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1 Introduction

In the vast majority of scientific/engineering problems, the ordinary and/or
partial differential equations play a special role. The rigorous description
of these differential equations is very difficult in general. Moreover, for
practical purposes, the computational solution of these differential equations
is much more important than the theoretical investigation. However, the
computational solutions are still difficult and require a lot of mathematical
tools including special sections from analysis and computational methods
i.e. solution of large linear systems of equations.

In this lecture notes, we try to give a compromise between the theoretical
mathematics concerning differential equations and computational tools. We
restrict ourselves to partial differential equations which describe steady-state
phenomena, more procisely, to elliptic problems.

First, we overview the most important vector calculus which is essen-
tial in describing partial differential equations. After that, several concrete
physical problems are shown that demonstrate how it is possible to derive
partial differential equations based on physical laws. It is also pointed out
how the boundary conditions come from the physics in a very natural way.
Then the most popular method — the Finite Element Method — is outlined
from theoretical and also from computational points of view. Finally, some
other traditional and modern computational methods are outlined (Fourier’s
method, finite difference method, meshless methods, method of fundamental
solutions).

The mathematical tools are rather difficult. We tried to show the math-
ematical background as detailed as possible, but we had to skip a lot of
proofs, and we tried to concentrate on the computational aspects of the
presented methods.

Should you observe some misprints, typos, or any other problems, please
do not hesitate to contact the author:

Dr. Csaba Géaspar, Professor
Department of Mathematics and Computational Sciences
Széchenyi Istvan University

Egyetem tér 1, H-9026 Gy6r, Hungary

gasparcs@math.sze.hu



2 Some vector calculus

Here we briefly summarize the main notations and concepts which are used
in the rest of the lecture notes.

e N: the set of natural numbers

e 7Z: the set of integer numbers

e R: the set of real numbers

e RY: theset of ordered real N-tuples (usually meant as column vectors)

e C: the set of complex numbers

2.1 Differentiation in vector fields

Let 2 € RY be a bounded domain in the N-dimensional space (usually
N =1, N=2or N =3) and let u : 2 — R be a multivariate scalar-valued
function. Denote by E : @ — R a multivariate vector-valued function
(vector field),

E = (El, E27 ceey EN)

where E; are the components of E.
Introduce the vector field

ad ou Ou ou
rady i= | —, —, ..., ——
& 0x1’ Oz9’ " OxN )’
and also the scalar function
. 0F1 OFs OE N
divt i= — + —=
v 8561 + 8932 + aﬁN

grad u is called the gradient of u. div F is the divergence of E.
The following statement can be verified by direct calculations:

Proposition: Let u, v be sufficiently smooth scalar functions, and let E be
a sufficiently smooth vector field. Then:

grad (u-v) = (grad u) - v+ u - (grad v)

div(u- F) = ((gradu), E) + u - (div E)



where the symbol (.,.) means the scalar product (inner product) in RV: if
a = (a1,as,...,an), b = (b1, be,...,by) are N-dimensional vectors, then

N
(a,b) = Zaj . bj
7=1

Let u be a differentiable scalar function and denote by n an arbitrary unit
vector. The expression

gZ(x) := (grad u(z),n)
is called the derivative of u taken in the direction of n. It is the limit of the
quotient
flet+e-n) - f(z)
€
when € — 0.

If u is a (twice differentiable) scalar function, then define the Laplacian of
u as follows:

N 42
Ay = gg
j=1 T
The differential operator A is called Laplace operator.
Clearly:
Au = divgradu
(check it!)

Remark: Tt is often convenient to introduce the symbolic vector V, the
components of which are the partial differential operators with respect to
the spatial variables (nabla operator):

g 0 0
V = (8;1}17 871‘27 ceey M)

The gradient and the divergence can then be expressed with the nabla op-
erator in the following form:

gradu = Vu
divE=V-E=(V,E),

i. e. the divergence is the ’scalar product’ of V and the correspending vector
field.



2.2 Integrals

Denote by I the boundary of the domain . This is a closed curve if Q C R?2,
and it is a closed surface if @ C R3. Recall that if u is a scalar-valued
function defined on €2, then the volume integral

/udQ
Q

is a real number. Its illustrative meaning is as follows. If € is subdivided
into disjoint subdomains 1, s, ..., {,, then

/ wdQ Y g |9y
Q =

where |25 denotes the area (resp. the volume) of the subdomain ;, while
u; means a value of u taken at an arbitrary point of €2;. Similarly the line

integral (resp. surface integral)
/ udl’
r

is another real number; if I' is subdivided into disjoint subsets 'y, I'o, ...,

Iy, then
n
/udF ~ > - [Ty
r =

where |I'j| denotes the length (resp. the area) of the subset I';, and wu;
is again a value of u taken at an arbitrary point of I';. The approximate
equalities become exact when the maximal volume/length of the subdivision
tends to zero.

From physical point of view, the units of measurement of the above
integrals are:

(unit of measurement of / wdQ) = (unit of measurement of u)-meter”™
Q

and

N-1

(unit of measurement of / wdl') = (unit of measurement of u)-meter
T

One of the most profound theorems in vector calculus is the divergence
theorem:

Divergence theorem (Gauss): If £ : © — R is a sufficiently smooth
vector field and €2 is a sufficiently smooth domain, then:



/divEsz/(E,n>dF
Q T

where n denotes the outward normal unit vector along the boundary T" (i.e.
n is orthogonal to I' and its length equals to 1). Therefore (F,n) is the
length of the component of E taken in the outward normal direction.

The mathematical meaning of the divergence theorem is that the integral
of a derivative of a function (i.e. the divergence) equals to another integral
taken on the boundary (which has one less dimension than the original
domain). In this sense, the divergence theorem is a strong generalization of
the well-known Newton-Leibniz theorem.

The integral / (E,n)dIl' is often called the flur of E through the surface
r
I' and has some direct physical meaning. For example, if E is a stationary
velocity field of a fluid e.g. water, then the physical dimension of / (E,n)dl’
r

is = - m? = ;”—ei i.e. water discharge. Since the water is incompressible, the
mass conservation law says that the total flux through an arbitrary closed
surface is always zero (provided that the domain contains no sources or
sinks). Therefore, by virtue of the divergence theorem, FE is necessarily
divergence-free, i.e. divE = 0. This is a physical interpretation of the
divergence theorem.

Now we give an illustration for the divergence theorem (which is, how-
ever, far from being a rigorous proof). In 2D, consider a vector field F =
(F,G), the values of which are known only in the centers of an orthogonal,
uniform cell system (see Figure . Assume that the cell size h is small. In
an elementary cell (denoted by C), let us approximate the left-hand side of
the divergence theorem. Denote by the neighbouring cells of C by N, W, S

and FE. Since

. OF oG Fp—Fy Gy-—Gg
Be= (2 9 &
o= (55),« (5) = S

the integral of the divergence of E on the cell C' is approximately equal to:

: _(Fe—Fw  GN—-Gs\ ,o h
/leVEdQN( 2 + 5 ) h* = 5 (FE' Fw + Gn Gs)

To compute the contour integral in the right-hand side of the divergence
theorem, first divide the boundary of the cell C' into four parts denoted by



®
W,
® | % Lo
®
S

Figure 1: Cell system. A central cell and its neighbours

I'n, I'w, I's and I'g (northern, western, southern and eastern parts). Along
I'g, he outward normal unit vector is n = (1,0). Approximating the normal

component of (F, G) (i.e. the function F') by the mean value F|r, ~ FEL2FC,
we have: . )
/ (E,n)dl ~ (FE n FC> h
- 2 Py
Similarly:

1 1
/ (E,n)dl’ ~ <GN + Gc> -h (here n = (0,1))
- 2 2

/FW<E,n> dr ~ (—;Fw—;FC> ‘b (here n = (1,0)

/FS(E,n) ir ~ <—;G5 _ ;G(;) ‘h (heren = (0,—1))

Summing up the above four (approximate) equalities:

/ (E,n)dl' =
ac

1

1 1 1 1 1 1 1
A (FE+F0+2GN+2G0— 3w — 5fc — 5Gs — 2GC> h =

2 2 2 2

Z(FE-FGN—Fw—Gs)-Z%/divEdQ.
c
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Thus, the theorem is illustrated (not proved!) for an infinitesimal cell C'.

If Q is the union of finite number of infinitesimal cells Cy, Co, ..., C,,
then: .
/ div E dQ = Z/ div E dQ ~
C =1 C.
A Z / (E,n)dl’ ~
k=1"9Ck

Let I'g be a side of a cell lying in the interior of 2. Then the integral

/ (E,n)dl" occurs in the above sum exactly twice with opposite normal

0
vectors (see Figure . They cancel out, therefore the divergence theorem
remains valid also in this case.

[o [o

c Twn” “nf ¢

Figure 2: Two contour integrals appearing in neighboring interior cells

The divergence theorem implies several direct corollaries. The most im-
portant ones are collected in the following propositions. Let u and v be
sufficiently smooth scalar functions (more precisely, they are supposed to be
twice continuously differentiable in the closure of 2). Then:

Proposition:

/AudQ— %df
0 Fan

/AudQ:/divgradudQ
Q Q

Applying the divergence theorem on the right-hand side:

Proof: Obviously

/ AudQ) = /(grad u,n)dl’ = @dl“.
Q r r on
Green’s first theorem:
/(Au)-dez—/(gradu,gradv)dQ+ %wdf
Q Q r on



Proof: First, since divgrad u = Au, we have:
div ((gradu) - v) = (Au) - v + (grad u, grad v)

Integrating the left-hand side over €2 and applying the divergence theorem:

ou

/Qdiv((gradu) cv)dQ) = /F<(gradu) cv,n)dl’ = L on ~vdl

Integrating the right-hand side over €:

/(Au)-vdﬂ+/<gradu,gradv) dQ
Q Q

from which the theorem follows.

Green’s second theorem:

ou ov
/Q(AU)'UdQ—/Qu-Ade—/Fan-vdF—/Fwandl“—

Proof. Green’s first theorem states that:

/(Au).de:—/(gradu,gradv>d§2+ @-vdf
Q Q r on
Swapping the roles of v and v:
ov
/(A’U)‘UdQZ—/(gradv,gradu>dﬂ+ — .udl
Q Q T on

Subtracting the last two equalities, we have the theorem.

10



3 From physical laws to partial differential equa-
tions

Now we will see through some examples, how a physical law generated a par-
tial differential equation which describes the corresponding physical process.
The key issue is the divergence theorem.

3.1 Heat conduction

Consider a 3D material in which there are heat sources and result in a
nonuniform heat distribution. Suppose that the steady state has reached
i.e. the temperature does not vary in time. Denote by u(x) the temperature
of the material at the spatial point x (measure unit: K). Let o be the

thermal conductivity of the material (physical dimension: s
length-temperature’

measure unit: le), which characterizes the ’efficiency’ of the heat transfer.

Let n be an arbitrary unit vector which defines a specified direction. The

: : : . Ou power . temperature __ power
physical dimension of o on 18 length-temperature length ~ length?"

According to Fourier’s law, the thermal flux is proportional to the deriva-
tive of the temperature taken in the direction n, and the coefficient of pro-
portionality is (the negative) thermal conductivity.

Thus, if T'y is a (closed or not closed) surface in the space, the integral

is the thermal energy across the surface I'g per second, where n denotes the
normal unit vector along I'y.
From the energy conservation law (the first law of thermodynamics), it

follows that 5
a—u dl'=0
T 871

holds for every closed surface which surrounds a volume §2¢. The divergence
theorem implies that

/ div (o - gradu) d2 =0
Qo

for arbitrary subdomain €y contained in the domain 2, the domain of the
diffusion process. Consequently:

div (o - gradu) =0

11



holds in €.
If the thermal conductivity o is constant in the whole domain €2, then
the above partial differential equation has a simpler form:

oc-Au=0

or simply
in Q.

3.2 Diffusion

Consider a fluid substance in which a molecular diffusion of some pollutant
takes place. Suppose that the steady state has reached i.e. the physical
characteristics of the process do not vary in time, Denote by u(x) the con-
centration of the pollutant at the spatial point = (the physical dimension of
uis 29552 Let o be the diffusion coefficient (diffusivity, physical dimen-

length?
length? )
time

sion: , which characterizes the ’speed’ of diffusion (i.e. the mobility
of the particles of the pollutant).
Let n be an arbitrary unit vector which defines a specified direction. The

L . . @ L3 length2 length3 _ time
physical dimension of o - g is =2~ length = Tengin®"

According to Fick’s law, the diffusion flux is proportional to the deriva-
tive of the concentration taken in the direction n, and the coefficient of
proportionality is (the negative) diffusion coefficient.

Thus, if T'y is a (closed or not closed) surface in the space, the integral

U% dl’
To 3n

is the total mass of pollutant across the surface I'g per second, where n
denotes the normal unit vector along I'y.
From the mass conservation law, it follows that

/ U@ dl'=0
To 871

holds for every closed surface which surrounds a volume §2y. The divergence
theorem implies that

/ div (o - gradu) d2 =0
Qo

12



for arbitrary subdomain 2y contained in the domain €2, the domain of the
diffusion process. Consequently:

div (o - gradu) =0

holds in €.
If the diffusivity o is constant in the whole domain €2, then the above
partial differential equation has a simpler form:

oc-Au=0

or simply
Au=0

in Q.

3.3 Electric current in 3D materials

Consider an electrically conducting 3D material (electrolyte, biological tis-
sues, soil etc.) in which a steady-state electric current takes place. Denote
by u(x) the electric potential at the point x (measure unit: V'), and let o be

the specific conductance (conductivity, measure unit: am}z-m)' This is the
reciprocal value of the specific resistance of the material.

The measure unit of ag—g is 41— .V = % in every direction specified

ohm:m m
by the unit vector n. That is, O’% means current density in the direction n.
According to Ohm’s law, the current density is proportional to the
derivative of the electric potential (voltage) taken in the direction n, and
the coefficient of proportionality is the conductivity.
Thus, if T'y is a (closed or not closed) surface in the space, the integral

To 8n

is the total current through the surface I'y, where n denotes the normal unit
vector along I'g. From the charge conservation law, it follows that

0@ dl'=0
T 871

holds for every closed surface which surrounds a volume €2g. The divergence
theorem implies that

/ div (o - gradu) dQ =0
Qo

13



for arbitrary subdomain 2y contained in the domain €2, the domain of the
electrical current. Consequently:

div (o - gradu) =0

holds in €.
If the conductivity o is constant in the whole domain €2, then the above
partial differential equation has a simpler form:

oc-Au=0

or simply
Au =0

in Q.

3.4 Seepage through porous medium

Consider a 3D porous material (soil, sand etc.) and the groundwater flow
through the medium. Assume that the flow is steady-state. Denote by u(x)
the hydraulic head in the point x. Then

U = L + z,
Py
where p is the pressure, p is the density of water, g is the acceleration due
to gravity, and z denotes the height above a reference level (i.e. the vertical
component of the point x). Its physical dimension is length.

According to Darcy’s law, the seepage velocity (apart from a dimension-
less constant) is proportional to the derivative of the hydraulic head taken
in the direction n, the direction of the velocity, and the (negative) coefficient
of proportionality is the so-called hydraulic conductivity (or permeability) of
the medium. This is denoted by K (physical dimension: length)

time
Thus, if 'y is a (closed or not closed) surface in the space, the integral

K- %df‘
T on

is the total discharge through the surface I'g, where n denotes the normal
unit vector along I'g. From the mass conservation law, it follows that

K-@dF:O
To 8n

14



holds for every closed surface which surrounds a volume €2g. The divergence
theorem implies that

/ div (K - gradu) dQ =0
Qo

for arbitrary subdomain )y contained in the seepage domain 2. Conse-
quently:
div (K - gradu) =0

holds in €.
If the hydraulic conductivity K is constant in the whole domain €2, then
the above partial differential equation has a simpler form:

K -Au=0

or simply
Au =0

in Q.

In all of the above four examples, the physical process (which is assumed
to be steady-state) is described by a partial differential equation, which has
the form:

div (o - gradu) =0

where the a priori unknown function u is the physical quantity which char-
acterizes the process, o is a known multivariate, positive function, which
characterizes some material property. In the presence of sources and sinks,
the above partial differential equation has the form:

div (o - gradu) = f

where the known function f describes the density distribution of the sources.

The above equations are the simplest examples for second-order elliptic
partial differential equations. They describe steady-state processes, when
the physical quantities do not depend on time.

There are more general elliptic partial differential equations e.g. the
convection-diffusion equation. The much more complicated equations which
describe the fluid or gas motion are nonlinear. In this lecture notes, how-
ever, we restrict ourselves to the above simpler elliptic equations. Note that
the corresponding time-dependent processes are described by similar, but
more complicated partial differential equations (parabolic and hyperbolic
equations) which contain the derivatives with respect to time as well.

15



An important special case when the material-characteristic function o is
constant in the whole domain €2. In this case, the equation is simplified to
the Poisson equation:

Au=f

If the function f in the right-hand side is identically zero, we obtain the
Laplace equation:
Au=0

The solutions of the Laplace equations are called harmonic functions.

A frequently appearing situation is that o is a piecewise constant function
(or, it is approximated by such a function). In this case, the differential
equation is not more complicated than the Laplace equation, but an extra
phenomenon appears at the inner surface that separates the subdomains
where o takes different values. As a model problem, consider the domain
), which consists of two subdomains, €21 and €. Suppose that ¢ = o1 =
const. in 1 and o = g9 = const. in ly. Denote by I'g the inner surface
g := 091 NNy, then 'y separates 1 and 5. Consider a thin subdomain
Qo at the interface Iy (see Figure|3| Let n be a normal unit vector pointing
from €7 into 29. Let u be a solution of the partial differential equation

Figure 3: For the interface conditions.

div (o - gradu) =0

and denote by u; = u|g, and us = u|q,, the restrictions of u to the
subdomains 21 and s. Then, in the interior of 21 and o, respectively,
the equations

Au1 = 0, AUQ =0

16



are valid, but this is not the case along the interface I'y (here u is not twice
continuously differentiable). However, u is continuous (this is obvious from
physical point of view), i.e.

uy = ug  along Iy

Integrating the function div (¢ - grad u) over €2, the integral is zero; on the
other hand, from the divergence thorem, it follows that:

0= div(a-gradu)dQ:/ 0-@&‘%
Qo 900 n

z/ 02-8u2df—/ 01-%df‘,
Ty 877, r 871

since n points from € into Q9, thus, n is the outward (resp. inward) normal
unit vector along I'y (resp. I'1). When ¢ — 0, the approximate equality
becomes an exact equality, and since {2y was arbitrary, we obtain:

ou ou
-—1202-—2 along I'g

on

on

01

along I'g. Note that this is also obvious from physical considerations: for
instance, if u is electric potential, the equality o7 - %h—‘o =0y- %h—‘o means
the conservation of charge.

In short, the value of the solution remain continuous along the interface

Iy, but the normal derivative has a jump here.

So far, some partial differential equations have been introduced. It should
be pointed out, that a physical process is not uniquely determined by the
governing partial differential equation. From physical point of view, this is
obvious: for instance, when an electric current is investigated which flows
through a 3D material, the potential distribution highly depends on the in-
coming and outgoing current distributions. To properly describe the physical
process, some extra information (auziliary condition) is still needed.

17



4 Boundary conditions

As mentioned before, a differential equation does not describe the corre-
sponding physical process uniquely. From pure mathematical point of view
it means that a partial differential equation has infinitely many solutions.
Indeed, considering the simplest 2D Laplace equation

Au =0,
the functions u := 1, u 1=z, u := y, u := > —y?, u = = - y,... and all linear
combinations of them satisfy the differential equation.

If one wants to find a specific solution (which describes the corresponding
physical process), some additional information is needed. In the case of ellip-
tic equations, this extra information is usually connected with the boundary
of the domain. These boundary conditions have physical meaning.

Now we outline the usual boundary conditions. Without going into de-
tails we note that the above introduced elliptic differential equations sup-
plied with one of the following boundary conditions have generally a unique
solution in a well-defined function space.

Consider the elliptic partial differential equation:

div (o - gradu) = f in
where €2 is a bounded domain. Denote by I' the boundary of the domain €.

First (or Dirichlet) boundary condition:

’ u is prescribed along I'

As an example, consider the heat conduction equation. Assume that a 3D
object contains heat sources. If the object is immersed in melting ice, then
a Dirichlet condition is enforced: the temperature on the boundary is 0
degrees Celsius (provided that the steady state has reached). In practice,
this is rarely the case. A more probable situation is that measurements have
been done along the boundary, so that we know the temperature distribution
on the boundary by measurements.

Second (or Neumann) boundary condition:

o- s prescribed along I'

on

18



where n denotes the outward normal unit vector along I'. In practice, this is

equivalent to the prescription of the normal derivative %Z along the boundary
I.

An important special case is when the normal derivative is identically zero
along the boundary. This is the case in heat conduction problems, if the
object is wrapped in a thermal insulator layer. In electrical current prob-
lems, this means that the material is electrically insulated from the outer
materials.

Third (or Robin) boundary condition:

0
A linear combination of u and 8—u is prescribed along I’
n

At a first glance, this seems to be a pure mathematical generalization of
the Dirichlet and Neumann boundary conditions. In fact, such a boundary
condition appears in a natural way when solving the equation

div (o - gradu) = 0,

and the domain consists of two parts: an inner domain 2 and a thin layer
Q¢ which surrounds €.

Suppose that o = const. in €2, and 0 = gg in £y, where 0 < 0¢p < o, and
the thickness of € is much less that the characteristic size of Q (see Figure
. This is the case, when u means an electric potential and the layer €2 is
filled by a ’quasi-insulator’ material i.e. its conductivity is much less that
in the interior of 2. (One can think also of a not perfect thermal insulator
layer in heat conduction problems etc.)

Suppose that along I'g, the external boundary of €2y, the potential wueys
is given as a Dirichlet boundary condition. Then, along the interface I', we
have (in accordance of the previous section):

ou Oug
0'.720-0.7

on

Since {2g is thin, the derivative % can be approximated by the difference

uo|r, — wo|r _ Uext — U

uotient
d d d

. This implies that (approximately):

ou Uegt — U
O-— =009 ———

on d

19



Figure 4: For the Robin boundary condition.

Rearranging this equality, we immediately obtain a Robin-type boundary

condition along I':

g0 ou g0

E-U%—U-% =y Ueat
That is, the physical problem itself leads to the Robin boundary condition
in a natural way.

In practice, the most frequently appearing situation is that the boundary
is divided into several (disjoint) parts, and along the different parts, differ-
ent types of boundary condition are prescribed (mized boundary condition).
Roughly speaking, this means that to each boundary point, exactly one
boundary condition has to be assigned. Note also that the boundary condi-
tion should not contain second of higher order derivatives of the unknown
function.

We demonstrate the very natural appearance of mixed boundary con-
ditions through an example of seepage hydraulics, which also contains a
non-familiar character. Consider a 2D seepage problem through a dam.
Figure [5| shows the cross-section of a dam which is made of porous mate-
rial. On the left-hand side of the dam, the water level is high (H;), while
on the right-hand side, it is low (Hs). The pressure difference induces a
seepage motion through the dam, which is assumed to be homogeneous for
simplicity, i.e. the hydraulic conductivity is constant everywhere.

In the steady state, the seepage is bounded by the curve I' from above.
This is the free surface of the seepage. The location of I' is a priori not

20



I" (free surface)

[y (seepage face)

[

Figure 5: The classical dam problem (free boundary problem).

known, the determination of I' is a part of the problem called free boundary
problem. In the domain €2, the velocity potential u satisfies the Laplace
equation:

Au=0

Along the boundary, several types of boundary conditions are taken:

e At a point (z,y) € I'1, the pressure can be calculated: p = (Hy —vy) -7,
where v is the specific weight of water. Substituting this into the
expression of the velocity potential u = % + y, we obtain that

’ u= H; along I'y

(Dirichlet boundary condition).

e Along T'y, the velocity vector is tangential; consequently, its normal
component is identically zero:

0
a_y along I'y
on

(Neumann boundary condition).

e On I'g, the situation is similar to the case of I'q, i.e.:

’ u= Hy alongI's

21



(Dirichlet boundary condition).

e At a point (x,y) € I'y, the pressure is atmospheric, therefore:

’ u(z,y) =y  along I'y ‘

(Dirichlet boundary condition). Note that, in contrast to the parts I'y
and I's, the boundary value is not constant; it depends on the location
of the point of boundary point. I'y is called seepage face.

e At the points (z,y) € I', where I' is the (a priori unknown) free surface,
two independent boundary conditions can be prescribed. The velocity
vector is tangential, therefore:

Q?‘QJ
SRS

=0 along I’

(similarly to the case of I'y). On the other hand, the pressure is atmo-
spheric, which implies:

’ u(z,y) =y  along I’

The presence of the free surface makes the whole problem nonlinear. How-
ever, it can be solved by a special iterative technique, by correcting the
position of the approximate free surface in each step. Note that, in every
iteration, a Laplace equation supplied with mixed boundary conditions has
to be solved. Details are omitted.
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5 The Finite Element Method

5.1 Theory in a nutshell

Here we briefly summarize the main theoretical aspects of the Finite Element
Method. Most of the propositions, theorems are mentioned here without
proofs.

First we recall the most important concepts.

5.1.1 A reminder

Normed spaces. A vector space X is called normed space, if a function
||.|| is defined in X (called norm), which has the following properties:

e For every vector xz € X: ||z|| > 0 and ||z|| = 0 if and only if x = 0.
e For every vector z € X and every scalar o € R: ||a - z|| = |af - ||z]|.

e For arbitrary vectors x,y € X: ||z +y|| < ||z|| + |ly|| (‘triangle in-
equality’).

The distance of the vectors x,y € X is defined as the norm of their difference,
ie. ||z —yll|

The vector sequence (z,) C X is said to be convergent and to tend to
the vector x € X, if ||x,, — z|| — 0, as n — oc.

The vector sequence (z,) C X is said to be a Cauchy sequence if for
every € > 0, there exists an index IV such that for all indices n,m > N, the
inequality ||z, — Zm|| < € holds.

In arbitrary normed space, if a vector sequence is convergent, then it
is necessarily a Cauchy sequence. The converse statement is generally not
true.

The normed space X is called complete or Banach space, if every Cauchy
sequence is convergent in X. Every normed space can be made complete by
adding extra vectors to the space and by properly expanding the operations
as well as the norm to these extra vectors.

The most frequently appearing examples for normed spaces: R itself
with the absolute value as a norm; RY with the most popular norms:

o ||2||max == max, |z (maximum norm)
N

o ||z|] := Z |z (sum norm)
k=1
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o ||z|] := Z Ek (Euclidean norm)

where z = (x1,x9,...,2nx). These spaces are finite dimensional spaces; ev-
ery finite dimensional normed space is automatically complete, i.e. Banach
space. For infinite dimensional spaces, this is not the case. The most im-
portant infinite dimensional spaces are certain function spaces as follows:

e The space of the continuous functions defined on a finite interval [a, 0]
denoted by Cf[a,b] with the maximum norm:

[ llmax := max [f(z)]

a<z<b

e The space of the m times continuously differentiable functions defined
on a finite interval [a, b] denoted by C™[a, b] with the maximum norm:

1 llemia - ZmaX\ FB (@)

a<z<b

e The space of the integrable functions defined on a finite or infinite
interval (a,b) denoted by Lj(a,b) with the Li-norm:

b
1 laes) == / f(@)] da

e The space of the square integrable functions defined on a finite or
infinite interval (a,b) denoted by Ls(a,b) with the Lo-norm:

b
11l aany = / @) da

The above spaces can be defined for multivariate functions in a straight-
forward way. The role of the interval (a,b) is played by an N-dimensional
domain €.

All the above function spaces are complete i.e. Banach spaces. Note
however, that the e.g. space Cla,b] is a normed space with the L(a,b)-
norm, but it is not complete: the completion of the space is exactly equal
to the space Li(a,b).

Euclidean spaces. A vector space X is called Fuclidean space, if a bivari-

ate, real-valued function (.,.) is defined in X (called scalar product or inner
product), which has the following properties:
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For every vector € X: (z,z) > 0 and (x,z) = 0 if and only if x = 0

For arbitrary vectors z,y € X: (z,y) = (y,x)

For arbitrary vectors xz,y € X and every scalar o € R: (az,y) =
Q- <l’, y>

e For arbitrary vectors z,y,z € X: (x +y,2) = (z,2) + (y, 2)

Note that these properties imply that for arbitrary vectors x,y € X and
every scalar o € R: (z,ay) = a- (z,y), and for arbitrary vectors x,y, z € X:
(z,y+2) = (x,y) + (z,2).

A Euclidean space is always a normed space with the norm induced by
the inner product:

||| == v/ (z, z)

In this statement, only the triangle inequality is not obvious. It is a conse-
quence of the following important inequality:

Theorem (Cauchy inequality): If X is a Euclidean space, then for arbitrary
vectors z,y € X:

[z, )| < [l - [lyll,

and the equality is valid if and only if z and y are linearly dependent, i.e.
one of them is equal to the other multiplied by a scalar constant.

Proof: For arbitrary scalar a € R, obviously ||z — ay||? > 0, i.e.:
lo —ayl* = (& —ay,z — ay) =

= |lz]* = 2a(z,y) + ||yl > 0

Now define a by « := % (provided that y # 0; otherwise, the statement is
simplified to the trivial equality 0 = 0). We have:

]l
lyl[?

[|]]
lz||* = 27— (@, y) +
[yl

This can be simplified to the inequality

(@, y) < [ - [yl

This is valid for arbitrary vectors z,y € X. If y is substituted by (—y), the
inequality remains valid:

[lyl* > 0.

(@, —y) < el - [ = yll = [l - [lyl],
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whence (z,y) > —||z|| - ||y||. We have obtained that

=l Iyl < (2, y) < =[] - Iyl

ie. [(z,y)] <||z||-||ly||. Equality is valid only if ||z — ay||?> = 0, i.e. z = ay.

From the Cauchy inequality, the triangle inequality simply follows:
[l +yll* = [|2]]” +2¢z, y) +llyll* < [|2]]” + 2l [yl + gl = (=l +1y]])>

Taking the square root of both sides, we have the triangle inequality.

It is worth mentioning the following simple but useful equalities as well:
[l +yl1* = ll2]* + 2(z, y) + [Jy|?
le = yl1? = l|z]* — 2z, y) + [ly|?

for arbitrary z,y € X.

A Euclidean space X is called Hilbert space if it is complete with respect to
the norm induced by the scalar product.

One of the most important Hilbert spaces is the previously mentioned
Ls(a,b), the space of square integrable functions equipped with the scalar
product

b
(F. 9) Latas) == / f(@) - gla) de

and the corresponding multivariate space Lo(2) with the scalar product
sy = [ 1) gla) da

Orthogonality. In a Euclidean space X, the vectors z,y € X are called
orthogonal, if their scalar product is zero: (x,y) = 0. In this case, the
theorem of Pythagoras is valid:

[l +ylI? = [l +[lyl?,

which can be generalized as follows: if x1,x9,...,z,, € X are pairwise or-
thogonal vectors, then:

m m
1Dl = Ml
j=1 j=1
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Bounded linear operators. Let X, Y be normed spaces and let A : X —
Y be a linear mapping (operator). The operator A is called bounded, if there
exists a constant K such that for every x € X, the inequality

[ Az]] < K - [[]]

is valid. K is called a bound of the operator A. The boundedness is equiva-
lent to the continuity of A: A is bounded if and only if it preserves the limit
i.e. for arbitrary convergent sequence x, — x, it follows that Az, — Az.
The least bound of A is called the norm of the operator A (denoted by ||Al]).
Therefore for arbitrary x € X:

[[Az][ < [|A]] - |||
is valid. The operator norm has the following extremal property:

|Al[ = max [[Az]|
zeX,||z||=1
If the linear operator A is real-valued i.e. ¥ = R, then A is called linear
functional.

The operator norm is really a norm, and makes the vector space of the
bounded linear X — Y operators a normed space. (This space is complete, if
Y is complete.) In particular, if A, B : X — Y are bounded linear operators,
then:

|4+ BI| < [|All + 1Bl

Moreover, if Z is another normed space, A : X — Y, B : Y — Z are
bounded linear operators then so is their composition BA : X — Z, and:

IBA[| < [IB]] - 1Al

As an important special case, an N x M matrix can also be regarded as a
bounded, linear RM — R mapping. Its operator norm depends on the
choice of the norms in the spaces R and RY. The most frequently used
matrix norms (induced by vector norms) are as follows:

e Row norm: If both in R and in RM, the maximum norm is defined,

then
M

Al = Arj
4]l = max 1! k]
]:
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e Column norm: If both in RV and in RM, the sum norm is defined,
then

N
I|A]| = 1%%4% | Ap;]

e Matriz norm induced by the Euclidean vector norm: If in RY, the Eu-
clidean norm is defined, then for arbitrary square matrix A € My« n:

4]l = max /Ay,

1<k<N

where Ap,...,A\n are the eigenvalues of the (self-adjoint, positive semidef-
inite) matrix A*A.

As a consequence, if A is self-adjoint, the the matrix norm induced by the
Euclidean norm is as follows:

A =
Al IISI}%XN’/\k‘y

where now \1,...,Ay are the eigenvalues of the matrix A. In addition to it,
if A is positive definite, then

|1A]| = max \p, and [JA7Y|=——
1<k<N

5.1.2 Abstract variational problems

Let H be a real Hilbert space and let a : H x H — R be a symmetric,
bounded and coercive bilinear functional, i.e.

e ¢ is linear in its both variables
e a(u,v) = a(v,u) for all u,v € H (symmetry)
o |a(u,v)| < M -||ul| - ||v]| is valid for some M > 0 (boundedness)
e |a(u,u)| >m-||ul|? is valid for some m > 0 (coercivity)
Note that in this case:
mlull® < a(u,u) < M -|[ulf?

is valid for all v € H.
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Let £: H — R be a given, bounded linear functional.

Variational problem: Find a vector u € H such that for every v € H, the
equality

a(u,v) = v

is valid.
The fundamental theorem of the variational problems and methods is as
follows (without proof):

Theorem (Lax-Milgram): Under the above conditions taken on a and /,
the variational problem has a unique solution.

In fact, the functional a is an inner product in the space H, which induces
the norm
ulla == V/a(u, u)

(energetic norm, or simply a-norm).

Remark: In practice, the bilinear functional a comes from the elliptic partial
differential equation to be solved.

Denote by u* the (unique) solution of the variational problem. Let V}, C H
be a finite dimensional subspace, the dimension N of which is character-
ized by the parameter h (in practice, this means a length). The functions
belonging to V3, are often referred to as trial functions.

In order to approximate the exact solution u*, restrict the variational
problem to the subspace V.

Variational problem in the subspace V},: Find a vector u € V; such
that the variational equalities

’ a(up,vp) = boy, ‘

are satisfied for every vector vy, € Vj,.
By virtue of the Lax-Milgram theorem, this variational problem also has a

unique solution up € V3. The vector uy is interpreted as an approximate
solution of the original variational problem. Two tasks arise immediately:
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1. How to compute uyp, 7
2. How to estimate the error u* — up 7

As far as the first task is concerned, denote by N the dimension of the
subspace V},. Define a basis @1, @9, ..., on in V4, and seek the solution up,
as a linear combination of the basis vectors:

N
un =) ap;
k=1

It is sufficient to enforce the variational equalities to the vectors v, = @i
(k=1,2,...,N). Thus, we obtain the discrete variational problem:

N
Zaj'a((pjﬂpk):g@k (k:1a2a“-aN)
i=1

In a more compact form: Aa = b. The matrix A is called stiffness matriz
with the entries: Ay; := a(pj, ¢r). The components of the right-hand side
are: by := lpy.

Due to the symmetry of the bilinear functional a, the stiffness matrix A
is self-adjoint. Moreover:

Proposition: The matrix A is positive definite.
Proof: 1t is sufficient to investigate the quadratic form of A. Let z =
(z1,29,...,2x5) € RY be an arbitrary nonzero vector, then:

N N N N
(Az,x) = Z ZAijkﬂﬁj = Z Z a(j, pr)Tre; =

k=1 j=1 k=1 j=1

N N
=a | Y wker, Y wip; | = a(wn,wh),
k=1 j=1

N

where wy, := Z xjp;. Due to the linear independence of the vectors ¢}, the
j=1

vector wy, differs from zero. The proposition is now a consequence of the

coercivity of a.

An important property of the discrete solution is a special orthogonality
property:
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Proposition: The error of the approximation i.e. the vector (u* — uy) is
a-orthogonal to the subspace V3, i.e.

a(u* —up,vp) =0 for all v, € V},
Proof: Consider the original variational problem. In particular, for all v, €

V, C H:
a(u*,vp) = lup

For the discrete variational problem, by definition:
a(up, vp) = Loy
Subtracting the two equalities, we have the proposition.

Based on the orthogonality property, we obtain a special error estimation:

Proposition: For arbitrary vector vy € Vj

[lu” = unlla < [[u” — vnlla

Proof: Let vy, € Vj, be arbitrary. Then:
[l = onlf7 = [1(w* = up) + (un —wn)l[7 =

= |Ju* — up|[; + 2 a(u® — up, up — vp) + |Jup — vnlf;

Due to the othogonality property, a(u* — up,up, — vp) = 0. On the other
hand, obviously ||uj — v||? > 0. Thus, we obtain that:

[l —on[3 > |lu* — unl[2,
which implies the proposition.

The above proposition can be interpreted as an error estimation. The left-
hand side is the error of the approrimate solution measured in a-norm, while
then right-hand side is an approrimation error which shows, how precisely
the vector u* can be approximated by the elements of the subspace V},. The
proposition says that the vector uy, results in the minimal distance (measured
in a-norm):
* : *
[[u” = tnlla = min flu” = valla
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The above estimation can be performed with respect to the original norm
of the Hilbert space H:

Theorem (Céa’s lemma): For arbitrary vector v, € V},
M
[[u” = un|| < — - |[u” — v
m

Proof: Let v, € Vj be arbitrary. Utilizing the inequalities m - ||ul|? <
a(u,u) < M - ||ul[*:

m - |ju* —uth <a(u* —up,u* —up) = alu* —up,u* — v +ovp —up) =

= a(u® — up,u” —vp) + alu* —up, vy — up)

Due to the orthogonality property, the last term in the right-hand side van-
ishes, therefore:

m- = up|* < a(u* = up,ut —op) <M - [[u = upl] - |Ju* = o,
which implies the theorem.

The estimation of the right-hand side can be performed by more standard
tools without knowing the discrete variational solution uy,.

Remarks:
1. Using the previous proposition
[u” = uplla < |[u" = valla,

and the inequalities m - ||u||? < a(u,u) < M - ||u||?, we immediately
obtain a sharper estimation for Céa’s lemma:

m- [ = unl? < o = upllf < [Ju* = onl[7 < M- JJu” = val?,

M
[Ju® —unl] <) — - |[u” = val|
m

whence:

for all vy, € Vj,.
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2. The above technique (when we use the same subspace V}, in the varia-
tional equalities) is known also as Galerkin method. However, it is also
possible to define another finite-dimensional subspace W}, (the space
of test functions) with the basis 11, 19, ..., ¥p (the dimensions N
and M may differ). This technique is called Petrov-Galerkin method.
In this case, the variational equalities are enforced to the vectors
(k =1,2,...,M). Thus, we obtain another discrete variational prob-
lem:

N

> ay-alps, i) = (k=1,2,..,M)

j=1
However, the matrix of tis system does not remain self-adjoint in gen-
eral, and the solvability is not guaranteed in advance.
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5.2 Finite Element Method for 1D Poisson problems

Let (a,b) C R be a finite interval. Let f : (a,b) — R be a given (square
integrable) function, and consider the simplest 1D Poisson equation:

—u"=f in (a,b)
supplied with homogeneous Dirichlet boundary condition:
u(a) = u(b) = 0.

First, a proper Hilbert space H should be defined.
Introduce the function space:

H := H}(a,b) := {w € La(a,b) : w' € Ly(a,b), w(a) =w() =0}
with the inner product:
b
(u,v)g = / o' (z) - () do

For the sake of simplicity, the inner product and the norm in the space
Lsy(a,b) will be denoted as follows:

b b
o= [ uw)-o@de, ullo =/ [ u@)do
a a
It can be easily checked that all the properties of the H-inner product
are fulfilled, thus, H is a Euclidean space. The completeness is not trivial.
It is stated here without proof:

Theorem: The space H is a Hilbert space.

The norm in the space H is characterized by the following important prop-
erty:

Theorem (Poincaré’s inequality): There exists a positive constant ¢ > 0
such that for every u € H}(a,b):

b [/ (z)|*dx > c- ’ |u(z)|* dz
/ /

that is:
ullF > ¢ |ullg
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Proof: Since u(a) = 0, for arbitrary x € (a, b), obviously:

Applying the Cauchy inequality in the function space Lo(a, b):

/(jl-u’(t)dt2§</ 12dt> </ | (t |2dt>
g:c-/ab|u’(t)|2dt

Integrating both sides with respect to x, we have:

/ab|u/(:c)|2dx§</ xdaz) (/ |/ (t |2dt)

which completes the proof.

[u(@)? =

b
/ o (1)]2 dt

Remark: Observe that it is not exploited in the proof that u vanishes at both
endpoints of the interval. The proof is essentially unchanged if the condition
u(a) = 0 or the condition u(b) = 0 is assumed only.

Now the bilinear functional @ and the linear functional ¢ should be defined.
Multiplying the original differential equation by an arbitrary function v €
Hg (a,b) and integrating over the interval:

—/abu”(a:)-u(x)dx:/abf(x) v(z)dx

Integrating by parts on the left-hand side, we obtain:

/abu/(x)-v'(x) dx:/abf(a:) () dz

This is called the weak form of the original Poisson problem. Now let us
define the desired functionals as follows:

b
a(u,v) := (u,v)g = / u'(z) - v (z) dz

b
to = <fvv>L2(a,b) - f(.ill‘) ’ U(.T}) dx

Now it should be checked whether these functionals have the desired prop-
erties. Indeed:
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e ¢ is linear in its both variables

a(u,v) = a(v,u) for all u,v € H i.e a is symmetric;

la(u,v)| = |{u,v)g| < ||ul|lg-||v]|H, i-e. ais bounded (here the Cauchy
inequality has been applied);

la(u, )| = ||u||%, i.e. ais coercive;

1 . .
[€o] = [(f, v)ol < [ fllo-[lvllo < = -[Ifllo- [lvllz, L.e. £1is bounded (here

the Cauchy and the Poincaré inequalities have been applied).

Thanks to the abstract results, we already know that the variational problem
does have a unique solution in the Hilbert space H. It should be pointed
out that in the variational problem, no second-order derivatives occur. This
simplifies also the determination of the approximate solution.

5.2.1 Finite element subspaces

The next task is to properly define the finite dimensional subspace V}. As
a simple example, let V), be the subspace of the piecewise linear functions
that satisfy the homogeneous Dirichlet boundary condition. For this reason,
define a subdivision of the interval (a,b) by the not necessarily equidistant
point set a = 29 < 71 < ... < xy = b. Denote by hp = xp41 — Tk
(k=0,1,..N —1).

Now consider the piecewise linear functions defined at the gridpoints as
follows:

op(rr) =1, and @g(zr;):=0 ifj#k

(k=1,2,..,N —1). Then

Vi, = span{¢1, 2, ..., oN_1}

It is clear that V}, is an (N — 1)-dimensional subspace, and the functions
V1, P2, ..., pN—1 form a basis in Vj. The functions ¢} are often called hat
functions because of the shape of their graph (see Figure @ The abstract
results assure that the discrete variational problem also has a unique solution
in the subspace V},, and it is expressed in the form:

N-1
Up = E QiP5
J=1
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Figure 6: Some hat functions.

where the coefficients a;, ..., ay_1 satisfy the discrete system

Aa =0,

where .
Akj = alpj, Pr), b = / f(@) - pr(z) dz

Due to the definition of the basis functions ¢y, the stiffness matrix A is
tridiagonal. Since the derivative of a hat function is a piecewise constant

function, namely:
— (z € (zp-1,71))

() =
— (€ (Tp, Tpt1))

therefore the calculation of the entries of the stiffness matrix is extremely

simple: - . .
A= [ ke =
Th—1 k—1 k
Thk+1 , , 1
A= [ (@) (o) de =
Tp—1 k—1
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Tk+4+1 , , 1
Ayl = / Cy1(7) - pp(z) do = e

k—1
All the remaining entries of A equal to zero.
The components of the right-hand side should be approximated in gen-
eral (if the integral cannot be calculated exactly). For instance, if the inte-
gral is approximated by the trapezoidal rule, we obtain:

b TEk+1
by = / F() - onle) do = / F() - onle) do

:W'f(xk)

5.2.2 Error estimations

According to Céa’s lemma, it is sufficient to examine how exactly the func-
tions belonging to H can be approximated by piecewise linear functions.

For the sake of simplicity, assume that the set of points zg, x1, ..., TN is
b—a

equidistant: xp = a+k-h, where h = is the stepsize; N is a predefined

number, which characterizes the 'resolution’ of the subspace V.

For the time being, let F' € C?[a,b] be an arbitrary smooth function.
Denote by S the first-degree spline (i.e. piecewise linear function), which
takes the value Fy := F(xj) at the point x for £k = 0,1,...,N. On the
interval [z, xg41], by definition:

Fypiq — Fy

=F
S(m) L+ n

(= x)
Applying Lagrange’s mean value theorem, we obtain that:
S(x) = Fi + F'(€) - (v — ap)
for some £ € (zg, zp41). That is:
S'(z) = F'(€) = const.

on the subinterval [z, 2+1]. On the other hand, expand the function F” in
finite Taylor series around xy:

F'(z) = F'(zp) + F'(7) - (x — )
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for some T € (zk, Tt1).
Applying Lagrange’s mean value theorem once more (to the function
F’), we have:

|[F'(2) = §'(2)|* = [F'(zx) = F'(§) + F"(7) - (& — ap)|” =

=|F"(0) - (x = &) + F"(1) - (& — ap)” <
< e - (| = 2])? < F7[fya - 407

I
max max

This estimation is valid on each subinterval. Integrating over the interval
(a,b) with respect to x, we obtain:

b
/ F/(z) — §'(@)dz < 4- (b—a) || F"|2uus - 12

that is:
| = Sllm = |IF = S|l ap) < 2 [|1F"[|max - Vb —a-h=0O(h)

This result means that the approximation of the exact solution u* of the
original problem by the elements of the subspace V}, is also at least O(h).
Thus, Céa’s lemma gives us the following error estimation:

w* = unll g3 ap) < 2 1w |lmax - VO —a - h = O(h)

provided that the exact solution u* is smooth enough (which is the case,
when the function f is sufficiently smooth).

That is, the error of the discrete solution is O(h) with respect to the
H (a, b)-norm.

Remark:

e If we want to analyse the error with respect to the weaker La(a,b)-
norm, a sharper estimation can be obtained (also known as ’Nitsche’s
trick’).

First, summarize the estimations which are known from the previous

considerations. There exists a constant C' > 0 independent of A such
that:

L lu*|[z < C-|fllo
2. |Ju* —upllg <C-h-|[(u*)"][o
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Recall also the orthogonality property:
(u* —up,vp)g =0 for all vy, € Vj,
Now consider the auxiliary problem:
—w” = u* —uy, w(a) =0, w(b)=0

Denote by w* the exact solution, and let wy € V} be the solution of
the corresponding discrete variational problem.

Applying the variational equality a(w*,v) = f;(u* —up) - vdx to the
function v := u* — uy, we have:

a(w*, u* —up) = [Ju* — upf3
On the other hand, using the orthogonality property:
a(wp,u* — up) = a(u* — up,wp) =0
Subtracting this equality from the previous one:
a(w* —wp,u* —up) = ||Ju* — upl|3,
that is:
[u* —up|3 = a(w* —wp,u* —up) = (w* — wp, u* —up)g <

< |Jw” = whlla - |lw” = unll#,

where we applied the Cauchy inequality. Now let us apply the estima-
tion 2. to both factors of the right-hand side. We have:

[lu” = unlfg < const.h? - [|(w®)"[[o - [|(w*)"lo

But ||(w*)"||lo = ||u* — up||o, which implies that:

[|[u* — upllo < const.h? - ||(u*)"||o = O(h?)

That is, the error of the discrete solution is O(h?) with respect to the
La(a,b)-norm.

40



5.2.3 Finite elements for more general 1D problems

Let (a,b) C R be a finite interval. Let f : (a,b) — R be a given (square
integrable) function, and consider the following 1D elliptic equation:

—(k-u) +d-u=f in (a,b)
supplied with homogeneous Dirichlet boundary condition:
u(a) = u(b) = 0.

Here k is a given, positive, bounded function, d is a nonnegative function.
Assume that

0 < ko < k(z) < ki, 0<d(z) <d

Now the problem should be reformulated in a variational form. Again,
introduce the Hilbert space:

H := H}(a,b) := {w € La(a,b) : w' € Ly(a,b), w(a) =w(b) =0}

with the inner product:
b
(u,v)pr == / o' (z) - v (z) dz
a

Now the bilinear functional @ and the linear functional ¢ should be defined.
Multiplying the original differential equation by an arbitrary function v €
Hg(a,b) and integrating over the interval:

b b
—/ (k(z) - (z)) +d-u(z) v(x))dr = / f(z) - v(x)dx
Integrating by parts on the left-hand side, we obtain:
b b
/ (h(@) - () - o' () + d(z) - ulx) - v(z)) do = / F(@) - o(z) da

This is called the weak form of the original elliptic problem. Now let us
define the desired functionals as follows:

b
a(u,v) := / (k(z) - u'(z) - V' (z) + d(z) - u(z) - v(x)) do

b
00 1= (f,0) Lyany = / f(@) - v(z) da

It should be checked whether these functionals have the desired properties.
Straightforward calculations show that:
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e ¢ is linear in its both variables

e a(u,v) = a(v,u) for all u,v € H i.e a is symmetric

la(u,v)| < const. - ||ul|g - ||v]|g, i.e. a is bounded (here the Cauchy
inequality has been applied)

la(u,w)| > ko - ||u||%, i.e. a is coercive

1 . .
[€o] = [(f, v)ol < [ fllo-[lvllo < = -[Ifllo- [lvllz, Le. £1is bounded (here

the Cauchy and the Poincaré inequalities have been applied).

Define the subspace V}, in such a way than earlier: let V; be the sub-
space of the piecewise linear functions that satisfy the homogeneous Dirichlet
boundary condition. Define a subdivision of the interval (a,b) by the not
necessarily equidistant point set a = x¢g < 1 < ... < xy = b. Introduce the
basis functions again:

er(zr) =1,  and @g(z;):=0 ifj#k
(k=1,2,..,N —1).

The abstract results still assure that the discrete variational problem also
has a unique solution in the subspace V},, and it is expressed in the form:

N-1
=3 .
j=1
where the coefficients o, ..., ay_1 satisfy the discrete system
Aa = b,
where
b
Ay = aloyon) = [ (b@e)(@heh(o) + dpj(o)pn(a) da
a

and
b
m:/ﬂmwmwx

It is typical that the function k& is piecewise constant. The entries of the
stiffness matrix and the components of the right-hand side can now be cal-
culated in a straightforward, but possibly a more difficult way than earlier.
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5.2.4 1D problems, inhomogeneous Dirichlet boundary condition

Let (a,b) C R be a finite interval. Let f : (a,b) — R be a given (square
integrable) function, and consider the following 1D elliptic equation:

—(k-u) +d-u=f in (a,b)
supplied with inhomogeneous Dirichlet boundary condition:
u(a) =A, u(b) =B.

Again, here k is a given, positive, bounded function, d is a nonnegative
function. Assume again that

O<k0§k(l’)§k1, OSd(ZE)Sdl

In principle, the exact solution can be expressed as follows. Let g be
a sufficiently regular function that satisfies the inhomogeneous boundary
conditions:

gla) =4,  ¢(b) = B,

and seek the solution in the form u := w + g, where w satisfies a modified
partial differential equation:

—(k-uvY+du=f+(k-¢)+d-g in (a,b)
supplied with homogeneous boundary conditions:
w(a) =0, w(b)=0.

From here, the previous techniques can be applied.

In practice, the algorithm is much simpler. Introduce the ’one-sided’
piecewise linear hat functions ¢o and ¢y by defining po(zg) = 1 and
on(zn) =1 (see Figure[7). Now seek the discrete solution uy, in the follow-

ing form:
N-1

up ::Zajtpj+A~900+B'SON,
j=1

and the discrete variational equations are as follows:

N-1

> aja(ps, or) + A aleo, or) + B - alen, o) = Loy
j=1

fork=1,2,...,. N —1.
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Figure 7: One-sided hat functions.

5.2.5 1D problems, mixed boundary condition

Let (a,b) C R be a finite interval. Let f : (a,b) — R be a given (square
integrable) function, and consider the following 1D elliptic equation:

—(k-uY +d-u=f in (a,b)
supplied with mixed boundary condition:
u(a) =0, k-u'(b)=C

i.e. at the right-hand endpoint of the interval, a Neumann boundary condi-
tion is prescribed.

As earlier, k is a given, positive, bounded function, d is a nonnegative
function. Assume again that

0 < ko < k(z) < ki, 0<d(z) <di

In contrast to the pure Dirichlet boundary condition, where the type of
boundary condition affects the proper definition of the Hilbert space H, the
Neumann type boundary condition affects the proper definition of the linear
functional £.

Introduce the Hilbert space:

H :={w € Ly(a,b) : w' € Ly(a,b), w(a) =0}
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with the inner product:

b
(u,v)pr == / u'(z) -V (z) dz

That is, the Dirichlet condition appears in the definition of H. It is not
trivial that H is a Hilbert space again (this statement is not proved here),
moreover, as observed earlier, the Poincaré inequality remains valid in this
space; there exists a positive constant ¢ such that the inequality

b W/ (z)[>dz > ¢ - ’ u()|? do
/ /

is valid for arbitrary u € H.

In order that the bilinear functional a and the linear functional £ is defined
properly, let us multiply the original differential equation by an arbitrary
function v € H and integrate over the interval:

b
- [ (@) @+ ) oeae = [0
Integrating by parts on the left-hand side, we obtain:
b b
[—ku'v]z +/ (k(z)-u/(x) - (z) +d(z) - u(z) - v(x)) de = / f(z)-v(z)dx
that is, since v(a) = 0 but v(b) # 0 in general:
b
/ (k(@)-u/(z)v'(z) +d(z) w(z) v(z)) dr = / f(@)-v(@) do+ (k') (b) v (b)

But the Neumann boundary condition assures that (k- /(b)) = C. Thus,
we have obtained the weak form of the original problem:

b
/ (k(z) - u'(x) -V (z) + d(z) - u(z) ))dz = / f(z)-v(z)dz+ C - v(b)

Now let us define the desired functionals as follows:

b
a(u,v) := / (k(z) - (x) -V (z) + d(x) - u(z) - v(z)) do

00 1= (f,0) Laany + C - o /f z)dz +C - v(b)

It should be checked whether these functionals have the desired properties.
However, one should be careful since the definition of H and ¢ have been
changed. We summarize the necessary statements:
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e ¢ is linear in its both variables
e a(u,v) = a(v,u) for all u,v € H i.e a is symmetric

la(u,v)| < const. - ||ul|g - ||v||g, i.e. a is bounded (here the Cauchy
inequality has been applied)

la(u, w)| > ko - ||u||%, i.e. a is coercive

1 . .
[€o] = [(f, v)ol < [ fllo-[lvllo < = -[Ifllo- [lvllz, Le. £1is bounded (here

the Cauchy and the Poincaré inequalities have been applied).

Remark: At the last item, we utilized the fact that the functional v — v(b)
is bounded with respect to the norm of H. Indeed:

b b
v(b):/ 1-v’(x)d:c§\/(b—a)-/ |V'(2)|2de = Vb —a-||v||g.

Now let V}, be the subspace of the piecewise linear functions that satisfy the
homogeneous Dirichlet boundary condition at the point £ = a only. Define
a subdivision of the interval (a,b) by the not necessarily equidistant point
set a = xg < 1 < ... < xny = b. Introduce the basis functions again:

or(zg) =1, and @g(z;):=0 ifj#k

(k=1,2,...,N). Observe that the ’one-sided’ function ¢y is chosen to the
basis in Vj,; thus, the dimension of V}, is N (in contrast to the case of the
pure Dirichlet boundary condition).

The discrete variational problem still has a unique solution in the sub-
space V},, and it is expressed in the form:

N
up = Z ajpj,
j=1

where the coefficients a7, ..., ay satisfy the discrete system
Aa = b,

where
b
Ay = als,on) = / k()0 (@) (&) + dips (2)pr()) e
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and

(k,J

b
b = / f(x) - pr(w) da + C - oy (b)

=1,2,..,N).

Remark: The case when the Dirichlet boundary condition is inhomogeneous
can be treated in a similar way as earlier. If, for instance

u(a) = A

is prescribed, then the discrete variational solution uj is expressed in the
following form:

N
up = ZO@‘%‘ + A - o,
j=1

which causes a change in the right-hand side of the discrete equations.

Summarizing the main tricks of the construction of a finite element tech-
nique, the essential steps are as follows:

Define the partial differential equation together with the boundary
conditions in a traditional form.

Define a proper Hilbert space H, the element of which satisfy the
corresponding homogeneous Dirichlet boundary condition.

Multiply both sides of the partial differential equation by an arbitrary
test function v and apply an integral transform theorem (integration by
parts). Then define the bilinear functional a and the linear functional
¢ properly. Note that the Neumann type boundary condition (if exists)
appears always in the definition of ¢, while the Dirichlet type boundary
condition affects the choice of the space H.

Check the necessary properties of the above defined functionals (coer-
civity, boundedness).

Define a finite dimensional space V}, of the trial functions.
Assemble and solve the discrete system of variational equations.

If possible, try to estimate the accuracy of the method.
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5.3 Finite Element Method for 2D Poisson problems

Let Q C R? be a bounded domain, denote by I' the boundary of the domain.
Let f: Q2 — R be a given (square integrable) function, and consider the 2D

Poisson equation:
—Au=f in

supplied with homogeneous Dirichlet boundary condition:
U‘F =0.
Introduce the function space:

ow Ow

H:= H)Q) = {w € Ly(2) : 22 Dy

€ Ly(Q2), wir = 0}
with the inner product:
(u,vyp = / (grad u, grad v) dzdy
Q

For brevity, the inner product and the norm in the space Ly(€2) will be
denoted by:

(1, 0)o = /Q u(z,y) - o(eg)dedy,  |fullo = \/ /Q jue, 1) dady

The properties of the H-inner product are fulfilled, i.e. H is a Euclidean
space. Moreover (without proof):

Theorem: The Euclidean space H is complete, i.e. it is a Hilbert space.

The Poincaré inequality is still valid. The essential ideas of the proof are
unchanged:

Theorem (Poincaré’s inequality): There exists a positive constant ¢ > 0
such that for every u € H}(9):

/Q|]gradu\|2dxdyzc-/ﬂlu(x,y)Pda:dy

that is:
ullF = e [ullg
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Proof: Since u|r = 0, the function u can be extended to a larger rectangle
(0,a) x (0,b) by zero outside of Q. Let y € (0,b) be an arbitrary, fixed
number. Since u(0,y) = 0, we have:

* ou

Hence:

u(z, y)* = </Ox1'?;(t,y)dt>2 < </Ox12dt> : </Oa <gZ(t,y)>2 dt) —
:x./oa <gz(t,y)>2dt

Integrating both sides over the interval (0, a) with respect to x:

a ) a2 @/ Ou 2
| eapar< G [(Fen)

Integrating both sides over the interval (0,b) with respect to y:

b a
| [ )P sy = [ Juto)P sy <
0 0 Q
a? /b/“ <8u )2
< - ——(z,y) ) dxdy =
2 0 0 6.%'( )
a

= / Ou (z,y) 2 dxd
Similarly:

b ra b2 ou 2
| [ e sy = [ Jute)? dody < 5 (<x,y>) dady
o Jo Q 2 Jo\Oy

Adding the two inequalities:

[ e oy < i . (<§Z<y>> i (?;uy))) dady

which implies the theorem.

Remark: Without going into details we note that the theorem remains valid,
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if, in the definition of H, the property u|r, = 0 is required (instead of
ulp = 0), where I'y is a nonempty part of the boundary. That is, it is
sufficient to require that the function u vanishes along a part of the boundary
only.

Now the bilinear functional a and the linear functional ¢ will be defined.
Multiplying the original differential equation by an arbitrary function v €
HZ(Q) and integrating over the interval:

- / Au(z,y) - v(e,y) dedy = / f(@y) - vz, y) dedy
Q Q

Using Green’s first formula on the left-hand side, we obtain:

/<grad(w,y),gradv(m,y)>dxdy=/f(m,y)'v(m’y) dxdy
Q Q

This is called the weak form of the original Poisson problem. Now let us
define the desired functionals as follows:

a(u,v) = (u,v)g = /g)(gradu(a:,y),gradv(x,y)) dxdy

by = <f,1)>0 = /Qf(xvy) ’ U(xvy) dzdy

Now it should be checked whether these functionals have the desired prop-
erties. Indeed:

e ¢ is linear in its both variables

e a(u,v) = a(v,u) for all u,v € H i.e a is symmetric

la(u,v)| = |(u,v)g| <||u||g-||v||m, i-e. ais bounded (here the Cauchy
inequality has been applied)

la(u, u)| = ||u||%, i.e. a is coercive

1 L
[eo] = [(f, vdol < [fllo-[lvllo < — -[Ifllo- [lvllz, i-e. £1is bounded (here

the Cauchy and the Poincaré inequalities have been applied).

Thanks to the abstract results, we already know that the variational problem
does have a unique solution in the Hilbert space H. It should be pointed
out that in the variational problem, only first-order derivatives occur. This
simplifies also the determination of the approximate solution.
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5.3.1 Finite element subspaces

The proper definition of the finite dimensional subspace V} is a much more
complicated task than in 1D problems, where an interval has to be subdi-
vided only. In 2D problems, the domain 2 may have a complicated shape
and the structure of the subspace V}, should fit the domain in a certain sense.

Perhaps the most straightforward way is to cover the domain 2 by a set
of triangles ('mesh’ in the following). The following restrictions are required:

e the interiors of the triangles have to be disjoint

e the union of the triangles should be identical to the domain as precisely
as possible

e the triangles should fit the boundary of the domain as exactly as pos-
sible

e the triangles should join each others by whole sides
e the angles of the triangles should not be 'too small’.

The triangles of the systems are called finite elements. The corner points
of the triangles are called node points or simply nodes. As an illustration,
see Figure [8l In 2D (and especially in 3D), the definition of the basis func-

Figure 8: Triangular covering of a 2D domain.

tion (trial functions) is much more sophisticated task than in 1D. One of
the simplest examples for trial functions is the system of piecewise linear
(bivariate) functions. A typical basis in the subspace of these functions is
the system of ’tent functions’. Such a function takes the value 1 in a specific
node and zeros in all other nodes. This is a straightforward generalization of
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Figure 9: The graph of a typical tent function.

the one-dimensional *hat functions’ (see Figure [J] for illustration). Since the
gradient of a bivariate piecewise linear function is piecewise constant vector
functions, the assembly of the stiffness matrix and the right-hand vector is
simple (in principle). However, in practice, one should create

e a list of nodes
e a list of elements (referred to by the indices of the nodes)
e 3 list of the elements that contain the node as a corner.

The stiffness matrix is sparse, because only the trial functions which belong
to neighbouring nodes generate nonzero entries. Thus, to numerically solve
the discrete variational equations, an iterative (preferably based on Krylov
subspaces) method can be recommended.

As far as the Neumann type boundary conditions are concerned, we point
out again that the proper definition of the Hilbert space H is affected by
the Dirichlet boundary condition. The Neumann type boundary condition
affects the concrete form of the linear functional £.

As an illustrative example, consider a square domain covered by an
equidistant grid with stepsize h in both principal directions. Let us di-
vide each cell into two congruent triangles by drawing a diagonal between
the lower left and the upper right corners. The support of the basis function
¢ corresponding to the central point C is shown in Figure[10] The gradient
vector of ¢ is constant on each triangle belonging to the support of ¢c.
Namely:

e gradpc = - (0,—1) on the triangle 1

52



(1)
(6) (2)

s) /IS
7 @)

Figure 10: The support of the basis function ¢¢.

e gradpc =+ - (—1,0) on the triangle 2
e grad po = % -(=1,1) on the triangle 3
e gradpc = 7 - (0,1) on the triangle 4
e gradpc = 7 - (1,0) on the triangle 5
e gradpc = 7 - (1,—1) on the triangle 6

The area of each triangle is %2 Therefore the diagonal element of the

stiffness matrix belonging to ¢¢ is:
1 1 1 1
dec|Pdedy==+=-4+1+=-+-+1=4.
/Q||gra ool dxdy 2%—2—|- +2+2+
As far as the off-diagonal entries located in the same row are concerned,
only the basis function result in nonzero contributions that belong to a

node which is neighbouring with C. The case of the node N is shown in
Figure [11] As can be easily checked, the corresponding matrix entry is:

/(grad oo, grad o) dedy = —1,
Q

and the same results are valid for the other principal directions W, S and
E:

/ (grad o, grad pw) dedy = —1,

Q

/ (grad ¢, grad ps) dedy = —1,
Q
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Figure 11: The supports of the basis function ¢ and @py.

/(grad v, grad o) dedy = —1.
Q

There are two additional neighbouring basis functions in the direction NFE
and SW; the first one is shown in Figure Here the contributions of the

Figure 12: The supports of the basis function pc and pnE.

two triangles cancel out (check it!):

/ (grad o, grad pn ) dedy = / (grad o, grad psw) dzdy = 0.
Q Q

Thus, the discrete variational equation belonging to the node C' is as follows:

dac —any —awy —ag — ag = bo,
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where

bo = /Qf(x,y) po(,y) dedy

It can be seen that the assembly of the discrete variational equations is
rather complicated especially when the structure of the mesh is more com-
plex. From a practical point of view, it is more comfortable to treat the
trial functions elementwise, i.e. to compute the terms that the individual
elements contribute to the entries of the stiffness matrix with (and to the
components of the right-hand side, respectively).

The trial functions restricted to an element are called shape functions.
To generate a discrete variational system of equations, it is sufficient to know
the shape functions only (instead of the trial functions).

5.3.2 Some 2D finite elements

The description of the shape function is often simpler it the barycentric
coordinates are used instead of the familiar x, y coordinates. First we briefly
recall the definition:

Barycentric coordinates: Let the not collinear points (x1,y1), (x2,y2), (x3,y3) €
R? be given. Denote by (z,y) an arbitrary points of the plane. Then
the points (z,y) can be uniquely expressed as a convex combination of
(x1,91), (x2,y2), (3,y3), i.e. there exist some coefficients A1, A2, A3 € R
such that:

TIANL + Todo +x3N3 =7

Y1A1 +y2re tysAs =y

A+ +A3=1

The numbers A1, Ao, A3 are called the barycentric coordinates of the point

(x,y). It is obvious that as functions of x and y, they are polynomials of
first degree. It is also obvious that

(k,j=1,2,3).

Courant element (or T3 element): Consider the triangular element with the
vertices (nodes) (z1,y1), (¥2,92), (z3,y3) (see Figure[13)) supplied with the
barycentric coordinate functions as shape functions:

)\17 )\27 )‘3
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Then V}, is the elementwise linear functions (the tent’ functions mentioned
above).

=

N

Figure 13: Courant (73) element

Second degree triangular element (or T6 element): Consider the triangular

element with the vertices (nodes) (x1,v1), (z2,v2), (z3,y3) (see Figure [14]).
Denote by (z4,y4), (z5,s5), (z6, ys) the midpoints of the sides of the triangle.

3

=

Figure 14: Second-order (7g) triangular element

Define the following shape functions:
w1 ::>\1-(2-)\1—1), w2 ::)\2‘(2-/\2—1), ws Z:>\3-(2-)\3—1>

w4y 2:4-)\1-)\2, Ws 2=4-/\2-A3, We :24-)\3-/\1
Then
wi(zk,ye) =1, wil(xy,y;) f5#k
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(k,7 = 1,2,...,6). Moreover the subspace V}, is the elementwise quadratic
functions which are continuously connected along the sides of the triangles.

The above elements can be generalized for 3D problems (tetrahedral
meshes) in a natural way. Note, however, that a really good mesh generation,
which can fit complicated domains (especially in 3D) is still a difficult task
in practice and requires special tools and algorithms.
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6 Other computational techniques - an outlook

6.1 Method of Fourier

The method is introduced through the example of the 2D Poisson equation.
Throughout this subsection, we will use the more familiar notations x, y for
the spatial variable (instead of the vector notations).

6.1.1 Fourier’s method for 2D Poisson equation
Consider the Poisson equation
Au=f inQ
supplied with the homogeneous Dirichlet boundary condition:
ulr =0,

where the domain (2 is a rectangle: Q = (0, 4) x (0, B).
The main idea of the method is to seek the solution in terms of sinusoidal
Fourier series:

et . kmx | jmy
u(z,y) = Z Z ap,; - S0 —=sin =2,
k=1 j=1

where the Fourier coefficients aj, ; are unknown.
First, expand the function f in a sinusoidal Fourier series:

e kmx T
Fa) =323 engsin Ty sin 5L,
k=1 j=1

where the Fourier coefficients can be computed by evaluating the following
integral:

4 k j
ki = AR /Q f(z,y) - sin%sin% dxdy

Proof reminder (with simplifications): Multiplying both sides of the equality

2 krx | jmy
flz,y) = ZZCW sin — = sin =,

k=1 j=1
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T m
by sin pj sin %, and integrating over (), we have:

B

00 A B
= E Ch,j * < / sin krz sin 7% da:) . ( / sin my sin 7Y dy>
- 7-]
oyt 0 A A 0 B B

Direct computations show that if k £ p, then:

A
k
/0 sm%xsin]%dx—()

x
/f x,y) smlsinqidxd

and similarly, if j # ¢, then:

A .

JjTx qmx
“——sin — dz = 0.
/OsmBsmB x

Thus, the above equality is simplified to:

/f x,y) smﬂsm%dxdy—

A B
_ .o PTT ) (/ o qTY )
=Cpgq- sin“ ——dzx | - sin® —= dy
. (/0 A o B

The integrals in the right-hand side can be calculated easily by substitution
t = =T yielding:

A
A & A T — 2 A
/ sin Iﬂd / Sin2k‘tdt:-/ Mdt:—
0 A T 0 v 0 2 2

Similarly:

This implies that:
AB
/ flz,y) smﬂsin%dm’dy— Cp,q I

from which the proposition follows.

Now define the function v in the form:

g kmx s
y) = ZZ@M -sinjsin %,

k=1 j=1
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with the Fourier coefficient:

Ck?]
k272 2,2
T+

ak,j = - (]{7,] = 1, 2, )

Then the function u vanishes along the boundary i.e. along the lines y = 0,
x = A,y = B, x =0 (check it!). Moreover, the function u satisfies the
Poisson equation, since:

> 0% | kmx\ . jmy . knx [ 0® | jmy
Au(z,y) = Z ak’j.<<8x2 sin A) sin == —1—81117 (83/2 sin B)) =

k,j=1

- > Ck.j k272 j27r2 . kmx . Ty
- Z N 1E + Bz ) - sin — - sin = =
kj=1 A2 B2

= Z c,; - sin 7msin%zf(ac,y)

Summarizing the above calculations, the algorithm is as follows:

e Calculate the Fourier coefficients:

4 krx
Chj = AB/Qf(x,y sm%sm%dxdy (k,j=1,2,..)

e Calculate the Fourier coefficients:

Ck,j .
Uhj = —Tmmm e (k,7=1,2,..)
A2 B

e FEvaluate the Fourier series

ZZakj s1n@sin%

k=1 j=1

The method can be applied very rarely, since it requires that:
e the domain ? is a rectangle

e the problem to be solved is a Poisson equation.
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Generalizations are hard. However, if the method is applicable, then it is
economic from computation point of view, provided the Fourier series are
truncated by taking into account the first N terms and by performing both
the expansions and the evaluations by the Fast Fourier Transform algorithm.
In this case, the necessary number of arithmetic operations is O(N?1log N).

The generalization of the algorithm is not trivial even to the case of the
Laplace equation. In the following, this technique will be outlined.

6.1.2 Fourier’s method for 2D Laplace equation

Consider the Laplace equation
Au=0 inQ
supplied with the nonhomogeneous Dirichlet boundary condition:
ulr = uo,

where the domain €2 is again a rectangle: Q = (0, A) x (0, B).

Without loss of generality, we can assume that the boundary condition
function ug vanishes at the corner points of the rectangle. Otherwise, seek
the solution w in the form: u(x,y) = w(z,y) + wo(z,y), where wo(x,y) =
a + bx + cy + dry and the numbers a, b, ¢, d are the solutions of the simple
system of equations:

a ZUO(O,O)
a+b-A = up(4,0)
a+b-A+c-B =wuy(A,B)
a+c-B = u0(0, B)

Then, by definition, the values of ug and wg coincide at the corner points.
The function wq is obviously harmonic, thus, the function w satisfies the
Dirichlet problem:

Aw =0 1in Q, w|r = ug — wolr,

where the boundary condition function vanishes at the corner points.

From now on, assume that the boundary condition function ug itself has the
above property i.e. it vanishes at the corner points of the domain 2. Denote
by I'1, I'o, I's and I'y the sides of the rectangle :

I':={(z,0): 0<z< A}
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Expand the function wug in sinusoidal Fourier series along the four sides of
the rectangle:

e Along I'y:
= i a(l) - sin @
= i yi
k=1
e Along I's:
= i a\? - sin Ty
K B
e Along I's:
- = 3) . kmx
= Z (Ik - Sin 7
e Along I'y:

- (4) kmy
= Zak Sln?

k=1

Since the function wug is assumed to be known, the Fourier coefficients a),
a® . a®, ¢® can be computed without difficulty.
Now define the following four bivariate functions:

. kmx . km(B—vy)
1
ul ) Z a smh k7rB - sin ol sinh — 1
Z a ————— -sinh lmri sin @
k sinh %22 k”A B B
Z a sin hr sinh kry
k smh kﬂB A A

.~ .sinh . §i
Zak sinh kA k:TrA + S1n. B Sin B
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Elementary calculations show that Aul) = 0 for j = 1,2,3,4. Indeed,

for any k:
. kmx . kmy
A <Sln 7 sinh A) =

Kr? | krx kmy K2r2  kmx . kmy

=~ - sin 1 sinh 1 + 12 - sin 1 sinh 1

(the other three functions appearing in the above Fourier series can be

treated similarly). Note that, if the function ug is smooth enough, the
Laplace operator can be applied to the Fourier series term-by-term.

It can be checked by direct computations that for each j =1, 2,3, 4:

0

WD |p, = uo|r;,
i.e. along the side I';, u9) is identical to the boundary function ug, and
vanishes on the remaining three sides:

U(j)|Fk =0

for k # j.
Thus, the function defined by

v oV 0@ B 4@

is harmonic in €2, and coincides with the boundary condition on I'.
In short, the algorithm is as follows:

e Calculate the Fourier coefficients of uy on each side of the rectangle
Q). Thus, we obtain the numbers a,(cl), a,(f), a,(f’), a,(j‘) (k=1,2,..).

e Define the functions ™, u2, 43 4*) by the above sinusoidal Fourier
series.

e The solution of the Dirichlet problem is expressed as u := u(!) +u? +
u(g) _|_ u(4) .

The applicability of the method is restricted to the 2D Laplace equations
(or, at most, to a bit more general elliptic equations) defined on a rectangle.
In practice, the Fourier series expansions and evaluations are recommended
to be performed by the Fast Fourier Transform algorithm. In this case,
the necessary number of arithmetic operations is O(N log N) for computing

the Fourier coefficients algj) (k =1,2,..,N, j = 1,2,3,4). However, the
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computational cost of the evaluation of the solution is also O(N log N) in
each point (z,y). If the evaluation points are located on a grid with stepsize
h = %L the total number of necessary operations is O(N?log N). How-
ever, if the solution has to be evaluated in the vicinity of the boundary only
(which is often the case), then the computational complexity is reduced,

typically to O(N?log N).

Remark:

e In the seemingly more general case, when an inhomogeneous Poisson
equation is to be solved:

Au=f in Q, ulp = o,

the solution can be expressed as a sum of the solutions of the following
two problems:
Av=f inQ, vlp =0,

Aw =0 1inQ, w|pr = wp.

It is obvious that the function u := v + w satisfies both the Poisson
equation and also the boundary condition.

6.2 The Finite Difference Method

The most traditional computational tool for solving partial differential equa-
tions is the finite difference method. The basic idea of the method is to
approximate the derivatives appearing in the differential equation by differ-
ence schemes. Therefore the first task is to define a computational gridi.e. a
finite set of points. All the values of functions are evaluated and computed
at the gridpoints only. To compute the (approximate) solution between the
gridpoints is a completely different task (interpolation problem in general),
which does not belong to the finite difference method.

6.2.1 Finite difference method for 1D elliptic problems

Let Q be an 1D domain i.e. an interval: © := (0, A). Consider the 1D
Poisson equation:
u'=Ff inQ

supplied with Dirichlet-type boundary condition:
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where a, b are predefined numbers, f is a given function which is defined on
the interval 2.
Define a computational grid on the closed interval [0, A] by

api=k-h (k=0,1,..,N)

where h denotes the stepsize of the grid: h := %. The given number N indi-
cates how many parts the original interval is subdivided into. The numbers
o, 1, ... , xy are called gridpoints. The above defined grid is equidistant
i.e. the distances between the consecutive gridpoints is constant. A part of
the grid is shown in Figure

Figure 15: A part of a 1D equidistant grid.

A natural tool to create difference schemes is the well-known Taylor
series expansion. Recall that if u is a sufficiently smooth function (more
precisely, four times continuously differentiable), then it can be expanded in
terms of finite Taylor series around xy as:

ul(l'k) . h+ U//(:L'k) ' h2 + u///(l,k)

3 4
1! 2! 3! h7+O(h)

u(a:k+1) = U(fk + h) = u(xk) +

where in the right-hand side, only the order of magnitude of the remainder
term is indicated (O(h?)) Similarly:

u' () u(zy) o u"(zp)
TR TR T

w(zp_1) = u(zy —h) = u(ey) — B3O

Straightforward calculations show that

v (zg) = u(xkﬂ)h_ u(z) + O(h) (forward scheme)
ooy - ulek) —u(eg-1)
u'(xg) = . + O(h) (backward scheme)
v (zg) = u($k+1)2_hu(xk_1) + O(h?) (central scheme)
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u(wp41) — 2ulzp) + u(@p—1)
B2

The terms O(h) and O(h?) characterize the errors of the schemes. We say

that a scheme is of order p, if the error term of the scheme (the difference

between the exact derivative and the difference scheme) is O(hP). We see

that the forward and the backward schemes are of first order, while the last

two central schemes are of second order.

In practice, the stepsize is predefined. A smaller stepsize results in more
precise schemes especially when the scheme is of high order. On the other
hand, a smaller stepsize increases the number of gridpoints, thus, the amount
of computational work is also increased. It should be pointed out, that
the exactness of the applied schemes does not mean the exactness of the
approximate solution of the differential equation; the error analysis is a
much more complicated task and requires special mathematical tools.

Returning to the model Poisson problem:

u(zg) = +O(h?) (central scheme)

o' =f u(0) =a, wu(A) =0,

denote by ug, ui, ..., uy the values of the approximate solution. At the
gridpoint xj the second order derivative u” () is approximated by the above
three-point central scheme. This results in the discrete problem:

Ug—1 — 2Up + Ugy1
h2
The values ug and uy are known form the boundary condition: ug = a,
uy = b. We have obtained a linear system of algebraic equations with
(N — 1) unknowns.
To analyse the exactness, introduce the following error terms. Denote
by u the exact solution and:

= fu = flaw) (k=1,2,..,N —1)

w(rp_1) — 2u(xg) + u(zg
g%:( ) 22) (+Q—h (k=1,2,..,N —1).
The numbers gy are called local error terms. Introduce also the global er-
ror terms as the differences of the exact and approximate solution at the

gridpoints:

er = u(xg) — ug (k=0,2,...,N).

Of course, eg = eny = 0.

The local error can be estimated easily, based on the Taylor expansion
of u. However, the error which has a direct importance in practice is the
global error. In the following, an error estimation will be deduced.
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Observe that for the local error terms, the following equalities are valid:

u(rr—1) — 2u(wg) + u(Tpy1)
hQ

Consider the discrete system of equations again:

:fk+gk (k:1,2,...,N—1).

Uk—1 — 2up + U1
h2
Subtracting the two equations, we obtain that the global error terms satisfy

a similar system of equations, and the local error terms appear on the right-
hand side:

€k—1— 2€k +epp1
h? -

= f (k=1,2,.,N —1)

(k=1,2,..,N—1)

and eg = ey = 0.

Denote by Ap € M(y_1)x(n—1) the matrix of the system. Obviously, for
every w € RV~ the equality
W1 — 2Wg + Wi

h2

is valid (where, by definition, wg := wy := 0.

Thus, the connection between the local and global error terms can be
written in the following compact form:

(Apw)y, =

Ape=g

where e := (eq,...,en—1), and g := (g1, ..., gv—1). From this system, an error
estimation immediately follows:

llell < 14311 Tlall,

where ||.|| denotes the Euclidean norm in RV~

This estimation is not suitable for practical purposes yet, since the Eu-
clidean norm directly depend on A (through N). A much better choice for
measuring the errors is the use of the root mean square:

2 2 2
HeHRMS :: el tey+ ... +ey_y
N -1

Note that the root mean square of a vector which consists of ones is al-
ways equal to 1, independently of the dimension of the vector. The above
estimation immediately implies that:

llellrars < 114571 - l|gl| racs
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We will show that the norm of the inverse matrix A,:l is uniformly bounded
i.e. it is independent of h. More precisely:

145 <C

for some constant C, which is independent of h. This is often called the
stability of the scheme, and results in the estimation

llellrars < C - lgllrass

which means that the global error can be estimated by the local error from

above. The local error terms can be estimated easily (using Taylor series

expansions), thus, this will result in the desired global error estimation.
The stability result is based on the following theorem:

Theorem: The matrix A;, is self-adjoint and negative definite. The eigen-

values of Ay are A1, Ao, ..., Ax_1, and the corresponding eigenvectors are
s s@ N1 where:
4 k kj
Ak:_ﬁ.snﬂ%, 5{F) :sin% (k=1,2,....,N —1)

Proof: Based on the definition of Ay, it is obvious that Aj is self-adjoint.
The only thing that should be proved is that A,s®*) = \;-s*). By definition:

i h? N N N
1 ( ki ki kir . km o kj71'+
= — - [ sin =—— cos — — cos —— sin — — 2sin —=—
h? N N N N N
. kjm km n kjm . kw
sin —— cos — + cos ——sin — | =
N N N N
2 si kim <1 cos /-c7r>
= —— .S1ln — - — R
h? N N
e : o .9 1 —cos 2«
Utilizing the elementary trigonometric identity sin“ o = — W ob-

tain:

k : c 2

which completes the proof.
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Due to the self-adjoint property of the matrix Ay, the norm of A; as well
as the norm of A~! can be expressed with the eigenvalues of Aj:

Corollary:

4 N — 1w 4

and
=t Lo A
h B ’A|min B ‘)\1| N 4Sin2ﬁ 4 2 7'(2

4N?Z

independently of A (where ~ means the asymptotic equality when N — oo
ie. h —0).

Thus, the stability of the scheme is proved, and the estimation

llellrvs < C - lgllrms,

is valid.

The estimation of the right-hand side is much simpler. Expanding the
exact solution w in finite Taylor series around x;, we have:

/ " n
w(xps1) = u(xp+h) = u(xg) + 4 (fik) h+ g‘vk) -h?+ w.h?’—i—(’)(h‘l)
and
/ " n
w(zp_1) = ulzs —h) = ulag) — - (1‘?“) ht 2 ;Ck) ‘h?— “éf’“) B3+ O(hY)

By adding these equalities, we obtain:

w(wp—1) + u(wpr1) = 2u(ag) + u’(zx) - h* + O(hY),

whence
~u(zp—1) — 2u(wg) + u(rggn) _
gk = h2 o fk
u(xp_1) — 2u(zg) + ulx
_ u(rp—1) }§2k) (Tr+1) o (zp) = O(R?)
i.e.
lgr| < Co - h?
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(k=1,2,..., N — 1) for some constant Cj which is independent of h and k.
Therefore:
19!l rars < Co - h*

which implies that the same type of estimation is valid for the global error:
llel|rars < C - Co - h?

Summarizing the above results we have the following theorem:

Theorem: The accuracy of the above defined finite difference method based
on the central scheme is of second order, i.e. the global error (with respect to
the root mean square) is O(h?) (provided that the exact solution is smooth
enough).

Remarks:

1. The above 3-point central scheme can be generalized to the more gen-

eral problem
AN
de \7 dz) ="

which is the 1D equivalent of the differential equation div (o -grad u) =
f- The most usual scheme is:

1 <0'k—1 + oy,
—_— 7/”

Ok—1+ 204 + 011 Ok + Okt1
72 -1— ug + Uk41

2 k-l 9 2

2. If, for instance, at the point xy, a Neumann type boundary condition
u'(x9) = a is given, then the first derivative of u should be approxi-
mated at xg. The naive solution is to use the one-sided scheme:

Ul — Ug
U (mg) ~ =

However, this scheme is of first order only, which decreases the accu-
racy on the whole interval (0, A). A possible remedy is the use of a
higher order scheme for the derivative u'(xp). A more elegant way is as
follows. Let us expand the function «’ in a finite Taylor series around
X + %:

h 1 h
v (zo) = o/ <a:0 + 2'> — §UH <a:0 + 2> +0O(h?) =
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Ul — UQ 1 h

=— 'f<$0+>+0(h2)

2 2
And since f (o + %) = f(z0) + O(h

~—

, therefore we have:

Ul — Ug

0 2 fao) + O?)

' (x0) =

|

Thus, the Neumann boundary condition at xg can be approximated
by the second-order scheme:

6.2.2 Finite difference method for 2D elliptic problems
Let © be an 2D rectangular domain €2 := (0, A) x (0, B). Consider the 2D

Poisson equation:

Au=f inQ
supplied with Dirichlet-type boundary condition:

ulr = ug

where I' denotes the boundary of €2, f is a given function which is defined
on the domain .
Define a computational grid on the closure of 2 by

(xk,j)yk,j) = (k : hl‘?] : hy) (k = 07 17 7Na ] = O) 1) 7M)

where h;, h, denote the stepsizes of the grid: h, := %, hy == %. The given
numbers N, M indicate how many parts the sides of the original rectangle
are subdivided into. The points (xy ;,yx,;), are called gridpoints. The above
defined grid is equidistant. The stepsizes h,, hy need not be equal. A part
of the grid is shown in Figure

The 2D scheme comes from the 1D central scheme, by approximating
the derivatives ‘32775‘ and g%‘ separately. This results in the following discrete
system:

Up—1,j — 2Up,j + Upg1 N 2upj + Ukt

= fuj = f(xr, ;)
2 2

where uy ; denotes the approximate value of the solution at the gridpoint
(xk,y;), and £ =0,1,..,N, j=0,1,..., M.
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'r(x:n}’ju]

- L L
(xp-1,¥)  |(xp¥j) (Xper1.¥5)

»
(x;cr}’j—lj

Figure 16: A part of a 2D equidistant grid.

Remark:

e If the stepsizes in the different directions coincide: h, = hy, =: h, the
above b-point scheme becomes even simpler:

uy +uw +us +ep —4duc
h? B

fc

where the index C' refers to a central gridpoint, and the neighbours of
C taken in the main cardinal directions are denoted by N, W, .S and
E.

Let u be the exact solution of the problem. Similarly to the 1D case, intro-
duce the local error terms:

o u(mg—1, ) — 2u(Tr, y5) + w(@ka1, y5)
gk’,] L h2 +
xT

w(zg, Yj—1) — 2u(x, y;j) + w(Tk, yj4+1)
2
)

=+ _fk,j7

and also the global error terms:

€k,j = u(wy, yj) — Uk,j
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Again, by definition, the global error terms satisfy the following system of
equations:

Cho1j = 26kt Chi1y | Chj1 = 20kt Chji1 e
h% hi 7]7

and ey ; = 0 at the boundary gridpoints x, ; (i.e. when k =0 or k = N or
j=0orj=M).

Denote by Ay, pn, the discrete Laplace operator, i.e. for every grid func-
tion w which vanishes at the boundary gridpoints:

(4 o = W 2Whj + Wity | Whjo1 = 2Whkj + Wkt
hZ7hyw kg = h2 h2
T Yy

Theorem: The mapping Ap, p, is self-adjoint and negative definite. The
eigenvalues of Ay, p, are A ;, and the corresponding eigenvectors are s(k:d),
where:

4 k 4 ' ; k '
Ak, = sin? m = g2 I shd) = gin LT iy 1T

h?2 2N h2 oM’ P N M

T

where k,p=1,....N—-1and j,q=1,.... M — 1.
Proof. The mapping Ay, p, is self-adjoint (check it!). The only thing that
should be proved is that Ahx’hys(k’j) = Aij - s(k3) . By definition:

(Ahz,hys(k’j))p’q =

k
—QSinﬂ—i—sin

_ 1 (g k=D kp+Dm o997,
- K2 N N N M
1 (g —1 ' ' 1 k
+h7% . (sinj(qM i — 2sin% —|—sin‘](qj\_4 )W) -sin ]I\);r
Using the same trigonometric calculations as in the 1D case, we have:
( Ay suc,j)) -
o P
. kpr 4, km . ggm . Jqm 4 5 gm . kpm
= —s8in—— - — -8in° —— -sin=—=— —sin=—— - — -sin®* =— -gin — =
N h2 2N M M hZ 2M N
. kpm . jqm 4,2k7r+4,2j7r
= —sin —sin = - | — sin” — + — sin” =—
N M h2 2N hZ 2M
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which completes the proof.

Corollary:
1451, = = = !
x Y
1 1 A2B2

~ - =
4 2 4 2 2 A2 B2
4 .z, 4 2 7

RZANZ T RZ AN +

independently of h, and h, (~ means again the asymptotic equality when
N, M — oo i.e. hy,hy —0).

This is the stability result for the 2D scheme. Similarly to the 1D case, this
implies that the estimation

llellrars < C - lgllrass

is valid also in the 2D case. The local error terms can be estimated easily,
based on Taylor series expansion around xj and y;, respectively. Utilizing
the 1D results, we have:

9%u
wW(Tp—1,Y5) — 2u(xk, yj) + w(Trt1,Y5) = @(ﬂfk,?/j) -h2 + O(hy),

and also

9%u
(g, yj—1) — 2u(zr, y;) + w(@, yj11) = ain(JUkayj) -hy + O(hy),

Hence

u(mp_1, ) — 2u(x, vy) + u(Try1, vy)
9k,j = h2 +
X

w(@g, yj—1) — 2u(xg, y;) + w(@k, Yj+1)

+
2
hy

— Jrj =

o u('rk—hyj) - 2u(xk7yj) + u(xk+17yj)+

w(xy, yj—1) — 2u(zr, y;) + w(@k, yj+1)
h2
Yy

2 12
= O(hy + hy)

_l’_

- Au<$k, y]) -
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Consequently:
|9k,;] < Co - (R + h)

for some constant Cp which is independent of h;, h, and also of k, j. There-
fore:
lgllrams < Co - (h2 + h2)

which implies that the same type of estimation is valid for the global error:
llel|rars < C - Co - (h3 + hi)
Summarizing the above results we have the following theorem:

Theorem: The accuracy of the above defined finite difference method based
on the central scheme is of second order, i.e. the global error (with respect
to the root mean square) is O(h2 + hi) (provided that the exact solution is
smooth enough).

Remark:

e Assume that a Neumann type boundary condition

ou
— _—a
on
is given along a part of the boundary, for instance, along an eastern
part (see Figure . Here % = %, so that the first derivative of u

(xk:}"j+1j

(X—1,75) (xkryjj

(xkryj—lj

Figure 17: A part of a 2D equidistant grid, Neumann boundary condition.
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should be approximated at a point (zy,y;). The naive solution is to
use the one-sided scheme:

8U Uk — Uk—1.4

5J )
— Tk )~
()Tl( 73/]) hx

However, this scheme is of first order only, which decreases the accu-
racy on the whole domain §2. A possible remedy is the use of a higher
order scheme for the derivative g—g(xk, yj). A more elegant way is as
follows. Let us expand the function v in a finite Taylor series around

(zg, y;):

ou 1 0%u
u(rrp—1,y5) = u(Tr, yj) — %(xk,yj) he £ 5 @(wk, y;) - b+ O(hd)

However: o2 o
u u

and the second order derivative of u with respect to y can be ap-
proximated by the 3-point central difference scheme at an accuracy of
O(hi). Thus, we have obtained that:

ou
u(rgp—1,Y5) = w(Tg, y;) — %(kaayj) “hy+

1 . -2 . .
+_(_U(9€k7yg 1) — 2u(zg, y;) + u(@k, Yj+1) +f($k,yj)+0(h§)>-h§+

2 B2
+O(h3),
which implies:
8’& o U(l’kay]) _U(l’kfl,yj)
8756(1"{’ y]) - h;c -
U u(zg, yjr1) — 2u(wk, ;) + u(Te, yj—1)) 1
. chy + = Lyi) - hy
5 02 +g o flawyg) - het

2 12
+O(hg + hy)

This results in the following second order scheme at Neumann bound-
ary:

Upj —Uk—1j 1 Ukji1 — g + Uk 1
hy 2 h2

1
e 5 frg he = kg
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Finally, it should be pointed out that the finite difference method still works
on non-rectangular domains as well (but the error analysis is more difficult).
One has to register the inner and the boundary gridpoints; at each inner
gridpoint, a discrete scheme is defined, while at the boundary gridpoints,
the boundary condition is to be approximated. This results in a large lin-
ear system of equations but the matrix of the system is extremely sparse,
which makes it possible to apply efficient solution techniques e.g. Krylov
subspace methods. Note, however, that the approximation of the boundary
is rough, which may decrease the accuracy. A possible solution technique
is to define gridpoints which are located on the exact boundary and to de-
fine non-equidistant schemes in the vicinity of the boundary. It should be
emphasize that the structure of the finite difference grid cannot follow the
characteristic properties of the solution. In a lot of cases, the solution is
much ’smoother’ in the middle of the domain than in the vicinity of the
boundary, so that much coarser grid would be sufficient. The above dis-
advantages and difficulties reflect to the limitations of the classical finite
difference method.

6.3 The Method of Fundamental Solutions

The Method of Fundamental Solution (MF'S) is a relatively new technique for
solving homogeneous partial differential equations. We introduce the method
through the example of the 2D Laplace equation. It should be pointed out in
advance that the method is a meshless method, i.e. in contrast to the finite
difference method or the finite element method, the MFS requires neither
grid nor element structure in the domain or on the boundary. Only some
finite sets of points are needed without eny grid of element structure.
Consider the model problem

Au =0
in a bounded 2D domain €2 supplied with the mixed boundary condition:
ou
u’FD — an %|FN = Vo

where I'p and I'y form a disjoint decomposition of the boundary I'.
The Method of Fundamental Solutions gives an approximate solution of
the problem in the form:

N

u(zx) = Zaj -®(x — T5),

Jj=1

7



where aq,..., ay are a priori unknown coefficients and ¢ denotes the funda-
mental solution of the 2D Laplace operator:

®(z) := log |||

The points 1, T2, ..., Ty are predefined external points (source points),
where N is a given integer number.
The method is based on the fact that ® is a harmonic function (except
for the origin):
Ad(z) =0 (z#0)

Indeed, a simple vector calculus shows that if x # 0, then:

1 1
A®(z) = divgrad (2 log H:):H2> = div (W : x) =

1 1
— d—— = (divz) =
<<‘*““"a |:c||2’”“’>+|m||2 (dive)

2x n 2 0
=(——7F, —— =0.
|| |* ||| |2

The origin is clearly a singular point of ®.
Consequently, the function

N
u(x) == Z aj - ®(x — z5),
j=1

satisfies the Laplace equation exactly in all points of 2. The coefficients

ai, ..., ay can be calculated by enforcing the boundary conditions in some

predefined boundary collocation points x1,xa,...,xn € I' (cf Figure [18)).
This results in the following system of equations:

N
Zajé(mk — i‘j) = U()(.T}k) ifxzp € 'p
j=1
N
0P - .
Zaja—(xk—xj):vo(xk) ifo ey
=1 7k

where n; denotes the outward normal unit vector at the boundary colloca-
tion point x;. The normal derivative of ® can be calculated easily, yielding;:

0P (@)
A P

The basic algorithm of the method is extremely simple:
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Figure 18: Source and boundary collocation points.
e Define a set of external source points 1, Zo, ... , Tn-
e Define a set of boundary collocation points x1, xa, ... , TN.

e Generate and solve the system of equations

N
Z aj<1>(a:k — ﬂj"j) = uo(xk) ifxp, € 'p
j=1
N
0P - .
Eaja—(xk—a:j) :U0($k) lfkaFN
=1 7k

e The approximate solution is:
N
u(zx) == Zaj - P(x — 75)
j=1

The algorithm can be programmed in a very simple way. However,
the matrix of the resulting system is generally fully populated and non-
symmetric. In many cases, the matrix of the system is extremely ill-condi-
tioned. The greater the distance of the source points from the boundary,
the higher the condition number of the matrix. It should be also pointed
out that the proper location of the source points is far from being evident,
and no ’optimal’ arrangement of source points exist in general.

Remark:
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e The numbers of source and collocation points need not be equal. If
they are different, the linear system has a nonsquare matrix. In this
case, a least squares approach or the Singular Value Decomposition
can be used.

The method can be generalized to Poisson equations as well, using a scat-
tered data interpolation technique based on radial basis functions (RBF).
Consider the Poisson equation

Au=f
in the domain €2 supplied with the mixed boundary condition:
ou
u’FD = Uuo, %|FN = Vo

The solution is sought as a sum of a particular solution and a homogeneous
solution:
u=up+ug,

where the function up is assumed to satisfy the Poisson equation
Aup = f

without requiring any boundary condition. Once a particular solution up has
been determined, the homogeneous solution can be obtained by solving a
Laplace equation supplied with modified boundary conditions:

8UH 8uP
uglr, = uo — up|rp, WIFN Zvo—%\m

Obviously, the function u = up 4+ up satisfies the Poisson equation and the
original boundary conditions. This technique is known as the method of
particular solutions.

The homogeneous equation can be solved by the Method of Fundamental
Solutions, so that the only problem is to find a particular solution.

Define additional points scattered in the interior of the domain: w1y, ws,

., wyr € Q. Let ¥ be a radial basis function, and approximate the function

f by a scattered data interpolation based on the radial basis function ¥ (e.g.
a multiquadric function or the thin plate spline function etc.). Recall that
the interpolation function has the form:

M
fl@)=> 8- U(x—wy),
j=1
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where the coefficients 31, ..., Sy can be calculated by enforcing the interpo-
lation conditions:

M
Zﬁj W(wy —wj) = flwg) (B=1,...,M)
j=1

The crucial idea is to find another radial basis function © such that
AO =V

is satisfied. If © is such a radial basis function, then the function
M
up(x) ==Y Bj- Oz — w;)
j=1

is an (approximate) particular solution, since at the interior interpolation
points:

M
Aup(wg) = Zﬁj - AB(wy, — wj) =

j=1

M
=8 Wy, —wy) = flwg)  (k=1,..,M)
j=1

The overall algorithm can be summarized as follows:

e Define some interpolation points wy, we, ..., wys scattered in the inte-
rior of the domain 2.

e Choose a radial basis function ¥, and perform an interpolation based
on the radial basis function ¥, the interpolation points w1, wa, ..., Wy
and the corresponding values f(wy), f(w2), ..., f(wyr). Calculate the
coefficients 1, B9, ..., Sy by solving the interpolation equations.

e Using the same coefficients §; computed in the previous step, define
the particular solution by

M
up(e) ==Y Bj- Oz —w;)
j=1

where the radial basis function © satisfies the equality A© = .
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e Solve the Dirichlet problem

Aug =0
supplied with the modified boundary conditions
u | —u u ’ 8uH ’ — auP‘
H|II'p — %0 PlT'p> on I';y — Y0 on I'nv

using the Method of Fundamental Solutions.
e The (approximate) solution of the original mixed problem is:
u=ug+up
The problem which has still to be solved is the proper definition of the
radial basis function © provided that the function ¥ is known. Here three
concrete choices are presented. For the sake of simplicity, polar coordinates

are used. The formulas can be verified by straightforward but more or less
lengthy calculations; they are left as an exercise.

1. Define ¥ by

| W) i=1+7 |

Then

1 1
@(T) = 17‘2 + §7"3

2. (Thin plate spline.) Define ¥ by

U(r) =72 logr

Then

1L 4 1 4
= — 1 _ —
o(r) 16T ogr 32r

3. (Multiquadric function.) Define ¥ by

U(r) =2+ 2

3

1
O(r) = 5 - (42 +1%) V1 +. 2 = S log (e + V2 + &)
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