we need to define the
operators A and D on the infinite grid Gy.

Let us assume for simplicity that the operator A can be given by a constant stencil on Gy,.
We can then derive the operator D from the stencil of A. To define D we need to partition the
grid Gy. Now that we have infinitely many grid points we can partition the grid into infinitely
many subsets. Thus, we assume that we have a partition S; for i € J for some index set 7.
Also in this case there exists a map b with X € S,y for all X € Gy, and the stencil of D is
given by (4.23) and the block Jacobi method by (4.20).

We can analyze the block Jacobi method only for special choice of the partition. The
partition we are interested in splits the grid into regular, rectangular blocks, i.e., it is given by

Si=i-n+7, where T,={h-k:0 <Kk < n}, (4.24)

which is a reasonable choice for the following reason.

The convergence rate is often bad, when the corrections v; interfere strongly with each
other. Furthermore, in many applications the corrections corresponding to neighboring grid
points interfere strongly, i.e., often the components of Av; that correspond to neighboring grid
points of x, are non-zero. Thus, computing corrections v;, where each correction collectively
annihilates the components of the residual which correspond to neighboring grid points, is
reasonable.

The choice of the partition (4.24) ensures that the stencil sp is periodic. Thus, by using
Theorem 3.30, we have that A and D have Fourier matrix symbols 4 and d, and from formula
for the error propagator (4.20), we have the Fourier matrix symbol of the error propagator of
the block Jacobi method,

é=1-d'a.

We can now use this formula to examine a concrete example.

Consider the application of the block Jacobi method to the discrete Poisson equation in 2D
(1.49). We wonder whether the block Jacobi method is a better smoother for this problem
than the plain Jacobi method. Hence, we plot the frequency emissions (see Section 3.4.2) of
the error propagator. The result is shown in Figure 4.9 for different block sizes n. We see
that the large values of the frequency emission are located in the corners of the plot. As the
low frequencies are located in the corners we conclude that the block Jacobi method reduces
the high frequencies well. Thus, the method is a suitable smoother. Furthermore, when the
block size increases, the large values of the frequency emission move closer to the corners of
the plot. To make use of this observation, consider the following.

The smoothing factor indicates the quality of a smoother w.r.t. a coarsening range ¢. To
compute the smoothing factor, the smoother is combined with an idealized coarse grid
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Figure 4.9.: Frequency emission of the block Jacobi method applied to the discrete Poisson
equation in 2D.
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Figure 4.10.: Low ¢,h-harmonics for different coarsening ranges c.

coarsening block size
1 2 4 6 8
2 0.60(0.80) 0.40(0.80) 0.39(0.85) 0.39(0.85) 0.38(0.86)
4 0.86(0.93) 0.77(0.88) 0.63(0.86) 0.60(0.86) 0.58 (0.87)
6 0.93(0.96) 0.88(0.94) 0.81(0.90) 0.73(0.90) 0.70(0.89)
8 0.96(0.98) 0.93(0.96) 0.87(0.93) 0.84(0.92) 0.77 (0.91)

Table 4.2.: Smoothing factor of the block Jacobi method for the optimal weight (parenthesis).

correction. This coarse grid correction eliminates the low ¢,h-harmonics. Thus, a smoothing
method whose output mainly consists of low ¢,h-harmonics has a small smoothing factor,
which means that it is a good smoother. Now, as the low ¢,h-harmonics depend on ¢, so does
the smoothing factor. When we increase ¢ the low ¢,h-harmonics move closer to the corners
of Oy, as Figure 4.10 illustrates. Therefore, to be effective for large ¢, a smoother has to
return functions whose frequencies are closer to the corners, than for small ¢. Now, this is
the behavior of the block Jacobi method for large block sizes b.

Let us consider the question, whether the block Jacobi method is a good smoother for
large coarsening ranges ¢ and how large the block size b has to be. We start by taking a
look at the smoothing factors for different values of ¢ and b. Recall that the block Jacobi
method has a parameter, the weight, that needs to be chosen. We pick the weight that
minimizes the smoothing factor! and list the corresponding values in Table 4.2. In the table
we see that picking the block b equal to the coarsening range ¢ yields small smoothing
factors. Furthermore, with this choice, the smoothing factor grows only moderately. Thus,
we conclude that the growth of the smoothing factor caused by increasing ¢, can be partly
compensated by increasing the block size of the block Jacobi method.

4.2.2. Aggressive Coarsening

The smoothing analysis from the previous section suggest that block smoothers allow us to
use larger coarsening ranges. In case that the coarsening range c is large, we say that the

IThe smoothing factor is determined using LFA.
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method uses aggressive coarsening [7, 13, 14, 50]. We shall introduce and analyze a two-grid
method for the Poisson equation that uses aggressive coarsening and block smoothers.

Aggressive coarsening is useful, as it reduces the size of the coarse grid system. Conse-
quently, the cost of solving the coarse grid system is reduced. The downside is that in general
the convergence rate becomes worse. There can be, however, an overall benefit.

In parallel multigrid computations aggressive coarsening can be used to increase the
overall performance of the multigrid method. In a parallel computation the grid is distributed
along the available processors. Thus, on a very coarse grid each processor is only responsible
for the computation of a few grid points. As communication is usually more expensive than
computation, the time for computation is dominated by communication efforts. This situation
then leads to a bad utilization of the available processing power. Aggressive coarsening can
reduce this effect, because fewer coarse grids are needed, and most of the computational
work is done on the finer grids where the hardware is utilized well.

We consider a two-grid method for the Poisson equation that uses aggressive coarsening.
Under these conditions we want to analyze the effect of the block Jacobi method and its
block size. To determine the method we need to give the smoother, interpolation, restriction
and coarse approximation that we want to use. As already mentioned, we use the block
Jacobi method as a smoother, then we use bi-linear interpolation, the restriction operator
that is induced by linear interpolation (Definition 1.7), and rediscretization for the coarse
approximation.

Until now, we have only given the formula for linear interpolation when ¢ = 2, see (1.50).
In the next section we derive the formula for larger coarsening ranges.

Linear Interpolation

We derive the formula of the (bi-)linear interpolation in 2D for arbitrary coarsening ranges.

Lemma 4.3. Bi-linear interpolation of the values yoo, y10, Yo1, Y11 at the points (0, 0), (cy, 0),
(0, ¢p), (c1, ¢c2) gives the function f that is described by

flx) = ameamn) g g nlomn) Ly Qo0 Ly g 22y,
Proof. Bi-linear interpolation is a combination of three linear interpolations. First the values
¥ and J; at the points (x1, 0), (x1, c2) are computed by linear interpolation in x;-direction.
Then the value f(x) is computed by linear interpolation in x,-direction from ¥ and j, as
Figure 4.11 shows. A well known formula for linear interpolation gives ¥y and Jo;

X1 X1 X1

Yo = + Y10 - and y; = yor - + yi1 -

The function value of the interpolant f can be computed using the same formula; we obtain
that

f(X) = 3o 2+ 3
Plugging the formulas for Jp and ; into the last equatlon, we get that

£ = (oo

Expanding yields the desired equation. O

X2
c

l+y10 )‘C2X2+(y01 1+y]1 )
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Figure 4.11.: Construction used in bi-linear interpolation. The points Jiy and ¥; are obtained
by linear interpolation. From these points linear interpolation gives f(x).

Let us now derive the stencil representation of the (bi-)linear interpolation. This represen-
tation allows us to analyze this interpolation by LFA.

Theorem 4.4. Linear interpolation is given by Py Piyj, where Py is give by the stencil

ez 10 otherwise.

v v 1 Jler=li(ea = li2l) ifli| < cr and if lia] < ca,
s’'i-h)= .

Proof. We want to write the interpolation in the form

[Pul(xp +k-h) = > si(y) - ulxp +Y), (4.25)

YE€Gen

where X, € Gep and k = 0,...,¢ — 1, such that we can apply Theorem 3.8. Bi-linear
interpolation commutes with shifting the origin and stretching the coordinate axes. Thus,
without loss of generality we can compute the interpolant in the coordinate system given by
k and assume that we are looking for the interpolant at position k determined by the function
values at the points k = (0, 0), (¢, 0), (0, ¢2), (c1, ¢2). These points are the coarse grid points.
If we define the stencil

(c1=k1)(ca—k2) ifi=(0,0)

c1Cc
ki(ca—ka) ies
oo ifi= (C], O),
. —kp )k o

sk(i-h) = % ifi =(0,c),
kiky .
m ifi= (Cl, C2)
0 otherwise.

then (4.25) equals the formula for bi-linear interpolation from Lemma 4.3. We see that for
every value of k we have a different stencil. Thus, we want to use Theorem 3.8 to write the
interpolation using only one combined stencil.
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As we have written the interpolation in the form of equation (4.25), we can apply
Theorem 3.8, which states that the combined stencil s’ is given by

s'G-c-h—k-h)=s¢({-c-h),

where j € Z4 and k = 0,....,c — 1. Plugging the formula for sy into the current equation
gives that
o) it e = (0,0),
o) ifjee=(c1.0),
s'GG-c-h—k-h)= % ifj-c=(0,c), (4.26)
e ifj e = (c1.c).
0 otherwise.

We would, however, like to have a formula for s’(i - h), wherei =j-¢—k.
Using the relation i = j - ¢ — k we can express k and the conditions in (4.26) in terms of i.
We have:
1. All values of i, for which j; - ¢4 = 0 holds are given by

ig=—-kg for k;=0,...,cq—-1.

Thus
kg=—-ig and j;-cq=0 if —c4<ig<0. (4.27a)

2. All values of iy for which j; - ¢4 = ¢4 holds are given by
ig=cq—kqg for kg=0,...,cq—1.

Thus
kqg=cq—ig and jg-cqg=cq if 0<ig<cqy. (4.277b)

Therefore, using (4.27) we can rewrite (4.26) to obtain

(c1+i)(ca+iz)

i if —c; <i; <0and —¢p <ip <0,
(serh) if ) < iy < cqand —cy < iy <0,
s'(i-h) = % if —c; <i; £0and 0 < ip < ¢y,
asioh) if 0 <iy <cpand 0 < iy < o,
0 otherwise
(cr=lit)(e2=lia]) if-c<i<ec,
- c1c2 O
0 otherwise.
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The restriction which is induced by the (bi-)linear interpolation is easily obtained by using
Theorem 4.4. Recall the definition of the induced restriction from Section 1.3.7, and let sl’, be
the stencil given in Theorem 4.4. Then a little calculation show that the stencil of the induced
restriction sy, is given by 1

sg(y) = SeeGy 7@ sp(y) -
Remark 4.5. The results from Lemma 4.3 and Theorem 4.4 can be generalized to arbitrary
dimensions. The proofs for the dD case are very similar to the 2D case, however, they are
notationally intense. Therefore, we shall only state the results.

Assume there exists a point ¢ > 0 and values y; fori =0,...,1. Let
0 ifi; =0,
Pri= e it = 1.

The multilinear interpolation that interpolates the values yj at p; gives the function f with

o St (e —x ifij=0
f(X)_Zd Zl—[ Xj ifi; =1 i

=16 iz0 \ j=1

The stencil of the multilinear interpolation is

(c1=li1D)-(ca=lia])-(ca=lial) if [i| < ¢
s'(i-h) = ’

cl-crCq
0 otherwise,

which is obtained from the formula above.

Analysis

We use two-grid LFA to analyze the multigrid method for the Poisson equation described
above.

Figure 4.12 shows the frequency damping plot of a two-grid method and aggressive
coarsening applied to the 2nd order finite difference discretization of Poisson’s equation. It
demonstrates that the combination of (pointwise) Jacobi and aggressive coarsening fails to
reduce some of the high frequency errors. However, this problem disappears if we use the
block Jacobi method with a sufficiently large block size.

In Table 4.3 the spectral radii of the two-grid error propagator for different coarsenings ¢
and different block sizes of the block Jacobi method with w = 0.8 are presented. It turns out
that choosing the block size equal to the coarsening range can compensate for the growth
in the spectral radius caused by aggressive coarsening to some extend. Furthermore, we
observe that not choosing the block size as a multiple of the coarsening range has negative
effect on the convergence rate.

A similar effect can be seen in Table 4.4. This table shows the spectral radii of the error
propagator of the two-grid method for different block sizes and coarsening ranges. However,
we computed for every parameter combination the weight of the block Jacobi method that
minimizes the spectral radius of the error propagator. We can see that the results are improved
compared to the previous table. The improvement, however, is only minor. We therefore
conclude that for this setting a choice of w = 0.8 leads to good results.
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Figure 4.12.: Frequency damping plot of a two-grid method with aggressive 4 X 4 coarsening
and a Jacobi smoother (left) and a 4 x 4 block Jacobi smoother (right).

coarsening block size

1 2 4 6 8

036 032 027 026 0.25
0.76 0.62 038 045 035
0.88 0.79 0.68 0.47 0.58
092 085 076 0.74 0.55

o N B~ N

Table 4.3.: Spectral radius of the two-grid method with aggressive coarsening and block
Jacobi smoothing.

coarsening block size

1 2 4 6 8

0.36 (0.80) 0.25(0.74) 0.22(0.75) 0.22(0.75) 0.22 (0.75)
0.75(0.93) 0.61(0.88) 0.38(0.79) 0.43(0.84) 0.35(0.80)
0.88 (0.96) 0.78 (0.94) 0.67 (0.90) 0.47(0.83) 0.56(0.87)
0.93(0.98) 0.86(0.96) 0.77(0.93) 0.72(0.92) 0.55(0.86)

ol

Table 4.4.: Two-grid convergence factor of the block Jacobi method for the optimal weight
(parenthesis).
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4.2.3. Red-Black Block Jacobi

The red-black block Jacobi method is a variant of the block Jacobi method. It is derived
from the block Jacobi method in a similar way as the red-black Jacobi method, introduced in
Section 3.6.1, is derived from the Jacobi method.

Derivation of the Red-Black Block Jacobi Method

The block Jacobi method computes a new iterate uy, from the old iterate u; by
Ukl = U+ @ - (Vi + -+ V), (4.17 revisited)

where vy, ..., vy, is a set of corrections, which are computed from the residual r,,, . Further-
more, each correction v; corresponds to an index set S;. These index sets form a partition of
the indices {1, ..., n}, and the jth component of v; is only non-zero if j € S;. Using these
relations, we construct the red-black block Jacobi method.

Like in the derivation of the red-black Jacobi method, the update step is split into two
individual steps, where each step applies half of the corrections. For this purpose we partition
the blocks into red and black ones, by listing the indices of the red blocks in the set R; and
the indices of the black blocks in B;. More precisely, the sets R; and By are a partition of the
set {1,...,m}. The first step is to compute the intermediate iterate uy /2, by

Ugs1/2 = Uk + @ Z Vi .
i€ERy
In the second step the new iterate is computed by the formula
Ug+1/2 = Uk+1)2 T W Z Vi .
i€By

For the second step, however, the corrections v; are computed based on the intermediate
residual r, ., ,. To analyze this method we need a formula for its error propagator.

Theorem 4.6. Let R = J;eg, Si and B = U;ep, Si- The red-black block Jacobi method can
be written as

Uerijp = ug + WZRD'ry, (4.282)

Uks1 = a1y + WZBD ™y, s (4.28b)
where D is given in (4.19),

1 ifi=jandi,je B,

0 otherwise.

1 ifi=jandi,j € R,
ZR,ij = .
0 otherwise,

and ZB,ij = {

Thus, the error propagator of the red-black Jacobi method is Ergpy = EgER, where

Egr=1-wZrD'A and Eg=1-wZgD 'A. (4.29)
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Proof. We define the vector
PR = Vi (4.30)

i€Ry
With this definition we can write the first step of the red-black block Jacobi method as
Ugy1/2 = Uk +w-VR.

Thus, to show (4.28a) we need to show that Vg = ZRD‘lruk.

To simplify the sum (4.30) we take a closer look at the vectors vy,...,v,. The jth
component of the vector v; is non-zero only if j € S;. As the sets Sy, ..., S, form a partition
of {1,...,n}, there is for every j exactly one index b(j) such that j € Sp(;. Therefore,
for every j there is exactly one vector v,;) whose jth component is (potentially) non-zero.
Hence, when computing the jth entry of Vg ;, by

VRj = Z Vijs
i€ERy

the term v,y ; is the only non-zero one, if the vector vy, ;) is part of the sum, i.e., if b(j) € R;.
Otherwise, all summands are zero. Thus,

_ V(). it b(j) € Ry,
VR’J' = .
0 otherwise.
Note that b(j) € Ry if and only if j € R, giving
_ Vb(i),j lf] € R,
Ve = 4.31
R {O otherwise. ( )

This formula can be simplified by using Theorem 4.2, which describes a representation of
the block Jacobi method.
In the proof of Theorem 4.2 we defined a vector v by

m

Vv = E Vi.

i=1
This vector has the property that v; = v;;) ;. Combining this fact with equation (4.31) we

find that
_ v; ifj €R,
vR’j = .
0  otherwise.
Using the definition of the matrix Zg we obtain that
VR = ZRV.
We know from Theorem 4.2 that # = D~ 'u;; simplifying the previous equation to

VR = ZRD_1 Uy,

which proves (4.28a).
Equation (4.28b) can be shown in a similar way and the other statements of this theorem
follow from (4.28). |
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We now want to analyze the red-black block Jacobi method. For this reason, we give the
stencil representations for all operators that occur in the error propagators of the two steps of
the method (4.29) assuming that we are dealing with a grid-based problem. The involved
operators are the identity /, the diagonal operator D, the filtering operators Zr and Zg, and
the operator A. All operators have already been considered and their stencils are known,
except the operators Zg and Zg. Their stencils are

1 ify=0andx e R,

0 otherwise,

1 ify=0andx € B,

and s = 4.32
Zux(¥) {O otherwise, ( )

5zrx(y) = {

which is easily obtained from the definition of Zg and Zg. Using these formulas we can
perform an LFA of the red-black block Jacobi method.

Analysis of the Red-Black Block Jacobi Method

We want to analyze the red-black block Jacobi method by LFA. As already discussed in
Section 4.2.1, which was about the analysis of the plain block Jacobi method, we can only
analyze the method for certain choices of the partition S;. We choose the blocks to correspond
to regular rectangles of grid points, i.e.,

Si=i-n+7, where T,={h-k:0 <k <n}, (4.24 revisited)

where n is the block size. The same choice was used for analyzing the block Jacobi method.
In addition, we define the sets R; and B; by

RI:{kEZd:k1+---+kdeven} and

By ={keZ%: ki +--+kgodd}.

These set are very similar to the definition of the red and black points for the point-wise
red-black Jacobi method (3.31). The difference is that the present definition assigns a color
to a whole block of grid point, instead of to individual grid points.

The set of all individual red grid points is R = [J;cg, Si, while the set of all black points is
B = Ujer, - Figure 4.13 shows the red and black grid points for n = (2, 3). We see that the
red and black points form red and black rectangles of grid points. Furthermore, the pattern is
periodic with period 2n. Having these definitions in place, we can now build an LFA for this
method.

We start with the error propagator of the method

Ergpy = (I — wZgD ' A)(I — wZrD ™' A), (4.33)

which we derived in Theorem 4.6. For our analysis we need to formulate all involved operators
on the infinite grid Gy. Like in the case where we analyzed the block Jacobi method, we
assume that the operator A is given by a constant stencil on the whole grid. In this case D is
represented by the stencil (4.23), and the choice of the partition ensured that the stencil of D
is periodic, as discussed in the section about the block Jacobi method. It remains to find a
representation for Zg and Zp.
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2ny

Figure 4.13.: Red and black blocks used in the red-black block Jacobi method.

We let Zg and Zg be given on the whole grid Gy, by the stencils from (4.32). From this
equation we see that the stencils sz, and sz, consist of two constant stencils: the identity
stencil, which is applied at all red/black points, and the zero stencils, which is applied at all
black/red points. We noted earlier that the red-black pattern, introduced above, is periodic
with period 2n. Therefore, the stencils of Zg and Zp are periodic with the same period.

In summary all operators in the error propagator 4.33 given by a constant stencil or a
periodic stencil. Consequently, all operators have a Fourier matrix symbol. The operator A
has a 1 X 1, the operator D has a n X n, and the operators Zr and Zp have a 2n X 2n Fourier
matrix symbol. Therefore, using a proper expansion of the matrix symbols (Theorem 3.37)
gives that Erggy has a 2n X 2n Fourier matrix symbol. We can now compute this symbol to
analyze a concrete application.

Results

We consider the discrete Poisson equation in 2D (1.48) and ask the question whether the
red-black block Jacobi method is a suitable smoother for this problem. Furthermore, we want
to know how increasing the block size n, affects the method. We start with the first question.

A plot of the frequency emission for w = 1 is show in Figure 4.14. We see a similar
behavior as with the block Jacobi method. The badly damped frequencies move closer to the
corners when we increase the block size. As the frequencies in the corners correspond to
wave functions that are slowly varying, we conclude that the red-black block Jacobi method
is a suitable smoother. Furthermore, as increasing the block size improves the smoothing
effect, we suppose that the method is also well suited for aggressive coarsening.

We check this hypothesis by conducting a two-grid analysis. The spectral radii of the
two-grid error propagator for w = 1 can be found in Table 4.5. We see that the red-black
block Jacobi method has a behavior similar to the block Jacobi method. The increase of the
spectral radius that occurs when the coarsening range grows can be partially compensated
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Figure 4.14.: Frequency emission of the red-black Jacobi method (left) and the 4 x4 red-black
block Jacobi method (right).

coarsening block size

1 2 4 6 8

2 0.072 0.033 0.028 0.024 0.015
4 051 03 0.11 0.18 0.1
6 073 055 039 0.18 0.3
8 081 067 051 047 0.25

Table 4.5.: Spectral radius of the two-grid method with aggressive coarsening and red-black
block Jacobi smoothing.

by increasing the block size of the smoother. In addition, we see that the red-black block
Jacobi method with fixed w has better convergence rates than the block Jacobi method with
optimally chosen w.

4.2.4. Numerical Evaluation

Similar to Section 4.1.5 we want to evaluate the quality of the local Fourier analysis predictions.
Our analysis assumes an infinite grid and in real applications we only compute with a finite
grid.

We pick a 96 x 96 grid with periodic boundary conditions and run the two-grid method
with different smoothing configurations. Table 4.6 shows the results for the Jacobi smoother
with weight w = 0.8, Table 4.7 shows the results for the block Jacobi smoother with optimal
weight, and Table 4.8 shows the results for the red-black block Jacobi smoother. Comparing
these Tables to the LFA predictions in Table 4.3, 4.4 and 4.5, we see that the predictions are
quite accurate.
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Coarsening Block Size

1 2 4 6 8

034 029 024 024 023
072 0.60 034 041 0.32
0.82 075 0.65 044 0.54
0.84 080 0.73 0.71 0.53

o N BN

Table 4.6.: Spectral radius of the two-grid method with aggressive coarsening and block
Jacobi smoothing for a finite grid.

Coarsening block size

1 2 4 6 8

0.34 (0.80) 0.23(0.74) 0.21(0.75) 0.20(0.75) 0.22(0.75)
0.70 (0.93) 0.61(0.88) 0.34(0.79) 0.38(0.84) 0.32(0.80)
0.81(0.96) 0.74 (0.94) 0.60(0.90) 0.42(0.83) 0.49 (0.87)
0.87(0.98) 0.80(0.96) 0.71(0.93) 0.67(0.92) 0.50(0.86)

o N B~ N

Table 4.7.: Spectral radius of the two-grid method with aggressive coarsening and block
Jacobi smoother with optimal weight (parenthesis) for a finite grid.

Coarsening Block Size

1 2 4 6 8

0.06 0.02 001 0.01 0.01
0.50 030 0.06 0.14 0.05
0.71 053 038 0.14 0.26
0.78 0.68 054 046 022

o N B~ N

Table 4.8.: Spectral radius of the two-grid method with aggressive coarsening and red-black
block Jacobi smoothing for a finite grid.
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4.3. Literature and Contributions

We considered two applications in this chapter: a PDE with a jumping coefficient and block
smoothers.

The PDE with a jumping coefficient was discretized using the finite volume method. The
monographs [44, 68, 73] contain introductions to this method. Furthermore, the multigrid
method to solve the finite volume system was introduced in [3, 17].

The LFA of the jumping coefficient PDE multigrid method is an original result of this
thesis. Nevertheless, the method has already been analyzed using SAMA [23], which is
related to LFA. SAMA considers a tensor product of a finite and an infinite position space.
Then, the infinite space is Fourier transformed, while the finite space remains unchanged.
Hence, the problem is partly analyzed in Fourier space and partly analyzed in position space.
In contrast, the analysis of this thesis is a pure Fourier space analysis.

Block smoothers are, e.g., treated in [59]. The Fourier analysis of these smoothers, also in
combination with aggressive coarsening, is an original contribution of this thesis.
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There are applications in which Fourier matrix symbols have many rows and columns,
which has been the case, for example, for some of the applications described in Chapter 4.
Computations involving such large symbols require a lot of work. Consequently, we want to
automate these computations via software, in the following way.

We describe the error propagator E by entering a formula that describes it. This formula
contains a set of further operators, and each of these then needs to be specified, e.g., by giving
a stencil. Then the software computes the Fourier matrix symbol! é of the error propagator.
After this computation we can ask the software to use the symbol to give us r(E), ||E||, and
to plot Ry, tn(é), or Ry 'cn(é).

As an example, consider the two-grid method below, given by

Erg = E}*(I - PAy; RApE]",
where Ej is the error propagator of the Jacobi method, i.e.,
Ej=1-wD'A,.

These are the two formulas that we need to enter. They involve the scalars w, vy, v2, and
the operators Aj,, Ay, D™, P, and R. The scalars are easily specified by just giving their
values. The operators A, and Ay are given by their stencils, and the operator D~ is obtained
from the stencil of A;,. We assume for the operators R and P that they can be written as a
composition of a stencil operator and a injection interpolation or restriction, i.e., R = Rinj Ry,
and P = Py Pi,j. Thus, additionally we need to specify these two formulas and the stencils of
Ry, and Py, which completes the specification of the problem and the software should be
able to compute the Fourier matrix symbol étg of Etg. We shall now discuss how to realize
such a software.

5.1. Constant Stencils

Many operators can be described by a stencil. Therefore, we need a way to store and
manipulate stencils on a computer.

A stencil s is a mapping from Gy, to C, which assigns to every offset from Gy, a coefficient.
As there are infinitely many offsets we would need to store infinitely many coefficients if
we were to store arbitrary stencils. All applications that we have considered so far, however,
do not need arbitrary stencils. In all applications all stencil entries, except a few, were zero.
Consequently, we only need to consider stencils with finitely many non-zero entries; implying

1Actually, the software computes only an approximation to the symbol for reasons we give in Section 5.3.
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that we only need to store the non-zero ones. To work with such stencils, we specify a basic
set of operations.

We need to read and write the non-zero entries, we need to iterate over the non-zero entries,
and we need to obtain the step-size of the stencil. More precisely, when s is the storage of a
stencil, we denote the access of the stencil entries by s(y), where y is the offset. We denote
the iteration of the non-zero entries by:

1 for all (y, v) in NOoNZEROS(s)
2 // use the offset y and coeflicient v

We denote the step-size of a by a.step-size. Furthermore, we assume the existence of a
function ZEROSTENCIL that returns a stencil whose entries are all zero. Using these definitions
we can write down some basic stencil algorithms.

The first basic algorithm is the addition of two stencils. If s4 and sp are the stencils of
operators A and B, then the stencil sc is the stencil of the operator C := A + B. From the
definition of stencil operators (1.52) we get that

sc(y) = sa(y) + sp(y) for yeGy.

Making use of this formula and the fact that both stencils have only finitely many entries, we
obtain the algorithm for the stencil addition.

STENCIL-ADD(S 4, SB)
S¢ < ZEROSTENCIL(S 4.Step-size)
for all (y,v) in s4
sc(y) < sa(y)
for all (y,v) in sp
sc(y) < sa(y) + sc(y)

(O O R S

The second basic algorithm that we want to discuss, is the stencil multiplication. If s4 and
sp are the constant stencils of two operators A and B, then there is a stencil s¢ that represents
the operator C := BA, as the next theorem shows.

Theorem 5.1. Let A and B be stencil operators with stencils s and sg. Then C := BAis a
stencil operator with stencil

sc@ =D sp(y) - salz-y). (5.1

y€Gh
We call sc the product of the stencils s and sp.

Proof. We shall prove the assertion by writing BAu in the form of (1.52), i.e.,
[BAu](x) = Z sc(z)  u(x +1z). (5.2)

2eGyp

We start by using the definition of the operator B:

[BAwI(x) = )" s5(y) - [Au](x +y)

yeGn
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In this equation we insert the definition of A, and obtain that

[BAWIx) = > sp)-| D) say) - ux+y+y)

YEGn Y €Gn
= >0 > sBy)-saly) u(x+y+y).
¥€Gn y'€Gn

Substituting y’ by z — y gives
[BAIx) = >° > s5(y) - salz—y) - u(x +2)

yeGp zeGp

= > D () saz-y) | ulx+2).

z2eGy \yeGp

By comparing the last equation with the stencil formula for C (5.2), we see that the term in
parenthesis is the stencil s¢ of C. O

We cannot directly implement the formula for the stencil multiplication (5.1), as it involves
the sum over infinitely many grid points. To overcome this problem let us rewrite the equation;
giving

sc@= D, Y, 5B sal =) Gy .
YEGhL Yy €Gh
Substituting y’ + y for y’ yields

sc@= ), D 5B SaW) - Sutyry) -

YEGh Y €Gh

We see that the summands are only non-zero if s4(y), sg(y’), and d,(y+y) are simultaneously
non-zero. Thus, to compute sc(z), we just need to loop over the non-zero entries of a4 and
sp in a nested loop. However, to compute all non-zero entries of s¢, we have to make some
further manipulations.

Let s, be the stencil that is one at z and zero everywhere else, i.e., s,(y) = dy,. With this
definition we can write sc as

Sc = Z sz sc(z)

2€Gp
= Z Sz * Z Z SB(y,)'SA(y)'(SZ(YH")
26Gp yE€Gh Y’ €Gh

= Z Z Z sz SB(Y') - SA(Y) * Su(yry) -

2€Gp yeGh Y €Gh

The summands of this sum are only non-zero if z = y + y’. Consequently,

sc = Z Z Syry - SB(Y) - sa(y) .

y€Gn ¥ €Gn
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list dense balanced trees

random read access O(n) O(1)  O(log(n))
random write access O(n) O(n) O(logn))
iterate elements O(n) Om) O(n)

Table 5.1.: Running time of the stencil operations for different implementations in dependence
of the number of entries of the stencil n.

The last equation implies that in order to compute the stencil sc, we just have to loop over
the non-zero entries of s4 and sp in a nested loop and add the product sp(y’) - sa(y) to the
stencil sc at offset y + y’. This procedure is written down in STENCIL-MULTIPLY.

STENCIL-MULTIPLY(SB, S4)

Sc < ZERO-STENCIL(S 4.Step-size)
for all (y’, d’) in NoNZERrOS(sg)
for all (y, d) in NoNZEROS(s4)
sc(y+y) e sc(y+y)+d-d’
return sc

DN B W =

Until now, we have not discussed how to actually implement the stencil interface that
we discussed earlier. There are different ways for the implementation, and we shall briefly
comment on their advantages and disadvantages.

The first possible implementation uses just a list to store the offsets together with their
coefficients. The advantage of this implementation is that it is easy to implement and iterating
over all entries is fast. The disadvantage is that accessing an element with a random offset is
rather slow, as it requires the iteration though all elements. However, for a small number of
entries this behavior is not a problem; the running time per operation is still very low, due to
the simple implementation.

The second possible implementation needs a bounding box that surrounds all non-zero
entries of the stencil. The entries inside the bounding box are then stored in a dense dD array.
The advantage is that accessing an element with a random offset is fast, as long as the offset
is inside the bounding box. The disadvantage is that a write access outside the bounding
box requires reallocating the memory, which is slow. Furthermore, when the bounding box
contains only a few elements, then a lot of storage space is wasted and iterating over the
non-zero entries is relatively slow, as most of the stored elements are zero but need to be
considered.

The third possible implementation uses balanced binary trees such as red-black trees [16].
We use the offsets as keys and the coeflicients as data elements. The advantage of this data
structure is that it is reasonably fast for all operations. The disadvantage is that it is more
complicated to implement and the running time for a single operation is larger than for the
list implementation.

In summary, the list implementation is suitable for situations with a low number of entries,
while the balanced tree implementation is a good choice for large numbers of elements. The
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dense array implementation is only useful in special situations. Table 5.1 gives an overview
of the running times for the different operations and implementations. As we now have a set
of operations for constant stencil operators, we can use them to work with periodic stencils.

5.2. Periodic Stencils

Periodic stencils are useful for the analysis of various applications, as we saw in Chapter 4.
A periodic stencil is a family {s}xeg, of constant stencils sy that is periodic with a period
neZzZdie.,

Sx = Sxik-hm) forall x € Gp, keZ?. (3.30 revisited)

To work with periodic stencils on a computer we need a way to store and manipulate them on
a machine.

To store periodic stencils, we make use of the fact that a periodic stencil {s}xeg, With
period n is completely determined by the values sy for 0 < x < n. Thus, to store a periodic
stencil, it is sufficient to store a dD array that contains the constant stencils of sy for those
values of x. More precisely, if a is such a dD stencil, we would access the entry sx by
accessing the entry a(x mod (n-n)) Of the array a.

To use periodic stencils in algorithms, we need to introduce some notation. If s is the
handle to the storage of some periodic stencil, we denote the period of s by s.period, the
step-size of s by s.step-size, and the constant stencil at X by sy. Furthermore, we assume that
there exists a procedure ALLocATE-PERIODIC-STENCIL(h, n) that returns a handle to a free
memory location, which stores a periodic stencil with step-size h and period n.

A simple example for using this notation is the PEriobic-STENCIL-ADD procedure that adds
two periodic stencils. For simplicity we assume that the two stencils have the same period.

PERIODIC-STENCIL-ADD(S 4, SB)

1 sc < ALLOCATE-PERIODIC-STENCIL(S 4 .Step-size, s A.period)
2 fork <« 0to su.period — 1
3 SCk < SAk T+ SBk

Note that the addition in Line 3 is actually the addition of two constant stencils. Thus, we
would have to use the addition algorithm that was discussed in Section 5.1.

5.3. Approximating Fourier Symbols

We shall discuss the representation of symbols on a computer and how to perform computations
involving them. A symbol is a function a € L.(®y). These symbols can be applied to
functions f € L,(®y) by pointwise multiplication. The problem is, however, that the spaces
Lo (®y) and L,(0Op) both have infinite dimensions. Thus, even if we know a basis for these
spaces we need to store infinitely many complex numbers to represent a general function from
these spaces. Such an amount of storage, of course, is not available on typical computers.
Therefore, we content ourselves by approximating functions from these spaces.
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So &1 & & & & &

Figure 5.1.: Approximating a function by a function from 7, with » = 6.

5.3.1. Representing Symbols

For simplicity, let us first introduce an approximation to symbols in 1D, and show later how
this idea can be generalized to approximate symbols of arbitrary dimensions. We start by
choosing an integer » € IN, which we call the resolution of the approximation. Then we split
the interval ®;, into r equally sized subintervals, i.e., we define

& =32k (5.3)

and consider the intervals Qy := [&, &+1) for k = 0,...,r — 1. Finally, we approximate a
function f from L. (®y) or L,(®y) by a function f that is constant on every interval Qy, as
shown in Figure 5.1.

Definition 5.2. A function f : ®, — C has the resolution r € N if f restricted to Qy is
constant for alli = 0,...,r — 1. We denote the set of all functions with resolution r by 7}, i.e.,

T, :={f :©®, — C: f restricted to Qy is constant} .

Furthermore, we say that a function f : ®, — C has a finite resolution if there exists an
r € N such that f has the resolution r. Otherwise we say that the resolution of f is infinite.

Functions with resolution » can be represented by a finite set of numbers, which we can
store on a computer. To show this fact, consider the functions

1 if6 e Oy,
0) := fork=0,...,r—1.
() {0 otherwise

It is easy to see that every function f € T, can be uniquely written as

r—1
f=) fi-a (5.4)

k=0
forsome fy, . .., fr—1 € C. Thisrepresentation implies that the functions g fork = 0, ...,r—1
form a basis of 7,., and therefore every function in 7, is completely determined by the
coefficients fy, ..., fr—1. Now, these coefficients just have to be stored on a computer to

represent functions from 7.
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5.3. Approximating Fourier Symbols

Definition 5.3. Let f € T,. The coefficients fy, ..., f,—1 from (5.4) are the resolution r
representation of the function f.

To compute the formulas derived in previous chapters, we need the ability to add two
functions from 7}, to multiply a function from 7;- with a scalar, and to multiply two functions
from 7;.. These operations can be realized purely in terms of their resolution r representations.
Assume that we have A € C, f, g € T, with corresponding coefficients f and g. Then

-1

Af dsto (%) 5.5

f corresponds to ( fk)k:O’ (5.5a)
_ r—1

f+ g corresponds to (fk + gk)k—o’ (5.5b)
_ r—1

f-& corresponds to ( Sr - gk)k—o . (5.5¢)

The first two relations (5.5a) and (5.5b) are, of course, the usual vector operations, while the
third relation (5.5c¢) is the coefficient-wise product of two vectors. These three relations allow
us to perform computations with functions from 7, on the computer.

Let us address the question if the functions from the space 7, are suitable to approximate
functions from L.,(®y) and L,(®y). It is easy to see that T, C Lo(®p) and T, C Lr(Op).
For this reason we are certain to work only with functions that are permitted within our
framework. We continue by considering the quality of the approximation. It is characterized
by the theorem below.

Theorem 5.4. The set \J;", T, is dense in Ly(©y,) and in Le,(Op).

Theorem 5.4 implies that for a given function from L. (®) or L,(®;) we can find a
function from 7, that is arbitrarily close to the first one, under the assumption that we choose
a suitable, i.e., large, value for r.

Proof of Theorem 5.4. It is known that the set of continuous functions is dense in L>(®p,).
This fact implies that it is sufficient to show that UiO:O T, is dense in the set of continuous
functions.

To show this assertion, we let € > 0 be given and assume that f : @, — C is continuous.
The set @, is compact and therefore f is uniformly continuous. Thus, there exists ¢ such that
for all 6, 6" with |6” — 6] < 6 the bound | f(8”) — f(8)| < €. We use the value of § to construct
an approximation for f.

We choose r € IN such that the length of the interval Q; is smaller than ¢. Furthermore,
we define g € T, by

20) = f(&) for €0,

where &; was defined in (5.3). Then

18(0) = f(O) = |f(&)— f(O)] for O€Q;.
As 6,¢; € Q; and the length of the interval Q; is smaller than §, we have

|& -0l <6 for HeQ;.
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5. Automating Fourier Analysis

Figure 5.2.: A function from the set T with r = (3,3)7.

Using the fact that f is uniformly continuous, this inequality implies that

18(6) = f(O)] = |f(&) - f(O)l <€ for O€Q;.
Hence, [Ig - fll2 < lI§ = fllo < €. O

Let us now extend this approximation to higher dimensions. Here, we cannot split the set
®y, into intervals. Instead, we partition ®y, into equally sized rectangles in 2D, rectangular
cuboids in 3D, and their generalizations in higher dimensions. In this case, the resolution is
given by a vector r, whose entry r; is the resolution in 6;-direction. Thus, the subsets are
defined by

kaz{QEIRd:Hje%[kj,kj+1)forj=1,...,d} for k=0,...,r—1.

Introducing the notation
2n

=—"Kk, 5.6
S 1= (5.6)
we can write the previous equation more compactly as

Ok ={0 € R : &k < 0 < &} - (5.7)

With this definition, we can generalize the set of finite resolution functions to arbitrary
dimensions.

Definition 5.5. Let r € N¢ and Qx be given by (5.7). A function f : ® — C has the
resolution r if f restricted to Qy is constant for allk = 0, ...,r — 1. We denote the set of all
functions with resolution r by Ty, i.e.,

Ty = {f : ©, — C : f restricted to Qy is constant} .

Furthermore, we say that a function f : ®, — C has a finite resolution if there exists an
r € N such that f has the resolution r. Otherwise we say that the resolution of f is infinite.

An example for a function from 7; is shown in Figure 5.2. In the 1D case it was useful to
have a basis representation for such a function.
The generalization of the basis functions for higher dimensions is straightforward. They

are defined as
1 if 0 € Qx,
0) := 5.8
ax(0) {0 otherwise. (5:8)
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5.3. Approximating Fourier Symbols

Thus, every function f € T, can be written uniquely as

f=) k- a. (5.9)

Note that we now use multi-indices for the coefficients.

Definition 5.6. Let f € T. The coefficients fp, ..., fi_1 from (5.8) are the resolution r
representation of the function f.

The relations between the resolution r representation and operations on the resolution r
functions are also very similar to the 1D case (5.5). Let A € C, f, g € T, with corresponding
coefficients f and g. Then

_ r-1
Af corresponds to (/lfk)k Y’ (5.10a)
r-1

f+§& corresponds to (fk + gk)k o (5.10b)

r-1

f-g corresponds to ( Sk - gk) (5.10c)

k=0
The only difference to (5.5) is the use of multi-indices.

Note that in higher dimensions it is also true that 7, C Lo(®y), Ty € L»(®y), and that T,
is dense in Lo,(®p) and in Ly(®y). The last statement can be shown by modifying the proof
of Theorem 5.4.

In the remainder of this chapter, we want to discuss algorithms that implement the Fourier
analysis that we introduced in the previous chapters. This analysis involves the computation
with functions from L., (®y), and L,(®y,) that we shall replace by computations with functions
of finite resolution. We, therefore, need an algorithmic notation for working with resolution r
functions.

Our algorithms need to store, access, and manipulate finite resolution functions. More
precisely, they need to store the step-size h, resolution r, and coeflicients of the resolution
r representation (5.9). We assume the existence of a function ALLocaTtioN-Funcrtion(h, r)
that takes the step-size and the resolution and returns allocated storage for a resolution r
representation. If f is the return value of ALLocate-Function(h, r) then

« f.step-size should be the step-size h,

« f.resolution should be the resolution r, and

o fxfork=0,...,r -1 should be the coefficients of the basis representation (5.9).
Using this definition, we can write our first algorithm.

The function CoNsTANT-FUNCTION returns a resolution r representation that is equal to a
constant ¢ € C on the whole domain.

Constant-Funcrion(h, r, ¢)

1 f « AvrrLocate-Funcrion(h, r)

2 fork—0Otor-1
3 Jk —c
4 return f
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5. Automating Fourier Analysis

Using the relations (5.10), we can implement the basic operations on resolution r functions:
the multiplication by a scalar, the addition of two functions, and the pointwise multiplication
of two functions.

The ScaLar-MuLtipLy-FuncTioN procedure expects a scalar A € C and a resolution r
representation of a function f, and it returns the resolution r representation of Af.

ScaLar-MucLtipLy-FuncTtion(4, f)

1 g « ALLocaTe-FuNcTioN(f.step-size, f.resolution)

2 for k « 0to f.resolution
3 gk — 4 fk
4 returng

The App-Functions procedure expects two resolution r representations of two functions f
and g, and it returns the resolution r representation of f + g.

Apbp-FuncTions(f, g)

1  u « ArLocAte-FuncTioN(f.step-size, f.resolution)

2 for k « 0to f.resolution
3 Uk < fi + 8k
4 return u

The PoinTwiseE-MuLTtipLY-FUNCTIONS procedure expects two resolution r representations of
two functions f and g, and it returns the resolution r representation of the pointwise product

f-e
Pointwise-MuLripLy-Functions(f, g)

1  u < AvrLocAte-FuncTioN(f.step-size, f.resolution)

2 for k « 0to f.resolution
3 uk — fic - &k
4 returnu

Note that all these algorithms work on resolution r representations and not on resolution r
functions. Any function with resolution r also has the resolution r - n for any 0 < n € N¢,
However, a resolution r representation is not automatically a resolution r - n representation.
There is, of course, a resolution r - n representation that represents the same function, however,
its computation is usually not desirable for the following reason.

In general, a function with low resolution approximates a desired function with less
accuracy than a function with a high resolution. Thus, when we add a low resolution and a
high resolution function, their sum will generally approximate the desired function equally
well as if we computed with two low resolution functions. Thus, the computation of a
high resolution function was a waste of resources, and therefore we shall only perform
computations where the resolutions of the involved representations match appropriately.

For the following algorithms we shall simplify our notation. Calling the functions above
by their name will make most algorithms verbose. Hence, we shall write

« A - f instead of ScaLar-MurtipLY-FuNncTioNs(4, f),
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5.3. Approximating Fourier Symbols

« f + g instead of App-Funcrions(f, g), and

« f - g instead of PoiNTwisE-MuLTIPLY-FUNCTIONS( f, 2).
Using this notation, we can write the application of a symbol a to a function u, which is just
the pointwise multiplication of the two functions, simply as:

APPLY-SYMBOL(a, 1)

1 returna-u

Another useful algorithm is the evaluation of the resolution r function f at a specific value
of 6. It is, e.g., useful when we want to plot the function. To determine the function value at
6, we need to find the index k of the set Qg such that § € Q. In this case, the function value
is the coefficient fix. The index k is determined in the following lemma.

Lemma 5.7. Let 6 € Op. If
k = [%H-r-hJ (5.11)

then
& <0 < &1,

where & is given in (5.6).
Proof. The choice of k in (5.11) implies

k]ST<k]+1

From this inequality we get

21 1, . . 2 .
sk <0 < —rjhj(k] +1).

Note that the term on left-hand side and on the right-hand side are & ; and &1y, ;- O

Using the formula for the index (5.11) we can define the EvaLuaTe-FuncTion procedure.

EvaLuate-Funcrion( £, 8)
1 h « f.step-size
2 r « f.resolution
3 ke |0-rn
4

return fx

5.3.2. Constant Stencils

Computing the Fourier symbol of a constant stencil can already give insight into the behavior
of an iterative method. For example, in Section 1.5.3 we used it to show the smoothing
properties of the Jacobi iteration when applied to the Poisson equation. Furthermore, the
computation of Fourier symbols is an important building block in computing the Fourier
matrix symbols of periodic stencils. Thus, we consider the approximation of Fourier symbols.
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5. Automating Fourier Analysis

To begin with, recall Theorem 2.18, which states that the Fourier symbol of a constant
stencil operator 4 is given by

a) = Z s(y) - €49V (1.55 revisited)
Y€Gn

Note that we assumed that the stencil s is finite, i.e., the stencil has finitely many non-zero
entries. It is easy to see that in this case d is continuous. With this fact in mind, we can
discuss the approximation of the symbol a by finite resolution functions.

Consider the sets Qk fork = 0, ..., r — 1 corresponding to the resolution r. If we increase
the components of the resolution r, then the sets Ok become smaller. Since 4 is continuous, @
is nearly constant when restricted to a set QO that is small enough. Hence, we can approximate
d by a function a that is equal to a constant ak on Oy, i.e., @ € T, which has the representation

r-1

c‘zzZak-qk. (5.12)

k=0
As 4 is nearly constant on Qy, any function value @(6) for 8 € Qy is a reasonable choice for
ak, which is the function value of @ on Q.

We choose ak in the following way. Let 6y € O, we set

ak = ﬁ(fk + 90) (5.13)

fork =0,...,r— 1. Figure 5.3 shows the function arguments & + 6 for a specific choice of
6p. A small computation shows that the definition of & (5.6) and the definition of Qk (5.7)
imply

&k + 6o € Ok.
The vector 6y is called the sampling offset. Using (1.55), we can rewrite (5.13);
ac= ) s(y)- o) (5.14)
kEGh

The procedure STENCIL-SYMBOL computes an approximation to a Fourier symbol given by a
constant stencil based on this equation.

STENCIL-SYMBOL(S, T, 6))

1 a « AvrLocate-FuNcTiON(s. step-size, r)
2 fork—0Otor-1

3 ak < 0

4 for all (y, v) in NoNZEROs(S)

5 ax — ax + v - i (&k+00.y)

6 returna

In this procedure we make especially use of the assumption that s is finite.

We evaluate the quality of the approximation @, given by the coefficients (5.14). We shall
answer this question by deriving a bound on the difference between a and a. We start by
showing an auxiliary bound.
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X X X
Qo1 O 021
X X X
Qoo Q10 020
X X X

Figure 5.3.: The points at which the symbol 4 is evaluated. As 6 is the same for all set Qk,
the distance to the corners of Qx are the same giving a regular pattern at which d
is evaluated.

Lemma 5.8. Fort € R we have .
[1-e"| <. (5.15)

Proof. Interpreting C as a subset of R?, we can write

; 1 cos(t)
_ it — _
1-e| = (0) (Sm(t)) I
In other words, |1 — e[ is the distance of the points (1,0)” and (cos(), sin(¢)), as illustrated
in Figure 5.4. This distance, however, is the length of the shortest path between these two

points (see, e.g., [71]). Consequently, the length of any path connecting the two points must
be greater or equal to the distance of the two points, i.e.,

t
1-el <] [ o'l an)
0
for any curve @ with (0) = (1,0)” and a(t) = (cos(t), sin(z))” . It is easy to see that the curve

cos(t))

sin(t)

a(t) := (

fulfills this requirement. Hence, we have that

t t t
1o < | / o a0} | = | / Vin(ao)? + cos(io ) dio | = | / | = 1],
0 0 0

where |z| is the length of the curve a. O

Using this lemma, we can show a result that characterizes how fast the function a changes,
which is done by deriving a bound for the difference of a evaluated for two different arguments.

Lemma 5.9. Let a be the Fourier symbol of the operator given by the stencil s. Then

|a(0) — a(e")] < Z ls()I - 0" = 60, y)| (5.16)

yeGn
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(cos(?), sin(r))T

(1,0)"
—

Figure 5.4.: The distance of the points (1,0)” and (cos(z), sin(¢))") is bounded by the length
of the curve a.

Proof. We have from the definition of 4 (1.55) that
lae) —ao’)| = | Z s(y) - OV — Z s(y) - €40V

yeGyp y€Gn
=1 D s (@Y = O (5.17)
YEGhn

We can rewrite the term in parenthesis giving that

= 0y . (1- ei<9’—9,y>)‘

If we substitute this relation back into (5.17), we obtain:

|a(8) — a0")] = | Z s(y) - A0Y) (1- ei<9'—0,y>)|

YEGh

< D O[OV 1= 0
YEGn

Using that |¢!¢®Y| = 1 and that we can bound |1 — ¢'¢?"~%Y)| by using (5.15), we obtain that
@) —a@) < Y. sl [0 - 6.y)]. 0
Y€Gh

It is noteworthy that the bound (5.16) depends on the difference between 8 and 6" but
not on the absolute value of §. Using this bound, we can bound the difference between our
approximation a and the Fourier symbol 4.

Theorem 5.10. Let a be the Fourier symbol of the stencil operator that is given by the stencil
s. Furthermore, let a € T, be given by the coefficients (5.13). Then

la=alle < 1CE - 3 sl - Iyl where C(B0) = 2= + 2= — foxl . (5.18)
yeGn
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Proof. As a is constant on Qj, we bound the difference of & and a for every Qj. For 6 € Qj

we have
r-1

ag) = Z aj - qj(0) = aj = a(& + 6o),

=0
by the definition of a (5.12), the basis functions g; (5.8), and the coefficients a; (5.13). Thus,
la(@) — a(0)| = |a(@) — a(& + 6p)| for 6 € Qj.
Using this equation and Lemma 5.9, we obtain that
|a(6) — a(9)| < Z ls()I - [{&; + 60— 6,y)| for 6€Q;.
y€Gn
Applying the Cauchy-Schwarz inequality yields:
a0) - a@) < Y, sl - 1§+ 6 - 6l - Iyl for 6€Q;.

y€Gn

Thus, we need to find a bound for ||& + 6y — 6.
This bound is obtained by considering

d
16+ 60 = 011> = D € + Oox — 6ul?, (5.19)

k=1
because an upper bound for this sum is obtained by deriving an upper bound for the individual

summands | x + 0ok — Ok|.
As 6 € Qj, we have
A 2n
Hk € [fj,k,f_],k + hkrk)’

and since the absolute value is a convex function, the largest function value is located at the

boundary of the interval, i.e., for 6y = &jx or O = &x + hi’:k. Thus,

|k + 0.k — Okl < max{|&ix + 0ok — &kl €1k + B0k — Gk + o)}

2
= max{|90,k|a |90,k - h]:;k |} ’

Recall that 8y € [0, %). From this fact, we obtain that

|k + 6o,k — Ok < max{Box, hi—’;k — 6ok} -

Furthermore, for general a, b € R we have max{a, b} = %(b —a)+ %|b — al, and therefore

&k + Ook — Okl < 775 + |75 — Ookl -

We can combine this equation with (5.19) to obtain that

d

€ + 80— 017 < (2= + 172 — Go])? = 1C@)I1P. 0
k=1
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The bound (5.18) involves the stencil coefficients s(y), the norm of the stencil offsets y,
and the vector C(6p). Let us discuss the meaning of these constituents.

The size of the coefficients s(y) provides the order of magnitude of the symbol ¢. When
d has, in general, large values, we expect the absolute approximation error to be large, too.
Conversely, when we are interested in the relative error in the approximation, we can ignore
the size of the coefficients.

The norm of the stencil offsets y gives the amount of oscillation a symbol a has, as we can
see from

a) = Z s(y) - €49V (1.55 revisited)
yeGn

When y is large, and s(y) # 0, then a involves a highly oscillatory component, because the
corresponding exponential is rapidly oscillating. In this case, we need a high resolution
function to capture the rapidly changing function by our approximation.

The formula for the vector C(6p) has two consequences. First, we note that ||C(6y)|| has
a minimal value when 6 is the mid-point of @y.p, i.e., when 6 x = ﬁ Thus, the bound
(5.18) indicated that the best approximation is obtained when choosing 8y as the mid-point
of Or.,. Second, for this choice of 6y the value of ||C(60)] is

Thus, we can make ||C(68p)|| small by making the entries of the resolution r large. Hence,
increasing the resolution should improve the quality of the approximation.

Note that the bound (5.18) is easily evaluated on the computer. Therefore, it can be used
to get a bound on the approximation quality during computation.

Furthermore, note that choosing 6y as the mid-point of @,y is only a good choice when
we are interested in the approximation error. In case we are interested in, e.g., the supremum
of the symbol, a different choice of 8y can lead to better results.

5.3.3. Norm and Spectral Radius using Symbols

The norm and spectral radius of error propagators give us insight into stationary iterative
methods; we know from Theorem 2.39 that if an operator A has a Fourier symbol a, then

r(A) = ||A]l = ||é]|c- (2.19 revisited)

Therefore, we can compute the desired quantities by computing the infinity norm of the
symbol da.
The infinity norm of a function f is given by

1 flleo = inf{c >0 : u(|f] > ¢) > 0}.

It is easy to see that if f is an finite resolution function, i.e.,

f= Jx gk, (5.9 revisited)
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we have
1l = max [a].

The procedure INFINITY-NoORM implements this formula to compute the infinity norm of an
finite resolution function.

INFINITY-NORM( )

1 return max{|fx| : k=0,..., f.resolution — 1}

5.4. Approximating Fourier Matrix Symbols

Fourier matrix symbols allow us to analyze the two- and multigrid method and periodic
stencil operators. Like ordinary Fourier symbols, Fourier matrix symbols cannot be stored
exactly on a computer; they need to be approximated. We shall discuss how to define, store,
and manipulate these approximations.

5.4.1. Frequency Splitting

The frequency splitting operator R was needed to define Fourier matrix symbols? and in
the computation of symbols of periodic stencil operators3. We want to approximate Fourier
matrix symbols by using finite resolution functions. As a first step, we consider the application
of the frequency splitting operator to finite resolution functions.

The next lemma gives a formula for the function values of the individual parts that a
finite resolution function is split into. The lemma requires that the resolution r should be a
pointwise multiple of the splitting factor n, i.e., there should be a ¢ € N such thatr = ¢ - n.
This makes the computations easier, as it ensures that the frequency splitting operator does
not cut the individual steps of a finite resolution function into parts, as shown in Figure 5.5.
This requirement is not really a restriction, as we can always slightly increase the resolution
in a computation to meet the requirement.

Lemma 5.11. Let f € Ty. Let r be a (pointwise) multiple of n. For j < 5 — L we have

(R ), (& +60) = FEurciem +60) for 60 € Orn, (5.20)

where

2r
L Y

Proof. The first thing we should check is that (5.20) is actually well-defined, i.e., that & + 6
is in the domain @, of (R, f)k. The requirement j < r/n — 1 implies

(5.6 revisited)

0<¢§<

2 r 2r 2
1) = :
( n-h h-r

r-h \n

2Definition 3.19 on page 82.
3Theorem 3.30 on page 95.
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Figure 5.5.: When splitting a resolution r function, r should be a multiple of n to avoid
cutting the individual steps of the function into parts.

while the definition of ®,., in equation (1.56) implies

2
0<90<—7T.

B r-h
Adding the two previous equations gives
0<&+0 <~

Thus, & + 69 € Oy, and (5.20) is well-defined. With this knowledge, we can now prove the
formula itself.
Using the definition of R, (3.3), we get

(RF) (& +60) = F(&+ 60+ i)

Replacing &j and sk by their definitions, equation (5.6) and (3.2), the last equation can be
written as

(RF), &+ 60) = F (3 + 60+ 22%) = 7 (3 4 g+ 225 )
—f( (+k- )+90)=f(§j+k-(r/n)+90). o

On a computer, we represent finite resolution functions by the coefficients of their basis
representation. For that reason, we want to represent the frequency splitting operator in terms
of the coefficients.

Theorem 5.12. Let f € Ty be given by

-1

-

f=) f (5.9 revisited)
k=0
Then [Roflk € Ty /n, and we have
i r/n-1
[Rnf]k = ; Je-e/my+j * G5 - (5.21)
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Note that the frequency splitting operator maps from L,(®p) to L,(®n.n)". Hence, we
have that f € L(Op) and [Rnf], € Lo(@qp) forj=0,...,n—1.

Proof. Letj < r/n. As f is a resolution r function,

FOjixe/m) + 00) = femyrj for 6o € Opy.

Plugging this relation into (5.20) gives that

[Rnf]k(fj +00) = fi-e/my+j for 6o € Opp.

Combining the definition of & and ®,., gives after a short computation that
[Rn f]k(a) = fmyy forall 6e Q.
Thus, [Rnf]k € Ty/n, and it can be written in the form of (5.21). O

The frequency splitting operator splits a function into multiple parts. The sum (5.21) gives
the coefficients of these parts. Hence, we can write down an algorithm for the frequency
splitting operator applied to finite resolution functions.

The frequency splitting operator returns a vector whose entries are functions. To give
an algorithm that computes the splitting, we need a way to denote such vectors. For this
reason, we assume the existence of a function ALLoCATE-VEcTOR(n) that returns a handle to
the storage of a vector of size n, i.e., a vector whose entries can be indexed by the indices
0,...,n—1. If vis such a handle, we assume that we can access the entries by vj and the size
by v.size. With this notation, we can now give the function FREQUENCY-SPLITTING.

FREQUENCY-SPLITTING( f, n)

r « f.resolution
h « f.step-size
g < ALLOCATE-VECTOR(N)
fork —0ton-1
gk < Avrrocate-Function(n - h,r/n)
forj— 0to(r/n)-1
8kj < Jk-(r/n)+j
return g

01O N B~ W~

Note that the FREQUENCY-SPLITTING procedure expects a resolution r representation, where r
is a multiple of n. It returns a vector of shape n of resolution r/n representations.

The definition of Fourier matrix symbols also involves the inverse Ry ! of the frequency
splitting operator. Consequently, we also need an algorithm to compute the inverse, which
we call FREQUENCcY-JoIn. It is a direct consequence of (5.21).
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FREQUENCY-JOIN( f)

1 n« f.size

2 r « fo.resolution - n

3 h « fy.step-size/n

4 g « Avrrocate-Funcrion(h, r)
5 fork—0Oton-1

6 forj<— 0to(r/n)—-1

7 Se-(e/m)+j < 8kj

8 returng

With these two algorithms in place, we can now turn to algorithms for matrix symbols.

5.4.2. Matrix Symbols

We want to work with Fourier matrix symbols on a computer, so that we can automatically
analyze, e.g., periodic stencil operators#. Therefore, we need a way to store and manipulate
matrix symbols on a computer, which we shall discuss now.

We can think of matrix symbols as matrices where each entry is a function from L (@)
instead of a number, as is the case for ordinary matrices. We discussed in Section 5.3.1
that these functions cannot be represented exactly on a computer; we need to approximate
them. For this approximation we chose the spaces of resolution r functions 7. The idea
for approximating matrix symbols is to approximate a matrix symbol on a computer by a
matrix, where each entry is a resolution r function from the space 7;,. We denote the set of
m X n-resolution r function matrices by

™" :={a:a;eTfori=0,... m-1j=0,....n—-1}.
These matrices can be stored on a computer.

To store them, we need to find a suitable representation. By exploiting the fact that each
entry ajj of an m X n-resolution r function matrix & has a r-resolution representation a;j, we
can write

r-1
G5 = ) ik e (5.22)

k=0
where gy is the basis functions defined in (5.8). We call the coefficients ajj i fori = 0, ..., m-1,
j=0,....,.n—-1,k=0,...,r—1the m X n-resolution r representation matrix of the matrix

symbol a.

All operations on resolution r representation matrices 7,™" can be defined in terms of
their representation. In many cases, however, we can reuse the procedures for resolution
r functions that we introduced in Section 5.3.1, and work with the representation (5.22)
only indirectly. For example, to allocate storage for a resolution r function representation,
we just call the ALLocaTe-FuncTtion procedure for every entry of the matrix and organize
the function handles properly. For this purpose, we assume the existence of a function

4Theorem 3.30 shows that every periodic stencil gives rise to a Fourier matrix symbol.
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AvrLLocATE-MATRIX(m, n) that returns a handle to a storage for a matrix. If a is such a handle,
then a. rows should be the number of rows m, and a. cols should be the number of columns
n. Furthermore, a;j should give access to the storage of the element with index (i, j), where
i=0,.. m-1andj=0,...,n—1.

As an example, let us consider the function MS-ArrLocaTe(h, r, n, m) that returns a handle
to a storage for a finite resolution function matrix.

MS-ArLocaTti(h, r, m, n)

a «— ALLOCATE-MATRIX(mM, N)
a.step-size < h
a.resolution «—r
fori=0ton-1
forj=0ton-1
ajj < ALLocATE-Function(h, 1)

AN N R W=

In the following, we often shall abbreviate matrix symbol by the letters MS.

Let us now consider operations on matrix symbols. Our final goal is to evaluate a formula
that describes an error propagator. As these formulas often involve matrix symbols, we want
to be able to perform different operations with them, e.g., addition, scalar multiplication, etc.
We start by considering the addition of two matrix symbols.

The addition of two matrix symbols a € L™™@®y) and b € L™™(®y,) is given in
Definition 3.10 by

(a + b)ij = ajj + by . (3.10 revisited)

Recall that the entries ajj and b;j are functions from Le,(®y). Thus, the sum is actually the
pointwise sum of two functions. In our case, a and b are resolution r representation matrices
T;™™. Consequently, aj and by are resolution r representations, and their addition was
already discussed in Section 5.3.1. Using this knowledge, the implementation of MS-App,
which adds two resolution r representation matrices, is straightforward.

MS-Abb(a, b)

1 ¢ « MS-ALLOCATE(a. step-size, a.resolution, a.rows, a.cols)
2 fori—0toa.rows—1

3 forj— 0toa.cols -1

4 Cij < ajj + bij

5 returnc

Note that the sum in line 4 is computed by the App-FuncTtions procedure from Section 5.3.1.
In a similar way, we can implement the matrix-matrix product.

The matrix-matrix product of two matrix symbols a € L™™(@®y,) and b € L% (@) is
given by

n-1
Gj = Z aik - bx;j - (3.12 revisited)
k=0

For computations on a computer we want that the resolutions of the involved functions match
appropriately. Thus, we require that aj; and by are both resolution r representations. The
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equation for the matrix-matrix product (3.12) implies that the entries of the product ¢ are
obtained just by adding and multiplying resolution r representations. Therefore, the entries
of the result ¢ are also resolution r representations. This discussion proves the following
lemma.

Lemma 5.13. Ifa e ™" and b € T} P then the result of the matrix-matrix product a - b

Sfulfills

a-beT™®,

With the same reasoning that we used to prove this lemma, we conclude that we can
implement the matrix-matrix product just by using the procedures that operate on resolution
r representations introduced in Section 5.3.1.

MS-MaTtrix-MuLTipPLY (a, b)

1  h « a.step-size

2 1 « a.resolution

3 ¢ « MS-ArrLocate(h, r, a.rows, b.cols)

4 fori<— 0toc.rows—1

5 forj— 0toc.cols—1

6 cij «—— ConstanT-Function(h, 1, 0)
7 fork < 0toa.cols—1

8 Cij < Cjj T Gik - bkj

9 returnc

Note that in Line 8, we are actually using the function App-Funcrions and the func-
tion PoinTwise-MuLtipLy-FuncTions. In a similar way, we can define a function called
MS-VEctor-MuLtipLy that multiplies a matrix of finite resolution representations with a
vector of finite resolution representations.

The scalar multiplication, the matrix-vector symbol multiplication, and the computation of
the adjoint can be implemented in the same way. First, we use the corresponding formula from
Definition 3.10, then we use the operations on resolution r representations from Section 5.3.1
to compute the formula. There are, however, further operations on matrix symbols that
cannot be implemented in this way. These operations are the inversion of matrix symbols
and the computation of the norm and spectral radius.

The inversion of matrix symbols is a pointwise operation, i.e., to compute the inverse of
a matrix symbol a, we have to compute the inverse of the matrix a(f) for all 6 € . As a
consequence, the inverse of a is given by

a'(0) = (a(0)™"  ae., (3.13 revisited)

which we use to compute the inverse of resolution r function matrices.
Assume that a is a resolution r representation matrix, i.e., it represents the resolution r
function matrix

r-1
aij = Z dijk * 9k - (5.22 revisited)
k=0
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From the definition of gk, we have that
aj(0) = ajjx  for 60 € Q.
If we define the auxiliary matrices by € C™" by
by ij = aij k.,

we have that
6_1(9) =by for 6 e Qk. (5.23)

Using the pointwise inverse formula (3.13), we get
(@'e) =b' for 6eQx.

Note that in the last equation b;l is the ordinary inverse of the matrix bx, which can be
computed by standard methods like the LU-decomposition [16, 30, 60]. We can use this
equation to give a basis representation of the inverse;

r-1
(@hy = Z(bil)ij " qk -
=0

From this formula we can deduce an algorithm for computing the inverse of a resolution r
function matrix.

For this purpose, we need a way to compute the auxiliary matrices bx which the procedure
MS-AT(a, k) computes.

MS-At(a, k)

1 b < ALLOCATE-MATRIX(a.rows, a.cols)
2 fori=0toa.rows—1

3 forj=0toa.cols—1

4 bij < aijk

5 return b

Then we can use this procedure in the MS-INVERT(a) procedure, which computes the
representation of the inverse of a matrix symbol a.

MS-INVERT(a)

h — ayg.step-size
r < agg.resolution
n < a.rows
b «— MS-ALLocate(h, r,n, n)
fork —0tor—1
t «— MS-At(a, k)
MS-AT(b, k) « ¢!
return b

0NN N B W=
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Let us now turn to the computation of the norm and spectral radius of resolution r function
matrices. Consider the statement of Theorem 3.25; if a is the matrix symbol of a matrix
multiplication operator A, then

r(A) = ess-supy g, , (a(d)) and |A|l = ess-supyeg,, la(@). (3.24 revisited)

Using the auxiliary matrices by, especially (5.23), the computation of the spectral radius for
a resolution r function matrix a simplifies to

r(A) = max r(by),
which gives rise to the algorithm for the MS-Norwm procedure.

MS-Norm(a)
1 norm < —oc0
2 for k < 0to a.resolution — 1

3 m «— MS-A1(K)
4 if ||m|| > norm
5 norm « ||ml|

Also by applying (5.23), the formula for the norm of the operator simplifies to

IA]l = max [|b]| .
k
This computation is implemented in the MS-SpEcTRAL-RADIUS procedure.

MS-SpECTRAL-RADIUS(a)

1 radius < —oc0
2 for k « 0to a.resolution — 1

3 m «— MS-At(k)
4 if r(m) > radius
5 radius < r(m)

With these operations for resolution r representation matrices, we can now turn to the
computation of Fourier matrix symbols and the symbols of periodic stencils.

5.4.3. Fourier Matrix Symbols

Fourier matrix symbols allow us to write certain Fourier representations in terms of matrix
symbols, e.g., the multigrid method of the jumping coefficient problem from Section 4.1 or
block smoothers, as discussed in Section 4.2. Recall that if A has a Fourier matrix symbol
a € L™ ™ then its Fourier representation A can be written as

A = Ry 4Rl . (3.16 revisited)

Using the results from Section 5.4.1 and Section 5.4.2, we shall discuss how to compute
finite resolution representation matrices of Fourier matrix symbols for periodic stencil,
interpolation, and restriction operators.

166



5.4. Approximating Fourier Matrix Symbols

Resolution of Fourier Matrix Symbols

We want that our computations involve only finite resolution functions with matching
resolutions, which has some consequences for the computation with Fourier matrix symbols.

Consider the following algorithm that applies a finite resolution function # to the Fourier
representation Aof an operator A that has a Fourier matrix symbol 4.

MATRIX-SYMBOL-APPLY(d, i1)

1 ' « FREQUENCY-SPLITTING(i, a. cols)
2 f’ « MS-VecTtor-MuLTIPLY(d, ii")

3 return FReQuENcy-JoIn(f")

It follows from the definition of Fourier matrix symbols (3.16) that the algorithm computes
the desired result. However, the function # must have a proper resolution.

Let us now consider the question, which requirements the resolutions of 7 and f need to
fulfill. Let @ be an m X n resolution r representation matrix. The MS-VEcTOR-MULTIPLY
procedure then requires that i’ is a vector of length n of resolution r representations. The
vector #’ is the return value of the FREQUENCY-SPLITTING procedure, and this procedure
returns a vector of length n of resolution r representations only if # is a resolution n - r
representation. Similarly, f” has to be a vector of length m of resolution r representations
and therefore f is a resolution r - m representation. This discussion motivates the following
definition.

Definition 5.14. Let 4 be an m X n resolution r function matrix that represents a Fourier
matrix symbol. We then say that ry, := n - r is the input resolution and rqy; := m - r is the
output resolution of d.

The definition directly implies the relation
Fin/M = Toy /M.

We can compare this relation to the relation between the input step-size and the output
step-size of a Fourier matrix symbol, which is

n-h,=m-hy,. (3.15 revisited)
From these two equations a little algebra gives

hout/hin = Tin/Tour - (5.24)
Thus, when an operator maps from a space with a small step-size to a space with a step-size
that is larger by a factor, the resolution is reduced by the same factor and vice versa.
5.4.4. Periodic Stencil Operators

For the computation of the Fourier matrix symbol of periodic stencils we use Theorem 3.30,
which states the following. Let {sx}xe, be a periodic stencil with period n. If a® is the
Fourier symbol of the constant stencil operator with stencil sk.,, we can compute the matrix
symbol in three steps.
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1. We compute the matrix F by

Fyj = Wﬂ;meﬁ“k/n’ﬁ for kj=0,....n—1. (3.36 revisited)

n

2. We compute the matrix symbol g by
gkj = Fig - [Rad™); . (5.25)
3. We compute the Fourier matrix symbols of A by
i=F'.g. (5.26)

On a computer, however, we have to approximate these computations.

The computation of F requires no approximation>, because F is just a regular matrix. The
symbols a®, however, need to be approximated, which we do by using the STENCIL-SYMBOL
procedure. Let us denote this approximation by @), Then we have to compute R,a*), which
implies that the resolution F of % has to be a multiple of n, i.e., ¥ = n - r for some r € N¥.
Approximating g using the approximations a® in (5.25), i.e., computing

gkj = Fij - [Rna™);,

yields that g € T;"™. Finally, we apply (5.26) and obtain that @ € 7;"". Hence, as soon as
we have computed the approximations @®, all computations involve only finite resolution
functions. With ry, := n - r we can write down the PER1ODIC-STENCIL-SYMBOL procedure.

PERIODIC-STENCIL-SYMBOL(S, Iip, 6)

1 n « s.period
2 fork—O0Oton-1
3 a® — STENCIL-SYMBOL(Sk.h, F'in, 60)

4 ad® «— Frequency-SpLittinG(a®), n)
5 forj—Oton-1
127 (k/nj
6 Fyj « Wel 7 (k/n.j)
~(k
7 8kj < ij . a; )
8 return F*-g

5.4.5. Restriction and Interpolation

To analyze two- and three-grid methods by LFA, we need to compute the Fourier matrix
symbols of interpolation and restriction operators. As the Fourier matrix symbol of the
injection restriction and the injection interpolation operators are constant with respect to the
frequency 0, they are already finite resolution function matrices. Therefore, they fit well into
the framework that we have been discussing so far. Furthermore, as many interpolation and
restriction operators can be expressed by composition of injection and stencil operators, we

Except for the approximation that occurs by the use of finite precision numbers, which we shall ignore in this
discussion.
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can analyze many methods in this way. There are, however, a few things to take into account
when implementing operators that map between grids with different step-sizes.

We start with the injection restriction. It maps from a grid with step-size h;, to a grid
with step-size hoye = n - hy,, where n is the coarsening range. Its Fourier matrix symbol
7 € LY™(@®,.p,, ) and it has the entries

7oj(6) = Kﬂ,z for 6 € Opy. (3.17 revisited)

We now want to construct an algorithm that computes a finite resolution representation matrix
for 7.

Assume the input resolution rj, is given. Then the resolution r of the finite resolution
function matrix that represents 7 is given by r = rj,/n. The symbol of the restriction can be

written as
r-1

~ 1
roj = E —7 " gk -
0j Volll,/ 79k

k=0
From this equation we obtain that the resolution r representation matrix is

r-1
1
1/2 ’
voln/ k=0
which is computed by the InJEcTION-RESTRICTION procedure.

InyecTioN-REsTRICTION (D)), Ti, )

1 #« MS-ALLocaTe(n - hj,, ri,/n, 1, n)

2 fork<—O0Oton-1

3 7ok < ConsTANT-FuNcTION (n - hyp, Tin /M, ﬁ)
vol,

4 return 7

In a similar way, we can derive from the formula for the Fourier matrix symbol of the
injection interpolation
Pro = — (3.20 revisited)
Vi

n

the procedure INJECTION-INTERPOLATION that computes the resolution r representation matrix.

INJECTION-INTERPOLATION(hye, Foue, )

1 p < MS-ALLocate(n - h,roy/n,n, 1)

2 fork«—O0ton-1

3 Pro < CONSTANT-FUNCTION [hoy - 1, Ty /I, #
vol,

4 return p

Consider now the stencil restriction operator, which is the composition of a stencil operator
and the injection restriction operator. Its Fourier matrix symbol 7 € LE®™(®y.,, ) is given by

foj = o Rl (3.23 revisited)
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In this equation, 7 is the Fourier symbol of a stencil operator. To approximate 7 on a
computer, we replace the symbol 7 by a resolution rj, function that approximates the actual
symbol. Then equation (3.23) can be carried out on a computer using known algorithms.
This leads to the definition of the STENCIL-RESTRICTION procedure.

STENCIL-RESTRICTION(Tjp, I, 5, O)

1 hy, « s.step-size

2 7« MS-ALLocaTe(n - hy, riy/n, 1,n)

3 G « STENCIL-SYMBOL(S, Iin, 6p)

4 @' « FREQUENCY-SPLITTING(d, n)

5 fork—0ton-1

6 fox — —7z - @l
Ok vol,l,/2 k

7

return 7

Note that to compute Ry 7, the input resolution rj, has to be a multiple of n. Hence, the
procedure STENCIL-RESTRICTION has the same requirement.
In a similar way, we obtain the procedure STENCIL-INTERPOLATION from

Pro = — 75 [RmPstlk - (3.22 revisited)

vol

This procedure computes an approximation to the stencil interpolation.

STENCIL-INTERPOLATION(T oy, I, S, 6)

1 hoy « s.step-size

2 p «— MS-ALLocATE(N - hyy, oy, 0, 1)
3 @ < STENCIL-SYMBOL(S, Foyut, 6p)

4 @' < FREQUENCY-SPLITTING(d, n)

5 fork—0ton-1

6 Pro — Voll_l/z -y

7 return p

5.4.6. Expansion

The expansion of Fourier matrix symbols, that we discussed in Section 3.8, was essential for
proving that the set of Fourier matrix symbols is closed under multiplication and addition.
More precisely, to add or multiply Fourier matrix symbols, it is often necessary to expand
them before the desired operation can be carried out. Consequently, for the implementation
of general multiplication and addition of Fourier matrix symbols on a computer we need to
implement the expansion of these symbols.

The information needed to create the expansion algorithm can be found in Theorem 3.37.
It states that the expansion by a factor p maps a symbol ¢ € L™™ (@) to a symbol
daelL? nXp'nl(G)p.h). Both symbols represent the same operator. Furthermore, the entries of
d are given by

dgprtk prt = [Rpdxi ]t - O -

170



5.4. Approximating Fourier Matrix Symbols

From this equation we can also deduce the resolution of the representation that we can
compute.

Assume that dyy is a resolution r representation. We have to use the FREQUENCY-SPLITTING
procedure on this representation, which returns a resolution r/p representation. Hence, the
entries of d also have to be resolution r/p representations. As a consequence, we require r to
be a multiple of p.

As we now know how to compute the rows, columns, step-size, resolution, and the entries
of the result of the expansion, we can define the ExpanDp procedure that computes the
expansion of an n X n’ resolution r representation matrix.

ExpaND(4, p)

1 d « MS-ALLOCATE(p - d.step-size, d.resolution/p, p - d.rows, p - d.cols)
2 fork <« Otod.rows—1

3 for K’ < 0 to d.cols — 1

4 d < FREQUENCY-SPLITTING(dkk/, P)

5 fort —Otop-—1

6 fort' — O0top—-1

7 Ag.prtk prt < Gt O

8 return d

Let us sum up the properties of this procedure.

Proposition 5.15. Let G be an n X n’ resolution r representation matrix. The EXPAND
procedure requires that the resolution r is a multiple of the expansion factor p. It returns a
p - n X p - 0’ resolution r/p representation matrix that represents the same operator as 4.

Combining this proposition with the definition of input and output resolution® gives the
following corollary.

Corollary 5.16. The Expanp procedure does not change the input and output resolution of
the operator, i.e., it returns a representation matrix with the same input and output resolution
as a.

This corollary gives another justification for the definition of input and output resolution
of finite resolution representation matrices. With the definition of the expansion procedure
we can now construct the multiplication of finite resolution representation matrices with
non-matching dimensions.

Assume that A and B have Fourier matrix symbols that have finite resolution representation
matrices @ and b. Then to compute the Fourier matrix symbol of B - A, we require that the
output of A maps to a grid with the same step-size as the input of B, and that the output
resolution of 4 is equal to the input resolution of b. Furthermore, if we require a certain
condition on the resolution of the representations, there exists an algorithm that computes a
finite resolution representation matrix that represents B - A, as the following theorem shows.

%Definition 5.14
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Theorem 5.17. Let A : {(Gy,,) — t2(Gh,,) and B : {2(Gh;n) — 0 (Gy, ) that have Fourier
matrix symbols with finite resolution representations  and b. Furthermore, let G be an m X n
resolution r representation matrix and b be an m’ x 0’ resolution v’ representation matrix. If
1. how = b,
2. Tou =1y, and
3. Tou is a multiple of m and n’,
then the Fourier matrix symbol of C := B - A has a finite resolution representation matrix ¢
and ¢ is anm’ - q" X n - q resolution roy /lcm(m, n’) representation, where ¢ = lcm(m, n’)/m
and q’ = lcm(m, n’)/n’. In these equations lcm denotes the pointwise least common multiple.

Proof. Let d and b the factor q and factor q’ expansions of d and b. This definition, however,
is only well defined if r is a multiple of q and r’ is a multiple of q’, which can be proven as
follows.

The output resolution ry, is a multiple of m and n’ and therefore a multiple of lcm(m, n”).
As 1oy is a multiple of lcm(m,n’), r = roy/m is a multiple of lcm(m,n’)/m = q, and
therefore r is a multiple of . We can show that r’ is a multiple of q” in a similar way.

Now, d and b have matching resolutions and therefore ¢ is obtained by the product of the
representations of b with d. O

The proof of Theorem 5.17 describes the way how the finite representation matrix of B - A
can be computed; leading to the definition of the GENERAL-MuLTIPLY procedure.

GENERAL-MuLTIPLY (b, 4)

q « lem(a.rows, b.cols)/a.rows
q’ — lem(a.rows, b.cols)/b.cols
d « ExpanD(d, q)

b «— Expann(b, q')

return MS-MucripLy (b, d)

N AW N~

To use this procedure, the requirements of Theorem 5.17 have to be met.

The first requirement, the step-sizes match, is a natural one. The composition of A and
B is just not defined if the codomain of A does not match the domain of B. Thus, the user
of the computer program, which computes the analysis, is required to make sure that the
step-sizes match. The second and third requirement, that put restrictions on the resolution,
can be fulfilled by a proper choice of resolutions. This proper choice of resolutions can be
done automatically, as we shall discuss in a later section of this chapter.

Similar to Theorem 5.17 and the GENERAL-MuLTIPLY procedure, one can derive a general
addition of finite resolution representation matrices.

Theorem 5.18. Let A : ((Gy,,) — ¢2(Gh,,) and B : fz(Gh;n) — 52(Gh;m) that have Fourier

matrix representations a and b. Furthermore, let d be an m X n resolution r representation
matrix and b be an m’ X n’ resolution v’ representation matrix. If

1. hin = hi,n’

7’
2. hoy = h(,,
3. rip =71/, and
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4. Ty is a multiple of m and n’,
then the Fourier matrix symbol of C := B + A has a finite resolution representation matrix ¢
and ¢ is anm - q X n - q resolution ri, /lcm(n, n’) representation, where q = lcm(n,n’)/n.

5.4.7. Smoothing Factor

Having the expansion procedure at hand, we can automate the computation of the smoothing
factor. Let the smoother be given by its error propagator S with Fourier matrix symbols &,
and let g, be the Fourier symbol of the idealized coarse grid correction Q. The smoothing
factor is defined by

smf(S, n) := r(520nS™") = ess-supgeq,, (5(6) - gn(6) - $(6)), (3.40 revisited)

where § and ¢y are properly expanded versions of § and Gj.
Let us assume that we have a finite resolution representation matrix for §. The only thing
missing to compute the smoothing factor is a finite resolution representation of gy.
Combining (1.61) and (1.62) yields that the Fourier symbol of Oy, is given by

i . Q=1 2 _
én(m:{o if0<O <5 or 2D g2 foral k=1...d,

1 otherwise.

This is a resolution 2n function. Hence, for any resolution r that is a multiple of 2n there is a
resolution r representation of Gy.

It turns out that we can give a Fourier matrix symbol which represents Oy, in a more elegant
way. Combining the definition of the frequency splitting operator (3.3) with the previous
equation, we obtain

0 ifir=0 or ip=2sx—1 forall k=1,...,d,
1 otherwise.

[Rondnli(0) = {

We see that the entries of the vector Ropgn are constant functions. Applying the operator gy
to a test function & gives

—~

[Ron[Onit]]i = [Ron(gn - D)

~ 0 ifir=0 or ip=2s—-1 forall k=1,...,d,
= [Rondl]; - .
1 otherwise.

This equation can be written as

[Ron[Onit]li = Z dniij - [Rontlj,

J

where

. 1 ifipz =0 or ip=2sx—1 forall k=1,...,d,
nij = Gij - .
0 otherwise,
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leading to

AN -1 - A~

Onll = Rzn GnRontl .
Hence, §yp is the 2n x 2n Fourier matrix symbol of the operator Qn, and each entry of ¢
is a constant function, which can be represented by any resolution r > 0. Therefore, to

multiply ¢n with another matrix symbol, we only need to expand the two operators to proper
dimensions; the resolution of ¢, adds no further constraints, as it can be chosen arbitrarily.

5.4.8. Matrix Representation

Consider an m X n resolution r function matrix a that is the Fourier matrix symbol of an
operator A, i.e., the Fourier representation Aof Ais given by A= R aRy. Restricting the
Fourier representation to Ty,., gives an operator A: Th.r = Ty, which is a linear operator
that maps between finite dimensional spaces. Hence, there exists a matrix that represents the
action of A given a basis of Ty, and of Tiy.r. The following theorem shows how to obtain this
matrix from the representation of the function matrix a for the basis (5.8) of T, and Ty r.

Theorem 5.19. Let a be an m X n resolution ¥ function matrix, with representation a and
A Tnx = Tmr given by A= RolaRy. Furthermore, let f € T™ and ii € TP such that
f= Al If we define f and u by the basis representations

f= Z fik " Gie/my+j and i = Z Uk * Qi -(c/n)+j »

j,k j',k'
then A can be represented by a matrix a’, i.e.,

kK = Z aj/k,j’k’ “ujg, where aj/k,j'k' = Gijk - Okk’ - (5.27)
j/’k/

Proof. We start with f = Aii and obtain that
f=RlaRyi.
Multiplying by Ry, from the left gives that
Rmf = aRuil,

and the definition of matrix symbols yields that

p—

n—

[Rmflj= ) Gy - [Ruilly . (5.28)
=0

—
Il

We shall now rewrite this equation by using the resolution r representations of the involved
finite resolution functions. ; .
Using Theorem 5.12, we see that { ﬁk};_:o and {uji };;0 are the resolution r representations
of [Rmf ] and [Ry ]j,, Thus, writing (5.28) in terms of these representations gives

n-1 r-1 n-1 r-1
=0 j=0Kk'= j=0Kk'=
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In this theorem we used two multiindices jk and j’k’ to index the coefficients fjk and ujy.
Thus, the matrix relating f and u has four multiindices. This choice of indices made the
formulation and proof of Theorem 5.19 easier. Furthermore, it reveals that the matrix a’ is a
block diagonal matrix.

From (5.27) we see that the entry ajfkj,k is zero if kK # K’. Thus, if we order the row indices
by k and column indices by k’ the matrix a’ is block diagonal. Hence, we can also interpret
finite representation matrices that represent Fourier symbols as block matrices. It can be
shown that operations on these representations directly map to operations on block matrices.

5.5. A Language for LFA

LFA analyzes the properties of iterative methods by examining the error propagator of the
method. The error propagator is, in general, given by a formula and a set of (periodic) stencils
that describe the involved operators. The idea of LFA is to compute the error propagator
by evaluating the formula for the Fourier matrix symbols corresponding to the involved
operators. We know how to carry out these computations; however, we need a way to turn a
formula that a user enters into a sequence of operations on Fourier matrix symbols.

5.5.1. Evaluating Formulas

We shall briefly discuss the algorithmic evaluation of formulas [1, 2, 65]. Let us start with a
simple example, the computation of

6-(3+4).

The evaluation is, of course, done by first evaluating the sum of three and four to seven, and
then evaluating the product of six and seven, i.e.,

6-3+4) ~ 67 ~ 42,

This is a straightforward procedure. There is, however, an issue with the notation that we
used.

Mathematically, 6 - 7 is equal to 42; the two are indistinguishable. As we want to talk
about the term “6 - 7 and not its value, which is 42, we need a way to describe terms in a
mathematical way without the risk of confusing the term with its value. One way to do this,
is to use prefix notation [1]. A term in prefix notation is a tuple, where the first element of
the tuple is the operator and the remaining elements are the arguments. For example the term
“3 + 4” written in prefix notation is

(+,3,4)

and the term “6 - (3 + 4)” is
(- 6,(+3,4).

In this notation we can write the evaluation of “6 - (3 +4)” as

(-,6,(+3,4) ~ (-,67) ~ 42.
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N
+
/\
3 4

6

Figure 5.6.: Expression tree of the term “6 - (3 + 4)”.

From this representation of the formula, we can easily derive the corresponding expression
tree’.

We can construct an expression tree from a term in prefix notation by creating a node for
every tuple and label it with the operator, the first element of the tuple. Then we create a
node for every number and label it with the number itself. As a last step, for each tuple we
create an edge that connects the operator node with the node of its arguments. It can easily
be seen that the resulting graph is a tree. Figure 5.6 shows an example.

We shall now discuss the evaluation procedure in an abstract way, i.e., we want to describe
the algorithm for the evaluation of an expression to a value. To define this algorithm, we
need three sets: the set of values, the set of operators, and the set of expressions. The
evaluation algorithm takes an element of the set of expressions and returns an element of the
set of values, according to some rules. This procedure differs from the way a (mathematical)
function is evaluated; when the algorithm is applied to the same input expression, it might
return a different value for every application. This can be the case, for example, when the
computation of the result depends on some user input.

The set of values can, in principle, be any arbitrary set. The members of this set, however,
are the objects that we accept as a final result of the computation. In the example above we
could have chosen the set of real numbers R. Thus, we would accept “42” as a result, but not
(+,6,7), as this is a whole term and not just a number.

The set of operators contains the actions or computations that we can perform. More
precisely, we assume there exists an AppLY procedure that, given an operator and a list of
values, returns a new value.

The set of expressions is a set that contains objects which describe the actions that should
be carried out by the evaluation algorithm. This set is defined recursively, starting with the
set of values.

e is a value, or

e is an expression if { , = (op,e1,es,...), where op isan operation and
ey, e, ... expressions.

Consider the evaluation of an expression of the form (op, €1, e, . . . ). The meaning of the
operator op is given by the AppLy procedure. This procedure, however, can only be applied
to the operator and a list of values and not a list of expressions. Thus, to apply the operator
to its arguments, we first have to compute the value of the argument expressions ey, ey, . . .,
which is what the evaluation procedure is supposed to do. To evaluate an expression, the

7For a definition of trees see [16].

176



5.5. A Language for LFA

Figure 5.7.: Expression tree of the term (2 - (3 +4)) - (3 + 4).

evaluation procedure is, therefore, recursively applied to all argument expressions. Then the
operator is applied to all argument values. The EvaL procedure is defined below.

EvaL(expr)

1 if expr in values

2 return expr

3 else

4 (op,e1,ea,...) «— expr
5 vi « EvaL(ey)

6 vy < EvaL(ep)

7 .

8

return AppLy(op, vi, Vo, ...)

When an expression contains the same sub-expression multiple times, the EvaL procedure
performs the same actions for each of these sub-expressions. These sub-expressions often®
evaluate to the same value. Thus, computing the sub-expression multiple times is unnecessary.

Consider the expression

(" (" 2, (+’ 3, 4))’ (+’ 3, 4)) P

which computes (2 - (3 + 4)) - (3 + 4) and contains the sub-expression (+, 3,4) two times.
Figure 5.7 shows the corresponding expression tree. This tree contains the sub-tree corre-
sponding to the sub-expression (+, 3,4) twice, which can be avoided if we connect the nodes
that connect to the (+, 3,4) to the same sub-tree instead of two independent sub-trees, as
shown in Figure 5.8. This graph, however, is not a tree anymore. Though, it is acyclic, which
allows us to apply the EvaL procedure to the graph without changes.

When the EvaL procedure is applied to the directed acyclic graph from Figure 5.8, it
performs the same operations as when it is applied to the tree from Figure 5.7. To actually
avoid the repeated evaluation of the sub-expression, we need to modify the EvaL procedure
to store the intermediate results, i.e., the values of the sub-expressions. One way to do this, is
to replace the node that represents a sub-expression by a node representing its value, as soon
as it is computed. This is, what the EvaL-DAG procedure does.

8This is the case when the sub-expression does not depend on a state that changes during the computation.
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A
y N
3 4

Figure 5.8.: Directed acyclic graph of the term (2 - (3 + 4)) - (3 + 4).

e - -
2/'\§‘+ ~ 2/'/\¥7«» 14/\ ~ @8

Y\ 7
3 4

Figure 5.9.: Application of the EvarL-DagG procedure to the directed acyclic graph representing
the expression (2- (3 +4)) - (3 +4).

EvaL-Dac(node)

1 if node in values
return node
else
(op,e1, er,...) < node
vi <« EvaL(ey)
vy « EvaL(e)

result «— AppLY(0p, v, V2, ...)
replace node by result
return result

S O 0 JIONNhR W

—

Its application to the directed acyclic graph from Figure 5.8 is visualized in Figure 5.9.

5.5.2. Building Expression Trees

If a user wants to evaluate a formula on a computer, he/she needs a way to enter the formula
into the computer. Since the computer can so far only evaluate expression trees, we need a
procedure that converts the user input into an expression tree.

A formula, for example, can be specified in a textual way; the user enters a text that defines
the formula. For example the text “6 * (3 + 4)” is a textual description of the expression
tree from Figure 5.6. A program that turns such a text into a formula is called a parser [2].
For a parser to be able to perform its task, the text has to follow a certain set of rules. Writing
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a parser is laborious, however, many programming languages allow us to reuse their parser
for our purpose.

If a programming language allows operator overloading, we can often use the parser of the
programming language to build an expression tree. Operator overloading enables us to (re-)
define the meaning of operators for user-defined types, allowing us to define a type which
represents an expression. Operations on this type then create new expressions instead of
performing computations. In that way we obtain an expression tree instead of a value. We
shall demonstrate this approach by a small example.

The example is a program written in the Python [69] programming language. The program
turns a formula into an expression tree, which is then used to print the prefix notation of the
corresponding formula.

We start by creating a class called Expression and define its addition and multiplication
operators by overwriting the __add__ and __mul__ methods. The operators, instead of
computing a value, just construct an instance of the classes Sum and Product, which store the
left hand side (self) and the right hand side (other) of the addition and multiplication.

#!/usr/bin/env python3

class Expression:
def __add__(self, other):
return Sum(self, other)

def __mul__(self, other):
return Product(self, other)

Furthermore, we define a class Operator which is an Expression and classes Sum and
Product which are Operators. The Operator class implements the __str__ method which
describes how an operator will be displayed. It will be represented by an opening parenthesis,
followed by its name, followed by the representation of its arguments, followed by a closing
parenthesis.

The Sum and Product class just store their arguments and set their name, such that they
can be printed by the method defined in the Operator class.

class Operator (Expression):
def __str__(self):

s = (' + self.name
for d in self.arguments:
s += ’,.’ + str(d)

return s + ')’

class Sum(Operator):
def __init__(self, 1lhs, rhs):
self.name = "+
self.arguments = [lhs, rhs]

class Product(Operator):
def __init__(self, 1lhs, rhs):
self.name = ’'*’
self.arguments = [lhs, rhs]
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:Sum
argument[0]e—-
argument[1]e

v
:Sum
argument[0]e—
argument[1]e
:Product
argument[0]e—-
argument[1]e
A A
:Value :Value :Value :Value
value=6 value=7 value=8 value=9

Figure 5.10.: Object diagram of the expression from the example program.

Note that the Sum and the Product class are themselves Expressions, as the Operator class
is an Expression. The sum of two Expressions returns an instance of the Sum class. As
this instance is itself an Expression, something else can be added to this class, which will
create a new instance of the Sum class. This will produce a tree, in which the inner nodes
are instances of the Operator class and the children of the nodes are the arguments of the
operator.

There needs to be a way to represent values. Therefore, we define a class called Value. This
class just stores the value it is given. However, it is an Expression and therefore the addition
and multiplication operators of the Expression class are used. Thus, whenever adding two
instances of the Value class, an instance of the Sum class is returned which references the
two values in its arguments.

The Value class also implements the __str__ method which just returns the corresponding
value as a string.
class Value(Expression):

def __init__(self, v):
self.value = v

def __str__(self):
return str(self.value)

We can test our implementation with the following code.

expr = Value(6) + Value(7) * Value(8) + Value(9)
print (expr)

The objects that are referenced in the expr variable are pictured in Figure 5.10. From this
structure, we can easily see that the output of this code will be:
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(+, (+, 6, (*, 7, 8), 9

5.5.3. Matching Resolutions

To compute the product or sum of two Fourier matrix symbols with finite resolution
representations and matching step-sizes, the resolutions need to fulfill the conditions of
Theorem 5.17 or Theorem 5.18, respectively. Assume that we have a set of Fourier matrix
symbols with finite resolution representations and a formula that combines them. We shall
show how to assign a resolution to every Fourier matrix symbol such that all operations which
are required to evaluate the formula combine only representations with matching resolution.

To choose the resolutions appropriately, we shall make use of the next theorem. It states
that for every formula that involves Fourier matrix symbols there is a common step-size, in
the sense that all other step-sizes are integer multiples of the common step-size.

Theorem 5.20. Let A € L(€2(G,,); £2(Ghn,, ) be given by an expression. The set of values
should be the set of Fourier matrix symbols, and the set of operators should consist of the
addition, multiplication, scalar multiplication, inverse, and adjoint. Then the step-sizes of the
domain and the steps-sizes of the codomain of all Fourier matrix symbols in the expression
are the integer multiples of a common step-size hy.

Proof. We prove the assertion by induction. First, we show that the set of values fulfills the
assertion. Then we show that an operator applied to expressions that fulfill the assertion
returns a Fourier matrix symbol, which also fulfills the assertion.

Let us start with the set of values. Let B € L({2(Gn,); {2(Gn,)) be an operator that has a
Fourier matrix symbol b € L2 ™(Opn.n, ). Then the step-sizes have to fulfill the requirement
(3.15), i.e.,

n- h] =m:- hz .

Thus, if we define the common step-size hg = h;/m = h,/n, ¢; = m, and ¢; = n, then
C1,C € ]Nd,
h1=C1'h(), and h2=C2'h().

We continue with the addition of an operator B € L({2(Gh,); ¢2(Gn,)) and an operator
B’ € L(fz(Gh/l ); fz(Gh'z)). The induction hypothesis tells us that B and B’ can be computed
using common step-sizes hy and hj. In particular, this statement implies that there exist
cy, ci € N4 such that

h; =c¢;-hy,
r ’
h; =¢; -hj.

The fact that we are able to add B and B’ implies that h; = h{, otherwise the formula would
not make sense. Combining this equation with the previous one yields that

’ ’
Cl'h():cl'ho.

Thus, if we define h(’)' =hgy/ c; = h(’) /c1, then hy and h(’) are integer multiples of h/, and all
integer multiples of hg and hy, can be written as integer multiples of h{/. Therefore, h/ is the
new common step-size.
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We consider the product B” - B of an operator B € L({(Gy,); {2(Gp,)) and an operator
B’ € L({’Z(Ghr1 ); fz(thz)). The induction hypothesis tells us that B and B’ can be computed
using common step-sizes hy and hy. In particular, this statement implies that there exist
¢, ¢} € N such that

h, =¢ - hg,
r_ o h
h; =c¢; -h;.

As we are able to multiply B and B’, we have that h, = h]. Combining this equation with the
previous one, we obtain that
Cz'h():c; 'h(,).

Thus, if we define h{f = ho/c] = hy/c¢,, then hg and h{ are integer multiples of h, implying
that all integer multiples of hg and h{| can be written as integer multiples of hj. Therefore,
h{ is the new common step-size.

It remains to prove the assertion for operators that involve just one Fourier matrix symbol,
i.e., the scalar multiplication, the inverse and the adjoint. However, as these operators pose no
constraints on the step-sizes, the common step-size is the same before and after application
of the operator. O

For computational reasons it can be desired to choose hg as large as possible, i.e., to
make hy as small as necessary but not smaller. Assume that in the computation we need the
step-sizes hy, . . ., hg, and we have a common step-size hg such that

hj=Cj'h0 for j=1,...,k.
The smallest step-size hy) is obtained by letting
cj’- =cj/ged(er,e2,...,¢¢) and hj=hg-ged(e, e, .. ).

With this definition,
h j = CJ/- . h6

and ¢; € N, showing that all step-sizes h ; are indeed integer multiples of h).

Using the fact that when evaluating an expression of Fourier matrix symbols, there exists
only one step-size that defines all the others, we can show that for an expression of finite
resolution representation matrices there is just one resolution, fixing all other resolutions.
Recall that the input and output resolution and the input and output step-size of a finite
resolution representation are related by

hoy/hin = Tin/Tout - (5.24 revisited)
First of all note that if hy,; = hyy,, the previous equation implies
Iin = Tout -

Thus, in order to have matching resolutions of operators that map grid functions with a
given step-size to a grid function with the same step-size, both grid functions must have the
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same resolution, implying that there is only one resolution per grid. Let ro be the resolution
assigned to the grid with step-size hy.
We know that there exists a common step-size hy such that

hin = ¢in-ho  and  hou = Cout - ho -
Combining the last two equations with (5.24), we get that
Tin/Tout = hout/hin = (Cout - ho)/(€in - ho) = Cout/Cin -
If we let hy, = hy, i.e., ¢;, = 1 and rj, = rg, then
Tin/Tout = To/Tout = Cout -
Thus,
Fout = To/Cout -

In a similar way, by assuming that ¢y, = 1, we get

Iin = I'O/Cin .

In other words, the input and output resolution are completely determined by the resolution
ro that we assigned to the grid with step-size hy. The choice of ry, however, is not arbitrary.
Assume that we are evaluating an expression containing the operators

Aj : fZ(GCmJ ~h()) - ZZ(GCDULJ‘ -h())

with corresponding m; X n; finite resolution representations matrices a;, for j = 1,..., k. It
is easy to see that if we define

o min = 1Crn(cin,l ‘M, ..., Cink - N, Cout,1 - My, ..., Coutk ° mk), (5.29)

any integer multiple of ro i, is an appropriate choice for ro. By appropriate we mean that
the requirements of Theorem 5.17 and Theorem 5.18 are fulfilled for all pairs of operators
(Aj, Ajr) whose step-sizes allow their multiplication or addition.

5.5.4. Evaluating Fourier Matrix Symbols

We shall now discuss how to compute a finite resolution approximation to a Fourier matrix
symbol given by a formula. In contrast to Section 5.5.1, we need to enrich the expression
tree of the formula before we can actually evaluate it.

The formula is evaluated by first approximating all Fourier matrix symbols, which appear in
the formula, by finite resolution representation matrices, and then combining them according
to the formula. In the previous section we have seen that we need a suitable resolution, and
to compute this resolution, we need the input and output step-size and the rows and columns
of all matrix symbols of the formula. Let us call these quantities the properties of the matrix
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symbols. From these properties we can compute a suitable resolution and then evaluate the
formula.

If we have the properties of the arguments of an operator, like the addition of multiplication
operators, we can compute the properties that the resulting matrix symbol would have.
For example, consider the general multiplication of finite resolution representations of
Fourier matrix symbols, as defined in the GENERAL-MuLTIPLY procedure. In this case,
Theorem 5.17 gives the properties of the product in terms of the properties of the two
factors. The computation of the properties for the general multiplication is given in the
CoMPUTE-PROPERTIES-MULTIPLY procedure.

CompPUTE-PROPERTIES-MULTIPLY (1, P2)
p.out-step-size <— pi.out-step-size
p.in-step-size « pj.in-step-size

q1 < lem(py.cols, p>.rows)/pi.cols
q> < lem(py.cols, pa.rows)/p2.rows
D.TOWS < D|.TOWS - ()

p.cols «— pa.cols - q»

return p

NN N kAW -

For every operator we can define such a function that computes the properties of the
resulting matrix symbol when given the properties of the arguments. Let us assume we have
a function CoMPUTE-PROPERTIES(0p, p1, P2, - . . ). Given the operator and the properties of
its arguments, this function computes the properties of the matrix symbol that the operator
would produce when applied to arguments with the properties pi, p2, .... Then we can
recursively traverse the expression tree and enrich it with the information about the properties
of the resulting symbol representations, which is what the SET-PrRoPERTIES procedure does.

SET-PROPERTIES(expr)

1 if expr not in values

2 (op, ey, ez, ...) < expr
3 SeT-PROPERTIES(€])

4 SET-PROPERTIES(€7)
5
6

expr.properties < CoMPUTE-PROPERTIES(0p, | .properties, e;.properties, . . . )

Let us discuss an example. We consider the block Jacobi method in 1D and with block
size 2. Furthermore, the operator of the linear system should be given by a constant stencil.
The method was discussed in Section 4.2.1, and its error propagator is given by

E=I1-wD'A. (4.20 revisited)

In this case, the operator D has a corresponding 2 X 2 and the operator A a corresponding
1 x 1 Fourier matrix symbol. The enriched expression tree for this formula, as produced by
the SET-ProPERTIES method, is shown in Figure 5.11. The procedure computes the properties
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Figure 5.11.: Enriched expression tree of the expression / — wD ™! A.

from the bottom to the top of the tree. Whenever two operators are combined in a node and
their rows or columns do not match, the rows and columns of this node have to be computed
by the rules of Theorem 5.17 and Theorem 5.18, i.e., the matrix symbols have to be expanded
properly. The expansion is necessary, for example, when D! and A are multiplied. The rows
of A do not match the columns of D~!. Consequently, the result has more rows and columns
than A. From this enriched expression tree we can compute the suitable resolutions for the
evaluate of the expression.

The resolution of all representations is determined by the resolution on the finest grid, as
discussed in Section 5.5.3. Let hg be the step-size of the finest grid. A feasible resolution is
an integer multiple of ro min, Which is determined as follows. Assume that we have k nodes
in the expression tree, and the jth node has the following properties: the input step-size
h; i, = ¢jin - ho, the output step-size h; oy = €/ out - ho, the rows m;, and the columns n;.
Then as discussed in Section 5.5.3,

Y0,min = 1cM(Cin1 - Ny, ..., Cink * N, Cou 1 - My, - . ., Courk - M) . (5.29 revisited)

This value can be computed by traversing all nodes of the expression tree. We can use this
value to determine the resolution on the finest grid.

The resolution determines the quality of the computed result. Therefore, a user wants to
specify a minimal resolution to ensure a minimum quality of the result. Thus, we choose the
smallest multiple of 7o min that is larger than the resolution which the user requested.

This choice for the resolution ensures that when evaluating the expression tree, all operations
involve matching resolutions. Hence, after choosing the resolution, we can evaluate the
expression tree using the EvaL procedure from Section 5.5.1 where the AppLy procedure
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uses the algorithms from Section 5.3. The result is a finite resolution representation matrix,
which approximates the Fourier matrix symbol of the operator described by the expression.

5.6. Literature and Contributions

This chapter dealt with the automation of LFA. Another approach of automating LFA is
described in [74], where an LFA software with a graphical user interface is presented. The
main difference between this reference and this thesis is, that in this thesis we allow for the
computation of arbitrary combinations of operators, while the software described in the
reference only allows the evaluation of a fixed set of formulas.

For the purpose of allowing for arbitrary operator combinations, we combined the idea of
approximating functions by finite resolution functions—a concept well known in applied
mathematics—with the idea of evaluating expression trees—a concept will known in computer
science.

To evaluate arbitrary formulas involving operators with Fourier matrix symbols, we need
to compute general sums and products of these symbols. These operations require the proper
expansion, which was introduced in this thesis. Furthermore, it is reasonable to fulfill certain
requirements about the resolution of the functions that are used in the computation. These
considerations and the proof that a proper choice of resolution is always possible is an original
result of this thesis.

The algorithm for the computation of Fourier matrix symbols, introduced in Section 3.6,
is also a new result. Furthermore, Theorem 5.10, which gives an estimate for the accuracy of
the finite resolution approximation, is also new.
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6. Conclusions

In this thesis, we have developed a general framework for local Fourier analysis of multigrid
methods that is versatile and well suited for computer implementation. The two main results
that made this framework possible are the equivalence of periodic stencil operators and
operators with Fourier matrix symbols (Theorem 3.35), and that operators with Fourier
matrix symbols are closed under many operations (Theorem 3.37). These results were
shown by exploiting the fact that the operators given in position space have a corresponding
representation in Fourier space.

More precisely, a discrete function on an infinite grid Gy, is represented in Fourier space
by a continuous function on the compact set ®y. These two representations are related by
the discrete time Fourier transform giving a relation between the spaces ¢>(Gp) and L,(G®p).
Consequently, linear, bounded operators on these spaces are similarly related; every operator
in L(£2(Gp); €2(Gy)) has a Fourier representation in L(Ly(®p); Lo(®y)). It turned out that
there are two subsets of operators on grid functions whose Fourier representations can be
written in a useful way—constant stencil and periodic stencil operators.

We have proven that the Fourier representation of constant stencil and periodic stencil
operators can be written as symbols and matrix symbols. This form is important, as it allows
us to compute the norm and spectral radius of the corresponding operators via

r(A) = ess-supyce,, (d(0)) and |All = ess-supyeg,, lA(O), (3.25 revisited)

where q is the Fourier matrix symbol of the operator A. These relations have been used in
local Fourier analysis literature (see, e.g., [11, 74]). Still, we could not find the constraints
or proofs for these statements in the literature. To close this gap, we decided to proof these
important statements in this thesis.

Using the Fourier matrix symbols of periodic stencil operators, we were able to analyze
multigrid methods which have not been considered to this point. We analyzed a multigrid
method for a diffusion problem with jumping coeflicients, and we analyzed various block
smoothers. Furthermore, we showed that known results, like the analysis of the point-wise
red-black Jacobi method, can be performed using periodic stencil operators.

As mentioned above, for the practical implementation of LFA in a computer software, it is
important that Fourier matrix symbols are closed under many operations for the following
reason. We know how to approximate Fourier matrix symbols on a computer. Hence, if we
perform a computation, we want to be sure that the result is a Fourier matrix symbol. If the
result would be something else, we would not be able to store and represent it on the machine.

We showed how to create a flexible software for the automation of local Fourier analysis.
This flexibility was achieved by choosing approximations to Fourier matrix symbols as
primitive components that could be combined into complicated expressions. In this way,
many problems can be described, which are then analyzed by the software.
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6. Conclusions

In summary, we have described a theoretical framework that allows for the analysis of
complicated problems and a flexible computer implementation. This implementation permits
the reuse of code and therefore simplifies the applicability of local Fourier analysis.

In the future, the software should allow us to analyze further complicated problems that
have not yet been considered by local Fourier analysis. Furthermore, it is straightforward to
widen the analysis to include systems of operators. In addition, the software uses an expression
tree to represent the computations that should be performed. By applying algorithms that
rewrite this tree, it should be possible to optimize the computation of the Fourier analysis,
e.g., by removing redundant information or simplifying expressions.
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A. Exponential Basis

Orthonormal bases are useful for different analytical tasks. In this chapter, we discuss an
orthonormal basis of L([0,27/h1) X --- X [0,27/hy); C), where O < h € Rd, that uses the
complex wave functions e'’ (¢ € R). These are classical results that can be found, e.g., in the
textbooks [4, 21, 42, 61, 72].

A.1. The one-dimensional Case

Let us begin with the one dimensional case and the space L;([0, 27); C). We claim that the
functions _
Yi(s) := \/%elks (for k € Z)
T

form an orthonormal basis of L,([0,2x);C). The orthonormality is easily verified by
computing the integral
2 N '
Wi, ¥j) = | \/%_ﬂe_”s . \/%_ﬂelks ds = Oj .
From this fact we already know that for a function that is given by

(9]

f = Z agyy, where ageC, (A.1)

k=—c0
the coefficients ay fulfill ar = (f, ¥y ).

It is also true that every function f € Ly([0, 27); C) can be written as the sum (A.1). This
statement, however, is more difficult to prove.

Lemma A.1. Every function f € L,([0,2n); C) can be written as the sum (A.1).

Sketch of the proof. This proof can be found in standard textbooks [4, 21, 42, 72]. Therefore,
we will just outline one possible way to prove the assertion.

It can be proven that every step function on [0, 27r) can be written as the sum (A.1) [21].
Thus, the set {¥x},._., is dense in the set of the step functions. As this set is dense in
Ly([0,27r); C) also is {¢k }rr oo i

A.2. The d-dimensional Case

In the next step, let us generalize this basis to the space Ly([0, 27)%; C). By using the results
from section A.1, we shall show that

Wk (s) := (Zn])d/z %) (fork € Z9)
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A. Exponential Basis

is an orthonormal basis for L,([0, 27)4; C).
We can use the exponentiation law to obtain

_ 1 ikysq
= Qnyar®

=i, (S1) - Yy (52) -+ Y, (5a) -

elkzsz . elkdsd

Thus, the functions ¥ are just the product of the basis functions from section A.1. By

computing

W ) = /[02 y Wi (s1) - Wi, (sa) - Yy (s1) -+ - Yy, (sa) ds
= <wk19 $]1> U (lﬁkd, wjz>

= Okj»

we verify the orthonormality of {¥x } ...
Furthermore, {y }y

—00

is also a basis of Ly([0, 27)4; C), as we will see in a minute. For

this purpose, pick a function f € L,([0, 27)%; C). For almost all x,, . . ., x4 € R it is true that
the mapping s; — f(s1, X2 ..., xq) is a univariate function in L,([0, 27); C). Thus, if we use

Lemma A.1, we have that there exists ag, (x2, . .., x4) € C such that

(o)

fls1, %2, ..., xq) = Z ag, (x2, ..., xa) - Y, (s1) .

ki=—o00

The same argument applies to the functions ai,. We can write them as

[

ag, (52, X3, ..., Xq) = Z ak]kz(x3’ ceeXq) - Lbkg(sz) fork; € Z.

ky=—00

We can substitute this relation into the first sum (A.2) and obtain that

Fls1,82,%3...,xq) = Z Z Alyky (X3, + 5 Xa) - Wiy ($2)W, (51) -

kj=—00 kp=—c0

We can now repeat this with ag,k,, ak, ks - - - and finally arrive at
f= Z ak Yy Yy = Z ak - Y -
k:—OO k:—oo

Therefore, {¥ },. _., is an orthonormal basis of L,([0, 2m)4; Q).
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A.3. Changing the Domain

A.3. Changing the Domain

We have an orthonormal basis for ¥ := [0, 27)¢, and we would like to have an orthonormal
basis for @y, := [0,27/h1) X - - - X [0,27/hyg), because this is the space we use in local Fourier
analysis. To obtain this basis, we construct an isometry between Ly('¥; C) and L(®y; C).

Lemma A.2. The mapping T : ¥ — @y, given by
1/2
(T)(x) = voly/* - fly(x)
is an isometry.

Proof. Let f,g € Lo(¥;C). As T is linear, we just need to show that
[Feas=tro) = vy = [ Toorran
h

We prove this by constructing the mapping 7 from a variable substitution. Lety : @, — ¥
and
y(X) = hxpdx; + -+ + hgxgdxg .

Then the variable substitution given by y yields

Y U(¥)

[P 26 f()ds = f s0) - (D) - | dety/ (D) dt.

A simple computation yields that det(y’(¢)) = voly. By distributing this factor onto the two
functions f and g, we obtain that

/ 26) - f(9)ds = / vl g(y(1)) - voll 2 f (1)) di
¥ On

Therefore, the mapping 7 is an isometry. O

By using the mapping, T can transform the orthonormal basis iy of ¥ into an orthonormal
basis T'(x) of O, proving the following theorem.

Theorem A.3. The set of functions
ae
(TY)() = Gome MY

is an orthonormal basis of the space L(®y; C).
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Nomenclature

HR AR N Z

XM

i

Ue(x)
[a]

vol,
lem(a, b)
gcd(a, b)
I

span{vy, ..

(a, b)

llall

diag(wi, . .

X
CP|a, b]

u
Lr(X)
Loo(X)
L(H)
L(Hy; H>)
A*

o(A)
p(A)
€SS-1m
ess-sup
LY (X)
L} (X)

A

Ap

-,Vn}

-,Wn)

The natural numbers.

The integer numbers.

The real numbers.

The complex numbers.

The imaginary unit.

The complex conjugate of the complex number a.
Cardinality of the set S.

The characteristic function on the set M.

The Kronecker delta.

The open unit sphere of radius € with center x.

The equivalence class of a w.r.t. some equivalence relation.

The volume of the hyper-cube with sides ny, ..., ng.
The least common multiple of a and b.

The greatest common divisor of a and b.

The identity matrix/operator.

The span of the vectors vy, ..., v,.

The scalar product of a and b.

The norm of a.

The diagonal matrix with diagonal entries wy, . .., wy,.
The closure of the set X.

The space of p-times continuously differentiable functions on the

interval [a, b].

The Lebesgue measure.

The square Lebesgue integrable functions on X.
The essentially bounded functions on X.

The set of linear, bounded operators A : H — H.
The set of linear, bounded operators A : H| — H,.
The adjoint operator of A.

The spectrum of A.

The resolvent set of A.

The essential range.

The essential supremum.

The set of m X n matrices with entries in Le(X).
The set of vectors of length n with entries in L,(X).
The Laplace operator.

The discrete Laplace operator.
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Nomenclature

Vu The gradient of the function u.

V-w The divergence of the field w.

Q The domain of a PDE.

0Q The boundary of the domain of a PDE.

Qp Inner points of the discrete domain.

ﬁh The whole discrete domain.

0Qn The boundary of the discrete domain.

Ghn The infinite grid with step-size h.

(Gy) Bounded functions on the infinite grid Gy,.
®p The visible frequencies on a grid with step-size h.
Lr(®y) Bounded functions on the frequencies.

o The wave function with frequency 6.

[6] The set of all n,h-harmonics of 6.

O The low n,h-harmonic corresponding to 6.

0y The base frequency of the frequency 6.

Th The discrete time Fourier transform.

ﬁ The element-wise discrete time Fourier transform.
A The Fourier representation of the operator A.

a The Fourier (matrix) symbol of the operator A.

S;’ The frequency shifts.

Sj The frequency shifts.

tx The space shifts.

Rn The frequency splitting operator.

T: The set of all resolution r functions.

™" The set of all m X n matrices with entries in 7;.

194



Index

base frequency, 31, 41
block Jacobi method, 124
block shift invariant, 102
boundary value problem, 3

characteristic function, 62
coarse grid correction, 16
coarsening range, 30, 33
column sum norm, 50
common step-size, 181
consistency, 5

constant stencil, 25, 53
constant stencil operator, 53

discrete domain, 4

boundary, 4

interior, 4
discrete maximum principle, 8
discrete time Fourier transform, 55
discretization, 5
divergence, 109

element-wise discrete time Fourier trans-
form, 96
error
algebraic, 10
discretization, 10
propagator, 20
essential range, 66
essential supremum, 90
evaluation, 176
expansion, 84
expression, 176
expression tree, 176

finite differences, 5

finite volume method, 110
formal eigenvalue, 26
formal eigenfunction, 26
Fourier matrix symbol, 82
Fourier representation, 58
Fourier space, 48, 56
Fourier symbol, 26, 61, 68
frequency shifts, 71
frequency splitting, 84
frequency splitting operator, 72
full weighting restriction, 18

Galerkin coarse approximation, 23
Galerkin coarse grid approximation, 116
gradient, 109
grid, 4
grid function, 48

bounded, 48

harmonic frequencies, 30, 41
Hilbert-Schmidt norm, 50

induced restriction, 19

infinite grid, 25

injection, 15

injection interpolation operator, 75
iterate, 10

Kronecker delta, 38

Laplace operator, 3
linear bounded operator, 48
low harmonic, 31, 41

matrix symbol
inverse, 79
invertible, 79
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Index

matrix symbol, 79
adjoint, 79

matrix symbol properties, 184

matrix symbols, 71
multigrid iteration, 20
multigrid method, 1

multiplication operator, 61, 62

operator norm, 43, 48
operator overloading, 179

parser, 178

periodic stencil, 93
plane wave, 37
position space, 48, 56
prefix notation, 175

red-black block Jacobi method, 135

resolution, 148
finite, 148, 150
infinite, 148, 150
input, 167
output, 167
resolution r
representation, 151
resolution r
function, 150
function matrix, 162

representation matrix, 162

resolution r
function, 148

resolvent, 60

row sum norm, 50

sampling offset, 154
scalar product, 33
shift invariant, 53
shift operator, 53
smoother, 13
smoothing factor, 33, 41, 68
space shift, 77
spectral radius, 43
spectrum, 60
stability, 5, 7
stationary method, 12
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stencil, 24, 37
coefficient, 143
finite, 154
offset, 143

symbol, 62

thermal conductivity, 110
two-grid method, 16

value, 176

variable stencil, 52

visible frequencies, 28, 38
volume of a hypercube, 34

wave function, 26, 37
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