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Abstract

In this report, several numerical aspects and difficulties for solving a large linear
system, derived from the Helmholtz equation are overviewed.

The presentation starts with the derivation of the Helmholtz equation.
Helmholtz’s boundary value problem (HBVP), or briefly Helmholtz’s Problem, with
absorbing boundary conditions is formulated. After finite difference discretization
of the problem we obtain a linear system which can be solved to obtain the solution
of HBVP. The resulting matrix is not only large and sparse, but also indefinite and
symmetric-complex.

Next, we give the numerical and exact solution of the one-dimensional HBVP
in cases when the wavenumber and the source term are both real-valued. Moreover,
special problems with variable wavenumber are also discussed. Some examples are
worked out in order to get more feeling for the Helmholtz equation and to develop
our intuition.

To solve HBVP we use iterative methods. Several CG-related methods are
known (CGNR, COCG, GMRES, Bi-CG and Bi-CGSTAB), which are summarized
and their algorithms are given. GMRES and BiCGstab are worked out in detail,
because these are mostly used to solve HBVP.

We deal with a few preconditioners (like ILU, AILU, separation-of-variables and
complex shifted Laplace precondtioners), which can be applied to solve Helmholtz’s
boundary value problem efficiently. The preconditioners are required to accelerate
the iterative methods.

At the end, we give a short outlook for further research.
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Chapter 1

Introduction

Wave propagation through an inhomogeneous acoustic medium with a con-
stant density is described in the frequency domain by the Helmholtz equation

~Ap(x) — k(x)*p(x) = f(x), (1.1)

where p is the pressure field and f a point source term. The wavenumber
k = w/c is a function of the spatial coordinates x = (z,y) in 2-dimensional
case and x = (z,y, z) in 3-dimensional case, because the velocity ¢ depends
on the spatial coordinates in an inhomogeneous medium.

In practical applications, for instance when modeling a seismic survey,
the wavenumber is such that the Helmholtz operator has positive and neg-
ative eigenvalues. To mimic an infinite space by a finite computational
domain, absorbing boundary conditions are added to (1.1), which lead to
the Helmholtz boundary value problem (HBVP). More information about
the HBVP and the derivation of the Helmholtz equation can be found in
Chapter 2.

Chapter 3 deals with one-dimensional examples of the HBVP to get
more feeling and intuition of this kind of problems. Both numerical and
analytical solutions are discussed. Moreover, some spectral analysis is done
as preparation for the next chapters.

To solve equation (1.1) with suitable boundary conditions, a finite-
difference discretization is applied leading to the linear system

Au=Tf (1.2)

The matrix A is a large but sparse symmetric-complex matrix. The solution
u is represented on a grid with between 500 and 2000 points per coordinate
direction in typical seismic applications. In 2 dimensions, the system (1.2)
can be solved by a direct method based on LU-factorization. In 3-dimension,
a direct solver is generally too expensive. To fully take into account the
sparseness of A, an iterative method should therefore be applied. We treat
iterative methods based on Krylov spaces, for instance CGNR, Bi-CGSTAB
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and GMRES methods, see therefore Chapter 4 where these methods and
their numerical algorithms are discussed in more detail.

A preconditioner is needed to improve the convergence and robustness
of iterative methods. Several preconditioners for solving HBVP are the
subject of Chapter 5. Both standard and recently designed preconditioners
like AILU, separation-of-variables and complex shifted Laplace are discussed
in this chapter.

We end with Chapter 6, where a short summary of this report is given
and a temporary plan is made for further research.



Chapter 2

Helmholtz’s Boundary Value
Problem

The Helmholtz equation is given by

Ap(x) + k(x)*p(x) = f(x), (2.1)
with the Laplace-operator A = 8‘9—; + ‘9722 + g—; and x = (2,7,2) in Q € R?

which is a 3-dimensional region !. The pressure p(x) needs to be solved
from this partial differential equation. This equation, derived from the wave
equation, is used to describe for example scattering phenomena.

In this report we derive the Helmholtz equation (2.1) and formulate
the Helmholtz boundary value problem (HBVP). Using a finite difference

discretization we obtain a linear system belonging to HBVP.

2.1 Helmholtz equation

The central equation that governs acoustic wave propagation in a medium
with constant density is the Helmholtz equation, see (2.1). Strongly related
to this is the wave equation

2
%(X, t) = c(z)*Ap(x, 1), (2.2)

with x € R3,# > 0 and c(z) the speed of sound which is spatial dependent.
In the next subsections, we derive the wave equation (2.2) and the
Helmholtz equation.

Yin 1-dimension: x = x in the region Q € R and 2-dimensions: x = (z, %) in the region
QeR.
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2.1.1 Derivation of the wave equation

The wave equation appears in various disciplines and as a consequence there
are several derivations of this equation. In this report we give the derivation
with acoustic waves, see for instance Colton & Kress [5] and Erlangga [6].
The derivation with elastic solids, which is of our interest, is given in for
instance Achenbach [1] and is almost identical to the derivation of acoustic
waves.

Sound waves of small amplitude propagate in a region Q € R?. In an
acoustic wave problem, the local motions of particles c.q. elements in the
medium are considered, while the medium itself is motionless.

We define field variables which are of our interest: pressure p = p(x,1t),
particle velocity v = v(x,t), density p = p(x,t) and entropy S = S(x,1).
If we assume the medium to be inviscid and weakly compressible, the wave
motion can be represented by the following equations: equation of Euler
(derived from the equation of motion, see for instance p.48-51 of Korving &
Corstens [14])

ov 1
— . p— 2n
5 + (v-V)v pr, (2.3)
the continuity equation
dp
. = 2.4
5 TV (V) =0, (2.4)

and the equation of state

where f is a function depending on the nature of the medium and S follows

the adiabatic hypothesis

oS
— . = . 2'
N +v-VS=0 (2.6)

Since this adiabatic hypothesis is imposed and no dissipative process occurs
from the equations of Euler, the process during the propagation of waves is
isentropic, which means that the entropy of the whole process is preserved.

If waves propagate through the medium, all field variables are perturbed
from their quiescent conditions. If we assume only small perturbations
caused by wave propagation, the perturbed field variables can be expressed
as

p(x,t) = po+dp(x,t);

p(x,t) = po+dp(x,t); 27)
v(x,t) = vo+ov(x,t); '
S(x,t) = So+05(x,1),

with respectively [0p| < |pol, [0p| < |pol, [0V| < |vo| and [6S]| < |Sp|. In
general the parameters pg, pg, vo and Sy are functions, but in the static state
they are constant. Moreover vg = 0. The expressions in (2.7) can be used
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to linearize equations (2.3)-(2.6), giving the following equations: linearized
FEuler equation

ov 1
—=—-—V 2.8
linearized continuity equation
dp
il v=0 2.9
and linearized equation of state
dop Of ap
- == —. 2.10
at — op (o, So) ot ( )
Differentiating (2.8) in space and (2.9) in time gives us, respectively,
ov 1
V:—=—-——A 2.11
and 5 o
v 1 0%p
== 2.12
8t Po 6t2 ( )
Combining (2.11) and (2.12) leads to
0?p
Ap = —. 2.13

After differentiating (2.10) in time, we can substitute this in (2.13) to obtain

of ~1 9%
Ap=| = S —. 2.14
The speed of sound c is in our assumed situation defined by
of
2
== S0)- 2.15
<= (o, So) (2.15)

We notice again that in each part of the medium with constant py and Sy
has spatial-dependent speed of sound.
From (2.14) and (2.15) we obtain finally the wave equation

3210 2
—=(x,t) = c“*Ap(x, t). 2.16

B, t) = A Ap(x, ) (2.16)
However, in applications we are interested in variable c. After several com-
putations we can derive

0?p

@(x, t) = C(X)QAp(X, t), (2.17)

wherein pg is no longer constant anymore.
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2.1.2 Derivation of the wave equation in elastic solids

The derivation of the Helmholtz equation was given with acoustic waves.
However, our interest is in waves in elastic solids. Earlier in this section there
is mentioned that both derivations are roughly the same. For completeness
we give shortly the steps in the elastic solid medium in onedimension. For a
full understanding of this steps and for the three-dimensional case we refer
to Achenbach [1].

Non-linearized theory

In a purely one-dimensional longitudinal motion all material particles move
along parallel lines and the motion is uniform in planes normal to the direc-
tion of motion.

Suppose the position of a material point p at a certain time, say ¢t = 0,
is defined by the position x. At a later time ¢ the position of the particle
can be specified by

x = p(z,t). (2.18)
The displacement is denoted by u(x,t) and can be expressed as
u(z,t) =x — p(x, t). (2.19)

As a consequence of the nonuniformity in the direction of the motion,
the element undergoes a deformation. Then we obtain the displacement
gradient Ju/0z as a measure of the deformation.

To make use of material derivative of u(x,t) one can derive Reynolds
transport theorem

d [ _ [ ]of(t)  Of(z,t)v(, 1)
dt/zl f(az,t)dx—/ml [ 5 + o7 dz, (2.20)

2

where v(z,t) is the velocity of a certain particle and f(x,t) is the total of a
global quantity carried by the mass system. Notice that 1 and x5 in (2.20)
are time-dependent.

Conservation of mass gives

Op(w,1)  Oplw, )01
ot ox

where p(z,t) is the mass density.
The principle of balance of linear momentum implies that

=0, (2.21)

2
T(z,t)[52 = — p(z, t)v(x, t)dx. (2.22)
1
Here 7(z,t) defines the stress at position x, where body forces are not taken
into account. With a few computations we can derive

5 0?u  0%u

C 6[1}2 = @, (223)
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with
9 1 ds

= pod(0u/oz)’
In expression (2.24) pg is the mass density as a function of the reference
configuration and 7(z,t) has the following form

c (2.24)

7(z,t) = §(0u/0r), (2.25)

with du/0zx the displacement gradient.

Linearized theory

Although it is possible to determine solutions for certain one-dimensional
problems governed by the nonlinear theory, there are often rather substantial
complications. The complications disappear altogether when the theory is
appropriately linearized.

Let us consider the constitutive relation (2.25) for the special case that
7(z,t) is proportional to du/dx:

Ou(x,t)
or
where 57 is a constant. For some materials this relation may be an approx-
imation applicable only when |0u/dx| < 1. For other materials and within
the context of a one-dimensional theory it may be exact in the sense that it
may apply for quite large values of |0u/0x|.
If expression (2.26) holds, equation (2.23) reduces finally to the linear
wave equation

T(.CC, t) = Sl

(2.26)

&%u 1 9%u
—_— = = 2.27
0x? 2 ot2’ ( )
where g
2 1
ct = —. 2.28
£0 ( )

In the same way we can derive the following expression for non-constant c

with variable pg:

0%u 1 0%u

—5 = —. 2.29
or?  c(x)? ot? (2:29)

2.1.3 Derivation of the Helmholtz equation

We consider time-harmonic (standing) waves of frequency w > 0 with time
independent pressure p of the form

p(x,t) = cos(wt)p(x). (2.30)
This may also be written as

p(x,t) = Re “pH(x), (2.31)
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where 72 = —1 and R indicates that the real part of the right-hand-side of

(2.31) should be taken. We shall omit this symbol $ in further analysis for

brevity and keep in mind that we are interested in the real part of imaginair

solutions. However, it appears that sometimes the complex part of the

solutions do give information, so these are also treated in some applications.
With the aid of (2.31) one derives that

0%p(x, t it~
% = —wle Wp(x). (2.32)

Using (2.31) and (2.32), the wave equation (2.17) reduces to the reduced
wave equation or Helmholtz equation

Ap(x) + k(x)*B(x) = 0, (2.33)
where the wave number k is given by
w
(x) = ) (2.34)

This equation carries the name of Von Helmholtz for his contributions
to mathematical acoustics and electromagnetics.

Figure 2.1: HERMANN LuDpwiG FERDINAND VON HELMHOLTZ (1821-
1894), ONE OF THE GREATEST GERMAN PHYSICISTS AND MATHEMATI-
CIANS.

If there is no ambiguity in the context, we denote p(x) by p(x) in this
report. Moreover, if we assume a harmonic source in the neighbourhood
of Q, i.e.,f a harmonic disturbance e~ f(x) which is producing the waves,
then the source appears on the right-hand-side of (2.33). We obtain the
inhomogeneous Helmholtz equation

Ap(x) + k(x)*p(x) = f(x). (2.35)
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where f is a given source term. Equation (2.35) is identical to equation
(2.1).

2.2 Helmholtz’s problem

In this section we define Helmholtz’s boundary value problem.

2.2.1 Boundary conditions

Proper boundary conditions are required to find a unique solution of the
Helmholtz equation.

For a sound-soft obstacle the pressure of the total wave vanishes on the
boundary. Consider the scattering of a given incoming wave 1’ by sound-soft
obstacle D € Q and define u® by the scattered wave. Then the total wave
u = u’ 4+ u® must satisfy the wave equation in the exterior R3\ D of D and
a Dirichlet boundary condition v = 0 on 0D.

Similarly, the scattering from sound-hard obstacles leads to a Neumann
boundary condition du/dn = 0 on 9D where n is the unit outward normal
to 0D, since here the normal velocity of the acoustic wave vanishes on the
boundary.

Impedance boundary condition

More generally, allowing obstacles for which the normal velocity on the
boundary is proportional to the excess pressure on the boundary leads to
an impedance boundary condition of the form

8](;(:) +iAp(x) =0 (2.36)

on x € D with A > 0 2. Such a condition can be used for the boundaries
of 912.

Sommerfeld radiation condition

Related to condition (2.36) is the first-order Sommerfeld radiation condition

0
Iplx) _ ik(x)p(x) =0, x € 9N. (2.37)
on
This condition is widely used in Helmholtz problems, see for instance Er-

langga [7].

2See section 2 (p.15) of Colton & Kress [5].
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Absorbing condition

If we assume

p(x) = ue™, peC, (2.38)
then it can be derived that
0
g(;) —ikp(x) =0, (2.39)

which is used as condition at the two faces of the boundary, where the unit
outward normal is in z-direction. Similar conditions as (2.39) are defined
for the other faces.

In section 2 of Mulder & Plessix [17], condition (2.39) is given as

Op(x)
on

+ —ik(x)p(x) =0, (2.40)
where n representing z,y or z, depending on the boundary. Expression
(2.40) is the so-called first order absorbing boundary condition. The aim
of this artificial condition is to represent our finite domain €2 as part of an
infinite domain, as accurately as possible.

One can write (2.40) in the following concise way

Ip(x)
on

+ik(x)p(x) =0, (2.41)
where n is the unit outward normal to the boundaries.

Choice of boundary conditions

In our further analysis we take the absorbing boundary condition (2.41) as
our boundary condition on 9€). Later on we shall choose other values of A
in order to represent the real situation as accurately as possible.

We assume our region ) to be a boz-shaped computational domain with
dimensions [Tmin, Tmax] X [Ymin, Ymax] X [Zmin, Zmax), Which are real-valued.
Then condition (2.37) holds only for the six faces, because the outward
normal is not defined for the edges and corners of the box.

For each edge of two bordered faces @ and (5 we define the following

condition
1 (), o)
8na 8nﬁ

7 > + ik(x)p(x) = 0, (2.42)

where n, and ng are the unit outward normals of o respectively 3.
In almost similar way as above we can define the boundary condition for
the corners of the box

1 (opxt)  Op(x) , Op(x)
ong ong one

NG > + ik(x)p(x) =0, (2.43)
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where «, 3 and ( are the three faces which border the considered corner.
See Heikkola, Rossi, Toivanen [12] for accompanying literature.

Later on it turns out that the conditions at the edges and corners will
not be used in the numerical methods, see next chapter.

2.2.2 Helmholtz’s boundary value problem

Wave propagation in an inhomogeneous medium is considered, which means
that the medium can consist of several parts. Let € R? be the region
enclosing the medium with scatterers and boundary 9€2. Furthermore, let
n denote the unit outward normal to dD. Then, the Helmholtz’s boundary
value problem for wave propagation in an inhomogeneous medium can be
defined as follows:

Helmholtz’s boundary value problem (HBVP)
Find the total field p(x) in an inhomogenous medium € such that

(A +k(x)%) p(x) = f(x), x€Q, (2.44)

with boundary conditions
o .
o +ik(x) | p(x) =0, x €09, (2.45)
n

where f is a given source term, n is the unit outward normal and

k= e (2.46)

with wave-frequency w > 0 and sound of speed c.

HBVP can be solved by an integral equation method by transformation
into a Fredholm integral equation, see for instance Colton & Kress [5]. In the
discretized form, the Fredholm integral equation results in a large full matrix
which requires the inversion for resolving the solution. This is considered
too expensive in many practical problems.

In this report, we aim at numerical solutions of HBVP by applying a
finite difference approach. In many practical applications, the linear system
obtained after discretization is very large. This requires specials methods to
solve the linear system efficiently with a reasonable accuracy.

2.3 Analytical solution of HBVP

In this section we deal with the analytical solutions of the Helmholtz bound-
ary value problem (HBVP), where Green’s functions are used.
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2.3.1 Homogeneous solution

First we consider the homogeneous Helmholtz equation without source-term
and with constant positive wavenumber £, i.e.,

Ap(x) + k*p(x) = 0. (2.47)

Straightforward differentiation shows that for fixed y € R? the fundamental

solution
eik‘x_y‘

G(x,y):= X £y, (2.48)

satisfies this Helmholtz equation in R3 \ {y}.
G(x,y) is called a Green’s function. Later on we will see why this func-
tion makes sense.

2.3.2 General solution

By definition the Green’s function for the Helmholtz equation satisfies
(A +k*)G(x,y) = d(x —y) (2.49)

subject to a suitable boundary (radiation) condition, in such a way that
f(x) — 0 as |x| — oo . Soin (2.49) the source-term is represented as a point
source. Then it follows that

D(x) = /Q G(x,y)f(y)dy, (2.50)

is the solution of the homogeneous Helmholtz equation with again constant
positive wavenumber k, i.e.

(A +EHD(x) = f(x). (2.51)

Note that no determination of arbitrary constants is required, since ®(x)
as given by the Green’s function integral formula automatically satisfies the
boundary conditions.
With simple but laborious computional work we find that G(x,y) in
(2.49) has the following form
etklx—yl

G(x,y) = X #Yy, (2.52)

CArx —y[’
This is exactly (2.48).

The usefulness of a Green’s function solution rests on the fact that the
Green’s function is independent of the non-homogeneous term in the differ-
ential equation.

By definition of the Green’s function, this should satisfy the homoge-
neous equations except at the source point where an appropiate singularity
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must exist. Furthermore, the Green’s function should vanish on the bound-
aries, i.e.,

G(x,y) =0 for x € 0, (2.53)

Moreover, we can notice that the Green’s function in the Helmholtz
equation is different for the one-, two- and three-dimensional cases. In this
section we have only considered the 3-dimensional case.

To summarize: the solution of the inhomogeneous Helmholtz problem

(A + E?)®(x) = f(x), (2.54)
which satisfies the outward radiation boundary condition is given by

1 eik‘x_y|

d(x) = (y)dy. (2.55)

- — JY
dr Jo |x —yl

2.4 Finite difference discretization

We apply a discretization to HBVP to obtain a suitable equation for nu-
merical computation. Several discretization schemes are available and can
be used to solve the problem. In this research we use the finite difference
discretization with second order accurary.

2.4.1 Finite difference method

The 3-dimensional domain of interest 2 with boundary 9 is discretized
vertex-centered on an equidistant grid with L + 2, M + 2 and N + 2 points
in respectively z-, y- and z-direction, i.e.

r = x9+ Az, for I = 0,1,...,L+1;
Ym = ¥o+ mAy, for m = 0,1,...,M+1; (2.56)
zZn = 20+ nAz, for n = 0,1,...,N+1.

with constant parameters Az, Ay and Az and where X, = (%0, Y0, 20) and

Xmazx = («TL—H; YM+1, ZN—i—l)'
We apply a finite difference stencil to approximate the first derivative

Pi+1,mn — Plommn
D = — — 2.57
xPlm,n Az ) ( )
which is first order accurate, i.e.
8pl,m,n - D O(A
W = UzPlmn + ( l’), (258)

see for instance Van Kan & Segal [13], p.30, or Vuik [29], p.21-22. The
notation pym n = p(21, Ym, 2n) is used in (2.58) for simplicity.
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Moreover, in the interior we apply a standard finite difference stencil

_ -2 +
Dacxpl,m,n _ Pi-1,mn ]Z,;;,n pl—i—l,m,n' (259)

Equation (2.59) is derived from a Taylor’s expansion in order to approximate
the second order derivative in the z-direction. For sufficiently smooth p in
), the second order derivative can be represented as

a2pl,m,n
Ox?

which means second-order accuracy in space if we use (2.59) as our standard
stencil. The proof of (2.60) can be found in for instance [13], p.29.

Equations (2.59) and (2.60) are derivatives in the z-direction. Similar
expressions can be found for the y- and z-directions.

= DyaPlmn + O(Az?), (2.60)

2.4.2 Interior points

In the interior points, discretization of the Helmholtz equation (2.44) results
in the following equation

Pi—1,mmn — 2pl,m,n + Pl+1mn Pim—1n — 2pl,m,n + Plym+1,n
2 + 2
Ax Ay

(2.61)
Pimmn—1 — 2pl,m,n + Piommn+1
Az2

fori=1,...,.L,m=1,...,Mandn=1,...,N.

2
+ + kl7m7npl,m,n = fl,m,na

2.4.3 Boundary points

In the case | = 0 forward discretization of the boundary condition (2.41)
gives
Pom,n — Plm,n
Az
form=1,...,M andn=1,...,N. In (2.62) we used 9/0n = —9/Jz and

+ ikO,m,npO,m,n =0, (262)

p17 ) B po’ )
D-’Epo,m,n = W (263)
With equation (2.62) we derive the following expression
= ! (2.64)
Pommn = 1+ ik’O,m,nAXmeyn’ .

which we can substitute in equation (2.61) to eliminate pg .
In the case [ = L + 1 we use backward discretization to obtain
1
1 + Y:kL+17mynAX

PL+1mn = PLmmn, (265)
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withm=1,....Mandn=1,...,N.

In similar way as above we derive the expressions for the other bound-
aries. These boundary-elements will be eliminated. Thus, in each direction
there are resp. L, M and N elements left, which have to be determined.

2.4.4 Linear system

After applying equation (2.61) to all interior points pyy, , in ©Q and elimi-
nating all boundary points, one obtains a linear system

Ap =f, (2.66)
where p and f both are vectors with LM N elements and

pl+(m—=1)L+(n—-1)LxM) = pmn, (2.67)
f+m =1L+ —-1)LxM) = fimn, '
foralll=1,...,L,m=1,....Mandn=1,...,N.

In the linear system (2.66) A is an (LM N) x (LM N)-matrix with seven
non-zero diagonals. The non-zero elements of the main diagonal are given
by

2 2 2 9

The non-zero elements of the subdiagonals are

1
A(d,d+1) = A(d,d — 1) =
1
A L = A(d,d— L = .
(d,d+ L) (d,d— L) A (2.69)
1

In (2.68) and (2.69) the symbol d represents a counting parameter. For
instance, expression (3.11) holds for d = 1,2,..., LM N.

Furthermore, the parameter v; ,, is determined by the position of the
points p; ., , in the region. For interior points these are zero, i.e.

Yimn =0 forl=1,...,L, m=1,...,M and n=1,...,N. (2.70)

For points at the boundaries, the expression depends on the type of boundary
discretization.

We have assumed the region €2 as a box with 6 faces, 12 edges and
8 corners. If we choose the discretization defined in paragraph 2.4.3, the
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following expression yields for 7;,,, on the faces, excluded the edges and

corners 3

1 : 1.
Az2(14iko,m,n Az) if I = 1’
L ifl=1;

Az?(1+ikp41,m,nAx)

1 : 1.
Ay2(1+ikzio,nAy) ifm=1

VMommn = : _ .
APk sy Lm=M;

(2.71)

ifn=1;

1
Az2(14iky ym 0A2)
1 if n=N.

\ AZ2(1+ikl’m’N+1AZ)

The total number of nonzero elements of A is at most 7LM N of (LM N )?
total entries, indicating sparsity. Moreover, matrix A is symmetric, but non-
Hermitian 4. This follows immediately from (2.71).

3The expressions on the edges and corners for < m,» are combinations of those of
expression (2.71).
4A is Hermitian when the matrix has the property AT = A.



Chapter 3

One-dimensional HBVP and
Some Examples

In this report we give two cases of the one-dimensional Helmholtz’s bound-
ary value problem (HBVP): one with constant wavenumber and one with
variable wavenumber. We give both analytical and numerical solutions of
these problems.

3.1 HBVP with constant wavenumber

We consider the one-dimensional version of the HBVP in the domain 2 =
[0, 7], where the wavenumber and the sourceterm are real-valued constants;
in formulae

dz?

with boundary conditions

<C12 4 k2> plx)=f  xe€(0,m), (3.1)

d
<_dx + 2k> plz) = 0, z=0,

(3.2)
a4 +ik | p(x) = 0 =
o Tk)pl@) = 0, z=m,
where k € RT and f € R.
3.1.1 Analytical solution
One can easily derive the following solution of (3.1)
p(z) = % + c1 cos kx + cpsin kx, (3.3)

with ¢q,co € C, using for instance the method of variation of parameters,
see section 3.7 of Boyce & DiPrima [4].

17



18CHAPTER 3. ONE-DIMENSIONAL HBVP AND SOME EXAMPLES

The constants ¢; and ¢z can be determined with the aid of (3.2). If we
first assume k to be a positive integer, i.e., k = N, then the constants can
be derived with the following linear system

{iZZ 25;] [ZQ} ::{ :2; ] (3.4)

0 — -1 if k is odd;
- 1 if k is even.

where

(3.5)

System (3.4) can be easily solved to obtain the following general solution of
(3.1) and (3.2)

% + z% sin kx if k£ is odd;
p(z) = (3.6)
% — %cos kx if k is even.

When we are only interested in the real part of the solutions, we can write

f

7 if k is odd;
pz) = 3.7)
% — % cos kx if k£ is even.

The imaginary part of solution (3.6) can be written as

z% sin kx if k is odd;
p(z) = (3.8)

0 if k£ is even.

Observe that for even k the solution is always real-valued.

In similar way we can derive expressions for general k, i.e., for arbitrary
k € R*. Notice that the wavenumber k has a large influence on the shape
of the solution.

3.1.2 Numerical solution
We apply a finite difference discretization with

x; =20+ 1Az, for 1=0,1,...,N +1, (3.9)
to obtain a linear system of (3.1) and (3.2)

Ap =f, (3.10)
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where p and f both are vectors with N elements. The elements of the main
diagonal of A are given by

2
A(d,d) =~ (-5 | + % 11
(@)=~ (53 + 42 (3.11)
where
SR ifd=1lord=N ;
— Az?(1+ikAx) ! ? 3.12
d { 0 otherwise. ( )
The non-zero elements of the subdiagonals are
1
Ad,d+1) =Ad,d-—1) =—. 3.13
(dd+1) =A(dd-1) =1 (3.13)

This linear system (3.10) will be solved with a direct method using Matlab.
In the next two subsections we shall consider two examples of the HBVP
and determine both the analytical and numerical solution.

3.1.3 Example 1: k=1 and f =2
We consider the HBVP with £ =1 and f = 2, i.e.

dp(x)
dz2 +px) = 2 z € (0,m),
d
_ 1;(;) +ipz) = 0, =x=0, (3.14)
(hz(f—l—ip(x) = 0, x=m,

The real part of the analytical solution of system (3.14) is
p(z) =2, (3.15)
and the imaginary part is given by
p(z) = 2sinz, (3.16)

using expressions (3.7) and (3.8).
We compute the numerical solution of (3.14) with the command

Ex1(100,1,2),

where we have taken 100 elements in the discretization. The code of the
program can be found in Appendix A.1. The obtained plot of the solution
is given in Figure 3.1. We see that this is approximately equal to the ana-
lytical solution (3.15). We notice that the numerical solution is not exact,
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Example 1: Real part of the solution (N=100)
2.2 T T T T

21t 1

pressure p
N

19 B
18 1 1 1 1 1 1
0 0.5 1 15 2 25 3
Example 1: Imaginary part of the solution (N=100)
25 T T T — Numeric
- Analytic
2 -

pressure p
I=) -
o — w

<
T
I

)
5]

X-axis

Figure 3.1: PLOT OF THE SOLUTION OF HBVP wWITH £k =1 AND f = 2.

since we have dealt with a complex solution where the real and imaginary
part have been taken. This causes truncation errors.

The real part of the eigenvalues of this problem are both positive and
negative, since the extreme eigenvalues (i.e., Apax and Apin) are given by

1.0e+003 *
0.0007 - 0.00051

-4.0508 - 0.00001

So the system is indefinite, which has direct consequences for the choice
of iterative methods to solve the linear system, see next chapter.
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3.1.4 Example 2: k=2and f=1
We consider the HBVP with £ =2 and f =1, i.e.

d2
d]j*c(f) +4p(z) = 1, z€(0,7),
d
_dp(@) +4ip(x) = 0, x=0, (3.17)
dz
d
Z(;) +4ip(x) = 0, T =,
The analytical solution of system (3.17) is
1 1
p(z) = 1 1% 2z. (3.18)

We compute the numerical solution of (3.14) with the command
Ex2(100,2,1).

See Appendix A.2 for the code.
The obtained plot of the solution is given in Figure 3.2, which is practi-
cally equal to the analytical solution (3.18).

Solution of example 2 (N=100)
05 T T T

T T
—— Numerical solution
0.45- Analytical solution B

pressure p
< < Il
< = e N e w <
- o N wm w o B
T T T T T T T
L L L L L L L

<
o
o
T
I

=]

| | | | | h
0.5 1 15 2 2.5 3 35
x-axis

o

Figure 3.2: PLOT OF THE SOLUTION OF HBVP wITH £ =2 AND f = 1.

The extreme eigenvalues are
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1.0e+003 *
0.0033 - 0.00051
-4.0478 - 0.00001

So this system is also indefinite.

3.2 HBVP with variable wavenumber

One deals with non-constant values of k in the most of practical problems.
To illustrate this we consider HBVP wherein k& behaves as a step function,
so we consider the following problem

d2
D | epa) = f we04m UG,
d
. p(m) —I—Zk?p(ﬂ?) = 0, z =0, (319)
dz
d
1:1(5) +ikp(z) = 0, xr=m,
where f € R and
. k1, x € [0, %ﬂ'],
k= { k. v c (%71-,71], (3.20)

where k1, ko > 0.
The same boundary conditions as in the previous problem are used here.

We need two extra conditions in order to derive a unique solution of prob-
lem (3.19)

pl(l') - p2($)7 T = %ﬂ-a
3.21
dp1(x) _ dpa(z) 1 (3.21)
dx dx ’ 2"

where pi(z) is the solution at = € [0,37] and pa(z) is the solution at

x € (3m,m. Thus, connecting conditions (3.21) imply that p(z) has to
be continuous and differentiable in x = %77.

3.2.1 Analytical solution

One can derive the following solution of (3.19)

piz) = ,f

pla) = (3.22)
/

p2(x) = = + c3cos kax 4 cysinkoxr,  x € (57, 7.
2

+ ¢p coskix + cosinkyx, z € [0, %WL
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Using the boundary conditions and connecting conditions (3.21) the con-
stants ¢1,...,c4 € C can be determined, see example 3 for an illustration.

3.2.2 Numerical solution

Using the same finite difference discretization, like in the previous problem,
we can derive

Ap="f, (3.23)

where p and f both are vectors with N elements, where we shall take an
odd-valued N for simplicity.

The connecting conditions (3.21) can be implemented in the following
way.

e Continuity in %77 is automatically satisfied, because we have exact one

gridpoint in that point, namely PL(N+1)-

e The second condition can be discretized in several ways. In the next
subsections we treat two methods and give the resulting matrix A.

Method 1
We discretize the second condition of (3.21) as follows
Pl(n+1) = Piv-1) Pln+3) — Pl(v+1)

= . .24
Ax Az (3.24)

Remember that we have taken odd-valued N. Furthermore, notice that one-
side difference is applied in (3.24) to discretize the first derivative. Now,
expression (3.24) leads to the equation

—Prn-n Tt 2P%(N+1) ~Plnys) = 0. (3.25)

Notice that this indirect implies that the second derivative in p1 (N+1) is
2
equal to zero.
The original equation of the point p 1(N41) Can be replaced by equation
2

(3.25).

Now, the elements of the main diagonal of A are given by
2 2 1
“\agz) ity d<z(N+1);

A(d,d) = 2, d=3(N+1); (3.26)

(N +1),

N[ =

2
\_<A:c2>+k%+7d’ d >
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where
m ifd=1;
Ya=3 meaiman  Hd=N; (3.27)
0 otherwise.

The non-zero elements of the subdiagonals are

A(d,d—1) = A(d,d+1) = ifd#LN+1);

Ax?’ Ax?’

(3.28)
Ad,d—1)=-1, A(d,d+1)=—-1, ifd=24(N+1).

The linear system (3.23) can now be solved in the same way as in the pre-
vious problem.

Method 2
The second method to treat the second connecting condition is to assume
that

k1 if d < Z(N +1);

k=g Bk ifg=1(N+1) (3.29)

ko if d > 5(N +1).
which can be justified using Finite Elements method (FEM). Now, the ele-
ments of the main diagonal of A are given by

2
Ald,d)=— | -— | +&° .
(@)=~ (3 2 (3.30
where . .
AzZ(1+ik1AT) ifd=1;
Td = A(t2(1-&ik2A(E> it d = N; (331)
0 otherwise.

The non-zero elements of the subdiagonals are
1
Ald,d+1) =Ad,d—1) =—. 3.32
(dd+1) =A(@d-1) =1 (332
Notice that expressions (3.30) and (3.32) are the same as (3.11) respectively

(3.13).

3.2.3 Example 3: ki =1,kh =3 and f =9

We consider

d’p(x) | 15
W—ka(l‘) = 9, 1‘6(0,71’),
d
_dp(z) tikp(z) = 0, z=0, (3.33)
dx
dp(z) | _ _
\ dr +ikp(z) = 0, =x=m,
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where

k= { Lo eeld 5”]" (3.34)

Analytical solution

The general solution of (3.33) and (3.34) is

{ p1(z) = 51) — (ic1 +9) cosz + ¢ sinz, (3.35)

pa(x) + cacos3z + (1 — ¢2) sin 3z,

with cq,co € R. The constants ¢; and ¢y can be determined with the aid of
(3.21), resulting in the following linear system

1 — C1 o —(8 + 7,)
IR O
The solution of (3.36) is
3 .
c1 = 51— 6,
{ W (3.37)

which can be substituted in (3.35) to obtain

pi(z) =9+ (6i — 73) cosz + (3i — 6) sinz, (3.39)
pa(z) = 1+ (25 — 2i) cos 3z — (30 + 2) sin 3z '
Thus, the real parts of solution (3.38) are
pi(x) = —%cosx—ﬁsinx, :BE[O,%W],
(3.39)
p2(1‘)21+%C0831‘—2SiD31‘, T € (%71’,71‘],
and the imaginairy parts are given by
pi(z) = 6cosz + Ssina, x € [0, $m],
(3.40)
pa(z) = —2cos3z — 3sin3z, € (3m, 7.

Numerical solution

Making use of the code in Appendix A.3 we obtain the plot of the solution
for method 1 and 2. We typ the following two commando’s in Matlab:

Ex3met1(101,1,3,9),
Ex3met2(101,1,3,9).

See Figure 3.3 for the results.
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Real part (Method 1) Real part (Method 2)

pressure p
pressure p

Imaginary part (Method 1) Imaginary part (Method 2)

=3 [=2]

pressure p
[\ ]
pressure p

(=]

'
N

!
~
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'
S
(=]
-
N
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Figure 3.3: PLOTS OF THE SOLUTION OF EXAMPLE 3 WITH METHOD 1 AND
2 witTH N = 101.
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Real part of the solution Imaginary part of the solution
T 6

— Method 1
Method 2

6 T

— Method 1
Method 2

norm of error
w
T
.

norm of error

50 100 150 200 50 100 150 200
N N

Figure 3.4: PLOTS OF THE NORM OF THE RESIDUALS OF EXAMPLE 3 WITH
VARIED N.

The exact solution has been included in this figure for a comparison
between the methods. We see that the three solutions are consistent with
each other.

We compare the two numerical methods by observing the norm of the
residuals

N
r(x) = [[p(x) - p(x)[l2 = % > () — pli)? (3.41)
=1

where p(x) is the numerical solution of method 1 or 2 and p(x) is the exact
solution. We vary the number of elements N. Therefore we take consecutive
N =5,15,...,205. For each case and for both real and part of the solutions
we compute the norm of the residuals as given in expression (3.41). This
results in the Matlab-code as seen in Appendix A.5. Plots of the results
are represented in Figure 3.4. In further research it may be advantageous
to plot the figure logarithmically.

Since we are interested in relative high values of N, method 1 is the
most accurate one in this example, see Figure 3.4. More research is needed
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to seek out this item.

The extreme eigenvalues (i.e., Apax and Apin) of method 1 (with N = 101
elements) are, respectively,

1.0e+003 *
0.0057 - 0.00171
-4.1291 - 0.00001

The extreme eigenvalues of method 2 (with N = 101 elements) are
1.0e+003 *
0.0066 - 0.00091
-4.1306 - 0.00001
So both systems are indefinite.
3.2.4 Example 4: ky =1le — 6,k =30 and f =9

We end the examples with the same case as example 3, but now we define

-6 1
k:{ 1x107%,  z €0, 3], (3.42)

30, 7.

8
m

Gl
A

instead of expression (3.34).
The analytical solution is omitted here. We compute with the following
commando’s the numerical solution of this problem

Ex4met1(101,1e-6,30,9),
Ex4met2(101,1e-6,30,9),

using Appendix A.4. The resulting plots can be found in Figure 3.5. In
the figure we can see some differences, especially in the plot of the imaginary
part of the solution. More research is needed to decide which method is the
best in this case, comparing the corresponding solutions with the analytical
one.

The extreme eigenvalues of method 1 are
1.0e+003 *
0.8959 - 0.00021
-4.1301 - 0.00001

The extreme eigenvalues of method 2 are
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Example 4: Real part
2 T T

pressure p

29

0.5 1 1.5 2 25 —— Method 1
Method 2

Example 4: Imaginary part
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T
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Figure 3.5: PLOTS OF THE SOLUTION OF EXAMPLE 4 WITH N = 101.
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1.0e+003 *
0.8961 - 0.00021
-4.1303 - 0.00001

Both systems are again indefinite.

3.3 Eigenvalues

In all examples we have observed the systems are indefinite, i.e., the eigen-
values have both positive and negative real parts. Notice that we have
|Amax| < |Amin| in examples 1-3. In this section we are looking for the
eigenvalues of the same systems in an analytical way.

3.3.1 Analytical system

First we examine the analytical eigenvalues of the Helmholtz problem with
Dirichlet conditions, i.e.,

d72 2 xTr) = x
(g +#)pa) =1 2 .
p(0) =p(1) = 0.

Notice that in this section we have taken x € (0, 1) instead of (0, 7). Then,
the eigenvalue differential equation has to satisfy

d2
— + k%) o(z) = Ap(2), xz € (0,1),
<d5”2 > (3.44)

where A and ¢(x) are, respectively, the eigenvalue and eigenfunction of sys-
tem (3.43). The solution of (3.44) is

¢(x) = c1 cos(V'k? — A\x) + cosin(V k2 — Ax), (3.45)

where ¢; and ¢z can be derived using the Dirichlet conditions p(0) = p(1) =
0. Since we are not interested in the trivial solution, we obtain the equation

sin(vk? — ) =0. (3.46)
This gives us immediately the eigenvalues
\p = k2 — (nm)?, (3.47)

for n = 1,2,.... Observe that there are an infinite number of eigenvalues
and also eigenfunctions.
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Moreover, if we multiply both sides of the differential equation in (3.43)
with —1, then the eigenvalues as given in (3.47) get an extra minus-sign,
i.e., the eigenvalues for the negative Helmholtz-operator are given by

An = (nm)? — k2 (3.48)
Hence, there exists a positive integer 7 such that

A >0 Vo>, (3.49)

which is favourable in some practical situations, see next chapters.

3.3.2 Discretized system

In Peters, Eiermann, Daniels [18] one found for the Toeplitz matrix

a 0 0]
Yy a @
A= ,where A € RV, (3.50)
G
| 0 voa

the following eigenvalues

Aj =a+2y/Pycos(mjAz), j=1,2,...,N, (3.51)

where Az = % and a, 3,7 € R. These eigenvalues can be found by using
the solution ¢; = sin(djh) with 6 € R. Then the boundary conditions leads
to the expressions given in (3.51).

Consider the matrix obtained from discretizing system (3.43), i.e., con-
sider again example 1 with modified boundary conditions p(0) = p(1) = 0
instead of absorbing conditions (see (3.14)) and therefore 74 = 0 instead of
expression (3.12). Then the eigenvalues are given by

with the aid of (3.51) L.
Therefore, the smallest eigenvalue is

4
Amin = — <5 + k7, 3.53
AT (3.53)
since cos(m) = —1 by taking j = N. As a consequence, Apyin iS negative

when k£ < 2N.

!Using the fact that 1 — 2cos2x = 2sin’x, we can rewrite (3.52) as \; = k* —
iy sin® (3mjAw).
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The largest eigenvalue is

2 2
max — k2 ~ o A y .54
A A2 + k5 + AL? cos(TAz) (3.54)

by taking 7 = 1 in expression (3.52). We can write (3.54) as
Amax = k2 — 72 + O(Az?), (3.55)

using the Taylor serie of the cosinus, i.e., cos(rAx) =1 — % + O(Az?).
Now, if we let N — oo, i.e., Ax — 0 then we derive

Amax = k% — 72 (3.56)

In other words, if we increase the dimensions of matrix A, then the largest
eigenvalue tends to k? — 2. Therefore,

Amax < 0 if £ <,
Amax > 0 ifk>m, (3.57)
Amax = 0 ifk=m.

We can conclude that if we choose k such that 7 < k < 2N with sufficient
large N, then we have Ay < 0 and Apax > 0, thus then we deal with an
indefinite system.

Moreover, notice that if we have a sufficient large N and a fixed (relative
small) k, then it yields |Amax| < |Amin| With the aid of expressions (3.53)
and (3.56). This is exactly the case in examples 1-3.

However, in example 1 we have considered absorbing instead of Dirich-
let conditions. In that case we can not use p; = sin(djAx) to derive the
eigenvalues, but we expect that the (real part of the) eigenvalues as given
in (3.52) will not change much.

3.3.3 Comparing eigenvalues of the analytical and discretized
system

In theory, the eigenvalues of the discretized system, found in (3.52), have to
converge asymptotically to the eigenvalues of the analytical system given in
(3.47). Below we shall give the proof.

We take the limit Az — 0 in (3.52) which results in

Aj = limagzo —ﬁ + k2 + ﬁ cos(mjAz),
= lima,—o—x2r + K2+ 525 (1- W5 4 0(axY)) (3589
= limag—ok? — (jm)2 + O(Az?), '
= k= (jn)*,
for j = 1,2,.... In (3.58) we have used again the Taylor expansion of the

cosinus. Indeed, the eigenvalues of the discretized system are asymptotically
equal to those of the analytical system.
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Figure 3.6: PLOTS OF THE EIGENVALUES OF EXAMPLE 1 WITH N = 25,
50, 100.

Now, we return to example 1 and in the next subsections one deals
with some aspects with respect to the eigenvalues. Firstly, we compute the
eigenvalues for different values of V. Secondly we compare the eigenvalues
of the original system with a system where A is a Toeplitz matrix.

3.3.4 Eigenvalues of example 1 with varied N

We examine the eigenvalues of example 1 with three different numbers of
elements: N = 25,50,100. The code can be found in Appendix A.6. Now,
the results are given in figure 3.6 2.

We conclude that the imaginary part of the eigenvalues do not change if
we vary IN. However, the real part of the eigenvalues are much dependent
of N. In this case we see obviously that the system is more indefinite when
we increase N. This is the expected result, considering expression (3.53).

3.3.5 Comparing the original with a modified example 1

We compare matrix A found in example 1 with a modified example where we
have taken the following Dirichlet boundary conditions instead of absorbing

?Denote Re(\)= values of the real part of the eigenvalues. Then figure 3.6 will be more

clear if we plot Re()) * + in the horizontal axis instead of Re()). This is left here.
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Figure 3.7: PLOTS OF THE EIGENVALUES OF THE ORIGINAL (WITH ABSORB-
ING CONDITIONS) AND MODIFIED (WITH DIRICHLET CONDITIONS) EXAM-
PLE 1 WITH N = 25.

conditions,
p(0) = p(m) = 0. (3.59)

Then we get a matrix A which has a Toeplitz structure.

We compute the eigenvalues of this modified matrix A and compare
this with the eigenvalues of A, see figure 3.7. The code can be found in
Appendix A.7.

One can conclude that the real part of the eigenvalues of both systems
has the same range, while the exact values are not the same, see also figure
3.8. Actually, there is only a shift in the range of the imaginary part of
the eigenvalues. This imaginary shift is not disadvantageous in iterative
methods, see next chapter.

Considering this example we conclude that we can work with the Toeplitz
version of the original matrix A to derive the real-valued spectrum of the
eigenvalues of A. More research is needed to generalize this conclusion.
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Figure 3.8: PLOTS OF THE sorted SET OF REAL PARTS OF THE EIGENVALUES

OF BOTH THE ORIGINAL AND MODIFIED EXAMPLE 1 WITH N = 25.
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Chapter 4

Krylov Iterative Methods

4.1 Introduction

Consider the linear system
Ax=b, AecC™", (4.1)

where A is an n X n matrix and x and b are both complex vectors with
n elements. Moreover, matrix A is sparse and assumed in general to be
complex. We intend to solve (4.1).

The one or two dimensional version of Helmholtz’s boundary value prob-
lem (HBVP) gives a linear system, which in general can be solved with direct
numerical methods, like Gauss-elimination or nested dissection method, see
Mulder & Plessix [17]. A case with 1000 x 1000 gridpoints has been tested
on a workstation and the nested dissection method can indeed be applied to
solve the linear system at efficient cost. In 3-dimensional cases, the direct
methods are in general inefficient to use. For instance the nested dissection
method gives problems because the amount of fill-in is too large, see chapter
4 of Erlangga [6].

However, solution methods with an acceptable efficiency can still be
pursued by implementing iterative numerical methods for the linear system
(4.1). Recently, several iterative methods have been developed. The un-
derlying concept in deriving this methods is the so-called Krylov subspace
method.

In this report, we first describe some iterative methods, relevant to
HBVP. Since we aim at the numerical solution of a complex symmetric and
(highly) indefinite linear system, we will consider iterative methods feasible
for this kind of linear systems. We treat respectively Conjugate Gradient
(CG), CGNR, COCG, GMRES, Bi-CG and Bi-CGSTAB, see next subsec-
tions. We shall give special attention to GMRES and Bi-CGSTAB, because
these methods are frequently used to deal with HBVP.

Conjugate Gradient (CG) method is not applicable to HBVP, because
the linear system has to be real and positive-definite to secure an accurate

37
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solution, see e.g. section 6.7 of Saad [19]. Nevertheless, we include the CG
method, since this algorithm is of importance as a basis for deriving several
related iterative methods.

In practice, standard iterative methods are not sufficiently efficient for
solving a sparse and large linear system without modifications. It is known
that in order to obtain a very efficient algorithm, the linear system should be
transformed into a formulation which is similar and therefore gives approx-
imately the same solution, but which is much easier to solve. This process
is called preconditioning. Krylov iterative methods are inattractive without
preconditioning. We deal with preconditioners in the next section.

4.2 Krylov subspace method

In standard iterative methods, the iterant in the (j 4+ 1)-th step can be
determined from the j-th step in the following way

Xj+1 = X5 + P_ll‘j, (42)
where P is a n x n matrix and the j-th residu r; is defined as
r; = b — AXj, (43)

which is a measure of the difference of the iterative and the exact solution
of the problem. If we work out the first iterations of (4.2), one obtains

X0
X1 = Xg+ P_lro
X2 = X1+ Pil(b — Axqg — APilro)
— %0+ 2P lrg — PLAP Irg (4.4)
X3 =

Using (4.4) we get the following expression for (4.2)
Xjt1 € Xg + span {P_lrj, P AP 'r)),. .., (P_lA)i_l(P_lrj)} . (4.5)
Subspaces of the form
ICi(A,rg) = span {ro, Arg, Arg, ..., Ajflro} : (4.6)

are called Krylov subspaces with dimension j, belonging to A and rg. Using
(4.6) we get the following expression for standard iterative methods

Xj+1 € X + ,Cj(P_lA, P_ll‘o). (47)

Expression (4.7) is equivalent to (4.2) and (4.5).
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From (4.7) we can observe that Krylov subspace methods rely on finding
a matrix P and a basis for K; such that the iterative method converge
fast with reasonable accuracy and efficiency with respect to memory and
computational time. Matrix P is called the preconditioner.

Standard iterative methods like Gauss-Jacobi and Gauss-Seidel are de-
scribed in e.g. section 11.2 of Segal & Van Kan [13], chapter 3 of Tang [24]
and section 5.1 of Vuik [28]. If we denote A = D — L — LT with D the
matrix with the main diagonal and L the (strict) undertriagonal of A, then
we get the following expressions of matrix P:

e Gauss-Jacobi: Pjsc = D;
e Gauss-Seidel: Pgs =D — L.

It is well-known that this methods converge very slow in (3-dimensional)
practical problems. Successive Over Relaxation (SOR) can be used to ac-
celerate this methods.

4.3 Conjugate Gradient (CG) method

The CG method is the most prominent iterative method for solving sparse
systems Ax = b, see (4.1), where A is Hermitian and positive definite. The
whole idea of this method can be found in e.g. Shewchuk [20].

4.3.1 CG idea

For convenience we take P = I and xg = 0, thus rg = b. This is no
important restriction, because if xg # 0, then Az = b — Axg = b with
7z = x — Xg. And then we can take zg = 0 as initial vector for the system
Az =D.

A standard method is to find the iterants in the Krylov-subspace, so

Xj+1 € IC]‘(A,I‘()). (48)

The CG method also has its iterants in this subspace, but it attemps to
minimize the distance between the jth iterant and the exact solution. Min-
imizing the true solution in the standard norm is attractive, i.e.,

min — X||2, 4.9
sodnin - ly =]l (19)

where x is the exact solution of Ax = b. This is impossible to compute,
because x is clearly unknown. However, we do know Ax (= b), so it is
obvious to define the following norm

Iv]|a = V(v,Av), (4.10)
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and we attemp to minimize the distance in this norm (4.10), i.e.

min —X||A, 4.11
sy =] (411)

It will appear that (4.11) is useful. This leads to the CG-method.

4.3.2 CG derivation

We express the vector x;;1 as
Xj+1 = Xj + ;P (4.12)

where a; € C and p; is the search direction. We shall choose the initial
search direction py = rg. Therefore the residual vectors must satisfy the
recurrence

rjy1=1r; — OéjApj. (413)

If we wish r; for all j to be orthogonal to each other, it is necessary that

(rj;rj41) = (rj — ajAp;,r;) =0, (4.14)
resulting in
(rj,r))
o = ————, (4.15)
! (Apja rj)

Recall that (a,b) =" | @; - b; for arbitrary a,b € C™.
It is known that the next search direction p;; is a linear combination
of rj11 and p;. After rescaling the p vectors appropriately, it follows that

Pj+1 = Tj+1 + 55pj, (4.16)

where 3 € C. A first consequence of (4.16) is that the denominator in (4.15)
can be written as

(Apjarj) = (Apjapj - 53‘711)];1) = (Apjapj)v (4.17)

because Ap; is orthogonal to p;_;, using (4.16) and (Ap,,r;—1) = 0. Then,
expression (4.15) becomes

In addition, knowing that p;,, is orthogonal to Ap; yields

(pj+1a Apj) = (rj41 + ﬂjpjv Apj) =0. (4.19)

From (4.19) we derive
(rj'i‘l) Ap])

%=, Ap,)

(4.20)
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Note that from (4.13)
1
Apj = ——(rj41 — 1) (4.21)
Qj
Using (4.16) and (4.21), we can write expression (4.20) in the following way
(rj+1,Tj41)
gy = LT (4.22)
T ()

Above we have seen that the vectors p; are A-orthogonal, or conjugate.
That is why the method is called the conjugate gradient method.

4.3.3 CG algorithm

In the previous subsection we derived expressions that are applied in the
algorithm for the CG method.

Conjugate Gradient Algorithm

1. Compute rg := b — Axg and p, := ry.

2. For j:=0,1,..., until convergence Do :
3. w; = Ap;

. (rj,r5)
4. &y (W]HPJ')
5. Xj4+1 1= X5 + Oé]pj
6. I'j+1 = I‘j — ajo
7. py = i)

r;,r;

8. Pjt1:=Trjt1+ 0;p;

9. EndDo

Notice that we defined w; = Ap, in the above algorithm for simplicity.

In terms of storage, in addition to the matrix A, four vectors x, p, Ap
and r must be saved in the CG-algorithm.

The CG-algorithm works well for symmetric, Hermitian and positive
definite (PD) matrices with real coefficients. With a suitable choice of pre-
conditioner, the algorithm runs very efficiently. The CG-method encounters
problems, when A is indefinite, i.e. when A has both positive and negative
eigenvalues, see subsection 11.3.2 of Segal & Van Kan [13].

To overcome the indefiniteness, non-Hermite and nonsymmetry of A,
modifications are introduced to the standard CG-method. These lead to
several variants of CG, for example SYMMLQ, CGS and Bi-CGSTAB. These
variants preserve some of the nice properties of the CG algorithm (e.g. short
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recurrences or optimal method with respect to the || - |[[-norm) and also
extend the methods to be able to solve non-PD matrices.

Alternatively, by transformation into normal equations, the CG algo-
rithm sitll works nicely. We discuss this approach in the next section.

4.4 CGNR method

If we multiply Ax = b with the Hermitian of A, i.e., A¥, then this leads

to the normal equations
AFAx = Afp. (4.23)

If matrix A is not singular, then it can easily be derived that A7 A is always

positive definite, Hermitian and symmetric. The consequence is that we can

apply CG to (4.23) and all properties of the method are still valid. Notice
that now we want

min Y —X||aHA- 4.24

P JVINL R O (4.24)

We derive easily
Iy = x[lazma = [[Aly =%)[[2 = |[r[]2, (4.25)

where the residu r = b — Ay.

This is why the method is called CGNR, because it is the Conjugate
Gradient method applied to the Normal equations where the Residu is min-
imized.

4.4.1 CGNR algorithm

The residual vectors z satisfy the recurrence
Zj+1 = Zj - OéjAHApj. (426)
We may compute this residual in two parts:

rjif1 = Tj—a;Apy; 497
zjs1 = Alfrji. (4.27)

The CGNR-~algorithm can now be cast in the following form.

CGNR Algorithm

1. Compute rg := b — Axg, zg = Afrg and p, := ro.
2. For j:=0,1,..., wuntil convergence Do :

3. w; = Ap;



4.5. COCG METHOD 43

—— (Z',Z')
4. o = (W;V‘ij)
5. Xj+1 = X5 =+ Oéjpj
6. I‘j+1 = I‘j - Oéjo
7. Zj41 = A rji1
s g )
9. Pjt1 = Zj+1 + 5ip;
10. EndDo

The disadvantage of this method is that both round-off-errors and con-
vergence speed depend on the spectral condition number of A" A in the
Euclidian norm, i.e. they depend on Ky(ATA) = Ky(A)? with Ky(A) =
[|A[]2 - [|A71]|2. This means that if A has a relative bad condition number,
K5(AH A) can only be worse.

Furthermore, another disadvantage is that CGNR, requires the matrix-
multiplication A¥x which may be difficult to compute. Notice that A7 A
is usually not determined. When we need to compute A7 Ax, we apply
Af (Ax) which is often cheaper.

In spite of these disadvantages there are several categories of matrices
where CGNR gives good results.

4.5 COCG method

The Conjugate Orthogonal Conjugate Gradient (COCG) method can be
used for symmetric-complex matrix, which is of our interest. It is the same
method as CG, but with an additional modification of the orthogonality
condition. Instead Herminitian orthogonality, we use the conjugate orthog-

onality, i.e.
(Fj,rp) =0 if j # k. (4.28)

4.5.1 COCG algorithm
The COCG algorithm is given below.

COCG Algorithm

1. Compute rg := b — Axg and p, := ro.

2. For j:=0,1,..., until convergence Do :
3. w; = Ap;

e (f',l")
4. Oéj = (Wjj,pjj)

5. Xj+1 ‘= X5 + ajpj
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6. rjy1:=1r5 — OéjApj
=t
8. Pjt+1:=Trj+1+ 5P,
9. EndDo

We see that COCG has short recurrences. Moreover, notice that for
arbitrary a,b € C™ yields

(a,b) = zn:ﬁz‘ by = Zn:ai - by, (4.29)
i=1 i=1

which does not satisfy all properties of the inner product, i.e., the method
is optimal to the defined semi-inner product. Furthermore, COCG-method
is not robust. See Van der Vorst & Melissen [26] for more details about
COCG.

4.6 GMRES

The generalized minimal residual (GMRES) is an extension of the minimal
residual method (MINRES) for unsymmetric systems. GMRES minimizes
the residual norm over the Krylov subspace. In order to reach this, it gen-
erates a sequence of orthogonal vectors with long recurrences due to the
unsymmetry. The method uses a variant of the Arnoldi’s procedure to find
a set of orthonormalized vectors.

4.6.1 Arnoldi’s method

Arnoldi’s procedure is an algorithm for building an orthonormal basis of the
Krylov subspace IC;,. One variant of the algorithm is given below.

Arnoldi’s algorithm

1. Choose a vector v of norm 1
2. For j:=1,2,....,m Do:

3. hij = (Avj,v;) fori=1,2,...,j

4, Wj = AVj — 2521 hijVZ'
5. hjt1y = [[w;ll2

Wi
6. Vj+1 = h J

J+1.3
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7. EndDo

At each step, the algorithm multiplies the previous Arnoldi vector v; by A
and then orthonormalizes the resulting vector w; against all previous v;’s
by a standard Gram-Schmidt procedure.

One can prove the following propositions (see p.146-148 of Saad [19]).

Proposition 1 Assume that Arnoldi’s algorithm does not stop before the
m-th step. Then the vectors vy, v, ..., Uy form an orthonormal basis of the
Krylov subspace

K. = span {vl, Avy,. .. ,Am_lvl} . (4.30)

Proposition 2 Denote by V,,, the n xm matrix with column vectors vy, .. .,
vm. Denote by H,, the (m + 1) x m Hessenberg matriz whose nonzero
entries h; j are defined by Arnoldi’s algorithm. Furthermore, denote by e, =
{0,0,...,1}" and by H,, the matriz obtained from H,, by deleting its last
row. Then the following relations hold:

AV,, = V,H, +wyel (4.31)
= V,uH,, (4.32)
VIAV,, = H,,. (4.33)

4.6.2 GMRES idea

GMRES method is a projection method based on the m-th Krylov subspace
Kr, with initial vector vi = rg/||rg||]2. The basic idea of this method will be
described below.

Any vector x in xg + K, can be written as

x =x0+ Vpy, (4.34)

where y is an m-vector. Defining

J(y) = |lb—Ax|
= [[b—A(x0+ Vny)|l2 (4.35)
= |lro — AV,,yll2,

relation (4.32) results in

b-Ax = ro—AVpy
= fpvi— Vm+1H_7ny (436)
= Vi (ﬁel - HmY) )

where we have used 8 = ||rg||2 and e; = {1,0,...,0}%.
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Since the column-vectors of V,,;1 are orthonormal, expression (4.35)
can be written as

J(y) = llro—AVyyll2
= Vi1 (Ber — Huy) |2 (4.37)
= [|Ber — Hpy|l2.

The GMRES approximation is the unique vector of x¢+X,;, which minimizes
(4.35). By (4.34) and (4.37), this approximation can be obtained quite
simply as X, = X0 + VnY,, where y,, minimizes the function J(y) =
1801 — Foylla, L.

Xm = X0+ Vmy,,, Wwith

. _ 4.38
Ym = argminy |[Be; — Hpyl|2. ( )

The minimizer y,, is inexpensive to compute since it requires the solution
of an (m + 1) x m least-squares probles where m is typically small.

4.6.3 GMRES algorithm
The GMRES algorithm is now given as follows:

Generalized Minimum Residual (GMRES) Algorithm

1. Choose xg and compute rg = b — Axg, § = ||rg||]2 and vi =1/
2. For j:=1,2,....m Do:

3. wj = Av;

4. Fori:=1,2,...,5 Do:
5. hi,j = (Wj,VZ‘>
6. W]‘ = Wj — hijvi
7. EndDo
8. hjt1; = [[wjll2
W
9 Viil = J
. hjt1,
10. EndDo

11. Compute y,, := arg miny ||Be; — I:ImYHQ
12. Compute X, := X0 + Viuy,,

As we can see, line 2 to 10 represent Arnoldi’s algorithm for orthogonal-
ization.
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The GMRES algorithm may break down if h;11; = 0 at iteration step j
(see line 9). However, this situation implies that the residual vector is zero
and therefore, the algorithm gives the exact solution at this step. Hence,
examination of value h;y1 ; becomes important.

If the iteration number m is large, the GMRES algorithm becomes im-
practical as consequence of a lack of memory and increasing computational
requirements. This is understandable from the fact that during the Arnoldi
steps (lines 2-10) the number of vectors requiring storage increases. There
are several ways to remedy this problem, like restarting and truncating, see
p.79 of Vuik [28].

4.7 Bi-CG method

The CG method is not suitable for non-Hermitian systems, because the
residual vectors cannot be made orthogonal with short recurrences, as proved
in Voevodin [25] and Faber and Manteuffel [9]. The GMRES method re-
tains orthogonality of the residuals by using long recurrences, at the cost
of a larger storage demand. The Biconjugate Gradient (Bi-CG) method
takes another approach, replacing the orthogonal sequence of residuals by
two mutually orthogonal sequences, at the price of no longer providing a
minimization.

The update relations for residuals in the CG method are augmented in
the biconjugate gradient method by relations that are similar but based on
A instead of A. Thus we update two sequences of residuals

I‘j+1 = I‘j — Oszp-, 4.39

and two sequences of search directions

{ A A (4.40)
Pjy1 = Tj+1+p;
The choices
Q{j — (érj?f'{))
p'7p' ’
8 = (ci41,8541) (4.41)
J (rj,85)

ensure the orthogonality relations
(rio75) = (Apy,By) =0 for i # j. (4.42)

4.7.1 Bi-CG algorithm
Below we describe the Bi-CG algorithm.
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Biconjugate Gradient (Bi-CG) Algorithm

1. Compute rp := b — Axg and set p; :=rp
2. Choose Ty such that (rg,Tg) # 0 and set py := T

3. For j:=0,1,..., until convergence Do :
4 w; = Ap;
5 w; = A"p;
R CIRY)
6 4= s)
7. Xj+1 = Xj + Oéjpj
8 rj-i-l = I'j — Oszj
9 f'j—i-l = f‘j — Oéjo

. e il
1. pju1=rju +05;p;
12 Pji1 =Tj41 + Gib,

13. EndDo

For symmetric positive definite systems, Bi-CG is equivalent with CG, but
it takes twice the cost per iteration.

A small disadvantage of Bi-CG is the extra computation involving A
which can be costly if the solution for the dual system is not of interest.

It is difficult to make a fair comparison between GMRES and Bi-CG.
GMRES really minimizes a residual, but at the cost of increasing work for
keeping all residuals orthogonal and increasing demands for memory space.
Bi-CG does not minimize a residual, but often its accuracy is comparable to
GMRES, at the cost of twice the amount of matrix vector products per iter-
ation step. However, the generation of the basis vectors is relatively cheap
and the memory requirements are modest. Several variants of Bi-CG have
been proposed (e.g., conjugate gradient squared (CGS) method and bicon-
jugate gradient stabilized (Bi-CGstab) method, see next subsections) that
increase the effectiveness of this class of methods in certain circumstances.

4.8 CGS method

The conjugate gradient squared (CGS) method was developed in 1984 by
Sonneveld [22].

In the BiCG method, the residual vector r; can be regarded as the
product of rg and the j-th degree polynomial R in A, i.e.,

r; = Rj(A)I’o, (4.43)
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satisfying the constraint R;(0) = 1. This same polynomial satisfies also
¥; = R; (AT, (4.44)

by construction of the BiCG method.
Similarly, the conjugate-direction polynomial P;(t) satisfies the following

two expressions
p; = P;j(A)rg, b, =P;(AT)F,. (4.45)

Also, the scalar o in BiCG is given by

(rj, 7)) (Rj(A)rg, Rj(AT)Ey) (R§(A)ro,f~9)

“ T (Ap;b;)  (AP;(A)ro, P;(AT)Eg)  (APZ(A)ro,fo)

(4.46)

which indicates that if it is possible to obtain a recursion for the vectors
R?(A)ro and PJ2 (A)rp, then computing o; and, similarly, 3; cause no prob-
lem.

Expression (4.46) suggests that if R;j(A) reduces ro to a smaller vector
r;, then it might be advantageous to apply this 'contraction’-operator twice
and compute R? (A)rp. The iteration coefficients can still be recovered from
these vectors (as shown above), and it turns out to be easy to find the
corresponding approximations for x. This approach is the conjugate gradient
squared (CGS) method.

4.8.1 CGS algorithm

The derivation of CGS relies on simple but laborous algebra only. To es-

tablish the desired recurrences for the squared polynomials, recurrences are
used which define R; and P;,

Rjp(t) = R;(t) — a;tPy,
{Pj+1(t) = Rjt1(t) + 5P, (4.47)

which can be compared with lines (6) and (8) of the CG algorithm.
The whole derivation of CGS can be found at p.214-216 of Saad [19].
Below we describe the CGS algorithm.

Conjugate Gradient Squared (CGS) Algorithm

1. Compute rg := b — Axg and set py := ug := 1o
2. Choose 1 arbitrary.

3. For j:=0,1,..., until convergence Do :
4. w; = Ap;
(l",f‘o)
& (Wjjfo)



50 CHAPTER 4. KRYLOV ITERATIVE METHODS

7. Xj+1 = Xj + Q; (uj + qj)
8. rji1 =71, - CEjA (u]‘ + qj)
O = R

10. ujt1 =rjq1 + 5;q;
1. pjiq:=ujp1 + 55 (q; + 6;p;)

12. EndDo

CGS avoids using AY as in BiCG, which is an advantage when A is not
of our interest.

In the BiCG method, the residual vector is given by r; = R;(A)ro.
In CGS we have 1; = R?(A)ro (see p.75-76 of Vuik [28]), therefore the
name 'CG Squared’. In many cases, this causes the algorithm to converge
twice as fast as BiCG, while the same number of operations per iteration is
required. However, because of squaring of polynomials, jumps in the residual
errors tend to be more damaging than in the standard BiCG algorithms, see
Sonneveld [22].

4.9 Bi-CGSTAB method

The CGS algorithm is based on squaring the residual polynomial and there-
fore it shows often irreqular convergence patterns which may lead to sub-
stantial build-up of rouding errors, see Van der Vorst [27]. The Biconjugate
Gradient Stabilized (Bi-CGSTAB) algorithm is a variation of CGS, which
was developed by Van der Vorst to remedy this difficulty. Instead of com-
puting the residual vector r; = R?(A)ro, Bi-CGSTAB computes

i = Q;(A)R;(A)r, (4.48)

with Q; a new polynomial which is defined recursively at each step with the
goal of ’stabilizing’ or ’smoothing’ the convergence behaviour of the original
algorithm. Specifically, Q; is defined by the simple recurrence

Qj+1(t) = (1 —w;t)Q;. (4.49)
This is equivalent with
Q1(t) = (1 wot)(1 — wit) - (1 — wyt), (4.50)
in which the scalars wy for all k =0, ..., 7 are to be determined.

4.9.1 Bi-CGSTAB derivation

We give the derivation of Bi-CGSTAB, which is almost the same as in sub-
section 7.4.2 of Saad [19].
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Ignoring the scalar coeffients at first, we start with a relation for the
residual polynomial Q;1Rj+1. We immediately obtain

Qit1Rjiy1 = (1 —wjt)QRjq1
= (1 -wjt)Q;(R; — a;tP)) (4.51)
= (1 - wjt)(QR; — atQ;Pj).

Moreover we can write

QP = Qi(Rit)+ Bi—1P;1)
QiR+ Bi-19;Pj-1 (4.52)
= QR+ j1(l —wj1t)Qj1Pj1.

In expressions (4.51) and (4.52) we used recurrences (4.47) formulated in
the CGS method. Define

{rj = Qj(A)R;(A)ro,

p; = Qj(A)P;j(A)ro. (4.53)

According to formulae (4.53), these vectors can be updated from a double
recurrence provided the scalars o; and (; were computable. Using (4.51)
and (4.52) this recurrence is

rjt1 = (I —wjA)(rj —ajAp;),
4.54
{ Pjt1 = rj+5;(I—wjA)p;. (4.54)

Now, we consider the computation of the scalars o; and 3; needed in
the recurrence. According to line 10 of the original Bi-CG algorithm, one
can write 3; = pjy1/p; with

pi = (Rj(A)ro, R;(AT)io)

= (R3(A)ro,To).

(4.55)

Unfortunately, p; is not computable from (4.55) because none of the vectors
R;(A)rg, Rj(AT)Fg or R?(A)ro is available. However, p; can be related to
the scalar

pj = (Rj(A)ro, Q;(AT)Fy), (4.56)
which is computable via
pj = (R;j(A)ro, Q;(AT)Fo)
= (Q;(A)R;(A)ro, o) (4.57)
(rj,T0),

using (4.53). To relate the scalars j; and p;, expand Q;(A”T)Fq explicitly in
the power basis, to obtain

pi = (Ry(A)ro, i (AT 5o + 0 (ATY Mo+ .., (458)
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where nij ),néj ), ... are scalars. Since R;(A)rg is orthogonal to all vectors
(ATY 5 with k # j (see (4.42) of Bi-CG method), only the leading power
is relevant in the expansion on the right side of the inner product in (4.58),

i.e., expression (4.58) can be written as
pi = (Rj(A)ro, ) (AT) 5. (4.59)

In particular, if 7§j ) is the leading coefficient for the polynomial R;, then
779) T 779)
pj = (Rj(A)ro, @Rj(A )To) = O (4.60)
M 7
When examining the recurrence relations for R;4+1 and Q;y1, leading coef-

ficients for these polynomials are found to satisfy the relations

= e, (4.61)
,Y£J+1) _ —aﬂy). :
As a result,
Pj+1 n§j“)ﬁpj+1
ﬁj - ’Y(j+1) 77%]) Pj (462)
— Yl
oo

which yields the following relation for 3;

_ %5 P+
B; o oy (4.63)
Similarly, a simple recurrence formula for a; can be derived. By defini-
tion,

o — (Ri(A)ro, R;(AT)io)
T (APj(A)ro, Pj(AT)Ro)
see lines (3) and (4) of the CG algorithm. As in the previous case, the
polynomials in the right sides of the inner products in both the numerator
and denominator can be replaced by their leading terms. However, in this
case, the leading coefficient for R;(AT)#y and P;(AT)i, are identical, since

we have chosen p, = r¢, and therefore,

_ (Ry(A)ro, Rj(AT)o)
! (AP;(A)ro, R;(AT)E)
(Rj(A)rg, Q;(A")Fy)
(AP;(A)ro, Q;(AT)Fo)
(O,(A)R; (Alro,70) (469)
(AQ;(A)P;j(A)ry, o)
P;
(Apj7f‘0)’

: (4.64)
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where we used expressions (4.53) and (4.56) in the last equality.

Next, the parameter w; must be defined. This can be thought of as
an additional free parameter. One of the simplest choices, and perhaps the
most natural, is to select w; to achieve a steepest descent step in the residual
direction obtained before multiplying the residual vector by (I — w;A) in
(4.54). In other words, w; is chosen to minimize the 2-norm of the vector
f'j_|_1 = (I - ij)Qj(A)Rj_H (A)I'(), i.e.,

min| (7 — w;A)Q;(A)R;41(A)roll2 (4.66)

Notice that the process minimalizes in each iteration. Equation (4.54) can

be rewritten as
rip1 = (I —wjA)sj, (4.67)

in which
sj =rj — o Ap;. (4.68)

Then the optimal value for w; is given by

(Asj,s))

The Asy) (4.69)

w5 =

Finally, a formula is needed to update the approximate solution x;41
from x;. Equation (4.67) can be written as

rji1 =8; —wjAs; =r; — ajAp; — w;As;, (4.70)
which is equivalent to
AT (rj —rjp1) = ajp; +wjs;. (4.71)
This yields the following update formula
Xj+1 = Xj + a;p; + w;s;. (4.72)

4.9.2 Bi-CGSTAB algorithm

The resulting algorithm is given below.

Biconjugate Gradient Stabilized (Bi-CGSTAB) Algorithm

1. Compute ro := b — Axg and set p;y :=rp
2. Choose 1 arbitrary
3. For j:=0,1,..., until convergence Do :

4. w; = Ap;
5. V= ASj
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. _Pj
6 = )
7. Sj = I‘(j — O)éjo

e AVj,Sj
8 W=y
9 Xj+1 = X5 + o;Pp; + w;s;
10. rji1 =85 —W;Vy
11. = CLbitL

B Wi pj

12. Pji1 =T+ ﬂj(pj — WjW;)
13. EndDo

Investigation of the Bi-CGSTAB algorithm has been reported in Van der
Vorst [27] for various applications and compared to BiCG and CGS. In
general, Bi-CGSTAB converges more smoothly than CGS of BiCG. However,
the convergence rate is typically the same. This becomes more significant
in cases where the linear system is nonsymmetric. In some nonsymmetric
cases, it is also revealed that when CGS fails to converge and shows spurious
irregularity, Bi-CGSTARB still converges. The convergence rate is also faster
than CGS or BiCG. However, for symmetric matrix cases, these significances
are not clearly seen.

Though Bi-CGSTAB is an attractive alternative to CGS, further inves-
tigation reveal a weakness of this algorithm, as mentioned in Erlangga [6].
If the parameter w becomes very close to zero during recursion, the algo-
rithm may stagnate or break down. Numerical experiments confirm that
this is likely to happen if A is real and has complex eigenvalues with imag-
inary part larger than the real part. To overcome this, improvements to
Bi-CGSTAB have been proposed, resulting in Bi-CGSTAB(/) where [ € N,
see Sleijpen and Fokkema [21]. This are modifications by forming a general
l[-order minimum-residual polynomial, instead of using [ = 1 in the original
Bi-CGSTAB.

The original Bi-CGSTAB has been tried to solve the discrete Helmholtz
equation, see e.g. Mulder & Plessix [17], but unfortunately without any
success.

4.10 Stopcriterium
In all iterative algorithms given in this section contain the following state-
ment

For j :=0,1,..., wuntil convergence Do :

To specify "until convergence’ one can choose various stopcriteria. It depends
on each practical situation which of them should be chosen for an accurate
and efficient solution. Standard stopcriteria are for instance

[r;ll2 < e, (4.73)
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and

raylmllz (4.74)
[Ibll2
with K(A) the condition number of A and a given € > 0. In expressions
(4.73) and (4.74) one aims to minimize, respectively, the norm of the residual
and the norm of the relative error.

4.11 Discussion

We have dealt with several iterative methods in the previous sections. In
this section we discuss the applicability of these methods to HBVP. For ex-
ample, CGS and Bi-CG are not known to be used for solving HBVP (see
p.32 of [6]). Also, CG so far is only used for comparison studies, since the-
oretically it is not suitable for indefinite problems. Recall that in HBVP
we have a matrix A which is indefinite and symmetric complex. For indefi-
nite problems, CGNR is used due to its simplicity. However, without good
preconditioners CGNR is often not attractive because of slow convergence.

Some authors use GMRES, Bi-CGSTAB and COCG to solve HBVP, but
again, without good preconditioners these methods are not efficient.

It appears that the choice of the wavenumber has a large impact on the
convergence behaviour of the iterative methods. Therefore, there doesn’t
exist a best iterative method which can be used to deal all variants of HBVP.

Since all authors use different test cases, it is somewhat difficult to com-
pare the iterative methods with each other. Furthermore, the fact that the
methods show slow convergence, without being preconditioned, makes it im-
possible to compare the methods without incorporating preconditioners.
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Chapter 5

Preconditioning techniques

5.1 Introduction

Lack of robustness and efficiency are a widely recognized weakness of itera-
tive solvers, relative to direct solvers. This is mainly the consequence of the
fact that the convergence behaviour of Krylov subspace methods depends
strongly on the eigenvalue distribution of the coefficient matrix.

Both robustness and efficiency can be improved by using preconditioning.
Preconditioning is simply a means of transforming the original linear system
into one which has the same solution, but which is likely to be easier to solve
with an iterative solver.

If we want to solve Ax = b with a preconditioner P which is a matrix,
then we could solve the following preconditioned system:

P'Ax=P'b (5.1)

or
AP 'y =b, x=Ply. (5.2)

We are looking for a preconditioner P such that (5.1) or (5.2) is easier to
solve, relative to the original system. In general, we aim to find Py and Py
such that

P 'AP;'y =P;'b, x=P'y. (5.3)

is easier to solve. The ideal choice is P;, = A and Pr = I, which is obviously
impractical since in general the inverse of A is expensive to compute. One
can look for a preconditioner PZI which approximate the inverse of A and
is relatively inexpensive to compute.

A linear system obtained from discretizations of a PDE can have a highly
distributed spectrum and can result in an indefinite system, i.e., the spec-
trum consists of both positive and negative real eigenvalues. For such prob-
lems the iterative methods show slow convergence or even breakdown. A
good preconditioner can transform the original linear system into a system

57
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with a clustered spectrum, i.e., the spectrum consists of eigenvalues which
are concentrated in a coherent region. It is also important that a precondi-
tioned system does mot have an eigenvalue close to zero.

To summarize, we can distinguish two approaches for constructing pre-
conditioners:

o Matriz-based approach. Within this class are, e.g., several variants of
ILU-factorization [19].

e Operator-based approach. Examples of these kind of preconditioners
are shifted Laplace preconditioners [7, 8], AILU [10] and separation—
of-variables [17].

In general, the reliability of iterative techniques, when dealing with var-
ious applications, depends much more on the quality of the preconditioner
than on the particular Krylov subspace accelerators used. In this chapter
we shall cover some of these preconditioners which can be applied to the

HBVP, where we consider the Helmholtz operator with a minus-sign, i.e.,
—A — k2.

5.2 Diagonal preconditioner
We transforms the original system in the following preconditioned system
Ax = b, (5.4)

where A = P'AP 7 x = P x,b = P~ 'b,P is a non-singular matrix
and A is symmetric positive definite matrix with dimensions N x N.
A simple choice for P is a diagonal matrix with diagonal elements

Pii: \/Aiz'y fOI“iZl,Q,...,N. (55)
Then we can easily derive
A, =P;'A;P;T =1, fori=1,2,...,N. (5.6)

In Van der Sluis [23] it has been shown that this choice for P minimizes
the condition number of A, if P is restricted to be a diagional matrix. For
this preconditioner it is advantageous to apply CG to Ax = b, since A is
easy to calculate.

However, in HBVP we have a Hermitian and symmetric-complex matrix
A instead of a symmetric positive definite one. More research is required

to decide of the diagonal preconditioner can be used in this case.
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5.3 Matrix-splitting preconditioners

In this section we treat, successively, Jacobi, Gauss-Seidel, SOR and SSOR
preconditioners. In many cases, the performance of this preconditioners
is rather poor, unless modifications are incorporated into the original algo-
rithm. It appears that the results found in the next subsections have become
the basis for developing another types of preconditioners.

5.3.1 Jacobi and Gauss-Seidel preconditioners

In section 4.2 (Krylov subspace method) we have seen that Jacobi and
Gauss-Seidel methods give the following expressions for P in (5.1):

Pjac = D;
{PGS = D-1L, (5.7)

where A = D — L — L7 with D the matrix with the main diagonal and L
the (strict) lower triangular part of A.

5.3.2 SOR and SSOR preconditioners

Generalization of Jacobi and Gauss-Seidel preconditioners can be made by
relaxing them with a factor w > 0. In such a case, a Successive Querrelax-
ation (SOR) preconditioning is obtained, i.e.,

Psor = %(D - L), (5.8)
Notice that Psor = Pgs when w = 1.

SOR can not be used, because in the preconditioned CG M;le is not
symmetric, where M, = D + wL and N, = (1 —w)D — wU with U the
(strict)upper triangular matrix of A.

Generalizing SOR in order to obtain a symmetric matrix one obtains
Symmetric SOR (SSOR). In SSOR one SOR step is followed by a backward
SOR step. In this backward step the unknowns are updated in reversed

order. This leads to
Pssor = (D — wL)D™ YD — wU), (5.9)
If w = 1 then the symmetric Gauss-Seidel iteration is found:
Psgs = (D —L)D™}(D — U), (5.10)
which can be expressed as

Pscs = LsasUsas, (5.11)
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where Uggs = D — U and Lggs = (D —L)D™! =TI — LD! are respec-
tively upper and unit lower triangular. In this case, we could solve the
preconditioned system

1y -1 1y -1
UgasbisasAx = Ugagligiagb. (5.12)

However, most practical wave problems result in an indefinite linear system,
for which SSOR or SGS are not guaranteed to converge.

5.4 ILU preconditioners

In the previous section, the general pattern of preconditioner P can be writ-
ten as an L- and U-part of A. In practice, the exact factorization of A into
L and U is not necessarily required. Rather, an approximation factoriza-
tion is still useful for preconditioning. Since the degree of approximation
is rather arbitrary, constraints should be added to the factorization. This
leads to the general Incomplete LU (ILU) factorization.

An ILU factorization process computes a sparse lower triangular matrix
L and a sparse triangular matrix U so the residual matrix R = LU — A
satisfies certain constraints, such as having zero entries in some locations.

In a practical implementation, the ILU factorization depends on the im-
plementation of the Gaussian elimination. In section 10.1 of Saad [19] the
IKJ variant of Gaussian elimination is used and therefore the general ILU
factorization is given as follows:

Algorithm: General ILU factorization (IKJ variant)

1. For:=2,3,...,N Do :

2 For k=1,2,...,i— 1 and (i,k) ¢ P Do :

3 aikzzgﬁ

4 For j=k+1,k+2,...,N and (i,j) ¢ P Do :
5. Ajj = Q55 —aikakj

6 EndDo

7 EndDo

8. EndDo

Here P is the zero pattern set such that
PC{(i,j):i#j;1<ij<N}, (5.13)

and a;; with 7,5 = 1,2,..., N are the elements of matrix A.

If we choose P = (), then the algorithm leads to the IKJ variant of the
Gaussian elimination where elements of A are overwritten with elements of
the L and U matrices of the factorization. Observe that diagonal entries
need not be stored, since L is unit lower triangular.
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5.4.1 Zero fill-in ILU (ILU(0))

The first ILU variant is the so-called zero fill-in ILU factorization or ILU(0).
In general, if one takes any lower triangular matrix L and any upper trian-
gular matrix U, then the product LU does not have the same structure as
A. In ILU(0), one takes any pair of Ly and Uy having the zero pattern set to
be precisely the same as the zero pattern of the lower and upper triangular
of A. This defines the ILU(0) factorization in general terms: choose any
pair of Ly and Uy so that (A —LyUy);; = 0 if A;; # 0 where L and U must
have the same structure as the lower respectively the upper triangular of A.
These constraints do not define ILU(0) factors uniquely since there are, in
general, infinitely many pairs of Ly and Uy which satisfy these requirements.
However, the standard ILU(0) is defined constructively using the previous
algorithm with the pattern Prr () equal to the zero pattern of A, i.e.,

Prruo) = Z(A), (5.14)

where Z(A) is the set of pairs (i,7),1 < i,j < N such that a;; = 0. In
other words, the previous algorithm leads to an unique decomposition of Lg
and Uy, adding the requirement (Lg); = 1 for i = 1,2,..., N, i.e., Lo has
been chosen as an unit lower triangular matrix.

The algorithm of ILU(0) can now be represented in the following way.

Algorithm: ILU(0)

1. For:=2,3,...,N Do :

2 For k=1,2,...,i—1and (i,k) ¢ Z(A) Do :

3 ik I:Zﬁ

4 For j=k+1,k+2,...,N and (i,j) ¢ Z(A) Do :
5. Qjj = Q5 — QA

6 EndDo

7 EndDo

8. EndDo

The accuracy of the ILU(0) incomplete factorization may be insufficient
to yield an adequate rate of convergence, see e.g. section 10.3.2 of Saad [19].
Numerical experiments show that ILU(0) breaks down in HBVP for large k
(highly indefinite problems), see section 6.4.1 of Erlangga [6].

5.4.2 ILU(p)

In order to improve this convergence rate as well the efficiency, more accurate
ILU factorizations can be performed by allowing some fill-ins. Falling into
this category is ILU(p), especially ILU(1).



62 CHAPTER 5. PRECONDITIONING TECHNIQUES

The ILU(1) factorization results from taking P to be the zero pattern of
the product LoUj of the factors Ly and Uy obtained from ILU(0). In other
words, we consider a matrix with additional off-diagonal components which
are actually zero in the original matrix A. The factors L; and U; of ILU(1)
are obtained by performing ILU(0) to this matrix.

In similar way we can define ILU(p) for p = 2,3,.... Observe that
increasing p leads to more fill-in in L, and U, which could be inefficient.
Therefore, choosing an ’ideal’ value for p, one has to look for a good mix of
restricted amount of fill-ins and fast convergence rate of the method.

5.4.3 Other variants of ILU

There are several variants of the ILU(p) factorization which differ slightly
from the original ILU(p). We have for instance the Modified ILU (MILU)
factorization in which the dropping process for the extra diagonals is com-
pensated at the k-loop of the algorithm of general ILU factorization. In an
MILU factorization, after the k-loop, the diagonal element a;; is modified
by subtracting it with the sum of the row 1.

Also, ILUT or ILU(tol) can be used to have a more accurate factorization
that improves the convergence rate. In ILUT one drops elements which are
smaller than a specified value. Details about MILU and ILUT can be found
in sections 10.3 and 10.4 of Saad [19].

However, preconditioners from this class are not effective for general in-
definite problems, see for instance Gander & Nataf [10]. For high wavenum-
bers k, ILU(0) converges slowly, while ILU(tol) encounters storage problems
and also slow convergence. Recently, some shifted ILU preconditioners have
been investigated, see for instance Made [16].

5.5 Incomplete Choleski factorization

Made [16] has introduced a new incomplete factorization based precondition-
ing technique, which consists in adding small perturbations to the diagonal
entries of the real part of the matrix. In doing so, the real part is made
positive definite, or less indefinite.

5.5.1 1Idea of incomplete Cholesky factorization

As model problem, we consider again the large-scale linear system Ax = b,
where A is complez-symmetric and the linear system is deduced from the
Helmholtz problem. To solve this system with a direct method, one may
factorize A as A = f.f;T, I~;T being lower triangular, and solves successively
two triangular systems. This is known as the Cholesky factorization. FEven

. . =T . . . . .
if A is sparse, L' is in general less sparse due to fill-in. This makes direct
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methods both memory and time consuming for N fairly large, as in real-life
scientific or industrial problems.

A common remedy consists in ignoring certain fill-in entries, which yields
an incomplete factorization preconditioning matrix B = LL”. There are two
basic strategies for accepting or discarding fill-in:

e By level of fill-in (or by position). The level lev(l; ;)’ of the coefficient
l; of matrix L is defined by Saad, see section 10.3.3 of [19],

1. initialization:

N 0 ifli,j;éOork:i,
lev(ls;) = { oo otherwise, (5.15)
2. factorization:
lev(l; ;) = min{lev(l; ;),lev(l; k) +lev(ly ;) + 1}, (5.16)

which is updated each time in line 5 of the algorithm of Gauss
elimination (IKJ-variant).

The set D of fill-in entries to be discarded is taken as

D={(,7) | lev(li; > &)}, (5.17)
where the integer £ denotes a user specified maximal fill-in level.

e By (numerical) value. Fill-in is ignored if it is 'too small’ with respect
to some prescribed tolerance.

Dual approaches that combine ingredients from both structural and numer-
ical strategies are also used. The choice of both £ and the drop tolerance
depends, among other things, on the problem at hand and the available
workspace. Several variants of the basic incomplete factorization have been
designed, ranging from modified methods in which the discarded fill-in en-
tries are added to the diagonal, to more sophisticated multilevel versions
that use multigrid like (re)numbering strategies, see for instance Axelsson
[2].

5.5.2 Variants of preconditioners

Made has used six variants of preconditioners based on the incomplete
Cholesky factorization, i.e.,

1. IC: the standard incomplete Cholesky applied to A;

2. MIC: the standard modified incomplete Cholesky applied to A (see for
instance section 5.1 of Vuik [28] for more details about this method);
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3. ICy: IC applied to Ag =Re(A)+Q (y=1);
4. ICy: IC applied to A = Ag + i Im(A) = A + Q;
5. MICy: MIC applied to Ay (v =1);

6. 1\//1\16: MIC applied to 11;

where Q stands for the diagonal matrix whose diagonal entries ¢;; are defined
by
¢ii = —ymin{0, Re((Ae);)}, (5.18)

with e the all-one vector and v a given real parameter. In fact, Ae is the
vector with the sum of the rows of A. It can be proved, using spectral
analysis (see section 4.2 of [16]), that A¢ is a diagonal perturbation of the
Hermitian part of the system matrix, while with A, the same diagonal
perturbation is added to the whole matrix.

In numerical experiments using restarted GMRES (section 5.2 of [16]),
we can see that varying values for, respectively, wavenumber k, stepsize
h, number of fill-levels, parameter v etcetera lead to different results. It
appears that there is no best preconditioner in all situations, although often

MT(E is the better one.

5.6 Shifted Laplace preconditioners

Another approach is found in looking for an approximate inverse of the
discrete indefinite operator A, but merely looking for a form of P, for which
P! A has satisfactory properties for Krylov subspace methods. A first effort
to construct a preconditioner in such a way was done in Bayliss, Goldstein
& Turkel [3]. An easy-to-construct P = A preconditioner is incorporated
for CGNR, where one SSOR iteration is used whenever operations involving
P! are required.

Instead of the Laplace operator as preconditioner, Laird [15] investigates
possible improvements if an eztra term k? is added to the Laplace operator
A, i.e., the Helmholtz equation with reversed sign is proposed as precon-
ditioner P. This preconditioner is applied in CGNR, where one multigrid
iteration is employed whenever P~! must be computed.

One can generalize both preconditioners, mentioned above, to a complez
shifted Laplace preconditioner where an extra term (« + 3i)k? is added to
the Laplace operator A with o, 3 € R and o > 0. This is proposed by
Erlangga, Oosterlee & Vuik [7, 8].

In the next sections, we motivate the real and complex shifted Laplace
preconditioner. This motivations are identical to section 5.1 respectively
section 5.2 of Erlangga, Oosterlee & Vuik [7].
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5.6.1 Real shifted Laplace preconditioner

Consider the continuous 1-dimensional Helmholtz equation, subject to dis-
cretization. For simplicity, suppose that both boundary conditions are either
Dirichlet or Neumann conditions.

We first consider the eigenvalues for the 1-dimensional (negative) oper-
ator without any preconditioning, i.e.,

L=—-A—-Fk k>0 (5.19)
Eigenvalues of this standard problem were found in section 3.3.2, i.e.,
No=k2 k% kp,=nm, n=12,.... (5.20)

In expression (5.20), ky, is the natural frequency of the system. If one consid-
ers the modulus of the eigenvalues, which in this case is simply their absolute
value, it is easily seen that |\| becomes unbounded if either n or k is large.
If the condition number K = |[Apax|/|Amin| is used to evaluate the quality
of the eigenvalue clustering (which is possible since the considered matrix is
assumed to be symmetric), one concludes that for any sufficient small Apin
this condition number is extremely large.
Now, assume an operator of the form
ﬁp:@—ak ,0520,]{?>0, (521)
is used as a preconditioner, constructed with the same discretization stencil
and boundary conditions. The following generalized eigenvalue problem is
obtained, i.e.,

To find the eigenvalues we divide the problem in two parts: a > 0 and a = 0.

Case a >0
For expression (5.22) we find easily the eigenvalues

K2 -k 1= (k/kn)?
2 _ (k/kn) ky=nm, n=1,2,.... (5.23)

)\n == )
K2+ ak? 1+ ak/kn)?

For n — oo we get \,, — 1, i.e., the eigenvalues are bounded above by one.
Moreover, for n — 0 we obtain \,, — —1/a, which is also bounded. So, we
can write

1
[Amax| = max (, 1> , a>0. (5.24)
o

To estimate the minimum eigenvalue, one can use a simple but rough
analysis as follows. Below it is assumed that |[Apin| is very close but not



66 CHAPTER 5. PRECONDITIONING TECHNIQUES

equal to zero, since this is of our interest. The assumption indicates the
condition k; ~ k for a specific j = 1,2,... as obtained from (5.23). To be
more precise, let k; = k+¢€ where € € R is any small number. If this relation
is substituted into (5.23) and if higher order terms are neglected, then we
find

2Je|
Anﬁn = 2
huial = 72 (525)

1+a)

where ek < k? has been assumed. From (5.25), one obtains Ay, — 0 if
a — 0.

Now, the condition number K of the preconditioned Helmholtz operator

reads
1+ a)k

20 ifa>1,
A1’113.}{ €
Koo = | ) | (5.26)
Anisl Atk g oa<t
20)€] -

If a > 1, then it is simple to see that K is a monotonically increasing
function with respect to a. In this case, the best choice for choosing « is
«a = 1 which gives minimal K,~o. If 0 < a < 1, then K is a monotonically
decreasing function, which is also minimal if « = 1. So, we find

k

e’

lim Kys0 = lim Ko = (5.27)
all all

to be the minimum value of K,~¢ for @ > 0. In other words, when we
have to choose a suitable positive real-valued «, the best choice is a = 1,
which minimizes the condition number K. Decreasing the condition number
means a narrowing of the eigenvalue clustering, which is favorable in iterative
methods.

The choice o = 1 leads exactly to the preconditioner proposed by Laird [15].

Case a =0
Substituting o = 0 in expression (5.22) leads to the eigenvalues

k2 — k2 k\?
Ay = w2 :1—<kn>, kn=nm, n=12.... (5.28)

()

We can distinguish three cases.

Then we find

max| = Max |A,| = max n=nm, n=12.... .
A A k 1,2 5.29
n n

® |Anax| = 1 when 1 — (%)2 > 0 Vn implying k < ky, ¥n. This is the
case when k < m, since min, k,, = 7.
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o |Anax| = (%)2 —1if1— (ﬁ)2 < 0 Vn implying k& > k,, Vn. In this case
we have k = oo which never happens, since we assumed 0 < k£ < oco.

 [Amax| = max, (1, (%)2 — 1) when we have the situation

k 2
1_<k) > 0 V71, j1€QlC[1,2,...],
J

(5.30)

k 2
1_<k> < 0 ¥y, jQEQQC[l,Q,...],
J

in the remaining domain k € (7, 00) such that ; UQy = [1,2,...] and
Q1 N Q = (. Then, we deduce

k< kj1 Vi1

k> ka Vo } — k’j2 < k‘jl Vi1 Vja. (5.31)

Hence, there is a ¢ € [1,2,...] such that

[\1,2,...,q—1,q,q—|—1,q—i—2,..J. (5.32)
=Q23j2 =Qr9j1

Now, we have

kN2 [ k\?
Amax| = 1—(—) ,(—) =1}, 5.33
P IJI}%;({ (’%) <ka> } (553)

We deal with both cases:
2
— If [Amax| =1— (% , then kj, has to be maximized which gives
1

kj, = oo using (5.32). Therefore: |Apax| = 1.
2
— If | Amax| = (%) — 1, then kj, has to be minimized, so that
J2
kj, = m using again (5.32). Therefore: [Apax| = (E)2 -1

™
Indeed, we obtain |Amax| = max (1, (%)2 —1) in this case. Now, to
find the conditions for k, we has to distinguish here also two cases:
— we get [Amax| = (£)2—1if 1 < (£)2 -1, s0 if k > /2,

™

— and otherwise [Amax| = 1if 1 > ()2 — 1, s0if 7 < k < V2.
Using case (1) above we get finally k < v/27.

We can summarize the above results as follows

1 Jif k< V/2m,
‘)\max‘ = {

(52 -1 ifk> V2. (5:34)
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Observe that |Apax| depends on the choice of k.

Again, we assume that |Amin| is very close to zero, so let k; = k + €
with some j = 1,2,... and € € R a small number such that |¢] < k. As a
consequence we obtain k + € > 0. Then, expression (5.28) turns out to be

- S (5.35)

2
‘Anﬂn‘::‘l'_ ( k )
kte (&) -1 ife<o.

We deal with both cases of the right hand side of (5.35).

k 2
1= () ife>o;

e First, we assume € > 0. Then the condition number of the precondi-
tioned Helmholtz operator turns out to be

1
ﬁ if k < v/2m,
A 1- ()
Koo = || Ama’]’ = . (5.36)
min kN2
(”)72 if k> /2.
k
\ 1= <k+€>

Neglecting higher order terms, (5.36) can be written as

k ‘; 2¢ it k< V2r,
€
Koo = (5.37)
2 2
k=70 ps V2.
2emr?

e Secondly, we assume € < 0. Then the condition number of the precon-
ditioned Helmholtz operator turns out to be

(kk )2_1 if k < V2,
+e
Amax
Koo = || 5 |’ = . (5.38)
min ky2 _ 1
B .
k) 1
<k+e>

Neglecting higher order terms, (5.36) can be written as

— 2
(k;_e) ifk:<\@7r,
€

Koo = (5.39)

N 2 1.2
k"= E) ks Vo
2em?
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Comparing K,—g and K,

In this subsection we compare K,—q,1 in order to decide which « is the best
to choose. Again, one has to distinguish two cases: € to be positive and

negative.
e ¢ > 0.
Case 1
Consider Ky—g = k;ze with k& < v/27. We find easily
k+2 k
Ky—o = 5 < = = Ko=1, (5.40)
€ €

neglecting again higher order terms. In other words, if k < /27 then
a = 0 leads to an optimal condition number.

Case 2
2 2
Consider Kqy—g = k(kze;;r ) with k& > v/27. The inequality
K2 —72) K
a=0 267‘(2 < P a=1, (5 )

only holds if k£ < v/37. In other words, if k € (v/27,+/37) then o = 0

leads to an optimal condition number.

e ¢ <0.
Case 1
Consider Ky—g = =( ;226) with k < v27. We find easily that
—(k+2 k
Koo = (k + 2¢) < = =Ky, (5.42)
2¢ |€]

holds only if k£ > 2¢. In other words, if k& € (0,/27) then o = 0 leads
to an optimal condition number since k > 0.

Case 2

Consider K,—q = % with k& > v/27. The inequality
k(n? — k2 k
Ka:O = (ﬂ— 2 *) < — = a=1; (543)
2em €]

holds only if k < v/37. Thus, if k < v/37 then o = 0 is optimal.

Conclusion

We conclude that

%mz{o’ﬁk<¢%’ (5.44)

1, if k> +/3m.
Observe that (5.44) is independent of the sign of e.
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5.6.2 Complex shifted Laplace preconditioner

The nice property of the real shifted Laplace operator, at least in one dimen-
sion, is that the eigenvalues have an upper bound. However, this property
does not guarantee that the eigenvalues are favourably distributed. There
is still the possibility that one or some eigenvalues (which are extremely
small) can be very close to zero, which may be disadvantageous for iterative
Krylov methods. We can improve the preconditioner by preserving the up-
per boundedness and at the same time shifting the minimum eigenvalue as
far as possible from zero. Therefore we generalize o to be complez-valued.
We introduce a complex coefficient of the form « + i3 and consider a
more general complex-valued shifted Laplace operator
d? 19
cp:@—(a—i—zﬁ)k ,k>0,aa>0,08€eR. (5.45)

In the same way as in the previous section we find the eigenvalues

k2 — k2 1— (k/kp)?
M= g = (./ ) 1 (5.46)
ki +(a+if)k? 14 (a+iB)(k/kn)
where k, = nm and n =1,2,.... We can write expression (5.46) as
k2 o k2 2
IAS|? = (ki — &%) (5.47)

(k2 + ak?)? + 32k4

Evaluating Apax and Apin as in (5.24) and (5.25) leads to

1 4 €\2
X 2= —,1 P NN LI — ) T 5.48
sl = (1) Pl = g (7)) 649

These results give the following condition numbers

]€2
N BT
|Kapl” = 755 = (5.49)
|)\m1n| 2
k 1421\ . s
@ +m if0< « +ﬁ < 1.

Both expressions in (5.49) are monotonically increasing functions to both
a and 3, so it is not difficult to see that choosing a? + $? = 1 leads to
minimal |K, g|? in both situations !. Therefore, K, 5 is minimal when we
take o = 0 implying 3 = 1, using (5.49). This combination gives the lowest
possible condition number for the complex shifted-Laplace preconditioner
for the 1-dimensional Helmholtz problem.

In the second expression one can verify that there is no other circle giving K2 lower
that that on the circle with radius one. This can be seen, e.g., by introducing condition
o® + ﬁ2 =1+ ¢€1,€e1 > 0 and proving €; = 0 is optimal.
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5.6.3 Comparing real and complex «

We analyze the spectral properties of the discrete formulation of the one-
dimensional Helmholtz equation with operator defined in (5.19). Suppose
that this equation is discretized. Then we obtain the linear system Ap = f.
Now we can write

(B - k*I)p = f, (5.50)
where B is the negative Laplace component and kI the additional diagonal
term so that A = B — k°1.

In this analysis we use only Dirichlet or Neumann conditions at the
boundaries in order to keep the matrix A real-valued. We precondition
(5.50) using M, g = B + (o + i3)k?I, constructed with the same boundary
conditions as for A. This gives

(B + (a+iB)k*T) ' (B - k2D)p = (B + (a + iB)k*T) 'f, (5.51)
The generalized eigenvalue problem of (5.51) is accordingly
(B — k*I)py = Ay (B + (o +iB)K°T) ¢y, (5.52)

where ¢, is the corresponding eigenvector of A\, for v = 1,2,..., N with N
the dimension of A.

Both systems (5.51) and (5.52) are indefinite if k2 is larger than the
smallest eigenvalue of B, which can be concluded by using (5.46). In such a
case, the convergence of the method is difficult to estimate. Therefore, the
subsequent analysis will be based on the normal equations formulation of
the preconditioned matrix system as in Laird [15], because then the systems
are positive definite and leads to a simpler convergence estimate.

Since B is positive definite, we can denote the eigenvalues of B as 0 <
w1 < po < ... < upn. Observe first that

MAPA) = (pj — k)% j=1,2,...,N. (5.53)

Denote further Qq4s; = (M;%A)H(M;%A) Then we find easily the fol-
lowing expressions for the eigenvalues of the preconditioners:

k2 2 2\ 2 .
2i(Qy) = (MJT) = ( - /%) , Bayliss;
2 2 5 2 .
Ai(Qy) = <Zj+,€2) = (1 - u;—?—ﬂ) ,  Laird;
— 2
‘—k‘2 '—k?2 2 'k2
Ni(Qi) = <;77]+W) (%) = (1 - u?ik4> , Erlangga.

forj=1,2,...,N.

We distinguish two cases: k < p1 and p; < k? < puy. There is no need
to examine the third case k? > puy, because this case has no physical and
numerical meaning and therefore it happens rarely in applications.
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Case 1: k < 11

In this case we have a positive definite matrix A. After some analysis (see
Appendix B.1), the following inequalities are derived:

Amin(QO) > )\min(Ql) and )\min(QO) > )\min(Qi)' (554)

Moreover, the following limit can easily be obtained:

lim Amax(Q,) = 1, (5.55)

HN—00

for all v = 0,1, .
The convergence of CGNR is well described by the condition number
of Q,, ie, K(Q,) = ||’/\\m‘f"‘|‘ = % Using relations (5.54) and (5.55),

we conclude that the Bayliss preconditioner My g converges faster than the
other choices. This is the same result as seen in section 5.6.1.

Case 2: 1 < k? < un

In this case we have an indefinite matrix A.
Firstly, we compare the Laird and Erlangga preconditioner. One find

Jim A (Q1) = lim Ay (Qo) = 1, (5.56)

(see section 5.3 of [7]), so the largest eigenvalues of both preconditioners are
bounded by 1. In order to compare these preconditioners we have to consider
the smallest eigenvalue in more detail. Assuming that Ay, ~ 0 implies that
p; = k? (this can be seen to solve \;(Q;) = 0 or \;(Q;) = 0), i.e., there is an
j=1,2,...,N such that u; = k? + ¢ with a small € € R. After substituting
this relation into the expressions of the smallest eigenvalues and neglecting
higher order terms (see section 5.3 of [7]), we find

2 2
Amin(Q1) = Py < o Amin(Q;) (5.57)
This implies immediately that
2kt 4k?
K(Q;) = = <@~ K(Qy) (5.58)

The conclusion is that we expect that the Erlangga preconditioner My 1 is
better than the Laird preconditioner M .
Secondly, we compare Bayliss and Erlangga preconditioner. We find

. . B\
kli)rgo Amax(Qg) = klinc}o <1 — W) =00 (5.59)
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Therefore, Amax(Qg) can become very large, while we have seen that Apax(Q;)
is bounded by 1. On the other hand, we can assume Apin (Qg) & Amin (Q;) ~
0 for the most values of k. Therefore, we obtain K(Q;) < K(Qg) which
means that Erlangga preconditioner My ; is the best one to use in this case.

Indeed, it has been shown in numerical experiments (see e.g. section 5
of [8]) that the complex shifted Laplace operator leads to the most effective

preconditioning matrix within this class of preconditioners.

5.7 Separation - of - Variables (SOV)

In Plessix & Mulder [17] an iterative solver has been considered with a
preconditioner based on the separation-of-variables (SOV) technique and
applied to examples derived from the discretized Helmholtz boundary value
problem Ap = f. This technique leads to a direct solver when the wavenum-
ber k is constant. When the wavenumber is separable, meaning that it can
be expressed as a sum of two terms, one depending on one coordinate z
and the second depending on the other coordinates, the SOV would have
been exact if it were not for the absorbing boundary conditions. For a gen-
eral wavenumber distribution, the technique can be used as a preconditioner.
The idea is to replace the wavenumber k by a separable wavenumber and use
this approximation to build the preconditioner. The Bi-CGSTAB iterative
method is applied to solve the preconditioned system.

5.7.1 Separation-of-variables method

The matrix A (with dimensions MNL x MNL) is the sum of a matrix
corresponding to the (negative) Laplacian operator with some boundary
conditions and a diagonal matrix K containing the square values of the
wavenumber. Except for boundary conditions, the separation-of-variables
technique can be applied to solve the Laplacian operator. Approzimations
7 for the absorbing boundary conditions are made (see section 2 and 3 of
[17]), such that A can be rewritten as

A=A, 1.+, A, -K, (5.60)

where ® is the Kronecker product and with I, to be the NL x N L identity
matrix, I, to be the M x M identity matrix,

5 Amin.if m = 1,
A:D(m, m) = F + ﬁglax lf m = ]\4’7
v 0 if otherwise, (5.61)

-1
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form=1,..., M and finally

( g ifn =1,
5 5 Fmax if p = N,
Ayz(¢:9) = oty oy ifl=1,
Ayt A gmex o,
0 if otherwise,
(5.62)
Ayz(q+17Q) = Ax(QaQ+1): @7
~1
Ay (q+N,q9) = Au(q,q+N)= A

forq=(—1)N+nwherel=1,...,.Landn=1,...,N.
Generally K prevents us from using SOV. However, we can decompose
the square of the wavenumber into

K (w,y,2) = k() + Ky, (y, 2) + K (2,9, 2), (5.63)
such that N
[K*(z,y,2) do = 0 Vyz,
[E(z,y,2) dydz = 0 Vaz, (5.64)
2 _
Tk, (y,2) dydz = 0.

This decomposition is unique, see Appendix A of [17]. Hence, the matrix K
becomes B
K=K,®I,.+I,0K,+K, (5.65)

leading to
A=(A,-K,) 9L, +1,® (A, - K,.) - K. (5.66)

The separation-of-variables technique consists of replacing the obtained
3-dimensional problem of size M NL by M 2-dimensional problems of size
N L or in replacing the 2-dimensional problem of size M N by M 1-dimensional
problems of size N. This involves eigenvector and eigenvalue decomposition
of A, — K,, ie.,

WH(A, —K,)Wg = A, (5.67)
with W and Wg the matrices of, respectively, the left and right eigenvec-
tors of A, — K, and A the corresponding diagonal eigenvalue matrix.

Multiplying A by W# ®@1,,, on the left and W ®1,, on the right gives
us matrix B, i.e.,

B = (W/@I.)A(WraL,)

~ 5.68
= A® Iyz + I, ® (Ayz - Kyz) - (Wf ® IyZ)K(WR ® IyZ) ( )
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where we have used the fact that WX Wpx =TI, and as an immediate con-
sequence (W @ 1,.)(Wr®1,.) = (WIWR)®1,, =1, with I the MNL
by M N L identity matrix.

If we introduce a permutation matrix P such that the non-zero elements
are

Pi+(G—-1)M, j4+(i—1)NL)=1 Vie[l,M], Vje€[l,NL], (5.69)
and if we further define I:{ by
K = PT(WH @1, )K(Wr ©1,.)P. (5.70)
then the following simple relation is obtained:
P'BP=D+ fi, (5.71)

with D a block diagonal matrix consisting of M blocks. Each block D,,, of
D is equal to
D, = Ay + Ay, — Ky (5.72)

where A, are the corresponding eigenvalues of D,, and are elements of A.

Now, if we assume constant k, implying K = 0, and use the earlier
defined approximations 7 for the absorbing conditions, the SOV method
gives the following solution:

Dp =T, (5.73)
with new variables
P = PT(Wf(@IyZ)P
(5.74)

1

= PT(WHI,.)f

The linear system (5.73) is easy to solve, because D is block-diagonal. Fur-
thermore, since p and f comprise actually of M separate blocks of size N L,
the overall problem also reduces to solving M 2-dimensional problems of size
N L, which is clearly more efficient then solving one 3-dimensional problem
of size M NL. This can be done in the following way. Let us decompose p
and fin M blocks p,, and f,, of size N L. Then the solution can be obtained
by solving the M systems

(Amlyz + Ayz — Ky2 )Py, = i (5.75)

using expression (5.72).

Notice that even though the final cost for computing the solution is
lo, one should anticipate the overhead cost involving the computation of
M orthonormal eigenvectors and eigenvalues of the system A, — K, which
leads to matrix D.



76 CHAPTER 5. PRECONDITIONING TECHNIQUES

5.7.2 Preconditioned system

Until this point, we have only discussed solution of the discrete Helmholtz
equation using the separation-of-variables method which is workable for con-
stant k due to the condition K = 0. Extension to inhomogeneous media can
not be done in the same way, because of this restriction. However, we can use
the linear system (5.73) as the preconditioner of the original system Ap = f
and solve the preconditioned linear system iteratively. This preconditioned
system is given as M~ Ap = M~ !f where

M'=(WzoI,)PD'PT(WI®I,) (5.76)

with the help of expressions (5.68) and (5.71).

Since M can be considered as an approximate system of A, M~tA
is close to the identity matrix I, which should be efficient to solve. This
is proved for very low frequency cases and relatively smooth media, espe-
cially when the wavenumber varies only in one dimension (i.e., with one-
dimensional models), see sections 5 of [17]. Only a few iterations are needed
to obtain convergence of the iterative scheme in one-dimensional cases. How-
ever, the degree of accuracy of this approximate depends largely on how k
varies in the medium. The SOV method fails in numerical examples with
more complex models, like small wedge and Marmousi, in cases where we
have largely varying k or large frequencies, which are of practical interest.

Although the convergence is faster in a smoother background, the method
also fails for large frequencies (w > 30) in this case.

In section 7 of [17] there has been concluded that numerically exam-
ples suggest that it is not possible to find a better decomposition of the
wavenumber that would improve the convergence rate of this approach.

5.8 Analytic ILU (AILU)

Gander & Nataf [10, 11] have derived a new block ILU preconditioner for
linear systems stemming from symmetric positive definite elliptic partial
differential equations. The new preconditioner AILU is able to improve the
asymptotic convergence behavior in contrast to other ILU preconditioners
like ILU(0) and ILU(tol). Instead of finding a proper preconditioner for
the discrete Helmholtz problems, the preconditioner is determined from an
analytical factorization of the continuous differential operator.

5.8.1 Analytic parabolic factorization

The main idea of AILU preconditioner is based on the parabolic factorization
of an elliptic operator (L) (like the Helmholtz operator) into a form

ﬁ = (Bx + Al) 9} (8m — Az) (577)
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where Ay and Ay are positive opereators and thus the first factor represents
a parabolic operator acting in the positive x-direction and the second one a
parabolic operator acting in the negative z-direction.

In the sequel we restrict ourselves for the analysis tot the case of the
Helmholtz-operator £ = —A — k? where A denotes the Laplacian in two
dimensions and k£ > 0. The analysis in three dimensions is similar.

We denote the Fourier transform f(19) of f(y) : R — R by

fO) = A0 = [ i) (5.78)
and the inverse Fourier transform of f(19) by
1,8 L[ 02
1) = F D) =5 [ i) ak (579
We obtain the following lemma.
Lemma 1 The 2-dimensional linear operator L = —A —k? admits the con-
tinuous parabolic factorization
—A =k = —(0p + A1) 0 (9 — A9) (5.80)

where A1 = Ay = .7-";1 (\/ 92 — k2 ) are pseudo-differential operators in y.

In the proof of the above lemma we have used the fact that F, ( f (”)) =
(ik)"F,(f) and therefore F,(—A — k?) = —0yy + 92 — k2.

To relate this parabolic factorization to the exact block LU decomposi-
tion of the discrete matrix operator, we discretize the z-direction of —A —k?
and compute the analytic factorization of (5.80) for the semi-discrete oper-
ator —A;, — k? with

Ay, = Dy D} + 8y, (5.81)
where for a vector u the difference operator
D3 (u); == % and D7 (u); = % (5.82)

represent the discrete derivatives on a given structured mesh. Then we get
the following lemma (see section 2 of [10] for the proof).

Lemma 2 The semi-discrete operator Ay, = D D} +8,, admits the follow-
ing semi-discrete parabolic factorization in the Fourier transformed domain:

Fy(—A —k?) = — (D; + <Th - ;)) % <D;§ - <Th - ;)) (5.83)

where the pesudo-differential operator T has the symbol

1 G 1
T=—+—+-—"VU2+47, (5.84)

h?2 2 2h
with W := 9? — k2.
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Note that as we take the limit for h — 0 in (5.83) we recover again the
continuous parabolic factorization (5.80), since the middle term disappears
in the limit (h?7 — 1 as h — 0). For discrete problems, it is however
important to include the middle factor, which was not the case in previous
work on continuous parabolic factorizations.

Furthermore, one can show that (5.83) corresponds to the exact block-
LU decomposition of the fully discrete matrix operator with the following
block structure

Dy Lio

Loy Do

A= (5.85)

Ln—l,n
Ln,nfl Dn
where A satisfies Au = f, which is obtained by discretizing the Helmholtz
operator. See section 2 of [11] for the proof.

5.8.2 AILU preconditioner

One could use directly the parabolic factorization given in (5.83) to solve
the original problem Au = f. Instead of solving the linear system, one
would have to solve two lower-dimensional parabolic problems: one in the
positive and one in the negative x-direction, corresponding to a forward and
a backward solve of the exact block LU decomposition. This is however
not advisable since the parabolic factorization contains non-local operators
in y-direction corresponding to dense subblocks T; in the block LU decom-
position (see lemma 2.3 of [11]). Therefore, we approzimate the parabolic
factorization by local operators and use the factorization as a preconditioner
corresponding to a new type of ILU preconditioner we call Analytic ILU
(AILU). We replace the non-local operator 7 in (5.83) by a local approxi-
mation of the form
1 v 1 5

Tapp:T:ﬁ—F?‘i‘ﬁ\/Oé—Fﬂﬁ, (586)
with o, # € C,Re(f) > 0 and V¥ as in lemma 2. This leads to a classical linear
second order parabolic problem, since k% corresponds to a second derivative
in y 2. Since we have the analytic parabolic factorization, we can use the
parameters « and 3 to optimize the performance of the AILU preconditioner.
We insert the approximation 7, into the factorization (5.83) and obtain
the operator resulting from the approximate factorization of the original
operator F, (—Aj, — k?) =V — D D} in the form

1

_ 2
Lapp = =D 'DF + 14 + P ﬁ.[navragen] (5.87)

?Note that we did not include a first order term because the underling problem is
symmetric.



5.8. ANALYTIC ILU (AILU) 79

The complex numbers « and 3 are to be chosen such that Egplp L is as close
as possible to the identity, except for a few frequencies which will be taken
into account by the Krylov method, see section 4 of [11]. We find after some
calculations that we have to minimize

(2 — k2h? 4+ ah + h(h + B)9?)¥
(a — k2h + (B + h)9?)?

p(¥) :=11-2 (5.88)
Notice that in a numerical setting, the frequency parameter ¥ is bounded
by Umin and Ymax which can easily be determined, see section 3 of both [10,
11]. There can also be found more detail analysis including the convergence
properties of the AILU.

In numerical experiments on the Helmholtz problem (section 4 of [10]),
one has found interesting computational performance with the AILU pre-
conditioner, where the QMR algorithm has been used (see section 5.9 (QMR
method) of [6] for an explanation of the method). A significant improve-
ment is shown for high frequency cases, whenever QMR with standard ILU-
preconditioners fails to converge. In such cases QMR with AILU converges
to the solution. In terms of operation count required for computing the
preconditioner, AILU is comparable to ILU(0).



80

CHAPTER 5. PRECONDITIONING TECHNIQUES



Chapter 6

Summary & Outlook

In this Chapter we give a short summary of this report and we give our
plans towards further research in the coming six months.

6.1 Short summary

We have derived the Helmholtz boundary value problem (HBVP) in Chap-
ter 2, which consists of the Helmholtz equation with absorbing boundary
conditions. The Helmholtz equation has been deduced from the wave equa-
tion.

Numerical experiments in one-dimension were done in Chapter 3 to get
more experience with HBVP. Analytical and numerical solutions of some
testcases, for constant and variable wavenumber k, are worked out and com-
pared. In numerical methods we have seen that inhomogenity of k£ can be
implemented in several ways. We have also done some spectral-analysis as
preparation to iterative methods and preconditioners.

Chapter 4 deals with this Krylov iterative methods and their algorithms.
For sparse and large linear systems direct solvers are not attractive, while it-
erative methods could lead to satisfactory solutions. Important methods are
CGNR, Bi-CGSTAB and GMRES, which has been discussed in more detail.
We have seen that these methods are only efficient if they are preconditioned.
Therefore, we summed up a few preconditioners in Chapter 5, which can be
used to deal with HBVP. Many preconditioners (like separation-of-variables
and Made) fail when increasing the frequency, while we are interested in
large frequencies.

Investigations on good preconditioners for Helmholtz problems are pur-
sued. An example is AILU, which has been compared with another ILU-
preconditioners in 2-dimensional numerical experiments. The results are
positive. However, so far no results are reported for general 3-dimensional
inhomogeneous problems.

Another example of a preconditioner is based on separation-of-variables
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(SOV). For 2-dimensional test cases with simple inhomogenity, the linear
system can be solved with a convergence rate nearly independent of the do-
main and mesh size. However, the preconditioner breaks down for complex
inhomogeneous media.

Recently, the complex shifted Laplace preconditioner has been proposed
as a good one for solving HBVP. The method is being improved to get an
efficient method with this preconditioner.

6.2 Future research

In further research we will restrict our domain to preconditioning of HBVP
and try to find a good preconditioner which can be applied to solve the
3-dimensional case. Several ideas are available about the SoV and shifted
Laplace preconditioners. We know that the complex shifted Laplace precon-
ditioner is easy to implement and 'weakly’ dependent on the wavenumber
k, but it is still slowly converging. While separation-of-variables is a very
efficient preconditioner for constant k, it fails for large and highly inhomoge-
neous values of k. Therefore, combining this two preconditioners may lead
to a better preconditioner.

Plessix and Mulder [17] have given a possible (physical) explanation
for the bad convergence of the separation-of-variables method. We like to
investigate the cause of this bad convergence by using eigenvalue analysis.
Hopefully this will also lead to ideas for a good combination with the shifted
Laplace preconditioner.

We shall deal with target problems to test our preconditioners in future
research, where physical parameters will be applied to imitate the practical
situation as good as possible. In 2-dimensions, we use models with constant
k first and subsequently layer and wedge models (see e.g. Figure 2 of [17] and
Figure 5 of [6]), respectively. Later on, we shall use 3-dimensional models,
if it is practicable.
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Appendix A

Matlab codes

In this appendix one can find the Matlab codes which have been used in
Chapter 3.

A.1 Example 1
function p=Ex1(N1,k1,f1);

N=N1-2;
deltax=pi/N1;

k=kl*ones(N,1);
kreal=kl*ones(N+2,1);
f=f1*ones(N,1);

A=zeros(N,N);

hoofd=ones(N,1);

sub=ones(N-1,1);
A1=(1/deltax”2)*(-2*diag(hoofd)+diag(sub,1)+diag(sub,-1));
A2=diag(k)"2;

hoofdA3=zeros(N,1);

hoofdA3(1)=1/(deltax\2*(1+j * kreal(l) * deltax));
hoofdA3(N)=1/(deltax"2*(1+j * kreal(N+2) * deltax));
A3=diag(hoofdA3);

A=A1+A2+A3;

p=A\f;
pO=p(1)/(1+j*kreal (1) *deltax);
pLast=p(N)/(1+j*kreal (N+2)*deltax) ;
preal=zeros(N+2,1);

preal=real([p0O; p; pLastl);
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pim=zeros (N+2,1);
pim=imag([p0; p; pLast]l);

count=0:pi/(N+1) :pi;

subplot(2,1,1)

plot (count,preal)

ylabel(’pressure p’)

title(’Example 1: Real part of the solution (N=100)’)
axis([0 pi 1.8 2.21)

subplot(2,1,2)

plot(count,pim)

hold on plot(count, 2*sin(count), ’r:’)

xlabel (’x-axis’)

ylabel (’pressure p’)

title(’Example 1: Imaginary part of the solution (N=100)’)
axis([0 pi -0.5 2.5])



A.2. EXAMPLE 2

A.2 Example 2

function p=Ex2(N1,k1,f1);

N=N1-2;
deltax=pi/N1;

k=kl*ones(N,1);
kreal=kil*ones(N+2,1);
f=f1*ones(N,1);

A=zeros (N,N);

hoofd=ones(N,1);

sub=ones (N-1,1);
A1=(1/deltax”2)*(-2*diag(hoofd)+diag(sub,1)+diag(sub,-1));
A2=diag(k)"2;

hoofdA3=zeros(N,1);

hoofdA3(1)=1/(deltaxA2*(1+j * kreal(l) * deltax));
hoofdA3(N)=1/(deltax\2%(1+j * kreal(N+2) * deltax));
A3=diag(hoofdA3) ;

A=A1+A2+A3;

p=A\f;

pO=p(1)/(1+j*kreal (1)*deltax);
pLast=p(N)/(1+j*kreal (N+2)*deltax) ;
preal=zeros (N+2,1);

preal=real ([pO; p; pLast]);

count=0:pi/(N+1) :pi;

plot(count,preal)

xlabel (’x-axis’)

hold on

plot(count, 0.25-0.25%cos(2*count), ’r:’)
ylabel(’pressure p’)

title(’Solution of example 2 (N=100)°’)
axis([0 pi 1.8 2.2])
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A.3 Example 3

Method 1
function p=Ex3metl(N1,k1,k2,f1);

N=N1-2;
deltax=pi/N1;
Nh=0.5%(N-1);

f=f1*ones(N,1);
£(0.5%(N+1))=0;

A=zeros(N,N);
hoofd1=(-2/deltax”2+k1"2)*ones (Nh,1);
hoofd2=2;
hoofd3=(-2/deltax”2+k2"2)*ones (Nh,1);
hoofd=[hoofdl; hoofd2 ;hoofd3];
subonder=(1/deltax”2)*ones (N-1,1);

subonder (0.5%(N-1))=-1;
subboven=(1/deltax”2)*ones (N-1,1);
subboven(0.5% (N+1))=-1;
A1=(diag(hoofd)+diag(subboven,1)+diag(subonder,-1));
hoofdA2(1)=1/(deltax2%(1+j * k1 * deltax));
hoofdA2(N)=1/(deltax2*(1+j * k2 * deltax));
A2=diag(hoofdA2) ;

A=A1+A2;

p=A\f;
pO=p(1)/(1+j*kreal (1) *deltax) ;
pLast=p(N)/(1+j*kreal (N+2)*deltax) ;

preal=zeros(N+2,1);
preal=real([pO; p; pLastl);
pim=zeros (N+2,1);
pim=imag([p0; p; pLast]);

h=pi/N;

x1=[0:h:0.5%pil;

x2=[0.5*pi:h:pil;
plr=9-(15/2)*cos(x1)-6*sin(x1);
p2r=1+(5/2) *cos (3*x2) -2*sin (3*x2) ;
x=[x1 x2];

prex=[plr p2r]’;
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pli=6*cos(x1) +1.5xsin(x1);
p2i=-2*cos(3*x2) - 1.5*sin (3*x2);
piex=[pli p2i]’;
count=0:pi/(N+1) :pi;

subplot(2,2,1)
plot(count,preal)

hold on

plot(x, prex, ’r:’)

ylabel (’pressure p’)
title(’Real part (Method 1)?)
axis([0 pi -3 5])

subplot(2,2,3)

plot(count,pim)

hold on

plot(x, piex, ’r:’)
xlabel(’x-axis’)

ylabel (’pressure p’)
title(’Imaginary part (Method 1)’)
axis([0 pi -4 71)

Method 2

function p=Ex3met2(N1,k1,k2,f1);

N=N1-2;
deltax=pi/N1;
Nh=0.5*%(N-1);

f=f1xones(N,1);
£(0.5%x(N+1))=0;

A=zeros (N,N);

hoofd1=(-2/deltax”2+k1"2)*ones (Nh,1);
hoofd2=-2/deltax” 2+ ((k1+k2)/2)"2;
hoofd3=(-2/deltax”2+k2"2)*ones (Nh,1) ;

hoofd=[hoofdl; hoofd2 ;hoofd3];
subonder=(1/deltax”2) *ones (N-1,1);
subboven=(1/deltax”2)*ones(N-1,1);
A1=(diag(hoofd)+diag(subboven,1)+diag(subonder,-1));
hoofdA2(1)=1/(deltax2*(1+j * k1 * deltax));
hoofdA2(N)=1/(deltax\2*(1+j * k2 * deltax));
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A2=diag(hoofdA2) ;
A=A1+A2;

p=A\f;
pO=p(1)/(1+j*kreal (1) *deltax);
pLast=p(N)/(1+j*kreal (N+2)*deltax) ;

preal=zeros(N+2,1);
preal=real([p0; p; pLast]);
pim=zeros (N+2,1);
pim=imag([p0; p; pLast]l);

h=pi/N;

x1=[0:h:0.5%pi];

x2=[0.5%pi:h:pil;

plr=9-(15/2) *cos(x1)-6*sin(x1);
p2r=1+(5/2) *cos (3*x2) -2*sin (3*x2) ;
x=[x1 x2];

prex=[plr p2r]’;

pli=6*cos(x1) +1.5*sin(x1);
p2i=-2*cos(3*x2) - 1.5%sin (3%*x2);
piex=[pli p2il’;
count=0:pi/(N+1) :pi;

subplot(2,2,2)

plot (count,preal)

hold on

plot(x, prex, ’r:’)
ylabel(’pressure p’)
title(’Real part (Method 2)’)
axis([0 pi -3 5])

subplot(2,2,4)

plot(count,pim)

hold on

plot(x, piex, ’r:’)

xlabel (’x-axis’)

ylabel (’pressure p’)
title(’Imaginary part (Method 2)°’)
axis([0 pi -4 71)
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A.4 Example 4

Method 1

function p=Ex4metl(N1,k1,k2,f1);

N=N1-2;
deltax=pi/N1;
Nh=0.5%(N-1);

f=f1*ones(N,1);
£(0.5%(N+1))=0;

A=zeros(N,N);
hoofd1=(-2/deltax”2+k1”"2)*ones (Nh,1);
hoofd2=2;
hoofd3=(-2/deltax”2+k2"2)*ones (Nh,1);
hoofd=[hoofdl; hoofd2 ;hoofd3];
subonder=(1/deltax”2)*ones(N-1,1);

subonder (0.5%(N-1))=-1;
subboven=(1/deltax”2)*ones(N-1,1);
subboven(0.5%(N+1))=-1;
A1=(diag(hoofd)+diag(subboven,1)+diag(subonder,-1))
hoofdA2(1)=1/(deltax2*(1+j * k1 * deltax));
hoofdA2(N)=1/(deltax"2*(1+j * k2 * deltax));
A2=diag(hoofdA2);

A=A1+A2;

p=A\f;
pO=p(1)/(1+j*kreal (1)*deltax);
pLast=p(N)/(1+j*kreal (N+2)*deltax) ;

preal=zeros(N+2,1);
preal=real([pO; p; pLast]l);
pim=zeros (N+2,1);
pim=imag([p0; p; pLast]);
count=0:pi/ (N+1) :pi;

subplot(2,2,1)
plot(count,preal)
ylabel(’pressure p’)
title(’Real part (Method 1)’)
axis([0 pi -12 21)

b
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subplot(2,2,3)

plot(count,pim)

xlabel (’x-axis’)

ylabel(’pressure p’)
title(’Imaginary part (Method 1)°)
axis([0 pi -1 11)

Method 2

function p=Ex4met2(N1,k1,k2,f1);

N=N1-2;
deltax=pi/N1;
Nh=0.5*(N-1);

f=f1*ones(N,1);
£(0.5%(N+1))=0;

A=zeros(N,N);
hoofd1=(-2/deltax”2+k1"2)*ones (Nh,1);
hoofd2=-2/deltax”2+((k1+k2)/2)"2;
hoofd3=(-2/deltax”2+k2"2) *ones (Nh,1);
hoofd=[hoofdl; hoofd2 ;hoofd3];
subonder=(1/deltax”2)*ones (N-1,1);
subboven=(1/deltax”2)*ones (N-1,1);
A1=(diag(hoofd)+diag(subboven,1)+diag(subonder,-1));
hoofdA2(1)=1/(deltaXAQ*(1+j * k1 * deltax));
hoofdA2(N)=1/(deltax\2%(1+j * k2 * deltax));
A2=diag(hoofdA2) ;

A=A1+A2;

p=A\f;
pO=p(1)/(1+j*kreal (1) *deltax) ;
pLast=p(N)/(1+j*kreal (N+2)*deltax) ;

preal=zeros(N+2,1);
preal=real([p0; p; pLast]);
pim=zeros(N+2,1);
pim=imag([p0; p; pLast]);
count=0:pi/(N+1) :pi;

subplot(2,2,2)
plot(count,preal)
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ylabel (’pressure p’)
title(’Real part (Method 2)?)
axis([0 pi -12 2])

subplot(2,2,4)

plot (count,pim)

xlabel(’x-axis’)

ylabel (’pressure p’)
title(’Imaginary part (Method 2)’)
axis([0 pi -1 11)
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A.5 Norm of error of example 1

Add-on in Ex3met1(N1,k1,k2,f) and Ex3met2(N1,k1,k2,f)

function normmeti1=Ex3met1(N1,k1,k2,f1) /
function normmet2=Ex3met2(N1,k1,k2,f1);

normreal=norm(preal-prex) ;
normim=norm(pim-piex) ;
normmet2=[normreal normim];

Main program

function InputEx3(hoogsteN);

N=hoogsteN;
aantal=(N+5)/10;
realvecl=zeros(aantal,l);
imvecl=zeros(aantal,l);
realvec2=zeros(aantal,l);
imvec2=zeros(aantal,l);

for i=5:10:N

figure(1)

iecht=0.1%i+0.5;
pmet1=Ex3met1(i,1,3,9);
pmet2=Ex3met2(i,1,3,9);
realvecl(iecht,1)=pmet1(1);
imvecl(iecht,1)=pmet1(2);
realvec2(iecht,1)=pmet2(1);
imvec2(iecht,1)=pmet2(2);
end

i=5:10:N;

figure(2)

subplot(1,2,1)
plot(i,realvecl)

hold on

plot(i,realvec2,’--g’ )
xlabel(°N’);

ylabel(’norm of error’);
title(’Real part of the solution’);
axis([5 N 0 6]);
legend(’Method 1’,’Method 2’)
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subplot(1,2,2)

plot(i,imvecl)

hold on

plot(i,imvec2,’--g’)

xlabel(’N’);

ylabel(’norm of error’);
title(’Imaginary part of the solution’);
axis([5 N 0 6]);

legend(’Method 1’,’Method 2’)
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A.6 Eigenvalues of example 1
A=Ex1(25,1,2);

figure(4);

subplot(3,3,1);

eigh=eig(A);

realeigh=real (eigh)

imeigA=imag(eigA)

plot(realeigh,imeigh, ’rx’ );

xlabel(’real part’);

ylabel (’imaginary part’);

title(’N=257);

axis([min(realeigh) max(realeighA) min(imeigh) max(imeigA)]);

figure(2);
A1=Ex1(50,1,2);

figure(4);

subplot(3,3,2);

eighl=eig(Al);

realeigAl=real (eighl);

imeigAl=imag(eigAl);

plot(realeighl,imeigAl, ’bo’ );

xlabel(’real part’);

title("N=507);

axis([min(realeighl) max(realeigAl) min(imeigAl) max(imeigAl)]);

figure(3);
A2=Ex1(100,1,2);

figure(4);

subplot(3,3,3);

eigh2=eig(A2);

realeighA2=real (eigh2) ;

imeighA2=imag(eigA2);

plot(realeigh2,imeigh2, ’g*’ );

xlabel(’real part’);

title(’N=100’);

axis([min(realeighA2) max(realeigh2) min(imeighA2) max(imeighA2)]);

figure(4);
subplot(3,3,5);
plot(realeigh,imeigA, ’rx’ );
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xlabel(’real part’);

ylabel(’imaginary part’);

hold on;

plot(realeigAl,imeigAl, ’bo’ );

hold on;

plot(realeigh2,imeigh2, ‘g%’ );

axis([min(realeigh2) max(realeighA2) min(imeigA2) max(imeigA2)]);
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A.7 Comparing modified & original example 1

Modified system

function A=Exlmod(N1,k1,f1);

N=N1-2;
deltax=pi/N1;

A=zeros(N,N) ;

hoofd=ones (N, 1) ;

sub=ones(N-1,1);
A1=(1/deltax2)*(-2*diag(hoofd)+diag(sub,1)+diag(sub,-1));
A2=diag(k)"2;

A=A1+A2;

Main program

A=Ex1(25,1,2);
eigh=eig(A);
realeigh=real(eigh);
imeigA=imag(eigA);

figure(3);

subplot(2,2,1);
plot(realeigh,imeigh, ’rx’ );
xlabel(’real part’);
ylabel(’imaginary part’);
axis([min(realeigh) max(realeigA) min(imeigA) max(imeigA)]);
title(’Eigenvalues of example 1’);
subplot(2,2,3);
plot(realeigh,imeigh, ’rx’ );
xlabel(’real part’);

ylabel (’imaginary part’);
A1=Ex1mod(25,1,2);

eighl=eig(Al);
realeighAl=real(eighl);
imeigAl=imag(eigAl);

figure(3);

subplot(2,2,2)
plot(realeighl,imeigAl, ’bo’ );
xlabel(’real part’);

ylabel (’imaginary part’);
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axis([min(realeigh) max(realeigh) -0.1 0.1]);

title(’Eigenvalues of modified example 17°);

subplot(2,2,3);

hold on;

plot(realeighl,imeigAl, ’bo’ );

xlabel (’real part’);

ylabel (’imaginary part’);

axis([min(realeigh) max(realeighA) min(imeighA) 0.1]);
legend(’Original example 1 (N = 25)°’,’Modified example 1 (N = 25)’)
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Appendix B

Rest of appendices

After giving the Matlab codes in the previous appendices, the rest of the
appendices can be found here.

B.1 Proof from Chapter 5

Denote a = k? and b = p for simplicity, then we have 0 < a < b. We shall

prove Amin(Qg) > Amin(Q;) and Amin(Qg) > Amin(Q;) by using expressions
(31)-(34) of [7].

Proof of Auin(Qp) > Amin(Q;)
We have assumed 0 < a < b, so the following inequalities are equivalent to
each other

< 1,

= S
[\V]

>
S

+
=

2a
a-+b

<1_ a2fb>2 < (1_ %)2

Amin(Ql) < )\min(QO)‘
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Proof of Amin(Qg) > Amin(Q;)
The following inequalities are equivalent:

1 < l
a? 4 b? b2’
(b —a)® P G a)?
a? + b2 b2
2ab a\2
B a? + b2 < (1 N 3) ’

)\min(Qi) < Amin(QO)'



