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Abstract

This thesis presents and tests the convergence rate of the Dirichlet-Neumann
algorithm for two Poisson equations coupled by transmission boundary condi-
tions. Three second order discretisation methods are used when analyzing the
convergence: standard equidistant finite difference, standard adaptive linear fi-
nite element, and standard adaptive finite volume discretisation of Poisson’s
equation. The convergence rate of the Dirichlet-Neumann algorithm, when us-
ing each of the discretisations for both sub problems, is presented and proved.
Using elements of the proofs for the intermediate results leads to a theorem
when combining the discretisations. The theorem states that the Dirichlet-
Neumann algorithm’s convergence rate is entirely independent of the grid used
for any combination of the discretisations analyzed. Inspired by these results a
general theorem of the convergence rate is presented. Using semi-discrete anal-
ysis it is possible to generalize the results to a large subset of discretisations
in the asymptotic case. It is possible to remove the asymptotic argument if
the discretisations approximate the homogenous solution exactly. All theoreti-
cal results were numerically confirmed. The numerical results aligned with the
theoretical conclusions.
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Chapter 1

Introduction

Differential equations coupled by transmission conditions are differential equa-
tions coupled by boundary conditions on common interfaces. These problems
arise in aerodynamics [1], bio-mechanics [2] and rocket simulations [3] and are
usually impossible to solve analytically. Finding properties of numerical meth-
ods that solve these transmission problems is therefore of interest.

Domain decomposition can be used to work with transmission problems. Instead
of dealing with one large problem, we can analyze a set of sub problems. Using
the Dirichlet-Neumann algorithm allows us to solve the sub problems several
times in order to find a solution to the larger problem. Codes and knowledge
could exist for the sub problems when none exist for the larger problem. In
such cases the algorithm allows us to reuse code and therefore requires fewer
resources.

The Dirichlet-Neumann algorithm allows us to mix discretisation techniques.
We can use a finite volume discretisation on one domain and a finite element
discretisation on the other domain because of the modularity of the algorithm.
There are problems where mixed discretisations are of interest. There is research
where a finite volume method is used on a fluid domain and a finite element
method is used on a structure domain [4]. This thesis focuses on the conver-
gence rate when mixing three different discretisations. The first discretisation
is equidistant finite difference, which was chosen because it is familiar and the
result of this thesis extends to it. The other discretisations are the second order
standard adaptive finite element and finite volume methods. For these discreti-
sations the convergence rate can be found and is found exactly.

This approach of dividing and mixing is only relevant if the algorithm con-
verges and if it converges at a reasonable pace. The idea is interesting, but is it
useful? If the algorithm does not converge a solution will not be found. If the
convergence is slow, the execution times may be unreasonably long. To answer
these questions, we need to analyze the algorithms convergence rate. In this
thesis we focus on a specific set of transmission problems: two one-dimensional
Poisson equations coupled at one point. Analyzing these convergence rates gives
us information about effectiveness of the algorithm. The goal of this thesis is to
give some insight into finding the convergence rates of higher dimensional time
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dependent problems. By analyzing an easier set of equations, one might find
hints on how to handle the harder ones.



Chapter 2

Theory

2.1 Schur Complement

The Schur complement introduced in this section is inspired by Fuzhen [9, p.17-
18].

Remark 2.1.1. For a linear system of the form:

An 0 Air| [wm fi
0 A Aor| |u2| =|fo
Ari Ara Arr ur fr

we can express ur by the following equation:

Sur = fr — Ar1 AL 1 — Ara Ay fo (2.1)
S = Arr — Ar1 A Air — ApgAgy Aor, .

where S is the Schur compliment.

Proof. We use block Gaussian elimination by multiplying the first system with
A7 Ay and subtracting it from the last. We do the same thing with the second
system with Ay, Aro. This becomes:

Ay 0 Air Uy
0 A22 A2F Uz | =
0 0  Apr— Ar AL Air — AroAsy) Aor | |ur
Ay 0 Aip| [w f1
= 0 A22 AQF Ug | = f2
0 0 S ur fr — Am A i — Are AL fo
Here we observe that the last equation in the linear system is (2.1). O

2.2 Convergence Rate

Definition 2.2.1. Given a converging sequence ly, k € Z*, where l, — 1, n —
00. Then the sequence ly, is said to converge linearly to p € (0,1), if:

lex+1]

=, k— oo. (2.2)
lex|

11
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where e, =l — 1. We call p the convergence rate.

Definition 2.2.2. A matriz X € C is called an iteration matrix for the sequence
Iy € C if:
lk+1 = Xl + «, (2.3)

where o is a constant independent of k.

Theorem 2.2.1. For the one dimensional case the convergence rate pu of a

complex valued sequence ly, converging to | is the absolute value of the iteration
matriz. Moreover: | |
Ck+1

=X
lex|

= 1,
where e, = I, — 1.

Proof. The first part of this proof is inspired by Fox [10, p.190-191].

lir1 =2k +ae iy —XSlk=a
= lim lp 1 — Yl =1l-Sl=asa=1-3l
k—o0
Inserting this into (2.3) we get:
lgr1 =Xl +1— X

<:>lk+1:E(lk7l)+l<:>lk+1:E€k+l<:>lk+1fl:2]6k

& epr1 = 2ep = ep41 = E’”leo

ear| _ [E*Heol _ (EDH el _
lex| Sk eol (IZ))¥eol
& lert1] = [E]exl,
which is what we wanted to prove. O

2.3 Coupled Poisson Equations

Let’s start by introducing Poisson’s equation with two sets of boundary condi-
tions.

u = f(x), x € [a,b]

u(a) and u(b) given (2.4)

and
' = f(z), z € |a,b]

u'(a) and u(b) given, (2.5)

for some zr € [a,b]. The first differential equation has two Dirichlet boundary
conditions and the second has one Dirichlet and one Neumann boundary con-
dition. The coupled problem we wish to analyze in this thesis has the following
form:

Mo (z) = fi(@), = € [a, 2r]
Xow” (x) = fo(x), = € [or,b]
A (zr) = dw' (21), v(zr) = w(xr)

)

and w(b) given.

oy

v(a
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This equation is two coupled Poisson equations, coupled by two transmission
conditions. The transmission interface is zr and the first condition forces conti-
nuity between the two functions and the second forces a relation on the deriva-
tive over the interface. Examples and analytic solutions to all three of these
problems can be found in Appendix Al. In Chapter 2.4 we will show a way
to decouple (2.6). We will create a sequence of functions v; and w;, that are
defined by solving equations (2.4) and (2.5) alternatingly. If these sequences
converge to limits v and w they will be a solution to (2.6).

2.4 The Dirichlet-Neumann Algorithm in 1D

The Dirichlet-Neumann method and algorithm is presented in this section. The
method and algorithm we use is presented in Toselli [11, p.8]. The section
on convergence rate is presented similarly in Monge [5, p.20-26]. The main
differences are that Monge presents the discretisation for the multidimensional
problem, focuses on the finite element discretisation as discretisation, and is
discretizing a slightly different differential equation.

2.4.1 Method and Algorithm

To find an approximation of u and v in the transmission problem (2.6) we will use
the Dirichlet-Neumann method and algorithm. The Dirichlet-Neumann method
starts by rearranging the initial problem as two separate problems coupled by
a common interface, xr. The two problems are: a Dirichlet boundary problem
and a Neumann boundary problem.

Mo (z) = fi(x), = € [a, zr]

v(a) given and v(ar) = w(zr)

(2.7)
Xow” (x) = fo(x), x € [or,b]
w'(zr) = %UI(.’L‘F) and w(b) given.

The algorithm start with an initial guess of w(xr). With this approximation we
solve the Dirichlet part of (2.7). This will give us a function we will call v1. We
then solve the Dirichlet part of (2.7) with the Neumann condition %(vl)’(xp).
The solution to this problem we call w!. Using w', we solve the Dirichlet part
of (2.7) with Dirichlet condition w!(zr). This new solution we call v2. This
process continues with v* and w* being the functions for the kth iteration. If
w® and v¥ converge to some functions w and v, then by construction they must
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be a solution to (2.7) and in extension (2.6). The recursion is:
w®(xr) given
M (Y (2) = fi(x), z € [a, 27
v*1(a) = v(a) and V¥ (2r) = w*(ar)

(2.8)

Ao (W) (z) = fo(x), x € [ar, b]
A
(WY (ar) = =
A2
This recursive algorithm is called a continuous Dirichlet-Neumann algorithm.
Now we discretize this algorithm. Each iteration requires us to solve two Poisson
equations, one with Dirichlet boundary conditions and one with a Dirichlet
and a Neumann boundary condition. So we discretize each of these individual

problems. The discretisations of the Dirichlet problem we analyze can be written
as the following linear system:

MAD G = pWy(a) + fFO — AlA(Fl)wk(xr), (2.9)

(v®) (zr) and w**1(b) = w(b).

where 751! is some discrete representation of v**!. The discretisation of the

Neumann problem we analyze can be written as:

A®) Ai}) { Wilas! ] [ b u(b) + F@
1d®  d@ | [wh(ar) @ _ DA dOpE L d D wk (),
(2.10)
where wFt! is some discrete representation of w*+1!, d(l)wk(xr) +d(rl)17k+1 is an

approximation of (v¥1)/(zp) and d@w*+! (zr) + dPw*+1 is an approximation
of (w**1)/(zr). Combining these discretisation into one linear system results
in:

A A 0 0 gkl bWu(a) — M AP wk (zp) + FO
0 A A A, AP @kt | = b w(b) + F@
“Ad® 2d® Ad? | [ (ar) @ D\ dDwk ()
(2.11)

We call this the discrete Dirichlet-Neumann Algorithm. This algorithm allows
us to solve the transmission problem (2.6) by using any discretisation methods
to approximate solutions to Poisson equations without modifications. This is
incredibly useful. That is, if it converges and if its convergence is reasonable.
In the next section we will discuss this in detail.

2.4.2 Convergence Rate

We will analyze the convergence rate of w” (xr). If this value converges, so will
the algorithm. To find the convergence rate of w*(xr) of the Dirichlet-Neumann
algorithm we first find the iteration matrix X.

w1 (zr) = Zw®(zr) + , a independent on k. (2.12)

To get an expression for w**!(xr), we start by taking the Schur compliment,
Section 2.1, of (2.11).

Ay = MAD, Ay = 2 AD | Ajp =0, Agr = AP Apy = —\dD | Apy = \pd®
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Arr = dod?, fr = bW o(a) + O = M AP0 (ar), fo = 6P w(B) + 2,
o= 1 = 1 nd o),
With this we can get an equation for w**!(zr):
Swt ! (ar) = f7 =1 adp ) —(=Xd D) 0 AD) T O o(a)+ 7D X A ()
=(A2d®) M AP T B (b) + F@)
S = Aadf? — (Mad®)(A2A4®) 1 (Mo A1),
Next we put everything that isn’t dependent on % into a new constant «;.
Swt (ar) = M (dp) — (@)(AD) ARk (ar) + o
Because we are in the one dimensional case, we know that S € R.

_ di - (@)(am)-Lap)
A2 d?) — (d@)(A@)-1(AP)

= W (ar) wh(ar) + o,

where « is another variable that is independent of k. From this we can get >:

_ ﬁd(rl) _ d(l)(A(1))—1A(F1)
A2 d{}) _ d(2)(A(2))*1A§2)'

We know from Theorem 2.2.1 that the convergence rate is the absolute value of
the iteration matrix X.

1 _ 1
M:|E|:‘)\1 dp) —d®(Am) 1A ) (2.13)
A2 d<F2> — d®)(A@)-1 A(FQ)

2.5 Finite Difference Method for Poisson’s Equa-
tion

A second order finite difference discretisation of Poisson’s equation is presented
in this section. The discretisations will be used to approximate the one dimen-
sional Poisson’s equation. This section is heavily inspired by Ortega [7, p.74-82].
In Ortega [7, p.74-82], the approximations used and the method to construct
the finite difference discretisation in this section are presented.

Before we introduce our approximations and discretisation we need to define
a grid. We will use equidistant grids where Az is the distance between the grid
points, z;, on the interval [a,b]. With the grid defined, we start by providing
the two second order finite difference approximations we use for our numerical

method. A , R
W () = u(r + Ax) — Zg) +u(x — Ax) o). 2.14)
_ —3u(@) +4u(z + Az) — u(z 4 2Ax)

2Ax

u'(z) +0O(Az?). (2.15)
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2.5.1 Discretizing Poisson’s Equation

In this section we wish to to find an approximation of u in the differential
equations (2.4) and (2.5). We start by approximating (2.4):

u'(z) = f(z), x € [a,b], u(a) and u(b) given.

This method will produce approximations u(x;) /= u; for each grid point, so we
focus on:

u'(x;) = f(z), Vi=1...n.

Next we use the discrete approximation of the second derivative (2.14) to get
the following approximated relation,

—Ui—1 + 2U; — Uit ,
( l sz “ ) =—Azf(x;), Vi=1...n,
where ug = u(a) and u,+; = u(b). The discrete approximation, @, of u is then
given by solving the following linear system:

- b
FER™: [fli=—Axf(x:)
= i=] (2.16)
AERan: [A]i,j: Alwa Z. ]+
—az J=1+1
0 else

To extend this approximation to Neumann boundary conditions, (2.5), we treat
u(a) &~ u, as an unknown.

A -] Ll“‘] —f+ %en. (2.17)

We need one more equation to make this system square. The equation will
be chosen such that the Neumann condition holds. By using the one-sided
approximation of u'(a), (2.15), we can get such an equation.

() ~ Z3u@0) T Au(er) —u(ws) | —Buq + dus —up
- 2Ax - 2Ax ’

Adding this equation to (2.17) gives:

1 _ P
4 TA el _§ |:u] = |:f +/A(?€n} (2'18)
2Ax €1 - 2A2;E T 2Ax Ua u (a)

This system is square and solving it gives the discrete approximation u and u,
of u(z) and u(a).



2.6. FINITE ELEMENT METHOD FOR POISSON’S EQUATION 17

2.5.2 Numerical confirmation

The approximations’ convergence and order were analyzed. To analyze the
methods convergence we used the test problems (5.2) and (5.1). These test
problems were approximated by the finite difference approximations (2.16) and
(2.18) and made continuous by linear interpolation. These continuous approx-
imations we call u". These approximations’ error with respect the the exact
solution was then evaluated in the Lo-norm, ||u—u"||z, for different Az. These
errors were then plotted in a logarithmic graph. This graph is presented in
Figure 2.1. In Figure 2.1 the error seems to converge as Az tends to zero. It
seems to be a second order convergence. We see this because when Az is 1073
the error is 107 and when Az is 10™% the error is almost 10™°. The method
we constructed was supposed to be a second order method and the numerical
results shows a second order convergence.

Normed Error of the Finite Difference Approximation.

—=—=- Dirichlet Boundary Conditions ~
—-= Mixed Boundary Conditions //
1077 4 ///
//
7
7
//

x 7

S 7

= el

T -

B e
Qg e

— //

1078 -
//
7
./z/
’///
-7
./.
’
1074 1073
Ax

Figure 2.1: The error of the approximations with respect to Ax. The discrete
approximations were found using the strategies presented in Section 2.5.1. Then
they were made continuous by linear interpolation. The continuous approxima-
tion, u”, was then compared to the real solution, u, in the Lo-norm. Both
methods seem to be second order in this norm.

2.6 Finite Element Method For Poisson’s Equa-
tion

In this section a finite element discretisation for the Poisson’s equation in one di-
mension is presented. First the grid and the basis functions used for the method
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are presented. Then we use Galerkin’s method to get a general discretisation
template for Poisson’s equation. With a template we create the discretisations
for the Poisson’s equation with both Dirichlet and Neumann boundary condi-
tions. Lastly we confirm that the method converges and that the method is a
second order method numerically. We omit the proof that discusses the order
of the method; a detailed explanation can be found in Hughes [6, p.27-31].

2.6.1 Basis functions

The goal is to find a discrete approximation, u”, of u for Poisson’s equation.
The finite element method approximates u using a linear combination of basis
functions ¢.

n
urul = E Uk P -
k=1

We partition these functions into two sets: ¢! and ¢'. A function in ¢! is 0 on
the boundary points {a, b} and a function in ¢! is not. With this new partition
we reformulate our approximation as:

TLI ’VLF
~ah _ I T
u U = E uk.gbk—kg UL Oy,
k=1 k=1

where ul and ul are unknowns we wish to find. We are going to focus on
approximations were only two boundary functions are used, so we re-write u”
as:

ut = u o1 + ) uieh + ubdh. (2.19)
k=1

We define the basis functions with respect to a grid. The grid points we call x;,

where
< oI I I
o<z <xy <<z, <0

With these grid points, we define Ax; as the distance between them.
Ary=af —a, Ay =al —2! | Az, i =b—x,, i=2,... n.

An illustration of the different variables is presented in Figure 2.2.

Ax; Azy Az
a I oI I
ol 2d 0 2l b

Figure 2.2: The grid used for the finite element method in one dimension.

The basis functions we use are the standard linear finite element basis functions
presented in Hughes [6, p.20]:

!
Rt v € (af g, xf]

1 roo—

0i(2) = 58" v e (ol aly) (2.20)
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using the convention z{ = a and z! | = b. ¢} and ¢} are defined as cut off

saw-tooth functions.

z—al! I zl—x I
ol (@) = { s TEOT) gl - {A D
0, else 0, else

An illustration of the basis function are presented in Figure 2.3

r I I I I r
R S B -1 bn P
~ e
~ 4

a I I s I I
T L Tpn—1 T b

Figure 2.3: The basis functions ¢! and ¢

2.6.2 Galerkin’s method

Instead of working with the Poisson equations (2.4) and (2.5) directly, we are
going to work with their weak form. A motivation to why we can work with
these equations instead of the original Poisson equations can be found in Hughes
[6, p.4-6]. In this thesis we will use Galerkin’s method for finding the basis co-
efficients u} in (2.19). We are following the same steps as Hughes [6, p.7-11].
We simplify the process by making it less general.

The method evaluates the solution v when:

b b
/u”qs{da::/ folde, i=1...n.
a a

Using integration by parts on the left hand side gives the following equivalent
expression.

b b b
/u"¢£dw=[u’¢{]i—/ u’(abf)’dx:/ folde. i=1. .m.

Now we use the fact that ¢!(a) = ¢I(b) = 0, which leads to the result:

_/abu’(qﬁi])’dgg:/abf(bfda:, i=1...n.

To get an expression with the coefficients u?, we replace u with our approxima-
tion u”. This will produce the following linear system.

b b
—/ (uh)’(qﬁf)’dm:/ folde, i=1...n

b b b
o - / ( U£(¢£)’(¢f)’> do— / uF () (61 +ub (65 (81 ) dix = / foldz,i=1...n
a kzl a a
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n b b b
e-3ul / (L) (61 da— / uF () (1) +ub (65) (81 dx = / folde,i=1...n
k:1 a a a
Aul =b—T.

b
Ay = [ 6D @}y

b b 2.22
b= [ty -t [@yetyas O

fi= | foide.

a
In this thesis we only use one set of basis functions. We therefore compute the
linear system with respect to the basis functions chosen. We do this by making
and proving three remarks. Then we use the following three remarks to simplify
the linear system (2.22).

Remark 2.6.1. Any entry of A that is outside of the first sub-diagonal or
diagonal is 0.

Proof. The function (¢;)(¢;)’ is the zero function if if |¢ — j| > 1. This is

because they have no overlapping non-zeros function values. O
Remark 2.6.2. 1 1

Al = i=1...n.

[ ]z,z Az, + A.ﬁi_:,_l’ ? n

Proof. We will be using the convention z{ = a, x!,; = b. With this we can

show:

xf+1 If 1 x{_H 1 2
Alii = D)) :/ 2 / — =
4], / b= [ g [ (i) @

1

1\? 1\ 1 1
Az, Az, = .
v (A%) o + <Al‘i+1> A.’L‘i + A-Ti-H

Remark 2.6.3.

I
— , 1
Al’i

[Aliit1 = [Alit1, =

Proof. We will be using the convention x{ = a, J;{LH = b. With this we can

show:
o i 1 1
[Ali i1 = /J ((61) (¢141)) dx = /j (_sz) (M) dx

—1

Due to symmetry [A];+1; is the same. O
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Remark 2.6.4.

I T
b= <A“;161T + Afﬂaf) . (2.23)

Proof. i = 1 and i = n are the only cases when it is not zero. For those two
cases we have:

r
Uy

s = [ @yl = ol [ () ) e =
1= 1 " 1 1 - 1 " 1 1 _Al'l’

b b T
b, = —ul INVISY AV ¥ “Az, ) N (Azy ) Vde = U3
b z@ngwm %A (A1) (Ayar) e

7AZL’71+1 Axn+1

Writing this in vector form finishes the proof. O

f can not be simplified as it depends on what function f we use. Using Remark
2.6.2, 2.6.3 and 2.6.4 in (2.22) gives:

Aul =b—f.
1 1 L
E+Azi+l7 t=J
1 L.
[A]ij — ) Az i=J+1
’ e J=i+1
0, else (2.24)

o Ugq Up
b=A <A$1 et Axn+1 en)
b
fi= [ rola

We let u! = u, ~ u(a) and ub = u, ~ u(b). This is motivated by u"(a) = u}

and u”(b) = ub.

Dirichlet Boundary conditions

If we have Dirichlet boundary conditions on a and b, we let u(a) = u, and
u(b) = up in (2.24). With these variables set, (2.24) is a linear system we can

solve to get the coefficients of the approximation u”.

A Neumann Boundary condition

Here we wish to find an approximation for (2.5). Just as the Dirichlet case we
set up = u(b) in (2.24). Unlike the Dirichlet case, u(a) is not known. Therefore
we treat u, as an unknown and move it to the left hand side:

p—— [“I} ub) g (2.25)

Uq Azpiq

Adding an unknown to the linear system means that we are missing one equation
to make it square. To get this last equation we analyze:

b b
/ u” ¢t de = / folde.
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By using integration by parts we get:
b b b b
[t =Wt - [welyas= [ potds
a a a

b b
@fmmf/wwwm:/f&m

Here we replace u with our approximation u”.

b b
o) - [y elyde = [ fotas

a+Axzy

a+Axy
¢>—ua/) w{waydx—u{/°

at+Azxy 1 I at+Azxy 1 1 , b r
= —UaL Tx%d.r — Uy L (_A{I;l) Edl‘ =Uu ((1) +/a f¢1 dx

1 b
+U{E=U/(a)+/ for da

b
wwaM=w@+/f&m

1
= —uaiAx
1
ul —u,

Axl

b
—u(a)+ [ fofds

Adding this equation to (2.25) gives a square system describing the coefficients
of our approximation.

A —A;el} [ul} | e, -
1 .7 1 Ug - u/(a)+fff¢{dx . (226)

Axq €1 Az,

2.6.3 Numerical Confirmation

We confirmed that a set of approximations found using the method in Section
2.6.2 converged to their exact solutions and analyzed the order of the con-
vergence numerically. We decided to quantify the error using the Lo norm,
|lw—u"||L,. This error was then computed for different approximations, u", for
different equidistant grids. The Poisson equations used for testing were (5.2)
and (5.1). The errors of these approximations were then put into a logarithmic
graph. This plot is presented in Figure 2.4. In this graph, we notice convergence.
Moreover we have second order convergence.

2.7 Finite Volume Method For Poisson’s Equa-
tion

A finite volume discretisation of Poisson’s equation is presented in this section.
The methods are presented in Leveque [8]. Analysis of the order of the methods
has been omitted in this section. Instead we will motivate the second order of
the methods by performing numerical experiments. For order testing we used
equidistant grids.
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Normed Error of the Finite Element Approximation.

—=~ Dirichlet Boundary Conditions ~
—-= Mixed Boundary Conditions
v
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7
s
7
e
.7'/
L
-7
7/
7
1074 10"3
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Figure 2.4: The errors ||u—u"|| for different approximations Az. The approxi-
mations are found using the strategies presented in Section 2.6.2. At Az = 1072
the error is 10™* and at Az = 10~ the error is 1076. This indicates that the

method is second order.

2.7.1 Discretizing Poisson’s Equation

In this chapter we follow Leveque [8, p.64-66]. The function, u, we wish to
approximate is defined in [a,b]. With this in mind, we define the interior grid

points, xx k =1...n, and the distances between these points Ax;.

A< <9< - <x, <b

A:vi:xi—xi,l, Z:].,,TL+1

9 =a and x,41 = 0.

We also define z; 195 and z;_¢ 5 as:
Ti+0.5 = 5 + 0.5A$1‘+1

To illustrate these variables Figure 2.5 is provided.

Az Axo

Az

Ti—05 —Tj — 05A1’2

a Zo.5 1 Ti15 X2

Tn  Tn+40.5

Figure 2.5: The grid used for the finite volume method.
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We let C; = [x;-0.5, Tit0.5) be called the ith cell. These cells are used to define

averages u; of u(C;):
1
u(zy) ~ up = m/c u dz.

We define our approximation as:

u(a), x € [a,x05)
W"(x) = u;, z e C . (2.27)
u(b), x € [Xn_o5,0]

To illustrate this approximation Figure 2.6 is provided.

(5% u(b)

U2

a Tos T1 Tis T2 Ty Tptos b

Figure 2.6: The approximation function @".

To get u; we use the following property of our problem:
Auzf:/ u"dx:/ fdzx,i=1,...,n.
Ci Ci
Using the fundamental theorem of calculus we get:
u/(.Ti_;'_o.g,) - U/(in_o_g,) = / f dx, 1= 17 e, n. (228)
C;

Now 4" is discontinuous at x4o5 k = 0...n. To handle this we introduce the
numerical flux, similar to Leveque [8, p.67 eq (4.10)], Fo5, F1.5,-.., Fnio5-

Uk+1 — Uk E=0
A,Tk ’ '

U (Tht05) ~ Frgos = ..
An illustration of the numerical flux is presented in Figure 2.7.

Uk+1

Tk  Tk+05 Tk+1

Figure 2.7: The numerical flux, Fj4¢.5, is the slope of the dashed line.
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Using the numerical flux as approximations of u'(zk40.5) in (2.28) gives:
Firos — Fimos = W/ (Tiyos) — v (Ti—05) = / fdr,i=1,...,n.
C;

The approximations coefficients, 4 = (uy,...,u,)7, are defined by the following
linear system.

Fito5 — Fi—o5 = / fdr, i=1,...,n.
C;

A%Q (ug —uy) — le (u1 —u(a)) = fcl fdx

- ﬁ(U3—UQ>—ﬁ(U2—U1) = Jg, fdx

ﬁn“ (b—up) — Airn (Up, — Up_1) = an fdx

1 1 1 1 _
Agclu(a) — (Am1 + sz) Ul + xyuz = fcl fdx

1 1 1 1 _
Ay W1 — (AIQ + Amg) ug + Aaz U3 = fcz fdx

1 1 1 1 _
Axy, Un—1 — (Amn + Amn_H) Un + Amﬂ,+1u(b) - fC,L deE

_ €1 €n r
At = — b) | —
1= (5hu@+ 5ou)) - f
Al‘rl + AI1i+1’ Z :]
Ll =441
& [A]i; = Ame . J (2.29)
e J=1+ 1
0, else
fz( fdx,...,/ fda:).
Dirichlet problem
To get 4 = (u1,...,u,)T, we solve (2.29) where u(a) and u(b) are given. If

f = 0 then the linear system Au! = b is identical to that in the finite element
case (2.24).

Neumann problem

For the one dimensional Neumann problem, (2.5), we have u(b) given, but u(a)
is unknown. We use (2.29), but approximate u(a) and move it to the left hand

side to get: ,
A —z%] [u } o ub) T, (2.30)

Uq Al’n+1

where u, is an approximation of u(a). We have n + 1 unknowns but only n
equations, so we need to add one equation. Here we use the fact that we know
u/(a). To get the last equation we integrate our differential equation over the

first segment:
Z0.5 Zo.5
u'=f :>/ udx :/ fdx
a a
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& (W (o) /(@) = | " e,

u” is discontinuous in 0.5, so we use the flux function Fy 5 to approximate the
derivative. Using this approximation in the equation gives:

Fos = (W) — /() +/ fdo

u(zi) —u(a) _ e
= 1AT =u'(a) +/a fdx

Iy _ 0.5
= % ~ ' (a) +/a fdz. (2.31)

Adding equation (2.31) to the linear system in (2.30) gives us an expression for
the coefficients of the approximation.

| Py A B

2.7.2 Numerical Confirmation

To confirm that our finite volume discretisation is correct, we analyzed the errors
of a set of approximations numerically. We used the Lo-norm when defining the
error, |[u(x) — u"(z)|,. Using the Ly norm, our approximation 4" will never
have second order. To give the method a chance in order testing we use linear
interpolation of the averages at the center of each cell. This modified function
is what we use as u”. The test problems used in testing were the same as in
Section 2.6.3, (5.2) and (5.1). The results, errors, of both tests are presented
in Figure 2.8. In Figure 2.8 we can observe second order convergence for both
discretisations. When Az = 1073 the error is approximately 107¢ and when
Az = 10* the error is approximately 1075,
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Normed Error of the Finite Volume Approximation.

—=—~ Dirichlet Boundary Conditions ~
—-= Mixed Boundary Conditions //
1077 //
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Figure 2.8: An error graph for the finite volume discretisation of the Poisson’s
equation in one dimension. Approximations were found using the finite volume
method presented in Section 2.7.1. At Az = 1072 the error was 10~* and at
Az = 1073 the error was 107%. This indicates that the method is of second
order.
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Chapter 3

Convergence rate of the
Algorithm

The convergence rate for the Dirichlet Neumann algorithm will be analyzed and
numerically tested in this chapter. First, the convergence rate for non -mixed
standard discretisations are analyzed and proved using linear algebra. The re-
sults from these three separate cases are combined into one theorem for the
mixed case. This results is surprising. It sais that the convergence rate for
mixed adaptive discretisations is indepedent of the grids chosen. It also shows
that it is possible to find the convergence rate by analyzing the discretisations
separately. This is made easier due to the clear structure of the discretisations.
The same approach could be used for higher order methods and the multidi-
mensional case. The linear systems would be harder to solve, but there would
still be a similar structure to them. This chapter ends by analyzing the linear
systems arising in the asymptotic case for a set of general discretisations. Using
this approach might give more general information about the convergence rate.
There is no clear way to extend this result to the multidimensional case, but a
similar approach could be used to make statements of the convergence rate for
higher order discretisations.

3.1 The Dirichlet-Neumann Algorithm FDM -
FDM

In this section, we analyze the convergence rate of the Dirichlet-Neumann algo-
rithm when using the finite difference discretisation to get an approximation of
the solution to the transmission problem (2.6). We will use the finite difference
discretisation introduced in Section 2.5.1.

3.1.1 The Method

The first step will introduce a new grid for our discrete solution. We use two
equidistant methods, so we construct two equidistant grids. The spacing of the

29
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grids are defined by:

where n; will be the resolution of the Dirichlet part and ny for the Neumann
part. Following the steps of Section 2.4.1, using the finite difference method
to approximate discrete solutions for both the Dirichlet and Neumann problem
leads to the following terms in (2.11):

A(l) = A:m f(l) = f_l’7 Ag) = _%7 b(l) = )\1271
X X

= & 2 €1 1 2 €n
A(2) :Aya f(2) :fyv A%‘) = _Kyv fI(‘ ) :fI(’ ) :O’ b(2) :AI;

(3.1)
g3 e _ el - oy 3 ay_ den e
r 2Ay’ N 2Azx’ 2Ax ’

where A, and A, are the two A matrices and f» and fy are the fs in the
Dirichlet and Neumann problem respectfully. We get d*) and d® by using a
mirrored version of (2.15). The Dirichlet-Neumann algorithm follows by using
the recursion defined in (2.11) with these terms and an initial guess wr,.

Numerical confirmation

The discretisation was set up and tested. To analyze the convergence of the
discretisations of v and w, we used the test problem (5.3). Knowing the exact
solutions, we quantify the error of the interpolated discrete approximations v”
and w" with a modified Ly norm:

\//:F (v —vh)2dz + /:: (w —wh)?dx. (3.2)

With the error quantified, the error for different approximations of the test
equation with different Az and Ay were evaluated. For simplicity we let Az =
Ay. We then analyze the error for different Az and collect them in Figure 3.1.1.
Figure 3.1.1 shows that the approximations converges to the correct solutions
when Az goes to zero. Moreover, the convergence is second order.

3.1.2 Convergence Rate

Before we go into Theorem 3.1.1, we provide some Lemmas.

Lemma 3.1.1. A® and A® have the form of A in Lemma 5.0.1 and 5.0.2.
Proof.

Lemma 3.1.2.
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3.1.
Normed Error of Dirichlet Neumann problem with FDM Discretisation.
=== Error Curve -,
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Figure 3.1: The error of the approximate solution compared to the correct solu-
tion of the Dirichlet-Neumann problem. Discretisations used are finite difference
discretistaions, where Ay = Ax. We observe second order convergence.

Proof. First we use Lemma 5.0.1, motivated by Lemma 3.1.1:
1- Ax) .

eglA*len1 = Az ( ;

This is applied to the left hand side of (3.3) to get:

1 Ax (AW)—1
—(3—-4(1—-— T e, ). 3.4
29Ar ( < l1 ) +en171 Ax €n, ( )

Here we use Lemma 5.0.2, again motivating with Lemma 3.1.1, to get the rela-
tion:
A
eh 1A ey, = Ax (1 - 2133) .

Using this in (3.4) finishes the proof.
1 Az Ax 1 Ax 1
4122 1-22%) ) = = (22%) = =
(3 < )+< h )) 2A33< ll) h

2Ax

Lemma 3.1.3.
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Proof. Lemma 3.1.1 tells us that we can use Lemma 5.0.1 to get the following

relation: A
eZ:Aflen = Ay <1 — ly) .

Using this on the left hand side of (3.5) gives:

1 Ay 7 (A®)!

Next we use Lemma 5.0.2, motivating with Lemma 3.1.1, to get another relation:
A A
el [ A7e, = Ay <1 e A y)

Using this in (3.6) gives us the wanted result.
ey (12BY (1B o L LAy 1
2Ay lo lo Ay lo lo

Theorem 3.1.1. The convergence rate of the Dirichlet-Neumann algorithm
approximating (2.6) with the finite difference discretisations presented in Section
3.1.1 1s:

O

M
H= 10

i

where
li=x2r—a, lo =b—xr.

Proof. We know from (2.13) that the convergence rate is:

_ ’ M| dp) = d®am)-rap
H Ao di}) _ d(z)(A(z))—lAl(}) ’

Using the terms for the finite difference discretisation, (3.1), gives the following:

-3 463:1_651*1 A(l) -1 €ny
)\1 28z 2Ax ( ) (7 QAI)

=1 4eT —eT e
MU+ (M) (e (—5%5)
ADy—1
| s (3 ek — el L) U—en)
2

1 T _ T\ A)1
Ay (3 — (461 — 62) Ay 61)
Next we analyze the nominator and denominator following terms separately in

Lemma 3.1.2 and Lemma 3.1.3. To prove the theorem we use Lemma 3.1.2 and
3.1.3 in (3.7).

A
ERDYA

1
l1
_1

l2

M
A2
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Numerical confirmation

We know the convergence rate of the Dirichlet-Neumann algorithm solving the
transmission problems with finite difference discretisations by Theorem 3.1.1.
We tested this remark by performing the algorithm for a number of different
transmission problems and comparing the convergence rates to the expected
rates. Two tests were performed. The first test varied A\; and A, and the second
varied {; and l5. In each test we set A\ = Ay = 1 and [; = Iy = 1 unless stated
otherwise. For each test we found the deviation from the expected convergence
rates for three different resolutions. The deviation was assessed as:

Al e

/\2l1 CL

max
k=0,...,9

where ej, = |w¥(2r) —w(zr)|. This deviation was calculated five separate times
for each test and the mean value was the result. The results of these tests are
presented in Table 3.1 and 3.2. They show that the deviation from the expected
result is negligible.

Resolution ‘ )\1 =2 ‘ )\2 =0.5 ‘ )\1 =4 ‘ /\2 =0.25
ny = 100, ne =100 | 1.3e-11 | 1.3e-11 | 2.9e-11 2.9e-11
n1 =20, ny =100 | 4.6e-12 | 4.6e-12 | 3.6e-11 3.6e-11
ny = 100, no =20 | 8.1e-12 | 8.1e-12 | 1.7e-11 1.7e-11

Table 3.1: Deviation of the convergence rate for the Dirichlet-Neumann algo-
rithm with finite difference discretisations. In this test we vary A; and As.

Resolution ‘ ll =2 ‘ l2 =0.5 ‘ ll =4 ‘ ZQ =0.25
ny = 100, ny =100 | 1.7e-11 | 7.4e-12 | 4.1e-11 | 4.9e-12
ny =20, no =100 | 4.6e-12 | 6.4e-13 | 3.2e-12 | 3.2e-12
ny = 100, ng =100 | 7.3e-11 | 4.5e-12 | 4.1e-11 3.4e-11

Table 3.2: Deviation of the convergence rate for the Dirichlet-Neumann algo-
rithm with finite difference discretisations. In this test we vary [; and ls.

3.2 The Dirichlet-Neumann Algorithm FEM -
FEM

In this section we find the convergence rate of the Dirichlet-Neumann algorithm
when using the finite element method presented in Section 2.6 for both dis-
cretisations. We use the result of Section 2.4.2, (2.13), to get an expression
of the convergence rate. The result, Theorem 3.2.1, is then confirmed through
numerical testing.

3.2.1 The Method

First we need to define our grids for both discretisations. The grid points for
the Dirichlet part will be denoted ! C (a,zr), #2! = n; and the grid points
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for the Neumann part will be denoted y! C (xr,b), #y’ = no. The distances
between these grid points and boundary points will be denoted Az for z! and
Ay for y!. An illustration to visualize these terms is provided in Figure 3.2.

Az, Axo Azpi41 Ay Ay AYnot1
P —— f ° — A —
a gl zh ...oxh Ir vivh o yh b

Figure 3.2: The grid used for the Dirichlet-Neumann algorithm.

With the grid defined, we set up finite element discretisations for both the
Dirichlet and Neumann problems in (2.7). From these discretisations we get the
following terms of (2.11):

z = A 1
AD — A FO 7y = M A — =
T f f ) AZL‘l €1, T A.TnlJrle 1
F — A 1
A®) — 4 (2 = b2 — 2 " A@ _ _
g f fys Ayn2+1e 29 Ap Aylel’ )
T 1 b 3.8
G S C B S C) :/ L@ gy
Ayl T Ayl fF zl—‘((ﬁy)lf
T 1 rr
dW = gl == 0= [ g, Ea,

Amn1+1, B Ax?ﬁ»l
where ¢, and ¢, are the basis functions, A, and A, are the A matrices and fa
and f, are f from the Dirichlet and Neumann discretisation respectably. To get

d® and dg), we use the same process getting the last equation for the Neumann
problem in Section 2.6.2.

Numerical Confirmation

This discretisation was set up and tested. To analyze the convergence of the
approximations v" and w”, we use the test problem (5.3). Just like in the finite
difference case we quantify the error of the approximations as (3.2). This error
was evaluated for different approximations of the test problem with equidistant
Az and Ay. We also let Az = Ay for simplicity. The errors are presented in
Figure 3.2.1. The results show that we have convergence and that the conver-
gence is second order.

3.2.2 Convergence Rate

Theorem 3.2.1. The convergence rate of the Dirichlet-Neumann algorithm
approximating (2.6) with the finite element discretisations in Section 2.6 is:

_ | Ml
WA

)

where
li=2r—a, lo =b—ar.
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Normed Error of Dirichlet Neumann problem with FEM Discretisation.
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Figure 3.3: The norm of the error when using different Az when Az = Ay.

Proof. Using the result of Section 2.4.2, we know that the convergence rate of
the algorithm is (2.13). Putting (3.8) into (2.13) leads to:

. ’ M| d) = (@@)(a®) 1A
Azl |df2) — (a@)(A@) =1 (Af)

T
1 €ny 1)\y—1 Cny
( ) N <_ A”:"ﬁrl) (A( )) (_Awnl+1)

A Azpy 41
T 1 1 _ 1
2l () — () (A (~ e
( 1 ) 1— 651 (AW ~te,,
)\1 A:En1+1 AIn1+1 3 9
S )\72 (_ 1 )(1_ ef(A@))—lel) . ( . )
Ayl Ay1

Next we use Lemma 5.0.1. We notice that the matrices A®) and A® paired
with Az and Ay respectively have the same form as A in the lemma. Using

this we know the following:

em (AD)"Ley, 1 Azp, 41
Ani+1 h (3.10)

6?(14(2))7161 1 Ay
Ay Iy
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Adding (3.9) into (3.9) gives the wanted result.

() (- =222)) | g
(~a) (1= (-22)) | 1

The result of Section 2.4.2 states that the convergence rate is independent of
what grid you use. The convergence rate is entirely dependent on the terms of
the transmission problem.

1

o A1 l1

A _ (Ml
H= A

el

_1
l2

O

Numerical Confirmation

We tested four different strategies when choosing the grids #'s and y's for each
test performed. If Theorem 3.2.1 is true, then there should be no difference
which strategy is used.

The first strategy is the equidistant distribution. The second strategy is us-
ing pseudo-random uniform distribution, the third has grid points concentrated
around the interface, xp, and the fourth has grid points concentrated around
the boundary points a and b. The points for the second and third points are
generated by getting an uniformly distributed set between [0, 1]. These sets are
then put into the functions:

e —1

filz) = —— and fu(2) = f; () = In(z(e = 1) + 1).

This creates new sets that are either concentrated around 0 (f;) or 1 (f,,). Next
the values in the sets are sorted, scaled, and offset to be between the wanted
boundary values. So for the third strategy we used f, for the z!s and f; for the
yls, the fourth is vice versa.

Three tests were performed. The first test varied A1, Ao, the second [y, lo, and
the third the resolutions n; and ny. In all tests weset Ay =X o =1, 11 =l =1
and n; = ny = 100 unless stated otherwise. For each test we found the devi-
ation from the expected convergence rates for each one of our four strategies.
The deviation was assessed as:

)\1[2 CL

A2ly €k—1

)

max
k=0,...,9

where e;, = |w¥(2r) —w(zr)|. This deviation was found five separate times and
the mean value was the result. The results of the tests are presented in Tables
3.3, 3.4 and 3.5. The results indicate that the deviation is negligible.

Strategy | M =2 [ A =05 | A =4] X =025
Equidistant 5.8e-13 | 5.8e-13 | 7.1le-9 7.11e-9
Uniform 3.5e-10 | 3.6e-10 | 9.7e-8 2.8e-8

Dense Interface 1.5e-9 1.6e-10 3.5e-7 4.1e-8
Sparse Interface | 2.8e-10 3.6e-9 1.6e-7 7.1e-8

Table 3.3: Deviation when varying A; and A
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Strategy ‘ 11 =2 ‘ l2 =0.5 ‘ 11 =4 ‘ ZQ =0.25
Equidistant 6.3e-13 | 3.7e-11 | 7.1e-9 1.6 -9
Uniform 1.8e-8 3.6e-10 | 1.2e-7 7.6e-8

Dense Interface | 1.0e-10 | 7.2e-10 | 4.0e-8 4.3e-7
Sparse Interface | 3.4e-10 | 4.9e-10 | 3.3e-7 8.8e-8

Table 3.4: Deviation when varying Iy and [

Strategy ‘ ll = 2, ny = 10, N9 = 100 ‘ ll = 2, ny = 100, N9 = 10
Equidistant 1.6e-12 8.0e-13
Uniform 2.9e-10 1.4e-11
Dense Interface 1.4e-9 7.5e-12
Sparse Interface 4.0e-10 2.2e-11

Table 3.5: Deviation when varying nq and no

3.3 The Dirichlet-Neumann Algorithm FVM -
FVM

This section analyzes the convergence rate of the finite volume method. We
first set up the Dirichlet-Neumann problem using the discretisations presented
in Section 2.7.1. The terms relating to the convergence rate in the Dirichlet-
Neumann algorithm are identical to the terms in the finite element case.

3.3.1 The Method

The grid chosen will be the same grid as in the finite element case, Figure 3.2.
We set up the discretisations of the Dirichlet part and Neumann part of (2.11).
From these discretisations we get the following terms (2.11):

- - 1
A — 4, FO = o p0) = AA—lel and AV = e
T Tny+1
- - A 1
AD =4, FO=_F D =_"2 o AP ___ o
e Tt
T .
d® — €1T d(F2) d(l) €ny d(Fl) _ 1 7
Ayl Aznl—&-l AIn+1

©) _ / fowydz, (O = / fi(@)da,
ZTny—0.5

where A, and A, are A and f") and f® are f in the Dirichlet and Neumann

part respectfully. The terms d(*), dg), and flgl) are chosen using the same
method when creating the last equation of the Neumann discretisation (2.32).

Numerical Confirmation

We perform the same procedure when testing the convergence rates as the finite
difference (Section 3.1) and finite element (Section 3.2) discretisations. We
evaluate the error in the modified Lg error, (3.2), and use test equation (5.3)
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for testing. We simplify testing by choosing equidistant grids Az and Ay with
Ax = Ay. The approximation will be constant segments so we choose to analyze
the approximation u”, which is created by linear interpolation of the mean
function values at z; and y;. These approximations are then compared to the
exact solutions using the error we defined. These errors are presented in Figure
3.3.1. In Figure 3.3.1, we can see that the error seems to converge with second

order convergence.

Normed Error of Dirichlet Neumann problem with FVM Discretisation.
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Figure 3.4: Error of the approximation of the Dirichlet-Neumann problem when
using an equidistant grids with Ax = Ay for the finite volume method.

3.3.2 Convergence Rate

Theorem 3.3.1. The convergence rate of the Dirichlet-Neumann algorithm
approximating (2.11) with the finite volume discretisations in Section 2.7.1 is:

_ | Ml2
r= 10

)

where
li=xr—a, lo =b—xr.

Proof. The finite volume and finite element discretisation of the discrete Dirichlet-
Neumann algorithm, (2.11), has the same terms dV), d(®), dg), dg), AM | AR)
Ag), and Ag) when using the same grid. We know from (2.13) that these are
the only terms that influence the convergence rate. Therefore the convergence
rate of the finite volume discretisation and the finite element discretisation have
to be the same. By Theorem 3.2.1 we know that the convergence rate is as

stated. O
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Numerical Confirmation

We know from Theorem 3.3.1 that the convergence rate is independent of the
grid used. The convergence rate is entirely dependent on the terms of the
transmission problem, as with the finite element case in Section 3.2.2. We
therefore used the same four grid choosing strategies and tests presented in
Section 3.2.2. The results of these tests are presented in Table 3.6, 3.7 and
3.8. We observe that the tables generated are similar to the finite element case
(Table 3.5, 3.4 and 3.3). This makes sense as both of the discretisations becomes
identical when f = 0. Moreover the deviations are negligible.

Strategy ‘ )\1 =2 ‘ )\2 =0.5 ‘ )\1 =4 ‘ AQ =0.25
Equidistant 1.3e-12 | 1.3e-12 | 2.8e-8 2.8e-8
Uniform 3.6e-10 1.2e-9 3.9e-7 1.0e-7

Dense Interface | 5.1e-9 6.8e-10 8e-7 4.7e-7
Sparse Interface | 4.1e-10 | 1.8e-10 | 1.8e-7 6.1e-8

Table 3.6: Deviation when varying A; and Ay

Strategy ‘ ll =2 ‘ lz =0.5 ‘ ll =4 ‘ ZQ =0.25
Equidistant 1.4e-12 | 7.4e-11 | 2.8e-8 5.6 e-9
Uniform 3.1e-10 | 3.3e-10 Te-7 7.8e-7

Dense Interface | 5.3e-10 | 7.9e-10 | 7.9e-7 3.8e-7
Sparse Interface | 6.5e-10 | 3.6e-10 | 4.0e-7 2.6e-7

Table 3.7: Deviation when varying Iy and [

Strategy | lh=2, ny =10, ny =100 | Iy =2, ny =100, ny = 10
Equidistant 3.8e-12 1.5e-12
Uniform 8.6e-10 4.6e-11
Dense Interface 5.2e-10 4.6e-11
Sparse Interface 5.2e-10 1.1e-11

Table 3.8: Deviation when varying n; and no

3.4 Convergence Rate for Mixed Discretisations

In this section we analyze the convergence of the Dirichlet-Neumann algorithm
when different discretisations are used. We use conclusions made from Chapters
3.1, 3.2 and 3.3 to combine them into one theorem about the convergence rate.

3.4.1 The Method

Mixed discretisations use one discretisation method to approximate the Dirichlet
part and another to approximate Neumann part of the problem. Doing so you
end up with the terms:

AD ™ F® AWM g gD ang g0, (3.12)
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from the Dirichlet discretisations and
A @ F@ - A@ g2 P ang ;@) (3.13)

from the Neumann discretisation in (2.11).

Numerical Confirmation

The Ly error, (3.2), was found for four different combinations with different
grids. The combinations were:

e Finite difference for v and finite element for w
e Finite volume for v and finite difference for w
e Finite element for v and finite volume for w
e Finite volume for v and finite element for w

The grids were chosen to be equidistant where Az = Ay. The test problem
used was (5.3). With the error defined, problem set, and discretisations chosen,
we generate and analyze a wide range of approximations using the four different
discretisation pairs. To generate the approximations for the different Ax the
Dirichlet-Neumann algorithm is used. We let the algorithm go until |w* (zr) —
wk*(zp)| < 1078, All of these errors are presented in Figure 3.4.1. The results
show that all the approximations converge to the exact solutions. Moreover,
they all have seem to have second order convergence.

3.4.2 Convergence Rate

Now we combine Theorem 3.1.1, 3.2.1, and 3.3.1 into one general theorem,
Theorem 3.4.1.

Theorem 3.4.1. The convergence rate of the Dirichlet-Neumann algorithm

approzimating (2.6) with any miz of the discretisations presented in Section
2.5.1, 2.7.1 and 2.6.2 is:

R

S PWE

)

where
llzﬂﬁp—a, lQZb—J’JF.

Proof. We know that the terms effecting the rate of convergence for the finite
element and finite volume cases are identical. Therefore mixing the terms for
the two discretisations will have no effect on the convergence rate. We can con-
sider them equivalent from a convergence rate point of view.

That leaves mixing a finite element discretisation with a finite difference discreti-
sation. To analyze these cases we first write out the formula for the convergence
rate (2.13).

. ’/\1 d%l) _ d(l)(A(l))—lAél)
Ao d{?) _ d(2)(A(2))—1A1(3) ’
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Normed Error of Dirichlet Neumann problem with mixed Discretisations.
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Figure 3.5: Error of the approximation of the Dirichlet-Neumann problem when
using an equidistant grids with Az = Ay for different mixed discretisations. Ax
was chosen slightly irregularly so that each of the markers is shown in the graph.

We re-write this as:
b= e

Cpir (3.14)

bl

CnEU

where
Comr = d — dD(AM)71AY and Onpy = dP) — dP(A4@) 7140,

This isolates the terms that are dependent on the Dirichlet discretisation in Cpig
and the terms that are dependent on the Neumann discretisation in Cygy. We
now analyze what these variables are for the finite difference, finite element, and
finite volume discretisation.

For the finite difference discretisation we know that:

1 1
DM DM
CDFIR = E and C}FJEU = _E7

from Lemma 3.1.2 and 3.1.3. For the finite element and finite volume case we
get:
1

1
FVM __ ~FEM _ FVM _ ~FEM _
Coir = Cpr = I and Cypy = Onpy = _Ev
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by using (3.9) in (3.10). From this we get the following result:

1
OB = B = ICBRY = | 1|
) (3.15)
(CRE¥ = ICERY = ICERY = | 1|
This means that for all combinations of the three discretisations we get:
A || CBY Al
= |24 [ 2Dk = | 2221 vD1,D2 € {FDM,FEM,FVM},
A2 | | CNEu Aaly
which is what we wanted to prove. O

Numerical Confirmation

To ensure that Theorem 3.4.1 is true, we performed several numerical tests. The
three discretisation combinations we analyzed was:

1. Finite difference for v and finite element for w
2. Finite volume for v and finite difference for w
3. Finite element for v and finite volume for w
4. Finite volume for v and finite element for w

We set the resolution of the finite difference discretisation to n = 100 and use
the same grid choosing strategies as in Section 3.2.2 for the finite element and
finite volume discretisations. Only one Dirichlet-Neumann problem was used
when testing. The terms of this Dirichlet-Neumann problem was A\; =1, Ay =
2,1, =1,lpb=1, fM = f) = 0. We then found the devation of the expected
convergence rate to the actual rate by defining and then computing the following
devation:

)\112 EL

Aaly €k—1

)

max
k=1,...,10

where e, = |w¥(2r) — w(xr)|. This deviation was calculated five times for each
of the tests and the mean value was chosen as the result. The devations are
presented in Table 3.9. We observe by the very small deviations the results are
as expected.

Strategy ‘ FDM-FEM ‘ FVM-FDM ‘ FEM-FVM ‘ FVM-FEM
Equidistant 3.1e-12 2.9e-13 3.8e-12 1.6e-12
Uniform 7.2e-10 3.6e-11 8.4e-10 2.6e-11
Dense Interface 2.5e-8 6.9e-11 1.2e-9 2.9e-11
Sparse Interface 2.6e-9 4.0e-11 3.6e-10 9.4e-12

Table 3.9: Deviation of theoretical convergence rate with numerical when mixing
discretisations.
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3.5 Convergence Rate for General Discretisa-
tions

Using semi-discrete analysis gives statements on the asymptotic case. In this
section we will take that approach. First we introduce a set of discretisations of
(2.4) of the form (2.9) and then we introduce a set of discretisations of (2.5) of
the form (2.10). First (2.4):

v"(z) = f, x € [a,zr], v(a) and v(xr) given. (3.16)

In this section we impose that f is chosen so the differential equation has a
unique solution in a given function space V. The homogeneous solutions to this
problem are lines, so we impose that polynomials of degree one are included in
V. To approximate v in (3.16) we set up a system of the following form:

AW = pWy(a) — A v(ar) + f, (3.17)

where f = 0 if f = 0. With this we define a convergent Poisson-Dirichlet
discretisation.

Definition 3.5.1. Let v},...,v! be n functions on [a,zr|, where the func-
tions are continuous on some interval (zr — €,zr], € > 0. Then let v"*(z) =
S vl (x), where ¥ is defined by solving a system on the form (3.17) given
some differential equation (3.16) with exact solution v. A discretisation on
this form is called a convergent Poisson-Dirichlet discretisation onV if
v —v"z, = 0, n— oo for allv € V.

Now we handle Neumann problems. We wish to approximate w in the following
differential equation:

w”(z) = f, z € [a,zr], W (zr) and w(b) given, (3.18)

where f is chosen so the differential equation has a unique solution in some
function space W. The homogeneous solution to this problem is a first degree
polynomial, so we impose that they are included in W. To approximate w in
this equation we will set up a system on the following form:

A 4P W w(b)b® + T
e [wh(xp)}[ W (or) ] (8-19)

where f = 0 if f = 0. With this we define a convergent Poisson-Neumann
discretisation.

Definition 3.5.2. Let w}, ..., w" be n functions on [zr,b], where the func-
tions are continuous on some interval [xr,xr — €), € > 0. Then let w"(z) =
S wawh(x), where @ is defined by solving a system on the form (3.17) given
some differential equation (3.18) with exact solution w. A discretisation on
this form is called a convergent Poisson-Neumann discretisation on W
if |w —w"||z, = 0, n— oo for allw € W.

With these definitions the following theorem is presented.
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Theorem 3.5.1. Choose any convergent Poisson-Dirichlet discretisation paired

with function space V and ny functions v}, ... ,vzl and Poisson-Neumann dis-
cretisation paired with function space W and ny functions w?,...,wzz. If

these discretisations together with d}l)vh(x) +dMo = (V") (xr) are used in
the Dirichlet-Neumann algorithm, (2.11), then the convergence rate is

Al
Aaly

, N1,Ng — 00,

were ly =xp —a, lo =b—xr.

Proof. From (2.13) we know that the convergence rate of the algorithm is:

3] = ‘>\1 d(rl) _ d(l)(A(l))—1A(F1) | (3:20)
Ao d%}) _ d(z)(A(Q))*lA(FQ)

The discretisations are expressed on the same form as (2.9) and (2.10). In this
proof we will first analyze the nominator and then the denominator:

d(F1) - d(l)(A(l))_lA(Fl) _ d(Fl) +d(1)(A(1))_1(—A(Fl)) _ d(Fl) —i—d(l)h,
if AMp = —Ai}). From (3.17) we know that:
AWkt = —A;l)wk(mp) +bWy(a) + fO
is a discretisation of the following problem:
(") (@) = fV (@), v*H(a) = v(a) and v*F (zr) = w* (ar),

where f(1) is some function. If we let f® =0, v(a) =0 and w*(xr) = 1 we get
the expression for h:
AR = —A,

which is a discretisation of:
R"(x) =0, h(a) =0 and h(zr) = 1.
The Dirichlet discretisation is a convergent Poisson-Dirichlet discretisation and

he P CV so:

— 0, n; — o0,
Lo

1
Lo

where h" is the discrete approximation. For an € small enough we have uniform
convergence, h and h”* are continuous around xr. Therefore

h'(z) = h(zx), ny — oo, z € (e,xr] = K (zr) = (K")(2), n1 — oco.

In particular we have: h"(zr) = h(zr) = 1 and (h")'(2r) = W (zr) = % when
ny — oo. With this we observe that:

- - 1
di) +dh = di " (er) +dDh = (W) (er) = o oo, (3:20)
1



3.5. CONVERGENCE RATE FOR GENERAL DISCRETISATIONS 45

because of the choice of d(Fl) and dV). Next we analyze the denominator:
di —dP(AD) AR = dP) +dP(AP) 7 (-AD) = df? + d)g,

if A®g = —A?). We discretize the following differential equation with the
Neumann discretisation:

where the exact solution is g(x) = bl’—zz The corresponding system defining the
coefficients g of this discretisation is:

A®  A@ { g }:[01]
d®» 2| |g"@r)| 5]’

where we see that the first equation is the definition of g. Because this is a
convergent Poisson-Neumann discretisation and g € P; C W we know:

S guwia) —g|| = ]
=1

where g" is the discrete approximation. From the fact that ¢g" and g are con-
tinuous around xr we also know that ¢"(zr) = g(zr) = 1, ny — oco. Adding
this information into the system yields:

b—=x
h_
g Iy

— 0, ng — 00,
Lo

Lo

2 L ([ -3 e
d® 42| [¢"@r)] T |- I Y e R

From the last equation of this system we get:

1
d? +d?g = — 2 oo (3.22)
2
Now combining (3.20), (3.21) and (3.22) finishes the proof. O

From this theorem we get information about the asymptotic convergence rate.
This could be interesting, but the general case is more interesting. To get state-
ments of the general case, using this approach, we need to remove the limits. In
the proof of Theorem 3.5.1 we use limits to make the discrete approximation,
u”, converge to the exact solution, u. If we can show that the discrete approxi-
mation is the exact solution, independent of n, we can remove all the limits in

the proof. This reasoning gives the following corollary.

Corollary 3.5.1. If the convergent Poisson-Dirichlet and Poisson-Neumann
discretisations in Theorem 3.5.1 approximates a function in Py exactly, for any
n1 and neo, then the convergence rate is:

Mila
Aalq

, Vni,ng € A

Proof. Follow the proof of Theorem 3.5.1 and remove all the limits by using the
extra condition. O
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This result is good. The second order finite element discretisations are Poisson-
Dirichlet and Poisson-Neumann discretisation and have the extended property
required to use Corollary 3.5.1. Instead of solving the large linear systems to
get the result from Section 3.2, we can use this corollary and the properties of
the finite element discretisation. We showed that the convergence rate of the
finite volume discretisation is the same as the finite element discretisation in
Section 3.3. This form of reasoning can be useful. If we can show that two dis-
cretisations are equivalent convergence wise and one has the properties to use
Corollary 3.5.1, then the property must extend to the other discretisation. This
reasoning can be used for any time-independent one-dimensional transmission
problems. If you wish to show that a discretisation has a convergence property
as in Corollary (3.5.1), then check if the discretisation solves the homogenous
solution exactly. If it doesn’t, then you might be able to find a discretisation
that has the properties and show that they have the same convergence rate.

There are issues generalizing these results. There is no direct way to gener-
alize this to multivariable problems. In the proof we use that R has a unit, R™
does not. If we have time-dependent problems then the homogenous problem
will change. This could effect the convergence rate. It might be interesting to
extend parts of these results to the harder problems, considering this is a very
powerful statement, but there is no easy way to do so.
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Conclusion

This thesis began by introducing the Poisson’s equation and three different dis-
cretisation methods to find an approximation to the solution of the Poisson’s
equation. These approximations are a second order finite difference, a second
order finite element, and a second order finite volume discretisation. We also
introduced the general Dirichlet-Neumann problem, algorithm, and convergence
rate. The general Dirichlet-Neumann problem requires two discretisations; one
for the Dirichlet part and one for the Neumann part.

The convergence rate of the Dirichlet-Neumann algorithm when using the same
discretisation for both the Dirichlet and Neumann part was analyzed first. In
each of the three discretisations the convergence rate was proven and tested.
Different elements of an inverse mass matrix were calculated to prove the conver-
gence rate of each discretisation exactly. The theoretical convergence rate was
tested against several numerical tests. Theses tests showed that the deviation
between the expected results and the actual numerical results were negligible.

To bring the convergence rates together, a theorem was presented. This the-
orem gives the convergence rate of the Dirichlet-Neumann algorithm with any
mix of the discretisations presented. This theorem was proven using elements
of the proofs of the theorems regarding the convergence rate for non-mixed
discretisations. This theorem states that the convergence rate is the same no
matter which combination of the three discretisations is used. Moreover, the
convergence rate is independent of the grid used. The convergence rate is only
dependent on the parameters of the Dirichlet-Neumann problem. To confirm
this property, numerical tests were performed for mixed discretisations. Negli-
gible deviations compared to the theoretical results were observed. Inspired by
this, a general theorem for what discretisations this results holds for was pre-
sented in the asymptotic case. A corollary for when the limits can be dropped
was also provided.

The convergence rate of the three discretisations presented in this thesis was
calculated exactly. Given that we find the convergence rates for the equations
using a pair of discretisations exactly, one might be able to do so for time-
dependent or multidimensional problems. The systems will be more complex,
but they will still have structure. Generalizing the general theorem of this thesis

47
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to the multidimensional case is not straight forward. In the proof, we use that
R has a unit whereas R™ does not. If there is a way around this issue then
it could give general information about the convergence rate. The proof of the
general theorem can be modified to handle different time-independent transmis-
sion problems. The homogenous solution will be different, but the process will
be identical. Moreover, we showed that if the discretisations approximates the
homogenous solution exactly then we have the result from the general theorem
without the limit. In this thesis, we analyze a differential equation with a ho-
mogenous solution in P;. A lot of discretisations should give the exact solution,
especially higher order discretisations.
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Appendix

A1l: Test problems

Poisson’s equation with Dirichlet Boundary conditions:
The following Poisson equation:

u'(x) =2, z €0,1], w(0) =1 and u(1) =1, (5.1)
has the exact solution u(x) = 1 — z + 2.

Poisson’s equation with Dirichlet and Neumann Boundary conditions:
The following Poisson equation:

() =2, 2 €[0,1], v'(0) =1 and u(1) =1, (5.2)
has the exact solution u(x) = —1 + x + 22,

Transmission problem:
The following transmission problem:

0.50"(z) =1, = € [0,1]
w’(x) =2, z €[1,2] (5.3)
v(1) = w(1), 0.50'(1) = w'(1), v(0) =2, w(2) =1,

has the exact solution v(z) = 2—(8/3)z+2? and w(z) = —3—(7/3)(z —2) +22.

A2: Lemmas about the general Discretistation
matrix

Lemma 5.0.1. Let the matriz A € R™*"™ have the form:

1 1 L
AIVL + AIVH,l ? t= j
1 . .
———,1=7+1
[Ali; =4 2507 !
“Rer j=1+1
0, else

49
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where Az; € R, Ax; >0 fori=1,...,n+ 1. Then:

Axn-‘,—l

) (5-4)

eFA e, = Axpyq (1 —

and A
e Aley = Az (1 — %), (5.5)

n+1
i=1

Proof. We will start by proving (5.4). Let v = (vy,...,v,)? € R be defined by:
v=A"le,.

We know that el A=1e, = elv = v, so we analyze the linear system Av = e,,.

1 1 1 _
(Axl + sz) Ul Aan U2 - O

1 1 1 1 _
—ATQWJF(mJFm)”Z—ATSUS—O

Remark 5.0.1.

(5.6) = L 1 ! 0, k=1 1
. Ve — ——7 = = ceesn— 1.
Zle A;[;i Al’k+1 k Al'k+1 k+1 ) 3 )

Proof. We will prove this by induction. The base case (k = 1)
RS T W S
A.’El Al’z vl AZL’Q V2=

is the first equation in (5.6). Next we prove the induction step. Assume that:

1 1 1
+ Vg — ) =0,1<k<n-2 5.7
(zf_l An A) $ T B o0

then prove that:

1 1 1
— =0. 5.8
( f;l Ax; i Amk%) e Azpyo O (58)

First we work with the induction assumption (5.7).

1 1 1
+ Vg — Vi1 = 0
(s )
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1 1 1 k
< | — — =0, I = A i
(lk - AI/«H) T Ay T ; ‘

(lk + A$k+1> y

. —
kAT Ampy
Now we use the (k+ 1)st equation from (5.6). We know that it will never be the
first or last equation. This is because 1 < k+ 1 < n. Therefore our equation is:

) (5.9)

1 1 1
- e — =0. 5.10
A$k+1vk * <A3€k+1 * Axk+2> k1 AZpqo Vke2 (5.10)

With this we add (5.9) multiplied by ——%— to (5.10). This results in:
Ik+Azp 4

( I N 1 N 1 ) 0
— Vga1 — Vgio =
Azppi(l + Axpyr)  Axpyr Azgyo T Azggg P
Ik Iy + Azgyq 1 > 1
PO + Vg1 — v =0
< Az (b + A1) Azppr (e + Azpyr)  Azpgo T Az, T
Akarl 1 >
+ Vg1 — Vg2 =0
(A$k+1(lk FAzr1)  Azgra) TN Az, 0

1 1 1
& - =0
<lk + ATpy M A$k+2> Pkt AN s

1 1 1
4 + v — v =0.
( LA, A$k+2> T Az T

=1

Because we have shown that the remark holds for £ = 1 and proved the induction
step (5.7) = (5.8) for 1 < k < n — 2 we have proved the remark. O

Using Remark 5.0.1 when £ =n — 1 we know that:

1 1 1 oty
Vgt — 0 =0, 1 = > Az 11
(ot am ) - Ty An )
ln,1 + A(L’n 1 0
———— ) vp1 — —v, =0.
ln_1Az, ! Axy,
We multiply this with lf:ﬁ and add it to the last equation in (5.6). The
result is: l ) .
n—1
_ L= 1. 5.12
< Azp(laoy + Azy) + Az, + Axn_H) v ( )
To prove (5.4) holds we continue to work with (5.12).

. lp—1 ln—1+ Azy, + 1 -1
Az (L1 + Azy)  Azp(lho1 + Azy)  Azpgr Un =

N Az, n 1 _1
Azp(lnoy + Azn) | Awpar ) "

1 1
n=1
< ((lnl + Azy) " Aanrl) )
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1 1
7 + v, = 1.
((Zil A;) Awn+1)

Multiplying both sides with Az, gives:

A:En+1 A$n+1 + 27'11 Ax;
DIl )y, = i= = Aty
<Z;L=1 AJC»L + >U7L < Z;;l Axl Un Tn41

Next we use the definition of I:

Zn-}-l sz I
n=———— ) v = Azpyy.
( Dio1 A ‘ I = Aznyy ! ot

With this we have finished the proof of Equation 5.4 because:

- Az, Az,
eZ:Aflen = egv =Up = AZpt1 (IH) = Azt <1 _ =22 +1>

l l

Next we prove (5.5). Let w = (wq,...,w,)" € R" be defined as:
Aw = e;. (5.13)
We know that el A=le; = e;w = wy, so we write out the system Aw = e;.
1 1 1
(Aa;l +Tm)w1 ANzo w2_1

1 1 1 —
“An W1t (mz + ng) W2 = Ay ws =0

(5.14)
Awi T Wn— 2+( +Ax)wn—1*%xnwn:0
_ﬁwnfl + (Tzn + 7A$n+1) Wy = 0
Now we define the vector w = (w1, w2, ..., W,) = (Wn, Wp—1, ..., w;) and sub-

stitute w with @ in (5.14).

s : (5.15)
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Here we introduce AZ; = Ax,,_;10, i =1,...,n+1 and substitute Az with Az
in (5.15) to get (5.16).

(5.16)
~mprtns + (mah + k) et — mhin =
1 .~ 1 1 N
~ag, Wn-1F (rxn + Mnﬂ) n =1
This has the same structure as (5.6). We know that:
A.’f} n+1 n+1
Wy, = A-i'nJrl <1 - ;LJrl> s ZA'%'L = Z Al‘nJrQ,i =1
i=1 i=1
Reverting back to w and Az will result in:
A
elTAflel = elTw =w, =W, = Az (1 - lxl> .
With that we have proven both (5.4) and (5.5). O
Lemma 5.0.2. Let the matriz A € R™*™ have the form:
1 1 L
Aa:i + Ami+17 t= '7
1 . .
— Ll i=j+1
[Ali; =4 25 Z. j
Ao JT +1
0, else
where Az; € R, Ax; >0 fori=1,...,n+ 1. Then:
A A
et A7le; = Axy (1 - % - lxz) (5.17)
and A A
el A7le, = Az, (1 ”’l"“ — f”) (5.18)
if
n+1
i=1

Proof. We start by proving (5.18). The A matrix has the same shape as the A
matrix in Lemma 5.0.1. Therefore we can use Remark 5.0.1 to get:

L + ! v fiv =0
Z?;11 Axl A.’L‘n n—1 A.’I}n n — Y

where v = Ae,,, v,_1 = el_; Ae, and v, = el Ae,,. We know what v,, is from
Lemma 5.0.1, so we get:

1 1 AZpi Axpiq
n—1 — 1- =
<l — Az, — Axpgq + Axn> Un—1 Az, < l 0
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1 1 ATy Ay
1= 1-— .
< <l — Axy — Ay + Aa:n) Un—1 Az, ( l

Next we just continue to simplify until we have shown (5.18).

1 1 ATpy1 Ay
L=l (o 2o
(l — Az — Axpy + A;vn) Un—1 Az, ( l

A{En o Axn+1
< <l - Axn - Amn-{-l N 1) 1= Amn+1 (1 ! >

A
S (1= AZpi1)Vno1 = (1 — Axyy — Ay 1) A2y 11 (1 — x;“)

(Il — Az — Axpy1) Az (1 — %)
& Up—1 =

| — Al‘n_;,_l
(= Azy — Azpy 1) Az (I — Azpyg)
& U1 = TN

l— Az, — Axpyq
l

Using the same process as the second part of the proof for Lemma 5.0.1,
we find el A=le; by first solving (5.13). Then we get elw = el A~le; =
wy = el A7le;. With this we introduce w = (W ...,%,) = (Wy,...,w;) and
Az; = Axy_jy2, i =1...n+ 1. Using these new variables we can construct an
equivalent system (5.16). We want to find an expression for wy = w,_1. We
know from the first part of this proof that:

& Up—1 = Azn-&-l <~ (518)

. A, A,
’lf}n_l = 6;1;7114_16” = A.Cf,‘n+1 (1 — % — lx ) s
where A has the same form as A and A = e, is presented in (5.16). Changing
back to Az and w finishes the proof:
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