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Chapter 1

Introduction

Overview

The goal of this guide is to present the theory of the finite element method using
simple examples, without excessive mathematical rigor. The material is aimed at an
engineer with a knowledge of the basics of higher mathematics.

Partial differential equations have long been successfully solved both by analytical
methods — for simple geometries — and by numerical ones — for complex geometries.
In practice geometries are usually complex, so one has to solve numerically. Among
numerical methods, the most widespread are the finite difference method (FDM) and the
finite element method (FEM). The finite element method is preferable because it allows
a nonuniform mesh of simplices, which makes it possible to concentrate computational
resources where they are really needed.

This guide deals with one of the simplest equations — the nonstationary heat conduc-
tion equation. In practice you will most likely face more complex problems, but once you
master the method presented here, more general cases will become much clearer. You are
strongly encouraged to verify all formulas yourself.

The equation

This guide is devoted to thermal fields, which in general are nonstationary. Let us
consider a small volume dV inside a body with boundary S and outward unit normal w
(figure 1.1). The idea is simple: the amount of heat accumulated in the volume per unit
time equals the heat inflow through its boundary plus the heat released inside by internal
sources. This equation is called the energy balance equation and follows from the law of
conservation of energy. Through the boundary there can be not only an inflow of heat
but also an outflow, which is mathematically described as a negative inflow; similarly
with internal sources, which can be consumers.



Fig. 1.1. The energy balance in the small volume dV: the heat flux 7 through the
boundary S and internal heat sources.

The formula for thermal energy is known d@) = ¢ - dm - T, where d() is the thermal
energy of the small volume [J], ¢ is the specific heat capacity [J/(kg - K)], dm is the mass
of the small volume [kg], T is the temperature [K]. The mass of the small volume dV" can
be written in terms of the density p [kg/m?®] and the volume itself dV [m?]: dm = p-dV.
Then the energy stored in this small volume equals dQ) = c¢-p-T -dV. The rate of change
of the thermal energy of the volume V' equals

oT

0
T “p 1.1
5 c p-TdV = /Vc Py dv. (1.1)

Now let us describe the heat transfer. Fourier’s law states that the heat flux density
7 [W/m?] is proportional to the temperature gradient and directed against it — heat
flows from hot regions to cold ones:

7 =—kVT, (1.2)

where k is the thermal conductivity [W/(m - K)]. The minus sign precisely reflects
the fact that the flux is directed toward decreasing temperature.

Let us assemble the energy balance. The rate of change of the energy of the volume
equals the heat inflow through the boundary (the inward flux is —7 .77, since 77 is the
outward one) plus the power of the internal sources with volume density F' [W/m?]:

/Vc-p —dV— 5157 dS+/FdV (1.3)

The surface integral is inconvenient — we get rid of it by the Ostrogradsky—Gauss
theorem, turning the flux through the boundary into a volume integral of the divergence:

5127~7d52/vdiv7dv. (1.4)

Substituting (1.4) into (1.3) and collecting everything under one integral, we obtain

/‘/(c~p~%—f—|—div7—F)dV—O. (1.5)



The volume V' was chosen arbitrarily, and the integral over any such volume equals
zero — hence the integrand itself equals zero. Substituting Fourier’s law (1.2), we arrive
at the equation in differential form:

c-p-aa—f:div(k:-VT)—l—F. (1.6)

It remains to use the assumption made above. The medium is homogeneous and
isotropic, so the thermal conductivity & is the same at all points and in all directions —
it can be taken outside the divergence sign, and divV = A is the Laplace operator:

c-p~%—€:k'AT+F. (1.7)

k
Dividing both sides by c-p and denoting a*> = —— — the thermal diffusivity [m?/s] —
cp

F
and f = —— the reduced source density [K/s|], we finally obtain the heat conduction
c-p
equation:
oT(M,t)
ot

where a? is the thermal diffusivity, A is the Laplace operator, M is the geometry, ¢ is
time [s], T'(M,t) is the sought solution — the temperature field [K], f(M,t) is the heat
source density function inside the body [K/s].

Equation (1.8) is an inhomogeneous equation, since the right-hand side contains the
heat source density function f(M,t). The corresponding homogeneous equation has the
form

=a®- AT(M,t) + f(M,1), (1.8)

OT (M, t)
ot
The importance of the homogeneous equation will become apparent later, when we
obtain the general solution by the Fourier method of separation of variables.
For the test problems we will consider the following coordinate systems and Laplace
operators.
In the one-dimensional case the Cartesian coordinate system is used M = z:

=a’®- AT(M,t). (1.9)

82

In the two-dimensional case the polar coordinate system is used M = (r,6):
02 N 1 0 n 1 92
S or2 r or  r? 00%

In the three-dimensional case the spherical coordinate system is used M = (r, 6, ¢):

(1.11)

AZa—Z—I—g g—# ! 9 sin 6 9
S or2 v Or  r?sinf 00 00

1 0?

popemr Rl (1.12)



Boundary conditions

The equation alone is not enough: it only describes the relations between the particles
of the object itself, but the object does not exist like a spherical horse in a vacuum, so the
object under study must somehow be connected to the surrounding world. The boundary
value conditions for our example are the combination of the boundary conditions and the
initial condition 7(M). The initial condition is clear: it describes the temperature in the
object M at all interior points and on the boundary S. There may be a case where the
boundary is not explicitly specified: for example, we compute the electromagnetic field
above the ground; clearly the domain under consideration is the whole Universe, but we
artificially bound it within some reasonable limits and adapt the size of the finite elements
in proportion to the distance from the field source. This is an example of the advantage
of FEM over FDM, where we would have to compute the field where it is of little interest
to us. I will also note that we will not specify the thermal conductivity coefficients or the
density function — all of this will be in the most general form that FEM can accept; the
type of boundary condition, for example, directly affects the construction of the method
and must not be overlooked.

The initial condition is clear, so let us move on to the boundary conditions. Imagine
that we heat a steel ball in a blast furnace at 1000 K; we can assume the ball is placed
in an environment on which it has no influence, and the sphere bounding it will stay at
1000 K throughout the heating cycle. Such conditions are described by equation (1.13),
which is called a boundary condition of the first kind, or a Dirichlet boundary condition:

T(M,t) = &(M,t), M€ S. (1.13)

That is, the temperature on the surface is prescribed by some function, which in
general may depend on time; a particular case is a constant (in our example, 1000 K).

Fig. 1.2. Boundary condition of the first kind (Dirichlet): the surface temperature is
prescribed.

Now let us take the ball out of the furnace heated to 1000 K and wrap it in thermal
insulation. The ball will cool at roughly one rate, that is, the cooling pace will be more or



less constant. This is a boundary condition of the second kind (Neumann); it prescribes
the normal heat flux through the surface (1.14):

)v%’—t):@(M,t), M e S, (1.14)

where 77 is the outward normal to the surface S at the point M, X is the ther-
mal conductivity. This condition applies when the surface is being heated or cooled: if

®(M,t) =0, the surface is insulated; if ®(M,t) < 0, cooling takes place; if ®(M,t) > 0,
heating.

/)
W
S S S S
/S S

\

Fig. 1.3. Boundary condition of the second kind (Neumann): the flux through the
surface is prescribed.

There is also a condition of the third kind (Robin). Let the same ball cool in the open
air with no wind: heat is gradually removed from the surface into the environment, the
more intensely the hotter the ball is relative to the air. Such heat exchange is described
by equation (1.15):

IT'(M,t
—)\-ﬁa(’—):a(T(M,t)—Tc), MeS, (1.15)
7
where « is the heat transfer coefficient, T, is the ambient temperature. The flux

through the surface is proportional to the temperature difference — this is Newton’s law
of cooling.



BO3JyX

Fig. 1.4. Boundary condition of the third kind (Robin): convective heat exchange
with the environment.

In this guide we restrict ourselves to the first two kinds of boundary conditions.
The corresponding homogeneous boundary conditions have the form

T(M,t)=0, M€ S. (1.16)
A~%’—t>:0, MeS. (1.17)

The importance of homogeneous boundary conditions will become apparent later,
when we obtain the general solution by the Fourier method of separation of variables.

Equation (1.8) with the initial condition 74(M) and the boundary condition (1.13)
is called the Dirichlet boundary value problem, while the same equation with the same
initial condition but with the boundary condition (1.14) is called the Neumann boundary
value problem. We will consider both problems in this guide.

10



Chapter 2

Analytical solution of boundary value
problems

General analytical solution of the boundary value prob-
lem

In this chapter we will construct the general solution of the heat conduction boundary
value problem by the method of separation of variables (the Fourier method). But first,
a few introductory remarks. We want to solve the inhomogeneous equation (1.8) with
the initial condition Ty(M) and inhomogeneous boundary conditions (1.13) and (1.14).
Solving it head-on can be very difficult, so first we have to get rid of the inhomogeneity
of the boundary conditions. R R

Let us represent the solution as the sum T'(M,t) = T(M,t)+U(M,t), where T'(M,t) is
the solution of the problem with homogeneous boundary conditions, and U(M,t) is a
function that will absorb the inhomogeneity of the boundary conditions. Let us substitute
the sum into equation (1.8) and obtain

AT (M, t) AU (M, 1)
ot ot
The form of the function U(M,t) we will determine later, when considering specific
problems; for now let us note that it can be chosen as a polynomial defined up to co-
efficients, which are found from the boundary conditions. The new heat source density
function has the form

=a®  AT(M,t) + f(M,t) +a®- AU(M,t) —

oU (M, t)
ot
The coefficients U(M, t) for the Dirichlet boundary conditions are found by substitut-

ing the solution into the boundary conditions (1.13). The solution f(M ,1) satisfies the

homogeneous Dirichlet condition, that is, vanishes on the boundary S, whence

F(M,t) = f(M,t) +a® AU(M,t) — . (2.1)

~ ~

T(M,t)+U(M,t)=o(M,t), T(M,t)=0 = U(M,t)=d(M,t), M
€S (2.2

Similarly, the coefficients U (M, t) for the Neumann boundary conditions are found by
substituting the solution into the boundary conditions (1.14). The solution T'(M, t) satis-

11



fies the homogeneous Neumann condition, that is, its normal derivative on the boundary
S vanishes, whence

OT(M,t) o o UML)
on N on
= ®(M,t), MeS. (23)

T (M, 1) N GU(%, t) _ S
an ) )

Let us not forget the initial condition, which does not compute any coefficients but is
simply rewritten as

T(M,0) = To(M) — U(M,0). (2.4)

After computing the coefficients of the polynomial function U(M,t) the inhomoge-
neous boundary value problem with inhomogeneous boundary conditions reduces to an
inhomogeneous boundary value problem with homogeneous boundary conditions. Fur-
ther, to simplify the notation somewhat, we will not write the hat over the solution
T(]\/[ t), the initial condition T(M,0) and the source function f(M,t), denoting them
simply T'(M,t), T(M,0) and f(M,1).

Now we have to get rid of the inhomogeneity in the equation itself, but unlike the
procedure for removing the inhomogeneity in the boundary conditions, here we go from
the other side: first we solve the homogeneous equation, and then, based on it, we explain
how to solve the inhomogeneous one. To see that such a transition is possible, we will
rely on Steklov’s expansion theorem, since it is precisely what gives the basis in which ev-
erything is subsequently expanded. Having solved the homogeneous problem, we obtain
the set of its eigenfunctions. Steklov’s theorem states that this system is complete: every
function with a continuous first and piecewise continuous second derivative, satisfying
the same homogeneous boundary conditions, for example (1.16) or (1.17), expands into
a uniformly convergent series in the eigenfunctions of the homogeneous problem (1.9).
This means that both the sought solution of the inhomogeneous problem and the source
function can be represented in the same basis: projecting the inhomogeneous equation
onto each eigenfunction and using their orthogonality, we reduce it to independent ordi-
nary equations for the coefficients — that is, we build the solution of the inhomogeneous
problem on the solution of the homogeneous one.

We use the method of separation of variables (the Fourier method). We will look
for the solution of equation (1.9) as a sum of products T'(M,t) = > 77 W, (M) - ¢, (1),
where each term is a product of a function of geometry only and a function of time only.
The equation is linear and homogeneous, so it suffices to require that each term satisfy it
separately; let us consider one product W(M) - ¢(t) and substitute it into equation (1.9)
— we obtain

U(M) - 5 = a’ - AU(M) - ¢(t), (2.5)
which after division by W(M) - ¢(t) leads to
d9(t) I B 1
T —% = AU(M) 00’ (2.6)

where ¥2 is a constant. Indeed, the left-hand side of the equality depends only on
time, while the right-hand side depends only on the geometry; a function of time can

12



coincide with a function of geometry at all moments of time and at all points of the
domain only when both are equal to one and the same constant — this is the essence of
the separation of variables. The minus sign in front of it is chosen so that the solution
converges, which is easy to verify by examining the equation for time. The specific values
of this constant we will determine later — from the equation for the geometry.

Let us write the equation for time and its solution

do(t) 1
ot aoet) !

Pt)=A-e 7, (2.7)

where A is a constant.
The equation for the geometry has the form

AU(M) +~*- W (M) = 0. (2.8)

This is the homogeneous Helmholtz equation. To solve it, boundary conditions must
be specified. Let us substitute the product W(M) - ¢(t) into the boundary conditions
(1.16) and (1.17) respectively and obtain for the Dirichlet conditions

V(M) -¢(t)=0=VY(M)=0, MeS, (2.9)
and for the Neumann conditions
. T S "

Clearly, the case when ¢(t) = 0 is of no interest, since we are constructing conditions
for the geometry, not for time. Equation (2.8) with the boundary conditions (2.9) and
(2.10) is called the Sturm-Liouville problem. It is well studied, and below we will use
its known properties without proof (they can be found in the literature). This problem
has not one but a countable set of eigenvalues, and each of them corresponds to its
own eigenfunction; eigenfunctions corresponding to different eigenvalues are mutually
orthogonal and form a complete system.

So, the Sturm-Liouville problem yielded a countable set of eigenvalues 72 and the
corresponding eigenfunctions W, (M). For the mode with index n the equation for time
gives the factor e~ 77 so that W, (M)-e~*7" is a particular solution of equation (1.9).
Returning to the sum we started with and using linearity, we obtain the general solution

T(Mt) = cq- Up(M) e, (2.11)
n=1

where ¢, are arbitrary constants that have absorbed the constant factors of both
parts of each term. The completeness of the system of eigenfunctions (Steklov’s theorem)
guarantees that any admissible solution can be represented by such a sum.

Now we have to determine the coefficients ¢,; to do so, note that the solution must
satisfy the initial condition (2.4), and hence

T(M,0) = i Cn - W, (M) = To(M).

n=1

13



It is easy to see that the coefficients c¢,, are determined uniquely thanks to the mutual
orthogonality of the eigenfunctions — as the expansion coefficients of the function 7(M)
into a Fourier series in the eigenfunctions ¥, (M) — by the general formula (A.4) from
the appendix “Fourier series”

o = qu T /// M) - W, (M) dG, (2.12)

where ||, (M)]]? is the squared norm of the eigenfunction, defined by formula (A.5).
Thus, we have obtained the solution of equation (1.9) with the initial condition To(M)
and homogeneous boundary conditions

T(M, 1)

_ZH@ HZ' a2 /// M) -0, (M)dG. (2.13)

Now we can proceed to solving the inhomogeneous equation, which, as we said, in
accordance with Steklov’s expansion theorem, can be built on the solution of the homo-
geneous problem. To do so, we expand the heat source density function f(M,t) into a
Fourier series in the eigenfunctions ¥, (M)

Mt) =" pn(t) - U (M), (2.14)

where 11,,(t) are the expansion coefficients of the function f(M,t) into a Fourier series
in the eigenfunctions ¥, (M)

1 () = qu DT /// F(M,t) - U, (M) dG.

We will look for the solution of the inhomogeneous equation in the same form — as
a sum of products Y 2| U, (M) - ¢,(t). Let us substitute it together with the expansion
(2.14) into the inhomogeneous equation (1.8); since AW, (M) = —~2 - U, (M), we obtain

Zw 208) Z% (M) <61
+ 3 palt) U (M

The geometric part remains the same — these are the same eigenfunctions ¥, (M).
Equating the coefficients of each W, (M) (this is legitimate due to orthogonality), we see
that only the equation for time has changed — it has acquired the term g, (t):

nll) — g2 3260 + ). 219

The solution of this equation has the form

¢
D) = cp - e~ 4 / fin(7) - €T g (2.16)
0

14



where c¢,, are arbitrary coefficients equal to the coefficients determined in the solution
of the homogeneous problem, since they are computed from the initial condition, and at
t = 0 the integral equals zero.

The solution of the inhomogeneous equation with homogeneous boundary conditions
takes the form

T(M t) =

ZH@ e ] 00 Tan) - 01 217

ZH\IJ n?'/e_“ /// f(M,7) - U, (M) dG dr.

One could also obtain the solution of the inhomogeneous equation with inhomogeneous
boundary conditions, but this is rather cumbersome — we will construct the final solution
later using specific examples.

When solving stationary equations — and the electromagnetic field is generally sta-
tionary unless relativistic effects are considered — we need to obtain the general solution
without time, and for that we take the limit ¢ — oo in the solution of the nonstationary
equation. Note that the first term of the solution vanishes immediately, since the expo-
nential tends to zero and the initial conditions disappear from the solution, which is more
than obvious. The heat source density function stops depending on time a priori. It only
remains to clarify the integral

t 2.2 1 2.2 t
efa "Yn'(th) dT — . eia "Yn'(tiT)
2 2
0 a Yy 0

as t— 00, YTn

£ 0.

Let us write the general solution for the stationary equation

(M)

—Z”q, Hz /// M)W, (M)dG, 7,

£0. (2.18)

And what if v, = 07 In fact this case is possible, but it is better considered separately
for each equation, which is what we will do in the corresponding chapters.
Errors in posing a boundary value problem

It is not enough to solve a boundary value problem — it must be solved correctly,
and for that one must at least avoid errors at the problem formulation stage. We will
consider a couple of typical inaccuracies.

15



Compatibility of initial and boundary conditions

The first typical error is to prescribe initial and boundary conditions that do not agree
with each other at the junction. In a nonstationary problem the solution is sought for
t > 0and M € G; on the boundary S for ¢ = 0 the initial and boundary conditions
describe the same point. If they give different values there, a discontinuity arises at that
point.

Let us consider the Dirichlet problem with the initial condition T'(M,0) = To(M)
and the boundary condition T'(M,t) = ®(M,t), M € S. The zeroth-order compatibility
condition requires the data to coincide

To(M) = &(M,0), M € S. (2.19)

If condition (2.19) is violated, the Fourier series of the solution approaches the bound-
ary with different limits in ¢ and in S: the convergence is nonuniform, the Gibbs phe-
nomenon appears, and no classical (smooth) solution exists.

But even the fulfillment of (2.19) is not enough. The equation itself &L = a* - AT
relates the derivatives of the data: differentiating the boundary condition with respect to
time and taking ¢t = 0, we obtain the first-order compatibility condition

0B (M, 0)
ot

Higher-order conditions are constructed similarly; for a solution of class C* compati-
bility conditions are required up to roughly order k. Violating them does not make the
problem unsolvable, but it limits the smoothness of the solution — something easy to
forget when formally writing down “arbitrary” To(M) and ®(M,t). For the Neumann
problem the compatibility conditions are the same but are written for the normal deriva-
tive:

=a’> ATy(M), M € S. (2.20)

% =®(M,0), MeS.

Solvability condition of the stationary Neumann problem

And here let us also discuss the solvability condition of the stationary Neumann
problem. First, it should be noted that the solution of the Neumann problem is defined
up to a constant, which can be fixed at any point of the geometry. But the main issue is
that for the Neumann problem it is essential that the sum of the energy fluxes — incoming,
outgoing, sources and sinks inside the geometry — equals zero. If this condition is not
met, the solution will have an incorrect physical meaning. For example, what happens if
a heat flux enters a rod while its other end is insulated? Then the temperature will grow
indefinitely in the steady state, which essentially will not exist. In practice, of course,
this cannot happen, because the rod is not one-dimensional and heat can leak through
the lateral surface, and pure Neumann conditions do not exist anyway; nevertheless, the
model must be correct. Let us consider an example of a stationary Neumann problem.
The time derivative in equation (1.8) then vanishes, and it takes the form

a® - AT(M) + f(M) = 0. (2.21)

The Neumann boundary conditions for it are given by the boundary condition (1.14).
Green’s second formula is known

16



///G (U(M) - AT(M) — T(M) - AU(M)) dM

://S(U(M)%—T(M)%) ds.
If we set U(M) = —1, we obtain

///AT )dM = /TdS

Now let us substitute equation (2.21) and the boundary conditions (1.14)

// [ rana = e //S B(M) dS, (2.22)

that is, the amount of heat produced by the sources inside the geometry equals the
amount of heat leaving through the boundary. If the condition is violated, the solution
will have an incorrect physical meaning.

One-dimensional heat conduction boundary value prob-
lem

Let us consider the one-dimensional heat conduction problem on the interval from «
to 8. The heat conduction equation (1.8) in this case takes the form

0T (x, 0*T(x,
((; D _ 2. # + f(a,b). (2.23)

The Dirichlet boundary conditions (1.13) in the one-dimensional case have the form

T(z,0) = To(x),
T(a7t) = (I)a(t)v (224)
T(B,t) = @4(1)

To get rid of the inhomogeneity, we introduce T(z,t) = T(x,t)+ U(x, 1), let us choose

the function U(z,t) = a1(t) + aq(t) - x, and compute the coefficients, in accordance with
(2.2)

{@a(t) —ay(t) —as(t) - a =0 (2.25)
Cp(t) —ai(t) —ax(t)- B =0

0 () = Lalt) - B—Pp(t) -

1(1) B—a (2.26)

Then equation (2.23) and the boundary conditions (2.24) take the form

17



0T (z,t T(x,t) | 7

" frt) — g2 L0 | ), -
T(x,0) = To(x) — a1(0) — az(0) - x, (2.27)
T(a,t) = 0,7(8,t) =0,

where f(a:,t) = f(z,t) — daét(t) _ dox(t) T

The Neumann boundary conditions (1.14) in the one-dimensional case have the form

(T(2,0) = Ty(2),
8T(? Dl — o), (2.28)
\ aTé.;, t) » — (I)ﬁ<t)

~

To get rid of the inhomogeneity, we introduce T'(z,t) = T'(x,t) 4+ U(x,t), let us choose
the function U(x,t) = a1(t) - & + as(t) - #2, and compute the coefficients, in accordance
with (2.3)

(2.29)

2,(0) ol (2.30)

Then equation (2.23) and the boundary conditions (2.28) take the form

PT(x,t)  ~

Ot =a’- 8Z(E.€> ) —|—f(.T,t),
T(w,0) = To(x) — a1(0) - = — a5(0) - 2%, (2.31)
OT (x,t) _0 IT (x,t) _0

ox - Oz -

r=x =0

where f(z,t) = f(z,t) — daét(t) ST — daét(t) cx? 4+ 2-a? - ay(t).

Equation (2.8) takes the form

d*U(x)
dz?

The general solution of this equation has the form

+42.0(x) = 0. (2.32)

U(z) =c1-cos[y- (x —a)|+co-sinfy- (z — a)], (2.33)

where ¢; and ¢y are coefficients determined from the boundary conditions, and the
weight ensuring the orthogonality of the eigenfunctions is p(z) = 1.
Let us substitute the general solution into the boundary conditions (2.27) and obtain

(2.34)

{01 ~cos(y - 0) + ¢ - sin(y - 0) = 0,
c1-cosly - (B —a)l+ ¢y -sinly - (B —a)] = 0.
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Clearly, from the first equation ¢; = 0 and the solution makes sense only when ¢y # 0,
which is possible only when sin[y - (8 —«a)] =0

v-(B—a)=m-n,n € (1.00). (2.35)

Zero and negative values of n are no good: for n = 0 we have v = 0, and ¥(z) =

¢o - sinf0 - (z — )] = 0 — identically zero, which is not an eigenfunction; to negative
n corresponds the same eigenvalue v? (since v_, = —7,), and sin[—7, - (z — )] =

—sin[y, - (x — «)] is linearly dependent with the solution for positive n and gives no new
contribution. Therefore n € (1..00).
Thus, the eigenvalues and eigenfunctions have the form

Vo = %,n € (1..00),

U, (z) = cop - sin [ﬁﬂ—% (z—a)],
where ¢y, is an arbitrary constant factor: the eigenfunction is defined up to it. Let
us set ¢y, = 1 — this factor is absorbed into the expansion coefficients anyway Tj,, and
fn, as in the general solution.
To expand functions into a Fourier series in W, (z) we need to compute the norm
|0, (2)]|?; the weight for Cartesian coordinates is p(x) = 1.

(2.36)

||\I/n($)||2:/jllln(x)2dx:/jsin {g” .(x—a)rdx

—

(2.37)

B —a
5
Now let us substitute the solution into the boundary conditions (2.31) and obtain

{—c1 -sin(yy - 0) + ¢z - cos(, - 0) = 0, (2.38)

ey -sinfy, - (8 — a)] + ez - cosly - (8 — )] = 0.

Clearly, from the first equation ¢; = 0 and the solution makes sense only when sin|[vy, -

(8~ )] =0

Yoo (B—a)=m-n,n € (0..00). (2.39)

Here, unlike the Dirichlet problem, the mode n = 0 survives: for vy = 0 the eigen-
function Wy(x) = ¢1p - cos[0 - (x — a)] = ¢19 — a nonzero constant, that is, a fully fledged
eigenfunction (the constant mode). Hence the indexing starts from zero.

Thus, the eigenvalues and eigenfunctions have the form

Yo = Bﬂ;%,n € (0..00),

2.40
\Ifn(x) = Cyp, * COS [% . (LL’ _ Oé) 7 ( )

where ¢y, is an arbitrary constant factor: the eigenfunction is defined up to it. Let
us set ¢y, = 1 — this factor is absorbed into the expansion coefficients anyway Tj, and
fn, as in the general solution.

We compute the norm of the eigenfunctions in the same way as in the sine case,
reducing the power of the cosine by the half-angle formula. For n > 1
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B B
@I = [ W) de = [ cosi- (o - ) do

:/ﬂ1+cos[2'7n~(x—a)]d$:ﬁ—oz

; 5 ne(loo), (241)

since the integral of the cosine over an integer number of half-periods equals zero:
sin[2 -7, - (B — «)] =sin(2-7-n) = 0. The special case n = 0 (for 7y = 0 the eigenfunction
Uy(z) = 1) we compute separately

g B
W (2)|* = / Uo(r)dr = / ldz =6 — a. (2.42)

The final solution of the one-dimensional Dirichlet boundary value problem with in-
homogeneous boundary conditions takes the form

y_ Balt)- B 0y(0) 0

B —a ’ B—a
l/f\(:v,t) ay(t) + as(t) - =,
T(x,0) =Ty(z) — U(x,0),
f(l’,t) — f( : ) B da;t(t) _ da;t(t) oz,
=g Unl@) =sinp - (o)), ||wn<x>||2 2 ; O e (Loo), (249

T(x,t) = U(Jc,t) + T(m,t).

In the Neumann problem, unlike the Dirichlet one, the spectrum contains the zero
mode (y9 = 0, ¥o(z) = 1) — the case 7, = 0, which in the general solution (2.18) was
set aside for separate consideration; it is precisely what gives the first (non-decaying)
term. The final solution of the one-dimensional Neumann boundary value problem with
inhomogeneous boundary conditions takes the form
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Pu(t) - B = Pp(t) -
B« ’
(z,t) = ai(t) - = + as(t) - 22,
(2,0) = To(z) — U(x,0),
day (t) dasy(t)
TTat T Ta

Yo = 3 o U, (z) =cos [y, - (x —a)], n € (0..00), (244)

P s1), @ =F—a

22 +2-a% ay(t),

[N}

)

B B
Ton:/ Tw,0) - Wo (@) dw, fulr)= | Flo,r) Wo(w) dow,

w,T)
~ ) 1 ! 2 2.2 e
T(x,t) = i {Too —|—/0 fo(T) dT:| + o nz::l U, (z) e @t {To” +/U e fu () dr|
T(x,t) = Uz, t) + T(x,t).
To obtain the stationary solutions, we let time tend to infinity in the solutions found

(t — o00), as was done for the general case in (2.18). The term with the initial condition
vanishes, since e~ mt 0; the sources and boundary conditions stop depending on

time, and the time integral for v, # 0 gives the factor #
/ e (t=7) - — — o0t vn(t=7)
0 a -y 0
= (1 — ety o as 1t — 00,
a2 %21 ( ) a2 72 In

£ 0.

The stationary solution of the one-dimensional Dirichlet boundary value problem takes
the form

al_@a-g’:jﬁ.a’ 6@_@;:3«1’ U(z) = a1 +as -,
:BW D W (x)=sinfy - (z—a)], ne(l.co),
8 (2.45)
fo= [ 1) B de,
T(z) =U(x) + 2 i\p() - f
5_04 n=1 711 v

The stationary solution of the one-dimensional Neumann boundary value problem is
not so simple. Unlike the Dirichlet problem, the purely Neumann stationary problem
is not always solvable. The reduced function T satisfies the _homogeneous Neumann
conditions T"(«) = T'(8) = 0 and the stationary equation a? T”( )+ f( ) =0. Let us
integrate it over the interval [« 5]

0= /a ’ <a2 T ) + f(x)) dr = a® - [f’(ﬁ) - ﬂa)]
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The boundary term vanished due to the homogeneous Neumann conditions, and what
remains is the solvability condition (2.22): ff f(w)dw = 0 — the total reduced source
must vanish (otherwise heat accumulates, the mean grows without bound and there is no
steady state). When this condition holds, the solution is defined only up to an arbitrary
additive constant C: it corresponds to the zero mode (v = 0, Wo(z) = 1), whose
amplitude is not fixed by the stationary equation. With this caveat the solution takes
the form

(I)a'ﬁ—q)g'a (I)ﬁ—q)a
st aQy = —
B—a 7 72 (B-a)

U(z) =ay- v+ ay- 27

Y = 57:7;’ U, (z) =cos|y, - (x—a)], ne(l.oo), 016
fo= [ Flw) ¥, (w)dw,
T(x)=U(x)+ 2. i \I;n(x) - fn+C, C = const.

b —«

Q
3o

-

n=1

Two-dimensional heat conduction boundary value prob-
lem

Let us consider the two-dimensional nonsymmetric heat conduction problem in a disk
of radius R. The heat conduction equation (1.8) in polar coordinates takes the form

oT(r,0,t) 9 82T(7",9,t)+ o, 1 0T(r,0,t)
_ L =q° -~ 7

ot or? “ r or

1 9°T(r,0,t)
+a2~ﬁ~T+f(r,9,t). (247)

The Dirichlet boundary conditions (1.13) in the two-dimensional case have the form

T(T, 9, O) = Tb(’l“7 9),
T(R,0,t) = ®(0,1), (2.48)
T(r,0,t) =T(r,0 + 2m,t),
where Ty(r, ) is the initial condition, ®(6,t) is the boundary condition, which is, of
course, periodic in 6.
To get rid of the inhomogeneity, we introduce T'(r,0,t) = f(r, 0,t) +U(0,t), let us
choose the function U(6,t) = ®(0,t), in accordance with (2.2). Then equation (2.47) and
the boundary conditions (2.48) take the form
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T (r, 0,1 PT(r,0,t
%:“2'%” R/ o M- R AGLL

T(r,0,0) = To(r,0) — U(6,0), (2.49)
T(R,0,t) =0,
T(r,0,t) =T(r,0+2m,t),

iy 2
where f(r,6,¢) = f(r.6,¢) — 2200 g2 3. 0 %(g,t)_

The Neumann boundary conditions (1.14) in the two-dimensional case have the form

T(r,0,0) = Ty(r,0),

oT(r,0,t
OT(r.6.7) o), (2.50)

T(r,0,t) =T(r,0 + 2m,t),

oT(r,0,t)
n

where is the normal derivative of the temperature on the circle of radius

=R
R; the direction of tﬁe normal coincides with the direction of the coordinate r.

A~

To get rid of the inhomogeneity, we introduce T'(r,0,t) = T(r,0,t) + U(r,0,t), let us

choose the function U(r, 8,t) = ®(0,t) - r — it satisfies condition (2.3): 8—[](%’” o
®(0,t). Then equation (2.47) and the boundary conditions (2.50) take the form
ool 27 T 275 —~

8T(g,t9,t) Y 0 Tg;,ze,t) ey % . (9T(5,119,t) ey 712 0 Tgé,f,t) + 7 0,0),

T(r,0,0) = Ty(r,0) — U(r,6,0),

oT(ro.0]  _, (2.51)

on o
T(r,0,t) = T(r,0 +2m,1),

N 2
where f(r,0,t) = f(r,0,t) — T@U(T,t&t) +a?- % . T@U(r;ﬁ,t) +a?- r_12 . oU(r,0,¢) Ua(g’f’ t).
Equation (2.8) takes the form
2 2
8\I/(r,9)+1‘8\11(r,0)+i2 3\Il(r,9)+72.qj(r’0)

or? r or 2 962
= 0. (2.52)

Let us represent the function W(r, #) as a product of two functions W (r, 8) = A(r)-Y(6),
substitute it into equation (2.52) and carry out the transformations

10+ 5 A
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2 di‘l/:“(;") Y(O)+r d/:lir) T(6)+d2dTe(20) A(r)
£92 12 A(r) - T(0) = 0,
|:T2 d2;:a(2r)+r djc\lfar)+72 2 A(’I”):| T(6)
R0
A
1 , d*A(r) dA(r) = o5 — 2
A(r) [r' at e T A(T)}_m
1 dY(e)
TR

We introduced the constant m? by analogy with the separation of variables for time
and geometry. Now let us rewrite it as a system of two equations: one in the angle 8, the
other in the radius r.

PYO) o i
Aoy ) e (2:53)
0 +7'7+(72—%> A(r) = 0.

The solution of the equation for the angle # can be represented by a sine or a cosine,
since both of these functions are periodic and satisfy the boundary condition T(0) =
Y (6 + 2m), which imposes a restriction on m — it must be an integer. We get two
families of solutions; later we will take their superposition.

{Tlm(e) = Cipm - sin(m - ), m € (1..00), (2.54)

Yo (0) = Coyp, - cos(m - 0),m € (0..00).

Let us take the coefficients C',, and Cy,, in front of the sine and cosine equal to one
— these factors are absorbed into the expansion coefficients anyway. The solution of the
equation for the radius r has the form

Ap(r) = Av + T (7 - 1) + Age - Vi (7 - 1), (2.55)

where J,, (v - ) and Y,,(y - ) are the Bessel functions of the first and second kind
respectively, Ay, and A,,, are coefficients determined from the boundary conditions, and
the weight ensuring the orthogonality of the eigenfunctions is p(r,0) = r. Moreover, for
the function A,,(r) to be bounded as r — 0, it is necessary that As, = 0: the Bessel
function of the second kind is infinite at zero, as seen in figure (B.2).

Thus, the solutions of equation (2.52) have the form

{\Illm(r, 0) = A (r) - Tin(0) = Avyy - Ju(y - 7) - sin(m - ), m € (1..00), (2.56)
A

m (1) Yom(0) = Ay Jin(y - 1) - cos(m - 0),m € (0..00).
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Let us substitute the solutions (2.56) into the boundary conditions (2.49) and obtain

At - I(7 - R) - sin(m - 0) = 0,m € (1..00),
At - I (v - R) - cos(m - 0) = 0,m € (0..00).
Clearly, the solution makes sense only when A;,, # 0, which is possible only when

Jm(7v - R) = 0. Let us denote the roots of the equation J,,(11) = 0 by pir — then the
eigenvalues take the form

Ty R) =0 = ~pp = %, ke (1..00). (2.57)

Zero and negative roots are no good: for 4 = 0 we have v = 0, and for m > 1
the eigenfunction J,,(0 - r) = 0 — identically zero, which is not an eigenfunction, while
for m = 0 zero is not a root at all: Jy(0) = 1. Negative roots give no new solutions:
I (—p) = (=1)"™ - Jp () — the eigenfunction is the same up to sign. Therefore we take
only the positive roots: i, k € (1..00).

Thus, the eigenvalues and eigenfunctions have the form

Yk = %,k € (1..00),
Ui (7,0) = Atk - I (Y - 1) - sin(m - §), m € (1..00), (2.58)
\Pka<T7 0) - Almk : Jm(’ymk : T) : COS(m . 0), m & (OOO),

where Ay, is an arbitrary constant factor: the eigenfunction is defined up to it. Let
us set Ay, = 1 — this factor is absorbed into the expansion coefficients anyway, as in
the general solution.

To expand functions into a Fourier series in Wq,x(r,0) and Wo,,k(r,0) we need to
compute the norms || ¥y,,.(r,0)||> and ||[Wai(r, )| the weight for polar coordinates is

p(r,0) =r.

1@ 1t (7, O)[2 =[5 T2 (s - 7) i [T si0(m - 6) dB,m € (1..00), k € (1..00),
Do (7, O)|[2 =[5 7+ T2 (gt - 7) dr [T cos®(m - B) dB, m € (0..00), k € (1..00).

fo% sin?(m - 0)df = m,m € (1..00),

fo% cos®(m - 0) df = {

2- ) = 07
o ,m € (0..00).
T, m>1

Let us make the substitution x = v, - r = % T

R R
/()T'an(mG'T)dT:/o T-Ji(%-?")dr
R2 Hmk
——-/ x - J2 (r) dx.
0

We use formula (C.6) to compute the norm
Hmk 2 ok 72
[ e e = ),
0
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Finally we obtain

R 2 2
R m.
/ - JErz(’mG : T) dr = 2 H2k ’ Ji—&-l(:umk)
0 Mok

The norms ||y, (r, 0)]|* and || ¥a,,x(r, 8)||* have the form

X 2
10 1, O) 1 = T8 T2 (),

T R?- J?n—&—l(#’mk)a m =0, (261)

||‘I’2mk(7“a‘9)||2={ . R2 -
LA 2 (), m > 1

Now let us substitute the solution (2.56) into the boundary conditions (2.51) and
obtain

Ay -y Jl (v R) -sin(m - 0) =0,m € (1..00),
At -y - Jl(v- R) - cos(m-0) =0,m € (0..00).
Clearly, the solution makes sense only when A;,, # 0, which is possible only when

J! (v-R) = 0. Let us denote the roots of the equation J/ (1) = 0 by i, — then the
eigenvalues take the form

Homk

R )
Here, unlike the Dirichlet problem, the zero mode survives: for m = 0 zero is a

root of the equation Jj(u) = 0, and it corresponds to v = 0 and the eigenfunction

U(r,0) = Jy(0) = 1 — a nonzero constant, that is, a fully fledged eigenfunction (the

constant mode). We will count it as the first root: pg; = 0. For m > 1 the zero root

gives no eigenfunction (J,,(0-r) = 0), so there we still take only the positive roots.
Thus, the eigenvalues and eigenfunctions have the form

J(v-R) =0 = v = k€ (1..00). (2.62)

Vmk = %,k € (1.00), poe1 =0,
Uik (1,0) = Ak - Jon(Yomke - 1) - sin(m - ), m € (1..00), (2.63)
Uork(1,0) = Ak = Jon(Yimk - 1) - cos(m - 8),m € (0..00),
where Ay, is an arbitrary constant factor; as before, we set it equal to one.
We compute the norms of the eigenfunctions in the same way as in the Dirichlet
problem: the integral over the angle remains the same (2.59), while the integral over the
radius takes a different value — we use formula (D.2) to compute the norm

Hmk 2
/ z - Jp (@) de = (phy —m?) - —Jm(gmk).
0

Finally we obtain

5 R? T (om
/ T'an(mG'T)dTZT'(ufnk—mQ)'¥
0 mk
J2 (tm
=R (u2,, —m®) - M (2.64)
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The special case pg; = 0 (for 791 = 0 the eigenfunction Wyy(r,0) = 1) we compute
separately

R p2m
Wy (r, 6)]” :/ / 1-rdrdd=n-R%. (2.65)
o Jo

The norms || ¥q,,x(r,0)]]* and || Wa,,k(r, 0)]]* have the form

SR (2, —m?) - T2 (uy,
Wy (r, O)]|2 = T (e = 107 Ty (pom)

2 i, ’
2 - RZ . ng(ljfmk)a m = O’ (266)
H\IJka(r, 9)” = e R2 : (,ugng _,ugn2) : Ji(/vbmlc)7 m>1 ’
" Hmk

The final solution of the two-dimensional Dirichlet boundary value problem with in-
homogeneous boundary conditions takes the form
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T(r,0,0) =Ty(r,0) — U(6,0),
ICR) N a’ 9?90,

ot 2 902
Vo = %’“, Jon(ftmi) =0, m € (0..00), k€ (1..00),

Uik (1,0) = Jon(Yimg - 7) - sin(m - 0), m € (1..00), k € (1..00),

Vork(1,0) = Jin(Yimg - 7) - cos(m - 0), m € (0..00), k€ (1..00),
T R?

1k (r, O)° = =5+ s (),

- R? T} +1(,umk) m =0,

|‘I’2mk(7“a9)2={ . R?
T 2 (), > 1

2
Toim :/ / ffr,@,O Wik(r,0) - rdrdb,
o = | | (r,0,0) - Wipi(r, 0) (2.67)

R 27
Toomk —/ T(r,0,0) - Vor(r,0) - rdrdb,

Jime (%) / / f(r,0,t) - Uipp(r,0) - rdrd,

Somi(t) / / Fr,0,t) - Uopi(r,0) - rdrdo,

A(r,@,t

mi; i:: Ty TR R L
I T LN L

T(r,6,t) = U(6,t) + T(r,6,1).

In the Neumann problem, unlike the Dirichlet one, the spectrum contains the zero
mode (Y91 = 0, Wap1 (7, 8) = 1) — the case v = 0, which in the general solution (2.18) was
set aside for separate consideration; it is precisely what gives the non-decaying term —
the term with m = 0,k = 1 in the second sum. The final solution of the two-dimensional
Neumann boundary value problem with inhomogeneous boundary conditions takes the
form
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~ _0%0(0,1) N a’ - ®(0,1) N a? 0°0(6,1)
ot r r 00>
T %’C, J (i) =0, o1 =0, me (0..00), ke (1..00),

Uik (1,0) = Jin(Yimg - 7) - sin(m - 0), m € (1..00), k€ (1..00),
Uork(7,0) = Jon (Y - 7) - cos(m - 0), m € (0..00), k€ (1..00),
- R2 . 2 _m2 . J2 .
||‘I’1mk(7”,9)\|2= (Mmk 5 ) m(:u k),
2':umk
- R? - T2 (k) m = 0,
1Woms(r O)° = 4 7w B2 (i = %) - T ()
2- lumk N
R por
Tormk —/ / T(r,0,0) - Vypp(r,0) - rdrdb, (2.68)
o Jo
R 21 R
Toomk :/ / T(r,0,0) - Vo (r,0) - rdrdb,
’ RO 27rA
fime(t) = / / f(r,0,t) - Uipp(r,0) - rdrd,
o Jo
R pom
Jomi(t) = / / f(r,0,t)  Wopr(r,0) - rdrdf,
o Jo
I'(r,0,t) =
= — Vi ,6 2.2 [ P 1
ZZ 1 k(r )2 _e—a Vit TOlmk+/ ea kT 'flmk(T) dr +
== 1 Yamn(r, 0) ] I 0 ]
= \Ilgmk(r 9) —a?~2 it [ /t 2.2 . 1
ce” et N Thom + | et TmET . fo (7)) dT |
mZZ [V (r, 6) 117 R emkl7) 07

T(r,0,t) = U(r,0,t) + T(r,0,t).

To obtain the stationary solutions, we let time tend to infinity in the solutions found
(t — o0), as was done for the general case in (2.18). The term with the initial condition
vanishes, since e~ 7mrt — 0; the sources and boundary conditions stop depending on
time, and the time integral for y,,, # 0 gives the factor — iQ :

mk

t
/ efaQ.ry?nk-(th) dT — ]‘ . (1 o e*(l 'yz t)
2 2
0 a - VYmk

— as t— 00, Ymr #0.

a’- %an
The stationary solution of the two-dimensional Dirichlet boundary value problem
takes the form
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2 a® d*®(0)

f(v",ﬁ):f(v“,e)—s—P- 107

Yoo = P2 (i) =0, m € (0.00), k€ (1.0),

Ui (7, 0) = Jon (Yt - 7) - sin(m - 0),  m € (1..00),

o (r,0) = Jon(Ymk - 7) - cos(m - 0),  m € (0..00),
- R?

1 (r, O)1* = ==+ T (p1ma),

[ (r, O)I* = 7 - R - T3y (pite), =0, (2.69)
- R?

1o (r, O = —— - T (pomt), - > 1,

2
fimk = / f(r,0) - Wipk(r,0) - rdrdd,
OR 0271' N
Jomk = / / f(r,0) - Wonk(r,0) - rdrdd,
0o Jo

Uk (1, 0) Sfimk o Uoi(r,0) fomk
T . .
(. *Zzuwlmk o e>||2 PR *ZZ a7, e>u2 PR

1 k=1 —0 k=1 Tk

The stationary solution of the two-dimensional Neumann boundary value problem is
not so simple. Unlike the Dirichlet problem, the purely Neumann stationary problem is
not always solvable. The reduced function T\(r, 0) satisfies the homogeneous Neumann
conditions and the stationary equation a? - Af(r, 0)+ f(r, 0) = 0. Let us integrate it over
the domain:

():/OR/;r AT+f>rdrd9_a§1§ afdl
// f rdrd@—// fr@ ~rdrdb.

The boundary integral vanished due to the homogeneous Neumann conditions, and
what remains is the solvability condition (2.22): fo -rdrdf = 0 — the total
reduced source over the domain must Vanlsh (otherw1se heat accumulates and there is
no steady state). When it holds, the solution is defined only up to an arbitrary additive
constant C': it corresponds to the zero mode (791 = 0, Wog1(r,0) = 1), whose amplitude
is not fixed by the stationary equation. With this caveat the solution takes the form
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U(r,0) =®(0) - r,
a®-®d) a® d*(0)

f(r,0) = f(r,0) + L
Ymk = % Jo(ttmi) = 0, ik >0, m € (0.00), k€ (1..00),
Ui (7,0) = Jop(Yomke - 7) - sin(m - ),  m € (1..00),
\I/2mk(7‘7 0) ‘]m(’Ymk . T‘) . cos(m . 9)’ me (OOO)
(19 1 (r, 0) || = - R - (pi — 10%) - T (fn)

" 7 2- :u?”k ’
||\I}2’ﬂlk)(r7 G)HQ =T R2 . J;i(:u‘mk)’ m = O, (270)

CR2L (12— n2). g2
Do, O] = T i =) T (bon)
2 P

R 27
flmk = / / f(ﬁ 9) . \1117,,,k(r, 9) -rdr d@
OR 027r N
fomk = / F(r,0) - Vo (r,0) - rdrdb,
0

T(r,6) = U(r,0) + Z Z H\;jl’lhlk((?“, 0)  Jimk n Z Z ” Vomp(r,0) meI; +C O = const.

Ty 9)”2 a? : 7r2nk —0 k=1 \IIQWk 7 0 H2 0’2 * Vmk

Three-dimensional heat conduction boundary value
problem
Let us consider the three-dimensional nonsymmetric heat conduction problem in a

ball of radius R. The heat conduction equation (1.8) in spherical coordinates takes the
form

ot or? r or
a? 0 OT(r,0,¢,t)
B N el UL L L)
* r2-sin(f) 00 (Sm( ) 06 )
a® ‘ 0?T(r,0,¢,t)
r2 . sin®# 0¢?

aT(T, 97 ¢7 t) _ CL2 i 82T(7“, 9: ¢7 t) + 2- &2 . aT(T, 97 ¢7 t)

+ f(r,0,0,t), (2.71)

where r € (0, R), 0 € (0,7), ¢ € (0,27), R is the radius, T(r,0, ¢,t) is the tempera-
ture, a? is the thermal diffusivity, f(r, 0, ¢,t) is the heat source density function.
The Dirichlet boundary conditions (1.13) in the three-dimensional case have the form

T(r,0,9,0) = To(r.0,9),

T(R,0,0,t) = ©(0,9¢,1),

|T(r,0,0,t)] < oo, |T(r,m ¢,t)| < oo,
T(r,0,¢,t) =T(r,0,¢ + 2m,t),

where Ty(r, 0, ¢) is the initial condition, ®(6, ¢,t) is the boundary condition, which
is, of course, periodic in ¢; at the poles (# = 0 and 6 = 7) the boundary conditions are
replaced by the requirement that the solution be bounded. R

To get rid of the inhomogeneity, we introduce T(r,0,¢,t) = T(r,0,¢,t) + U(0, ¢,1),
let us choose the function U (0, ¢,t) = ®(6, ¢, 1), in accordance with (2.2). Then equation
(2.71) and the boundary conditions (2.72) take the form

(2.72)
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T(r.0.6,t) :a,azf(n 0.0.1) | 202 67/:(7',‘ 0.9.1) ra % <sm(0)ﬂf("b% 8, t)) o a?f(n@‘), f . Fir.6,6,1)
T 7 r2-sin| ) r2.5in? ad SN RS

ot or’ or
T(r,0,0,0) = Ty(r,0,¢) — U(0, $,0),
T(R.0,6,1) = 0, (2.73)

T(r,0,6,t)| < 00, |T(r,m ¢,t)| < 0o,
T(r,9,6,1) = T(r,0, 6+ 27,1),

where
7 _ ou (0, ¢
f(r,0,0,t) = f(r,0,¢,t) — #
a? 0 . f)l/(6’¢7 t)
m 00 (sm(e) T ap 99)
a? 821}(9, o,t)

2 sin2f 0¢*
The Neumann boundary conditions (1.14) in the three-dimensional case have the form
(T(T, 07 ¢7 0) = TO(Ta 0, gb)v
aT(r,0,¢,1t)
e =00, 9,1
- on ( 7¢7 )a (274)

n
r=R
T(r,0,0,t)] < oo, [T(r,m ¢,1)] < o0,

\T(’I", 07 QS) t) = T(T’, 07 Cb + 27Ta t)7

oT(r, fl’ ¢:1) is the normal derivative of the temperature on the sphere of
r=R
radius R; the direction of the normal coincides with the direction of the coordinate r.
To get rid of the inhomogeneity, we introduce T'(r, 8, ¢,t) = T(r,0,¢,t) + U(r,0,0,t),
let us choose the function U(r,0,¢,t) = ®(0,6,t) - r — it satisfies condition (2.3):

8U—(Ti’h¢’ﬂ _ = ®(0,¢,t). Then equation (2.71) and the boundary conditions (2.74)
take the form

where

OT(r,0,¢ t)) Lo OT(r,6,0,1) +Fr0.0,8),

T (r.0,6.t) 5 O°T(r0,6,t)  2p OT(r 0.6 o
ot o or? S or + 72sin2 0 0(9‘2

T(r,9,6,0) = To(r,0,0) — U(r,0,9,0),

oT(r0.0.t)| _, (2‘75)

On .
T(r,0,6,0)| < o0, |T(r,,6,1)] < o0,
T(r,0,0,t) = T(r, 0.6+ 27,t),

where
2
7r.0,6,8) = £(r,0,0,) ~ 20008 | n OUT6,00)
ot or
2-a®> OU(r,0,¢,1)
+ )
T or

N a’ .£<Sin<9)'8U(r,«9,¢,t)>

00
n a’ O*U(r,0, p,t)
r? . sin? 6 ¢*
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Equation (2.8) takes the form

U(r,0,9) N 2 0Y(r,6,9)
or? r or
1 o (. oV (r,0, o)
T in(e) 00 (Sm(e) 20 )
1 O*U(r,0, p)
r? . sin® 0 0¢*

+ 4% W(r,0,4) =0. (2.76)

Let us represent the function W(r, 6, ¢) as a product of three functions ¥(r, 6, ¢) =
R(r)-O(0) - T(¢), substitute it into equation (2.76) and carry out the transformations

9*(R(r)-©(0) - T(¢)) 2 O(R(r)-O(0) - T(¢))
or? r or
1 9 (. O(R(r) - ©(6) - T(¢))
* r? - sin(6) 00 (sm(@) . 00 >
L1 0*(R(r) - ©(0) - Y(¢))
r? . sin® 6 0¢*

+9% R(r) - ©(0) - T(¢) =0,

9(0>.T(¢)[d2R(r) 2 dR(r)]+R(r)'[ 19

dr? rodr r?

9(8(0) - 1(¢)) 1 8%00) T@)] ) .
. ) + 31112(6) ' 0¢* ] +7%- R(r)-©(0) - Y(¢) = 0,

o 2 d*R(r) dR(r) = 5 o L9/, 9(0(0) - T(¢)) 1 9%e)-1(@)] _
o(6) - 1(4)- [r T T g T 'R(’")] +R(r)- [sin((?) 90 (Sm(ﬁ)' 90 ) sin?(6) 92 =0

The expression in the first bracket depends only on r, the one in the second bracket
only on the angles; therefore, dividing by R(r) - ©(0) - T(¢), both sides can be set equal
to a constant 7 — by analogy with the separation of variables for time and geometry.
The equation for the radius takes the form

d*R(r) dR(r)
2

. 2. .

" dr? e dr

and continue the transformations

+ (r*-+*=11) - R(r) =0, (2.77)

1 o (. 2(0(0) - Y(¢))
sin(0) 06 (sm(Q) ' >
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Here the expression in brackets depends only on 6, while the last term depends only
. 2
on ¢; therefore, multiplying by @(85?_—%, we separate the variables again with the

constant m? and obtain the equations for the polar and azimuthal angles

sm1<e> i (Sin<9> | %f)) + [vf - SHTZZQ)} -0(0)

=0, (2.78)

d*Y(¢)
d¢®
The solution of equation (2.79) we already found in the two-dimensional case, so we
refer to (2.54). And to solve equation (2.78) let us introduce the substitution z = cos(f):
for 6 € (0,7) we have z € (—1,1) and dz = —sin(f) - df. Then the equation takes the
form

+m?-T(¢) = 0. (2.79)

< 1. (2.80)

This equation is analyzed in the appendix “The Legendre equation”; its solution has
the form (E.6)

m m
Oun(z) = P"(2) = (1= )2 - T2 R(2),

where 72, = k- (k + 1) are the cigenvalues, P"™(z) are the associated Legendre

polynomials, and nontrivial solutions exist only for m < k. The norm of the associated

Legendre polynomial has the form (F.6). Now let us return to the angle 6, making the
inverse substitution

dm
d(cos(0))™
Generally speaking, this solution is defined up to a constant factor — let us set it

equal to one: it is absorbed into the expansion coefficients anyway. Now let us return to
equation (2.77) and rewrite it taking into account 42 =k - (k + 1)

Opm(0) = sin™(0) - Pi(cos(0)). (2.81)

+(r*y*—k-(k+1)) R(r)
=0.
This equation is analyzed in P\he appendix “The Bessel equation in spherical coordi-

nates™ the substitution R(r) = E(r) reduces it to the Bessel equation with half-integer
r

index, and the solution has the form (G.2). It should be noted that the solution is
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bounded at the point 7 = 0: the Bessel function Jj,1/2(v-7) tends to zero no slower than

Jr

Thus, the solutions of equation (2.76) have the form
( 1 m )
iin(,0,6) = Aum - ==+ Jusajaly 1) - B (cos(6)) - sin(m - ).
< < >
<1—m—k’k—1’1 ) (2.82)
\IIQk:m(Ta 97 ¢) = Akm : \/; Jk+1/2( ) P (COS(Q)) ' COS(m ' §b),

l0<m<k, k>0,

Let us substitute the solutions (2.82) into the boundary conditions (2.73) and obtain

% Jip1y2(v- R) - Pk(m)(cos(ﬁ)) -sin(m-¢) =0, 1<m<k
ﬁ Ji1/2(7 - R) - Pk(;m)(cos(ﬁ)) ccos(m-¢9) =0, 0<m<k, k>0
Clearly, the solution makes sense only when Ayg,, # 0, which is possible only when

Jit172(7 - R) = 0. Let us denote the roots of the equation Jyi1/2(pt) = 0 by pips — then
the eigenvalues take the form

Akm '

Jip12(7-R) =0 = s = %, s € (1..00). (2.83)

Zero and negative roots are no good: for u = 0 the eigenfunction Jii1/2(0-7) =0
— identically zero, which is not an eigenfunction (the index k + 1/2 > 0), and negative
roots give no new solutions. Therefore we take only the positive roots: s, s € (1..00).
Thus, the eigenvalues and eigenfunctions have the form

%s % € (1..00),
U goms (1,0, 0) = Aps - Tir12(Ves 1) - P,Em)(cos(e)) -sin(m - @),
S1<m<k k>1, (2.84)
Wotms (7,0, 0) = Apms - L. Jev1/2(Ves 1) - P,Em) (cos(6)) - cos(m - @),

7
0<m <k k>0,

Sl

where Ay,,s is an arbitrary constant factor: the eigenfunction is defined up to it. Let
us set Ay,,s = 1 — this factor is absorbed into the expansion coefficients anyway, as in
the general solution.

To expand functions into a Fourier series in Wyy,s(7, 0, ¢) and Wop,s(r, 0, ¢) we need
to compute the norms || U1(r, 0, ¢)||*> and [|[Wopms(r, 0, ¢)||?; the weight for spherical
coordinates is p(r, 0, ¢) = r? - sin(6).

R T 2 27
Wil = [ 7 Ry e [ [P cost)] sin@) a0 [ sindmo)ds, 1<m<h kz1 sz,
0 0 0
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el = [ Rl ) dr | [ eoso)] sineyan- [ T costma)ds, 0<m<k k0, s> 1,

The integral over the azimuthal angle ¢ was computed in (2.59), the integral over
the radius is the same as in the Dirichlet problem for the disk: after the substitution
T = s - r it is evaluated by formula (C.6), and the integral over the angle 6 after the
substitution z = cos(f) is exactly the norm of the associated Legendre polynomial (F.6).
Let us put it all together

( - R? k+m)!
1Wsms(r, 0, 0)* = 27.Tk;]i1 ' Ek — mgl “ i paga (s,
2.1 R (k+m)
. -J s)s :O’ 2,85
< |V osms (7, 6, D)2 = 2 k+1 (k—m) ieajolins), M (2.85)
S .R?  (k+m)! .
\ 2k + 1 (k—m)l “ke/2\Hhs): >

Now let us substitute the solution (2.82) into the boundary conditions (2.75); since
the direction of the normal coincides with the direction of the coordinate r, we obtain

r r 1 y _
Appy - | ———— - R+ ——.J R P (cos(0)) - sin(m - _0,
k I 2 ] R ] \/E 19-‘1-1/2(7 ) \/E k+1/2(7 )- k ( ( )) ( ¢>
1<m<k, k>1,

[ Ty 1 pm
o |~y g T B s (- B) |- B (eos(8)) - cos(m- )
0<m<k, k>0,

Clearly, the solution makes sense only when Ay, # 0, which is possible only when
Ve pgr (V- R) = ﬁ *Jet1/2(7- R). Let us denote the roots of the equation Jj ;o (1) =

ﬁ - Jig1/2(p) by pgs — then the eigenvalues take the form

1 Hks
-] ) = s =
2 ks k+1/2(Mk ) Vi R S

Jl/€+1/2<lu’k5) -
€ (1l..00). (2.86)

Here, unlike the Dirichlet problem, the zero mode survives: for & = 0 the radial

solution is the spherical Bessel function jo(vy - r) = %, and zero is a root of
the Neumann condition (j,(0) = 0); it corresponds to v = 0 and the eigenfunction

U(r,0,¢) =1 — a nonzero constant, that is, a fully fledged eigenfunction (the constant
mode). We will count it as the first root: pp; = 0. For k > 1 the zero root gives no
eigenfunction (jx(0) = 0), so there we still take only the positive roots.

Thus, the eigenvalues and eigenfunctions have the form
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7ks % € (1l.00), o1 =0,
Uikms(r, 0, 0) = Agns - % Jiv1/2(Ys 1) - P (cos(0)) - sin(m - ¢),
{l<m<k, k>1, (2.87)
Worms(1,0, 9) = Agms - % 12 (s 1) - P (cos(6)) - cos(m - ¢),
0<m <k, k>0,

where Ay, is an arbitrary constant factor; as before, we set it equal to one.

We compute the norms of the eigenfunctions in the same way as in the Dirichlet
problem: the integrals over the angles remain the same, while the integral over the radius
takes a different value — we use formula (H.2) to compute the norm

R
/ T ‘]13+1/2(7ks -r)dr
0

:R_Q.{l_w

2 13, } i (bs)-

The special case g = 0 (for 791 = 0 the eigenfunction Wogg (7, 0, ¢) = 1) we compute
separately

R T 27
[ Wa000 (1 0, &) || = / / / 112 - sin(0) dr df deb
0 0 0

4.7 R?
=T (9.88)

The norms || 1x,s(r, 0, ¢)||* and || Uopms(r, 0, ¢)||* have the form

[V 1 kems (7, 0 ¢)||2

7 R? (k:—i—m)! k- (k+1) ,
2. k+1 (k—m) [1_1125} * ioy1/2 (ks )
2.7 R? (k+m)! k- (k+1) )

-1 = . _ 9 89
2. k+1 (k—m) [ s Jiv1o(pins), m=0, (2.89)
T R? (k+m)! [1_]€.(I€_|_1)

'J2 S/ >1
2-k+1 (k;—m)! Nis } k+1/2<,uk.) m >

19 2tems (r, 0, §)|* =

19 2tems (7, 0, §)|* =

The final solution of the three-dimensional Dirichlet boundary value problem with
inhomogeneous boundary conditions takes the form
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U, ¢,t) = 2(0,9,1),
f(rv 07 ¢7 0) = T()(T, 9, ¢) - U(ev ¢7 0)7

~ 00(0, ¢, 2 v 906, o,
T80 =100.0.0) - (8t¢ 2 2 .:in(e) 00 (31n(9) ' %) +
A (X))

r? - sin?(9) ' op*

W$:%§,bkﬂxwg:o,ke<mum s € (1..00),
1 m .

Wit (1,0,9) = —= - Jusa o 1) - B c0s(6) - sinfm - 9),  1<m <k,
1

\IIkas(Ta 97 ¢) = W . Jk+1/2('7ks . T) ° Pk(;m) (COS(Q)) . COS(m : ¢)7 0 S m S kv
R (k+m)
2 kT (ol e

2.7 R? (k+m)!
2 k + 1 (k m) Jk+3/2(:u'k8) m = 07

7 R? (k+m)!
2. k+1 (k—m)

To1kms —/ / / f (1,0,0,0) - Wippns(r,0,0) - 72 - sin(0) dr df de,
0
T(

0
R
T(]kas = / /
0

R 271'
Fikms(t) /0 /0 / (1,0, 0,t) - Uims (1,0, ¢) - % - sin(0) dr df dep,

0

19 110ms (7,0, ) |* =

¥ 2pems (1, 0, ) |* =

19 2ms (1, 6, ) |* =

Jiyaga(pes), m =1, (2.90)

/ (1,0, 0,0) - Woppns(r,0,¢) - 72 - sin(0) dr df d,

o
(=}

R

Fotoms (1 / / F(r,0,6,1) - Wapoms(r, 0, 8) - 17 - sin(8) dr- 6 do,
0 0 0

T(r 0,,t)

[ee]

\Ijlkms T, 0 Qb) —a2A2 .t |: /t 2.2 . :|
- e a ks'Y . T ms _|_ ea‘ Vies'T . ms T dT _|_
Zzzmmww2 kst f Fuvms(7)

k=1 m=1 s=1

[ee]

\Ifgkms T, 0 ¢) —a2A2 .t |: /t 2.2 . :|
.e a ks " . T ms + ea Vs’ T ms (T dT ,
ZZZMWWMQ s -, ()

k=0 m=0 s=1

(T707 ¢7 ): U( ’¢7t) +T(T7 9’ ¢7t)'

In the Neumann problem, unlike the Dirichlet one, the spectrum contains the zero
mode (yp1 = 0, Wago1 (7,0, ¢) = 1) — the case v = 0, which in the general solution (2.18)
was set aside for separate consideration; it is precisely what gives the non-decaying term
— the term with £ = 0,m = 0,s = 1 in the second sum. The final solution of the three-
dimensional Neumann boundary value problem with inhomogeneous boundary conditions
takes the form
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U(r,0,¢,t) = ®(0,6,t) -,
fOnv 0, ¢v 0) = TO(T) 0, ¢) - U(Tv 9) ¢7 0)7

2
F(r,0,0,t) = f(r,0,¢,t) — a(b(?f’t) N 2.4 .q;(e,qs,t)Jr
2

a 9 (. 0%(0,,1t)

r-sin(f) 00 (Sm(@) . 00 ) -
a® ‘ 0*®(0, ¢,t)

7 - sin?(0) op*

His 1
R’ J1;+1/2(Mks) = ﬁ : Jk+1/2(/~‘ks)v po1 =0,

ks
ke (0.00), se (l..00),

\Ijlkms(rv 97 ¢) -

Vks =

1 m .
W Tir12(Yes - T) Pk( )(COS(Q)) ~sin(m - ¢), 1<m<k,

Worms (7,0, ¢) = 2 (Yes 1) - P{™(cos(f)) - cos(m - ), 0<m <k,

5~

s (7,6, 6) |2 = =22 (k+m)! [1 ket 1)

2. k+1 (k—m) 2 } iy (bs),
2.7 R (k:+m)!.[1_k.(k+1)
2 k+1 (k—m) i

7 R? (k+m)!.[1_k.(k+1)
2-k+1 (k—m)! Nis

4.7 R
[ Wa01 (7, 6, 9)||* = —3

Wt (0, )| = ] Pl m=0,

(2.91)

[ atonr,0, ) = | o 1

27r

Torkms = / / / (r,0,0,0) - Wigms(r,0,0) - r Sm( ) dr df do,
27r

Tookms = / / / (1,0, 6,0) - Uops(r,0,¢) - 72 - sin(0) dr df d,

Jikms(t) / / / (1,0, 0,t) - Wigms(r, 0, 0) - 72 - sin(0) dr df dop,
Fokms(t) / / / (1,0, 0,t) - Wopms(r, 0, ¢) - 72 - sin(0) dr df dp,
I'(r,0,¢,t) =
0o k oo
qjlkms(ryev¢) —a?~2 -t |: /t 2.2 .
_ea ks " Tkms+ ea fyksT'fkms(T)dT +
ZWZZ W 1kms (r, 0, 0 o 0 :
0o k o)
\IIkas(T 0 ¢) —a2A2 -t [ /t 2.2 . :|
cem ke T ms T eavksﬁr'f msTdTa
222 (G 8.0 oakms ¥, 25 7)
T(”‘? 07 ) t) (T7 07 (b? ) + T(”‘? 07 (b? t)

To obtain the stationary solutions, we let time tend to infinity in the solutions found
(t — o), as was done for the general case in (2.18). The term with the initial condition
vanishes, since e*%s* — 0; the sources and boundary conditions stop depending on

time, and the time integral for 4, # 0 gives the factor (12;2
ks
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t
/ e~ (7) g = L. (1— e_az%%s't)
2 2
0 A Vs
1
— —5—5 as t—00, Y #0.
a Vs

The stationary solution of the three-dimensional Dirichlet boundary value problem
takes the form

U(0.6) = 2(0,0),
Fr.6.6) = fr.0,0) + a( a‘”@)+ 2200
£ (0.

- sin(6 r? - sin’() LS

e
ks R’

qjlkms (T7 67 ¢) =

Jk+1/2(.uks) =0, € (1..00),

1

g1/ (es 1) P,i"“ (cos(9)) - sin(m - ¢), 1<m <k,

-5

Wotms(r,0,0) = —= - Jis12(Yas - 7) - PU™(cos(8)) - cos(m - ¢), 0 <m <k,

XN

7 R? (k+m)!
||\I’1kms(r 0 ¢)H2 2 k41 (kz—m) ‘]k+3/2<uks)

2.7 R? (k+m)!
2. k+1 (k—m) evapatns), =0, (2.92)

7 R? (k+m)!
H\I/%mé‘(r’e?(ﬁ)w = 2 k+1 (l{: m)| J13+3/2(/~Lks)7 m =1,
(

19205 (1, 0, 0)|I* =

Sikms = / / / f 7,0,0) - Uigms(r,0,0) - r Sln( ) dr df do,
Fotms = / / / F(r,0,0) - Warna(r,0,0) - 17 - sin(6) dr d6 o,

- \Illkms T 0 ¢) flkms
T(r,& (b —|— . +
;;2 19 1ms (r, 0, D) I* @ - s
io: Zk: io: \IIkaS(Ta 97 qb) . f2kms
| Warms (7, 0, ¢)H2 a’ -

Vs

The stationary solution of the three-dimensional Neumann boundary value problem is
not so simple. Unlike the Dirichlet problem, the purely Neumann stationary problem is
not always solvable. The reduced function T(T 0, ¢) satisfies the homogeneous Neumann

conditions and the stationary equation a? - AT(’/‘ 0,0)+ f (7‘ 0,¢) = 0. Let us integrate
it over the domain:

o:/R/w/% a2.Af+f>-rQ.sinw)drdedqs:
a2~ dS ///%]?7“ -sin(0) dr df dp = ///%A - sin(0) dr df d¢.

The boundary integral vanished due to the homogeneous Neumann conditions, and

~

what remains is the solvability condition (2.22): fOR N 0% f(r,0,¢)r*sin(f) drdfdp =0
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— the total reduced source over the domain must vanish (otherwise heat accumulates and
there is no steady state). When it holds, the solution is defined only up to an arbitrary
additive constant C': it corresponds to the zero mode (o1 = 0, Wag01 (7, 0, ) = 1), whose
amplitude is not fixed by the stationary equation. With this caveat the solution takes
the form

U(Tv 67 ¢) = CI)(G’ ¢) T
f(?”,@,(f)) = f(r797¢)+f+

a? ) 0D(6, ¢) a? D*®(0, ¢)
7 - sin(f) 00 <sm((9) ) + r - sin?() ' 9¢*

,LLkS ] 1
s = T J, s) =
Yk R k+1/2(/’”€ ) 9. LLes

ke (0.00), se€ (l.c0),

\Plkms(ra 07 ¢> =

(,Uks)a His > 07

Ty (s - 1) - PY(cos()) -sin(m - ¢), 1< m <k,

Hg\H
=

Worms (1,0, 0) = —= + Jpr1/2(Yrs - 1) - Pk(m)(cos(ﬁ)) -cos(m-¢), 0<m <k,

XN

W tns (1,0, D) = (“m)!-[l_k-(’fm

2
2-k+1 (k—m)! 12, :|'Jk+1/2(,uks)7
2.7 R? (k’+m)! l—k'(k—i_l)

(k—m

. L J? s -0
2. k+1 )] ,uis :| k+1/2(:uk )7 m )

T R*  (k+m) 1_k-(/<:+1)
2 k+1 (k—m) 2

R 7r 2
Jikms = / / / f(r,0,0) - Vipms(r,0,¢) - r* - sin(6) dr df do,
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Chapter 3

Solving large sparse matrices

Storage formats

After applying the finite element method, the problem reduces to a system of linear
algebraic equations

A-x=b. (3.1)

The matrix A in such a system is usually large but sparse: almost all of its elements
are zero. This is natural for FEM — each simplex is connected only to a small number of
neighbouring nodes, so a single row of the global matrix contains nonzero elements only
at the positions of the local neighbourhood of a node. Storing such a matrix as a dense
table is wasteful: most of the memory is spent on zeros, and matrix-vector multiplication
performs many useless operations.

In a FEM implementation it is convenient to use three representations of one and the
same sparse matrix.

1. COO (coordinate list) stores the matrix as a list of triples (¢, j, a;;), where 7 is
the row index, j is the column index, and a;; is the element value. The format is
convenient when assembling the global matrix: the local matrices of the simplices
are simply appended to the common list, and duplicate indices are summed.

2. CSR (compressed sparse row) stores the matrix row by row in three arrays: the
values of the nonzero elements, their column indices, and the array of offsets of the
beginning of each row. The format is inconvenient for adding new elements, but
optimal for the operation A -z, which is performed at every iteration.

3. CSC (compressed sparse column) is the column analogue of CSR. It is not needed
for solving the system, but it is useful when multiplying two sparse matrices, when
fast access to the elements of the right matrix by columns is required.

All three formats for one and the same matrix A are shown in figure (3.1).
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Fig. 3.1. Storage of the sparse matrix A in the COO, CSR and CSC formats.

Next, let us talk about the solution method.

Solution method

For large sparse matrices, direct methods that build a full decomposition of the matrix
are usually unprofitable: during the decomposition, new nonzero elements appear in the
positions of the original zeros — the so-called fill-in. As a result, the main advantage of
a sparse matrix is lost — a small memory footprint and a small number of arithmetic
operations.

We will solve system (3.1) by the iterative preconditioned conjugate gradient method
(PCG). The method applies to symmetric positive definite matrices — exactly those that
arise in FEM problems with elliptic operators and in implicit heat conduction schemes.
Let us write out the algorithm step by step.

Let xg = 0 be the initial guess. The initial residual takes the form

T’OIb—A'SC(]. (32)

The initial search direction and the preconditioning vector have the form

P zg = 1o, Po = <o, (3-3)
where P is the preconditioner matrix: it approximates A, but systems with it are
much cheaper to solve. Then at every iteration £k = 0,1,2,... we compute
T
Tk, * Zk
ap = ———— 3.4
pi - A-py (34)
Tyl = T + O - P, (3.5)
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Tk+1 :Tk_ak:'A'pk, (3-6)

P . Zk+1 = T’k+1, (37)
T
Tht1 ™ Zk+1
— k41 AT 3.8
e (3.9
Per1 = Zkt1 + Be - P (3.9)

The iterations continue until the squared norm of the residual drops below a given

threshold

Thoi Thi1 < €. (3.10)

The main computational cost of each iteration is one multiplication of the sparse
matrix by a vector, A - pg. This is precisely why the matrix is converted from COO to
CSR before the iterations start: in this format the multiplication of a row by the vector
runs only over the nonzero elements.

)

v
o (r'z)/ (b'q)
v

Xep = X 0 Py
Ter = T O Gy

Y

kk+1

Pz, =Ty

v

Bk - (rkHTZkH) / (rkTZk)

Pyer = Zier T By Py

Fig. 3.2. One PCG iteration: the step A - pi is the most expensive one.

Next, let us talk about preconditioners.

Preconditioners
The convergence rate of the conjugate gradient method is determined by the condition

number of the matrix A. The larger it is, the slower the method converges — many
iterations are required to reach acceptable accuracy. The preconditioner P is meant to
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improve this number by replacing the original system with an equivalent one with the
matrix P~ - A, whose eigenvalues should cluster in a narrow neighbourhood of one.

In practice there is no need to build P~!- A explicitly: at every iteration it suffices to
be able to solve the auxiliary problem

P-Zk =Tk, (311)

using zj, instead of the original residual r;, — see formulas (3.7)—(3.8). Let us consider
three variants.

1. No preconditioning (P = I). In this case z; = 7y, and the method coincides
with the classical conjugate gradient method. This variant is useful for debugging, but
for ill-conditioned systems it converges slowly.

2. Jacobi preconditioner. As P we take the diagonal part of the matrix A

P = diag(A) = diag(a11,a22, - - - , Gnp)- (3.12)

Its application reduces to element-wise division

Tk,q
;= . 3.13
<k, i ( )

This preconditioner is practically free in memory and time, but it takes into account
only the diagonal, ignoring the couplings between the variables.

3. Incomplete Cholesky factorization (IC). For a symmetric positive definite
matrix an approximate factorization is built

A=~L-L", (3.14)

where L is a lower triangular matrix. Unlike the full Cholesky factorization, the fill-in
elements in the positions of the original zeros are discarded — the nonzero structure of
L coincides with the structure of the lower triangle of A. Once L is built, applying the
preconditioner consists of two triangular substitutions

L-y=nr, (3.15)
T
Lz, =y (3.16)
Be3 npefo0yciaBiuBaHus SIko0u Henonubii Xonenkuun
P=1 P = diag(A) A~L-LT
1|0 0 o a,| 0 0 o0 /0 o o
0of1]0 o 0 [a,| 0 O Ly |L,| 0 o
0 0 f1]o0 0 0 [ay| O Ly | L, [ Ls| O
0 0 0|1 0 0 o0 Ly |l | Lis | L I

Zk = Ik Zk « Tk/ aj Ly=r, LTzk=y

Fig. 3.3. Preconditioners: identity (P = I), Jacobi (P = diag(A)) and incomplete
Cholesky (A~ L-LT).

In FEM problems the incomplete Cholesky factorization usually gives the best trade-
off: it is more expensive than the diagonal preconditioner (building L and two triangular
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sweeps per iteration), but it noticeably reduces the number of iterations. For nonsym-
metric or indefinite systems, which fall outside standard heat conduction problems, one
should turn to the GMRES or BICGSTAB methods with appropriate preconditioners.

This concludes the solution of sparse systems — next, let us talk about partitioning
the geometry into simplices.
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Chapter 4

Partitioning the geometry into
simplices

Segmentation

In the one-dimensional case, partitioning the geometry into simplices reduces to build-
ing segments between neighbouring points. We will call this process segmentation. The
input is a set of points on a line, the output is a set of one-dimensional simplices.

The algorithm in this case is very simple.

1. Take all the points of the geometry and sort them by the coordinate x.

2. After sorting, connect each point to the next one: if the ordered points have co-
ordinates ry < x; < ... < x,, the simplices have the form s; = [x;, z;11], i =
0,1,...,n—1.

3. Assign a new index to each resulting segment. These indices refer no longer to the
original points but to the simplices.

The figure “Segmentation” shows both key actions: first the points are ordered by
coordinate, then each neighbouring pair turns into a separate simplex.

So S1 S2 S3

C T

Xo X1 X5 X3 Xy

Fig. 4.1. Segmentation: the ordered points and the simplex segments.

In the one-dimensional case the whole geometry is already given by the arrangement
of the points on the line, so it suffices to order them. If two points have the same
coordinate, this case must be handled before segmentation: the algorithm itself assumes
that the sorted sequence of points defines a correct chain of segments.
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Triangulation

In the two-dimensional case the simplex is a triangle, so for a given set of points we
must build a family of triangles that covers the domain completely and has no internal in-
tersections. Additionally we require the resulting mesh to satisfy the Delaunay condition:
the circumscribed circle of each triangle must contain no other vertices of the triangu-
lation. For a non-degenerate point set without prescribed edges, such a triangulation
maximizes the minimum angle. Thus the Delaunay condition helps reduce the number
of badly elongated triangles, while the stability of the subsequent finite-element compu-
tations also depends on the input geometry quality, point density and correct handling
of constraints.

Building a Delaunay mesh by hand is trickier than it seems: the computational domain
is often a square or an annulus, whose boundaries produce degenerate configurations on
which naive floating-point computations fail (see below). The low-level construction
is therefore entrusted to the mature CGAL library with exact geometric predicates,
with a data-preparation and validation pipeline implemented on top. The project’s own
implementation of the classical divide-and-conquer scheme, with which it all started, has
been moved to the appendix “Triangulation by divide and conquer”.

Geometric predicates

Almost every geometric decision in the algorithm reduces to two sign predicates.
Position of a point relative to an edge. For a directed edge with endpoints
p1 = (x1,%1), p2 = (2,92) and a point p3 = (x3,ys3), the sign of the expression

orient(py, p2, p3) = (2 — z1)(ys — y1) — (y2 — y1)(z3 — x1) (4.1)

determines whether ps lies to the left, to the right, or exactly on the line p;ps. The
same predicate is used when building the convex hull and when controlling triangle ori-
entation.

Testing the Delaunay condition. For a triangle with vertices pq, po, ps listed
counter-clockwise and a query point pg = (¢, yo), the condition is conveniently written
via the sign of the determinant

oy ri oy 1
Ty Y2 T3+y; 1
T3 ys w3 +y; 1
To Yo TG+Yp 1

det <0 (4.2)

If condition (4.2) holds, the point py lies outside the circumscribed circle or on its
boundary; otherwise it is inside, and the pair of adjacent triangles must be restructured.
With clockwise vertex order the sign of the determinant flips, so triangle orientation is
controlled by predicate (4.1).

Robustness on degenerate input

Predicates (4.1) and (4.2) are signs of determinants. On inputs in general position
their value differs noticeably from zero, and ordinary double-precision arithmetic yields
the correct sign. But a square computational domain produces two unpleasant cases:
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e collinearity — many boundary points lie exactly on one vertical or horizontal line,
and predicate (4.1) evaluates to exact zero;

e cocircularity — the four corners of any cell of a regular grid lie on one circle, and
determinant (4.2) is also exactly zero.

The trouble is that when such a “zero” determinant is computed in floating-point
arithmetic, rounding errors accumulate, and instead of zero we get a tiny number of
arbitrary sign — noise. Different parts of the algorithm, having received contradictory
answers for the same triple of points, start building an inconsistent mesh: flat (zero-area)
triangles appear along the boundary and the Delaunay condition is violated.

The solution is to compute the sign of the predicate ezactly. The library we use
evaluates the determinants with filtered arithmetic: a fast preliminary computation with
a guaranteed error bound, and in doubtful (near-zero) cases an exact re-evaluation. As a
result the sign is never wrong, and a true zero is recognized as zero. Importantly, only the
predicates need exactness: the algorithm constructs no new points — the mesh vertices
are exactly the input points — so exact construction arithmetic is not required and
the coordinates remain plain double-precision numbers. This compromise costs almost
nothing in speed.

Constrained triangulation

In practice, besides the points themselves we must honour user-specified edges — the
boundaries of the computational domain and the contours of holes. Such edges must
be present in the final mesh and must not be destroyed by local restructurings. This
problem is known as constrained Delaunay triangulation: near a constraint edge the
Delaunay condition may legitimately be violated, but in return the mesh is guaranteed
to follow the prescribed contours. The edge-insertion operation itself is described below
in the implementation section, and in full detail in the appendix.

Meshing the computational domain

The full pipeline that meshes a domain with a boundary and holes consists of six
steps.

1. The contours — the outer one and the hole contours — are subdivided into segments
no longer than the target step \/S/n, where S is the domain area and n is the
number of interior points; this matches the boundary point density to the interior
density and reduces the risk of elongated triangles along the boundary.

2. n random points are generated inside the domain (outside the holes) by rejection
sampling, optionally with a prescribed minimum distance between them.

3. The interior points are inserted one by one into an empty triangulation, followed
by the boundary points of all contours.

4. Every segment of every contour is forcibly inserted into the mesh as a constraint
edge.

5. The resulting triangulation — it still covers the whole convex hull — is validated;
on any defect the construction aborts with an error.
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6. Triangles whose centroid lies outside the domain (inside a hole or beyond the outer
contour) are discarded — what remains is the mesh of the computational domain
proper.

The validation in step five is a safety net comprising four checks:

e verter completeness — every input point is present in the mesh as a vertex, and
the mesh contains no extraneous vertices;

e triangle count — it must equal the value T'= 2N — 2 — h that follows from Euler’s
formula, where N is the number of vertices and h is the number of vertices on the
convex hull;

e non-intersection — no two triangles intersect across edge interiors;

e Delaunay condition — checked for pairs of triangles whose shared side is not a con-
straint edge; near constraints the Delaunay condition may legitimately be violated.

Storing the triangulation

The finished triangulation is stored not as a mere list of triangles but as a structure
that maps every edge to its adjacent triangles. Through a shared edge one can always
quickly find the pair of triangles potentially violating the Delaunay condition — this is
what flip operations use. The same structure yields the mesh boundary (edges belonging
to a single triangle): before the holes are cut out, that is the convex hull. The output
is a set of triangular simplices from which the local stiffness matrices are later built and
the global finite-element system is assembled.

Implementation: the CGAL library

CGAL (Computational Geometry Algorithms Library) is an open-source C++
computational-geometry library and the de facto standard in the field. We use its
classes Delaunay triangulation 2 (plain Delaunay triangulation) and Constrained
Delaunay triangulation 2 (constrained triangulation) with the FEzact predicates
inexact_ constructions kernel. The staged pipeline described above, the constraint
insertion and the step-five checks are implemented on top of it.

CGAL builds the mesh incrementally — points are inserted one by one into an existing
triangulation.

e Instead of an auxiliary “super-triangle”, which would have to be sized and later
deleted, it uses an infinite vertex: the convex hull of the current mesh is closed off
by fictitious triangles whose third vertex is a formal “point at infinity”.

e Each next point is first located by walking the mesh: starting from some triangle,
the algorithm steps from neighbour to neighbour towards the point, guided by
orientation predicate (4.1).

e The located triangle is split by the inserted point into three (a point on an edge
splits the two adjacent triangles into four), after which the Delaunay condition is
restored by a cascade of flips spreading from the new vertex: if by predicate (4.2)
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the fourth vertex of the neighbouring triangle falls inside the circumscribed circle,
the common diagonal of the quadrilateral is replaced by the opposite one (figure
Diagonal swap).

Fig. 4.2. Local restructuring of a pair of triangles (flip) to restore the Delaunay
condition.

A constraint edge is inserted into the finished mesh by a separate operation: all
triangles crossed by the segment are removed, the resulting cavity is split by the segment
into two chains of vertices, and each chain is re-triangulated; in subsequent restructurings,
flipping across the constraint edge is forbidden. Since by insertion time both endpoints
of every segment are already mesh vertices and the contours do not intersect, no new
(Steiner) points appear. A detailed walkthrough of this operation is given in the appendix.

The chosen kernel combines ezxact predicates with inexact constructions. Predicates
are evaluated with filtering: interval arithmetic with a guaranteed error bound first,
and only when the interval straddles zero — an exact re-evaluation in multiprecision
arithmetic. This is what ensures that the collinear and cocircular configurations of the
square are handled correctly. Constructions, in turn, stay plain doubles: the algorithm
creates no new points, so every vertex of the final mesh maps back losslessly to an input
point. With a random insertion order — which our random point generator provides —
the expected construction cost is O(nlogn).

Examples

All meshes below are real outputs of the described pipeline (the triangulate utility of
the computational core), drawn without any retouching.

The figure “Square” shows the triangulation of the unit square with n = 200 interior
points: after the boundary is subdivided with step /.S/n, the mesh contains 260 vertices
and 458 triangles. The square’s boundary consists of dozens of exactly collinear points
— the very degenerate input on which floating-point arithmetic without exact predicates
falls apart; here the mesh is correct along the entire boundary, with no flat triangles.
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Fig. 4.3. Triangulation of the unit square (n = 200; 260 vertices, 458 triangles):
collinear boundary points are handled correctly.

The figure “Square with a hole” demonstrates constraint edges at work: a square hole
is cut out of the square, and both contours are inserted as constraints (n = 300; 396
vertices, 696 triangles). The mesh follows the hole contour exactly and does not enter
it — triangles whose centroid landed inside the hole were discarded at the final pipeline
step.

92



Fig. 4.4. Triangulation of a square with a hole (n = 300; 396 vertices, 696
triangles): the contours are inserted as constraint edges.

Finally, the figure “Annulus” shows the triangulation of an annulus (outer radius
1, inner radius 0.4) with n = 1000: the final mesh contains 1192 vertices and 2192
triangles. Both contours are approximated by polygons (128 and 64 vertices) and inserted
as constraint edges, so the mesh follows the prescribed polygonal boundary of the domain,
while the interior points produce a nearly uniform Delaunay mesh.
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Fig. 4.5. Triangulation of an annulus (R =1, r = 0.4, n = 1000; 1192 vertices, 2192
triangles): the outer contour and the hole boundary are inserted as constraint edges.

Tetrahedralization

In the three-dimensional case the simplex is a tetrahedron, so the analogue of trian-
gulation is tetrahedralization: the volumetric domain must be partitioned into tetrahedra
so that they do not overlap, cover the domain completely and meet pairwise only along
shared faces, edges or vertices. As in the two-dimensional case, we require the Delaunay
condition — now for the circumscribed sphere of a tetrahedron: it must contain no other
mesh vertices. This condition helps avoid some badly elongated elements, but by itself
it does not guarantee a good shape for every tetrahedron; this is why we also prescribe
quality criteria and run mesh optimization.

The minimal three-dimensional simplex is built on four points:

T = (p1,p2, 3, Pa)- (4.3)

Why the three-dimensional case is harder

The classical divide-and-conquer scheme, described for triangulation in the appendix,
becomes much more involved in three dimensions. When stitching two parts in the plane,
the gap between them is a pair of edge chains, and filling it is easy. In space the gap is
formed by a whole set of faces, and it has to be closed with tetrahedra correctly. Moreover,
the local Delaunay restructuring in the plane is a simple diagonal swap of a quadrilateral
(the 2-2 flip), while in space the elementary restructurings (the 2-3 and 3-2 flips) change
the very number of tetrahedra and require careful admissibility checks. Finally, unlike
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the plane, not every three-dimensional domain can be partitioned into tetrahedra without
adding new points — the classical example is the Schonhardt polyhedron.

For these reasons we do not implement the low-level tetrahedralization by hand but
delegate it to the same CGAL library (see below), focusing on the problem statement:
describing the domain, its boundary and the mesh quality requirements.

The domain as a piecewise linear complex

The three-dimensional computational domain is specified by its boundary — a closed,
oriented, triangulated surface. Such a description is called a piecewise linear complex
(PLC): a set of vertices, edges and planar faces consistently covering the body’s sur-
face. It is the direct three-dimensional analogue of the boundary contours of the two-
dimensional triangulation: there the boundary consisted of closed polylines, here — of
closed triangular meshes.

For three characteristic bodies the surface is built explicitly:

e cube — eight vertices and twelve triangular faces (two per each of the six sides);

e ball — an icosphere: an icosahedron whose faces are repeatedly subdivided into
four and projected onto the sphere;

e hollow cylinder — the outer and inner lateral surfaces plus two annular end caps;
the result is a closed surface of genus 1 enclosing a body with a through hole.

Constraints: edge and face recovery

The faces and edges of the boundary surface play the role of constraints — just
like the non-crossable edges in the two-dimensional constrained Delaunay triangulation.
They must be present in the final mesh: tetrahedra must not cross the body’s boundary
through their interiors, and sharp edges (the cube’s edges, the rims of the cylinder caps)
must be preserved as mesh edges rather than be “shaved off”. Sharp edges are detected
automatically by the dihedral angle between adjacent faces and are recovered separately,
after which the surface remains embedded in the volumetric mesh.

Quality criteria

Unlike the planar case, where the density was set merely by the number and placement
of points, the volumetric mesh is driven by sizing fields and shape criteria:

e a bound on the tetrahedron size controls the mesh density: in CGAL it is set by the
cell_size parameter, an upper bound on the circumradius of a mesh tetrahedron.
In the demonstration utility the target scale is estimated as {/V/n, where V is the
body volume and n is the prescribed number of points;

e a bound on the ratio of the circumscribed sphere radius to the shortest edge (the
radius—edge ratio) prevents many elongated “needle” tetrahedra; the flat “slivers”
that this criterion does not catch are removed by the final optimization;
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e boundary-approximation criteria (the angle, size and distance error of boundary
facets) control the accuracy of the surface mesh, while for the ball and the cylinder
the accuracy also depends on how well the initial polyhedral surface approximates
the intended curved surface.

The algorithm inserts interior points (Delaunay insertion) and refines the mesh until
all criteria are met. A final optimization step then improves element shapes through
vertex perturbation and sliver exudation, that is, vertex reweighting used to remove
nearly flat tetrahedra.

Implementation

The low-level construction is delegated to the Mesh 3 module of the CGAL li-
brary — the same one used for the two-dimensional triangulation. The boundary sur-
face of each body is represented using Mesh polyhedron_ 3<K>::type, the domain by
Polyhedral _mesh_domain_with_features 3 (with automatic sharp-edge detection), and
the tetrahedralization itself is performed by calling make mesh 3 with the criteria
described above (Mesh_criteria_3). The exact-predicates kernel Exact predicates
inexact constructions kernel is used, so the in-sphere and orientation checks are evalu-
ated robustly. The output is a set of tetrahedral simplices of the form (4.3), from which
the local matrices are later built and the global finite-element system is assembled.

Examples

All meshes below are real outputs of the tetrahedralize utility of the computational
core; the text gives the parameters of the full tetrahedral mesh. The interactive models
show its surface shell: the surface can be rotated with the mouse or a finger, and the
lighting-based shading emphasizes boundary facets of the tetrahedra.

The figure “Cube” shows the tetrahedralization of a unit cube with n = 600: 674
vertices, 2809 tetrahedra. The cube faces are flat, so all the mesh “curvature” goes inside,
while the surface shows the triangular faces of the near-boundary tetrahedra; the cube
edges are preserved as sharp features.
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Fig. 4.6. Tetrahedralization of a cube (side 1, n = 600; 674 vertices, 2809
tetrahedra).

(interactive version on the website)

The figure “Ball” demonstrates surface approximation: the icosphere boundary of a
ball (R = 1, n = 800; 737 vertices, 3417 tetrahedra) approximates the sphere with the
prescribed accuracy, with no sharp edges.

Fig. 4.7. Tetrahedralization of a ball (R = 1, n = 800; 737 vertices, 3417
tetrahedra): the boundary approximates the sphere with the prescribed accuracy.

(interactive version on the website)

Finally, the figure “Hollow Cylinder” shows a hollow cylinder (R = 1, r = 0.4, height
1.5) with n = 1000: 1118 vertices, 4588 tetrahedra. The through hole and the cap rims
are preserved by the constraints: the sharp edges are detected by the dihedral angle and
recovered in the mesh.
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Fig. 4.8. Tetrahedralization of a hollow cylinder (R =1, r = 0.4, h = 1.5, n = 1000;
1118 vertices, 4588 tetrahedra): the through hole and the cap rims are preserved.

(interactive version on the website)
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Chapter 5

Formulation of the FEM problem

Variational formulation of the problem

This chapter is the key one: here we lay the foundation of the finite element method.
Having mastered it, you will be able to apply the same approach to equations of other
types containing a linear operator.

We have considered the analytical approach to solving the heat conduction equation;
however, for more complex geometries it quickly becomes cumbersome or altogether in-
applicable, so now we proceed to our main topic — the numerical solution of the heat
conduction equation. Let us write equation (1.8) for convenience, replacing T' by u

ou(M,t)
ot
We need to find a function u(M,t) satisfying the equation and the boundary condi-
tions; we first homogenize the boundary conditions, as was done in the analytical part:
the inhomogeneity goes into the heat source density function and the initial condition,
and is added back to the solution at the end. The problem itself can be represented as
the Euler equation

=a*  Au(M,t) + f(M,1).

Lu] = f, (5.1)

where L = 2 — a2 . A is the linear operator of the differential equation, w is the
unknown function, f is the load function. As I said above, our equation also fits this
form, which means we can apply the well-known approach to solving the Euler equation.
That approach is the Bubnov—Galerkin method: in the weak form it is required that for
any trial function v(M,t) at any moment of time ¢ the following equality holds

/ Liu(M,t)] - v(M,t) dM = / F(M, 1) - v(M,t) dM. (5.2)

Why is all this needed, and what are these trial functions? Above, when constructing
the analytical solution, we saw how the solution is expanded into a Fourier series — the
same thing happens here: if the functions are chosen orthogonal, the problem splits into
several solutions independent of each other, which finally add up to the sought one. The
freedom of choice is very large, so the functions can be taken as simple and convenient for
computation as possible. One glance at the equation above makes it clear that the solution
can be represented by the sum u(M,t) = Y"1 | a; - v;(M,t), where a; are the coefficients
to be found, and v;(M,t) are the basis functions; in the Bubnov—Galerkin method the

99



trial functions are taken from the same family. The approach to the numerical solution
is analogous to the analytical one and essentially also reduces to finding the coefficients
of known basis functions. I would say more: there is no fundamental distinction between
analytical and numerical methods — they are essentially the same thing.

Writing integrals is inconvenient, so let us write (5.2) in the form of a scalar product

(Llul, v) = (f,v). (5.3)

It is known that the Euler equation is related to the functional as follows

I(v) = (L[v],v) =2+ (f,v). (5.4)
Minimizing this functional brings us back to the Euler equation, and the function v
on which the minimum is attained is precisely the sought solution u. Let us show this.
If on the function u the functional attains its minimum, let us give it the increment
u + € - v, where € is a small number, and v is an arbitrary function, and carry out the
transformations taking into account the obvious relation I(u) < I(u + € - v)

Iu+e-v)=(Lute-vut+e-v)—2-(fute-v),

It ev) = T(w) +2- ¢ [(L[ul,0) - (f,v)]
+ € - (L[v],v).

When expanding the brackets we used the self-adjointness of the operator: (L[v],u) =
(L[u],v). For the time derivative this is, strictly speaking, not the case — a careful
treatment of this point is given in the appendix “The Bubnov—Galerkin functional”. Since
€ can be negative, for the minimum condition to hold it is necessary that the term
linear in € vanish, that is, that (5.3) holds. Thus, to solve the Euler equation by the
Bubnov-Galerkin method, one needs to minimize the functional (5.4).

Solving equations analytically showed us the approach of separation of variables, so let
us try to apply that knowledge here. Logically, nonstationarity adds no complexity related
to the geometry: geometry separately, time separately. Ideally, solving the nonstationary
equation should reduce to successively solving N stationary problems. In the appendix
“The Bubnov—Galerkin functional” we obtained the functionals whose minimization yields
the solution of the nonstationary (I1.6) and the stationary (I.5) problems.

Form of the solution

An analytical solution for simple geometries can be obtained by many methods; one
of them — the so-called Fourier method — we have already used in the section “General
analytical solution of the boundary value problem”. We assume in advance that the
solution, even before it is obtained, is already expanded into a Fourier series — the
expansions in the individual coordinates are considered mutually independent — and
all that remains is to determine the specific values of the general solution (2.17). The
difference is that in the Fourier method we partition the solution but not the geometry
— which is why an analytical solution is possible only for a limited set of geometries
— while in FEM we partition the geometry itself into simple elements, usually called
simplices. The solution on these elements is approximated by so-called trial functions.
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So, let us partition the space M into simplex subspaces o, which completely cover
the original space. In each subspace there will exist its own solution v, = T'(0;) — the
restriction of the sought solution to the simplex, and the collection of such solutions will
be the solution of the boundary value problem. Next, let us talk about simplices.

Simplices

Before describing the solution, the domain on which it is sought must be partitioned
into the simplest non-intersecting elements — simplices. The ways of building such
partitions are discussed in detail in the chapter “Partitioning the geometry into simplices”,
so here we only briefly recall the result we will rely on.

In the one-dimensional case the simplex is a segment. The interval [ on which the
solution is sought is split into n simplex segments s;, ¢ € (1..n); unlike the finite difference
method, their lengths may differ. The construction of these segments is described in the
section “Segmentation”. An example is shown in figure Segment simplices: the length of
simplex sy equals xo — 1.

S1 S> S3 S4
T~ T~ T~ —
X0 X1 X2 X3 X4
Fig. 5.1. One-dimensional segment simplices 1, ..., Sy; their lengths may differ.

In the two-dimensional case the simplex is a triangle. The domain S is partitioned
into n non-intersecting triangles ¢;, ¢ € (1..n) by the constrained Delaunay triangulation
— see the section “Iriangulation”. An example is shown in figure Triangle simplices.

61



Fig. 5.2. A convex domain covered by non-intersecting triangle simplices (a real
triangulation); one simplex is highlighted.

In the three-dimensional case the simplex is a tetrahedron. The domain V' is parti-
tioned into n non-intersecting tetrahedra t¢;, i € (1..n); the corresponding procedure is
discussed in the section “Tetrahedralization”. The minimal simplex and its face-sharing
neighbour are shown in figure Tetrahedron simplices.

P4
[ )
\ n
o 4
/
/
/
/
/
/
o /
\‘\\\ /
~ /
~ /
T /
/P
L]

Fig. 5.3. A tetrahedral simplex on vertices p1,...,ps and its neighbour across the
shared face (grey).

(interactive version on the website)
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Once the domain is partitioned into simplices, the solution v, must be described on
each of them.

Test functions

The function that describes the behaviour on a simplex is called a test function —
probably because in the early days of the method, given how weak computing hardware
was, one had to try out and tune functions that would approximate the solution. There
is a vast number of test functions — one can even use trigonometric ones — but in
practice polynomial functions became the common choice, which hints at expanding the
solution in a Taylor series, by analogy with the expansion in a Fourier series, with the
sole difference that we carry out the Taylor expansion not over the whole geometry, but
only on the simplices, which lets us use the simplest possible polynomials. As a rule,
polynomials of degree 3 were chosen, with 9-10 coefficients, and this required adding
extra points to the simplex in order to determine those coefficients, which led to 9-10
systems of linear equations on each simplex; but they had to be solved only once, which,
computationally, is not a problem even by the standards of that time. This is, of course,
a sound approach, but I decided to “try” building the solution with the simplest possible
polynomials, namely polynomials of the form:

vh(x,y,z) :Zqi'¢i(xayaz>7 (55)
i=1

where n is the number of nodes, ¢; are the coefficients, ¢;(x,y, z) are the so-called
“hat” functions, which equal 1 at a node of the simplex and 0 at the remaining nodes
of the geometry; and it is precisely because the “hat” functions are polynomials that the
test functions, too, will be polynomials.

oi(z,y,2) =a;+b-x+c-y+d; -z, (5.6)

where 7 is the node index, not a power, a;, b;, ¢;,d; are the coefficients that depend
on the geometry of the particular node 7 on the simplex. Once the geometry has been
partitioned into simplices, they will need to be computed once for each node of the
simplex. I wrote the “hat” function for a three-dimensional coordinate system, but further
on we will work with the two-dimensional or one-dimensional case in the same way.

Let us discuss the “hat” functions in more detail and start with the one-dimensional
case.

X'g X1 X2 X3 X4 X
[X2,x3]

Fig. 5.4. “Hat” functions for segment simplices.
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In figure “Hat” functions for segment simplices five “hat” functions are shown —
oo, - - ., ¢4 and four simplices: in total, for one-dimensional space, over n points there are
n “hat” functions and n — 1 simplices, respectively. At the ends, at the nodes zy and x4,
the functions take the form of half-“hats”. Let us take i = 3; then the simplex between
the points x; 1 and z; (in the figure it is highlighted with a fill and bounded by dashed
lines) is defined as follows: v;_1(z) = ¢;—1 - ¢i—1(x) + ¢; - ¢:(x), since the remaining “hat”
functions have no effect on it because they take the value zero on the interval (z;_1,x;).
The function ¢;_1(z) passes through the points (x;_1,1) and (z;,0), and the function
¢;(z) through the points (z;_1,0) and (z;,1). Then the following holds

ai—1 +bi1-wi =1 a; +b;-xi1 =0 (5.7)
ai—1 +bi—1-x; =0 a; +b; -y =1

The solutions of the systems are, respectively

T B
e G T —
1] (5.8)
bi—1 = —1 b = v
Ti—1 — X4 Ti—1 — X4

If for one-dimensional simplices the “hat” functions look like lines in the plane, then
for two-dimensional simplices they become surfaces in three-dimensional space.

Fig. 5.5. “Hat” functions for triangle simplices.

(interactive version on the website)

We took all three vertices of the triangle ¢, from figure Triangle simplices and built
three pyramids whose apexes are the vertices of the original triangle “raised” by 1, while
the bases of the pyramids are the polygons from the same figure that contain the triangle’s
vertices inside them. Since the triangle under study is t5 and we intend to write the test
function for it, let us discard the extra parts and redraw the figure, keeping only the

planes that project onto the triangle.

64


https://alexelyukov.ru/en/antidisser/fem-test-functions

Fig. 5.6. Parts of the “hat” functions for a triangle simplex.

(interactive version on the website)

In figure Parts of the “hat” functions for a triangle simplex for two-dimensional space,
just as for the one-dimensional case, to each of the n mesh nodes there corresponds exactly
one “hat” function, so there are n of them in total; the number of triangle simplices,
however, depends on the particular triangulation. Note also that within a single triangle
exactly three “hat” functions are nonzero — one for each of its vertices. Let us denote the
vertices of the simplex by (x;,y;), (Tiv1, Yir1), (Tivo, Yir2). As a result, the test function
takes the form v;(z,vy) = ¢; - ¢i(,y) + Giv1 * Gir1(z,y) + Givo - Pir2(x,y). To determine
the constants a;, b;, ¢;, @;j11,0;41,Civ1, Qiv2,biro,ciio let us take into account that the
coordinate z is nonzero only at the apexes of the pyramids; as a result, we obtain three
systems of equations

a;i+b;-wit+ey =1 Qi1+ big1 - T+ Cip -y =0 Qi + bivo - Ti + Cipo -y = 0
a; +bi T+ ¢ yip1 =0 @ip1 + g1 - iy + Cigp1 Y =1 @ipa + biyo - i1 + Cipa - Yir1 =0 (59)
a; +bi - Tigo + ¢ Yiyr =0 Qi1+ bip1 - Tigo + i1 Y2 =0 \ Qo + bivo - Tiga + Cigo - Yi2 = 1

The solutions of the equations are, respectively

bi = (Yir1 — Yir2)/ det biv1 = (—¥i + Yir2)/ det bito = (Yi — Yit1)/ det (510)

a; = (Tig1 - Yirz — Tig2 - Yiy1)/ det Qi1 = (=T - Yipo + Tigo - y;)/ det Qiva = (T Yir1 — Tig1 - i)/ det
¢ = (—Tip1 + Tigo)/ det Civ1 = (2 — xi42)/ det Civo = (—@; + x511)/ det

where det = ; - Yir1 — Ti - Yivo — Tig1 - Yi + Tiv1 - Yivo T Tivo - Yi — Tivo - Yig1 1S the
determinant of the matrix.

The difficulty of working with a three-dimensional coordinate system is that the so-
lution, like the “hat” functions, is hard to visualise, so we will make do with formulas
alone. In general, this guide places its main emphasis on two-dimensional boundary-value
problems, since, unlike the one-dimensional ones, they are not trivial and at the same
time visualise well. So, in three-dimensional space a tetrahedron serves as the base of a
four-dimensional pentachoron-“hat”. By analogy with the formulas above, we venture to
assume that the “hat” function will take the value 1 at one of the vertices of the tetra-
hedron — raised into four-dimensional space perpendicular to the base — and be zero
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at the remaining nodes of the tetrahedralization; the test function then takes the form
(2, y,2) = qu 012, Y, 2) + qa d2(2, Y, 2) + g3 93(2, Y, 2) + qu - pa(z,y, 2). To determine
the constants a;, by, ¢;, di, @iy1,0iv1, Ciy1, div1, Qiva, bivo, Ciyo, diya, Giy3,biy3,Cip3,diys let
us take into account that the coordinate p of the fourth dimension is nonzero only at the
apexes of the pentachora; as a result, we obtain four systems of equations

a; +bi - wigy + ¢y +di -z
i+ b - iy

Ee)

r, +hiziteyitdiozn=1 {“H»A iy Tt it Yt dipr -z =0

Qi+ bi - Tia + ¢ Yigs + iz

i1+ big1 - Tisa + Cip1 - Yirr +digr - 2
i1+ i1 - Tigo + Cig1 - Yigr + digr -
Qig1 + bigr - Tigs + i1 Yiva + digr - 7

@iy + iz i+ iy Yi Hdiga -2 =0
@itz + biga - Tisa + Cipz  Yirr iy 2i =0

=1

iy + iy i+ iy Yi tdigs -2 =0
1+ Civs  Yir1 + digs 20 =0
+2=0

iv3 =1

2+ Cips Yirz + digs

@itz + bits - Tiva + Cipa - Yira + digs

where the determinant of the matrix is:

det = * Yiv1 - Ziv2 — T Yit1 * Zig3 — Ti " Yig2 * Zig1
T Ti Yit2 t Zit3 T Ti Yir3 * Rikl — Ti " Yir3 © Zig2
— Tit1 - Yit Zit2 T i1 Yic Ziks + Tit1 c Yiv2 * 2

— Ti41 " Yit+2 " Zi43 — Tit1 - Yit3 © 2

+ Ty
— Tit2
— Ti42
+ Ziy3

“Yiys -
. yi+1 .
“Yiv3 -

*Yiv1 -

Ziv2 T Tit2 " Yi
Zi + Tito - Yit1
Zi+1 — Ti+3 * Yi

Zp = Ti43 - Yita

66

*Zitl — Tiy2
©Ziy3 + Tigo
©Zip1 + Tig3

*Zi42 — Ti43

"Yi -t Zit3
“Yits - &
“Yit Zit2
“Yivr2 &

+ Xig3 - Yit2

(5.11)

(5.12)
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Chapter 6

Computing the matrices

Stiffness matrix 1D

Let us compute the stiffness matrix for the one-dimensional case. In one-dimensional

space the gradient has the form Vv = g—g, and the dot product of the gradient with

2
itself is Vv - Vu = %) . Since the one-dimensional computational domain M is

partitioned into segment simplices, the part of the functional under study for a single
segment (z;, ;1) can be written as

Tt £ 9u\ 2
ov , 1
/xi (835) dx (6.1)

In the general case the trial function v(z) = Y.~  v;(z), whereas on a simplex it has
the form v(yi41) () = ¢ - ¢i(x) + Giv1 - Gita (). Taking into account (5.7) and (5.8) from
the section on hat functions, we write the relations for the hat functions

Gis1(T) = Qg1 + big1 - T

Compute the derivative of the trial function

Oyt ()
ox
Note that the derivative does not depend on = and is constant on the segment. Sub-
stituting (6.3) into (6.1)

T Qi) )
/ (%) dx = liyivn) - (G- by + iy - bit1)?,

where [(;)(i+1) = Ti41 — ¥; is the length of the segment.
Expand the square and regroup the terms

=¢q; b + qiy1 - bipa (6.3)

Tit1 (91)7; ; 2
/ ( (0);+1)) dx = ly(it1) - [qf b+ Qz'2+1 . bzerl + 2 Qir - by - bi—l—l} .

Let us take into account the formulas from (5.8) for the coefficients b and introduce
the notation for the elements of the local stiffness matrix of the segment
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1

2
Mo =l 0 =

1

o6 = laery b = (64)
1

k@it = karne = Loy i bipr = ————

D) = Farne = L@y b b = =

Thus, the local stiffness matrix for a one-dimensional element has the form

K — | Foo  Foay } _ 1 { 1 —1} | (6.5)
ki kayery]  wip—a =101

The global stiffness matrix K is obtained by summing the contributions from all
segments of the mesh by the assembly method: the elements of the local matrices are
added to the corresponding elements of the global matrix according to the global node
numbering. The dimension of the global stiffness matrix is N x N, where N is the total
number of mesh nodes.

For example, consider a mesh with nodes 0, 1,...,7,24+1,..., N. During assembly each

segment (7)(j + 1) contributes =+ , and an interior node i receives a contribution

L) +1)
from the two adjacent segments — (i — 1)(i) and (i)(i + 1) — so its main-diagonal entry
L T

(i-1)(3) (H)(i+1) .
cannot be taken out as a common factor — each entry of the global matrix keeps the

length of its own segment. As a result the matrix is tridiagonal

is the sum I . Since the length [(j)(;4+1) depends on the segment index, it

1 __1 0 0 1
Loy Loy
! 1 1
low low  loe  loe
I
1)@)
1, 1 1
K= v | o Liyi+1)
! (I
Ly i+1) liya+yy  lav)a+2)
. 1
vy
0 1 1
L lv-nyvy  liv-nvy

Stiffness matrix 2D

Now let us compute the stiffness matrix for the two-dimensional case. In two-

dimensional space the gradient has the form Vv = (%, %), and the dot product

2 2
of the gradient with itself is Vv - Vo = (%) + (g—;) . Since the two-dimensional

computational domain M is partitioned into triangular simplices, the part of the
functional under study for a single triangle with vertices (z;, ¥;), (Tit1, Yit1), (Tivo, Yiro)

can be written as
o\ 2 ov\
[ [(@ (o) ] s 66)
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The function v(zx,y) = Zfil vi(z,y). The trial function on the triangle has the form

U(i)(i+2)($> y) =q;- Cbi(xa ?J) + Qiv1 - ¢i+1($a ?J) + Git2 ¢i+2($a y). Taking into account (5'9)
and (5.10) from the section on hat functions, we write the relations for the hat functions

iz, y) =a;,+b;-x+c¢ -y
Giv1(T,y) = Qiv1 + big1 - T+ Cip1 - Y (6.7)
Giro(T,Y) = Ao+ bito - T+ Civay

Let us compute the partial derivatives of the trial function

Qv (T, )
x
Qv iva) (2, )
dy
Note that the derivatives do not depend on x and y and are constants on the triangle.

Substituting (6.8) into (6.6)

=@ - b + qiy1 - big1 + Qiyo - bigo (6.8)

=¢q; C+ Qit1 " Cix1 + Qiy2 " Cigo

8’U ) (i 2 8'1) ) (3 2
/ |:( <a);+2)> + ( ((,;;H)) } dS = Sa-[(¢i-bi+ Giv1 - bis1 + Qv - biv2)? + (¢ - €& + Gig1 - Cip1 + Gz - Ci2)?]
A [

where S is the area of the triangle, which is computed by the formula

_ ldl
2 )
where d = T; - Yiy1 — Ti - Yire — Tiy1 - Yi + Tit1 - Yira T Tiv2 * Yi — Tiyo - Yiq1 18 the

determinant from (5.10).

Expand the squares and regroup the terms

Sa (6.9)

/ (Vg is)?dS = Sa - [qf 2+ ]
AN
2

+ @i B ]+ Gy (Ve + )
+2:¢i - Giyr - (bi - b1 +¢i - ciya)
+2-Gi - qizo - (bi - biga + ¢ - Ciya)

+ 2 Giy1 - Gig2 - (big1 - biyo + Cig1 Ci+2)]

Taking into account the formulas from (5.10) for the coefficients b and ¢ and intro-
ducing the notation for the elements of the local stiffness matrix of the triangle
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1

ki = Sa - [b] + ¢f] = NWir1 — Yig2)® + (—Tig1 + Ti40)7

2-1d|

kgr1yivn) = Sa - Bl + ] = Q;M =y + yir2)® + (@ — Tig2)?)
K@r2)(i+2) = Sa - 070 + o] = %M i = yis1)? + (=i + Ti41) )
k@it = kG = Sa - (bi - bipr + ¢ - cig1)
= %Ml (Wit = Yiv2) - (U + Vi) + (—2i1 + @iga) - (T — Tiso)] (6.10)
k@yive) = Kar2)@ = Sa - (bi - bigo + ¢i - cigo)
= %Ml Wit = Yiv2) - Wi — Yirr) + (=T + Tig2) - (=2 + Tis)]
k(i+1)(i—|—2) = k(i—|—2)(i—|—1) =S - (bi—i-l bigo + Ciyr Ci+2)

1

= g [0+ 92) - (0 = i) + (@ = i) - (i )]
Thus, the local stiffness matrix for a triangular element has the form

Ei) )

kit ki) b? +c? bi - biy1 +civcin bi - biya +¢iv Cigo
Ka = k(i+1)(i) k(i+1)(i+1) k(i+1)(i+2) = SA |biy1 - bi +cip1 - ¢ bf.H + Cfﬂ bit1 - biva + Ciy1 - Civa| - (6 11)
kGroya)  Fara)irr) K22 biyo b+ civa-ci biya - biyr +civa i bo + Clio

The global stiffness matrix K is obtained by summing the contributions from all
triangular elements of the mesh using the assembly method: the elements of the local
matrices are added to the corresponding elements of the global matrix according to the
global node numbering. The dimension of the global stiffness matrix is equal to N x N,
where N is the total number of mesh nodes.

Stiffness matrix 3D

Let us proceed to computing the stiffness matrix for the three-dimensional case. In

three-dimensional space the gradient has the form Vv = (g—g, g_Z’ %), and the dot

: SR : _ (dv)? v\’ )
product of the gradient with itself is Vv - Vo = <%> + <Fy> + <%> . Since the
three-dimensional computational domain M is partitioned into tetrahedral simplices, the

part of the functional under study for a single tetrahedron with vertices

(%’;%;Zi)a ($i+1yyi+1,zz'+1), ($i+27yi+2azi+2)7 (xi—l—37yi+3azi+3>

can be written as
L) (@) (2
et | \Ox oy 0z

70

dv. (6.12)




The function v(z,y,z) = Zf;l vi(z,y,z). The trial function on the tetrahedron

has the form vi)iy3) (2, Y, 2) = @i - ¢i(®,9,2) + Qi1 - i1 (2,9, 2) + Gir2 - PiralT,y, 2) +
Givs - Qirs(T,y, z). Analogously to the two-dimensional case, the hat functions for the
tetrahedron are linear

¢i(m,y,z):ai+bi-x+ci-y+di-z
Gis1(2,Y,2) = Qg1 + b1 - T+ i1 Y+ dig1 - 2

6.13
Gir2(2,y,2) = Gipa + Do T+ Ciyn -y +diga - 2 (6:13)
Gir3(,y,2) = Qips + bigz - T+ Ciyz -y +diyz - 2
Let us compute the partial derivatives of the trial function
(
vy ey (X, y, 2
(z)(z+g)£ 4,2) =qi *bi + Giy1 - biv1 + Giva - bive + iz - bigs
avi 7 L,Y, =
g J%)y( 02) Qi * Ci + Qi1 - Cip1 T Git2 - Cig2 T Qi3 - Ciy3 (6.14)
Av(iy i LY, =
\ 2l J%)Z( ) =qi *di + @iv1 - dig1 + Qo2 - diyo + qig3 - diys

Note that the derivatives do not depend on z, y and 2z and are constants over the
tetrahedron. Substituting (6.14) into (6.12)

/ V(i) (i+3) 2+ Ov(i)(i+3) 2+ OV (i+3) 2
tet Ox dy 0z

= Viet- [(% b + Git1 - bit1 + Givo - bito

av

+ Givs - bivz)?
+(qi - ¢i + Qit1 - Cip1 + Qiv2 - Ciyo + Gigs Ci+3>2

+(gi - di + Git1 - dig1 + Qi2 - divo + Givs - di+3)2 )

where Vi is the volume of the tetrahedron, which is computed by the formula

Al

Viet = 5 (6.15)

where A is the determinant of the matrix

Z; Yi Zi
A = Tiv1 Yi+1 Zit1
Tit2 Yiy2 Zig2
Tits Yi+3 Zi+3

(6.16)

—_ = =

Let us expand the squares and regroup the terms
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/ (VU(Z')(H_g))Q dV = Vit - qZ-Q . [b? + C? + d?]
tet

+ @iy 08+ 4 dEy]
+ qz‘2+2 ‘ [b12+2 + C12-|r2 + d?-s-Q]
+ Qi2+3 : [b?+3 + C?+3 + d12+3]
+2-qi Giv1 - (bi - b1 + ¢ iy + di - diga)
+2-qi qiva - (bi-biga + ¢ v cipa + di - diya)
+2-qi - vz (bi - bigz + ¢ - Ciyz + di - diys)
+ 2 giz1 - Giva - (big1 - biga + Cip1 - Ciga
+dip1 - diza) + 2 Giv1 - Givs - (bigr - biys
+ Ciy1 - Ciys + dig1 - dig3)
+ 2 qivo - Girs - (biva - bixs + Cipa - Civs

+diyo - di+3)]

The coefficients by, ¢, and d; for each vertex k of the tetrahedron are computed
through the minors of the determinant A. For the vertex with index k the coefficients
have the form

>
—
&

bk — (_1)k+1 .

e l>‘

e = (—=1)F2. (6.17)

>

()
dr = (=1 k+3 Tk
R =(-1) A
where A,(f), A,gy) and A,(j) are the minors obtained by deleting the k-th row and the
corresponding column (z, y or z) from the matrix (6.16).
We introduce the notation for the elements of the local stiffness matrix of the tetra-
hedron

b

Emn = Viet * (b bn + Cm - Cn +dp - dy), myn € {i,i+1,i
+2,i+3}. (6.18)

Thus, the local stiffness matrix for a tetrahedral element has the form
ko koary  koar2) ko)
K = karne)  Rarnay e Karnees) . (6.19)
Kiv2)@) kar2)irn)  Faroyive)  Kar2)its)
kirsyiy Eaesyirn) Kaesyire) Fars)i+s)

—~

The local stiffness matrix is symmetric, that is k1% = kl°¢ . The global stiffness matrix
K is obtained by summing the contributions from all tetrahedral elements of the mesh by
the assembly method: the elements of the local matrices are added to the corresponding
elements of the global matrix according to the global node numbering. The dimension of

the global stiffness matrix is NV x N, where N is the total number of mesh nodes.
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Damping matrix 1D

Now let us compute the damping matrix for the one-dimensional case. The damping
matrix is related to the integral of the square of the trial function. Consider the integral
for a single segment with vertices x;, x; 11

Ti41
/ v? d. (6.20)

The trial function on the segment has the form v)41)(2) = ¢ - ¢5(2) + Giy1 - Gig1(2).
Take into account (5.7) and (5.8) from the section on hat functions and write down the
relations for the hat functions

{@((E) S (6.21)

Gir1(T) = Gix1 + bip1 - T

Substitute the trial function into (6.20)

Tit1
/ Vi 47
" Tit1
= / [gi - (@i +b; - 2) + Qi1 - (@1 + bigr - 2)]° da.

Taking into account (5.8), we can write

Ti41 1 Tit1 )
/I U(Qi)(iJrl) dx = (2; — le)Q ' /x (=i - Tiv1 + Qi1 - i) + (¢ — ¢iv1) - 2] dz.

7 i

Expand the square and split the integral into three parts

Ti41 9
/ Ve

1 Tit1 ,
- o Lo v

Tit1
+2- / (—¢i - Tix1 + Gip1 - %) - (¢ — Gitr) - v dx
1 i 2 9
+/ (¢ — Git1)" - @ dl‘]

Let us compute each of the three integrals

/Ii+1 Ul Ao = (=G~ Tis1 + Ginn '233i)2 S|
“ (2 = Tig1) z;
+ (=i - T + o1 - 20) - (@i — girn) - 2|77
(i — xi+1)2 .
i (qi — Qi+1>2 el

3 (2 — wip1)” |,
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After simplification we obtain

Titl )
/ Ve dr

(@ + G - Giv1 + Q12+1) (2 — xi1)?
3- (% - 5L'z'+1)
Tit1 — X4

=T 3 (%2 + 4 Giv1 + ql~2+1).

We introduce the notation for the segment length

Ti+1 l .
(8)(i+1)
/v' U%i)(i'i'l) d:B = 3 : |:qZ2 + qi * 4i+1 + qu_,_J y

where [(;)(i+1) = Ti41 — ; is the length of the segment.
We introduce the notation for the elements of the local damping matrix of the segment

liiy(i1
Clit1)(i+1) = SOl )(3 ) (6.22)
Loyt
C@)(i+1) = Ci+1)(6) = 6

Thus, the local damping matrix for a one-dimensional element has the form

C— | “O6  Coi+ ] _ Ly [2 1] ' (6.23)
Cl+1)(d)  Cli+1)(i+1) 6 12

The global damping matrix C is obtained by summing the contributions from all
segments of the mesh using the assembly method: the elements of the local matrices are
added to the corresponding elements of the global matrix according to the global node
numbering. The dimension of the global damping matrix is NV x N, where N is the total
number of nodes in the mesh.

For example, consider a mesh with nodes 0,1, ...,4,2+1,..., N. During assembly each

segment (7)(j +1) adds Z(J)(%l) to the diagonal and Z(J)(%l) to the adjacent off-diagonal
entries; an interior node ¢ receives a diagonal contribution from the two adjacent segments
— (i—1)(¢) and (7)(i+1) — so its main-diagonal entry is the sum 1(1;31)(@') + l(i)%ﬂ) . Since
the length [(;)(j+1) depends on the segment index, it cannot be taken out as a common
factor — each entry of the global matrix keeps the length of its own segment. As a result
the matrix is tridiagonal
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Lyt L) n v 1)(i42)
6 3 3

liv-1)v)

lv-yevy  lv—nv)
G 3

Damping matrix 2D

Now we compute the damping matrix for the two-dimensional case. The damping
matrix is related to the integral of the square of the trial function. Consider the integral
over a single triangle with vertices (z;, ¥;), (Tit1, Yiz1), (Tite, Yiro)

/A v?dS. (6.24)

The trial function on the triangle has the form v t2)(2,y
Gir1(,y) + Giva - Piya(w,y). We take into account (5. ) and (5
hat functions and write the relations for the hat functions

Y) = qi - 9i(T,y) + qi1
.10) from the section on

di(r,y) =a;,+bi-x+c¢-y
Giv1(T,y) = Qg1 + b1 - T+ Cip1 - Y (6.25)
Giv2(2,y) = Qiva + bigo - T+ Cipa -y

Substitute the trial function into (6.24)

/ U(zi)(i+2) dS = / [Qi (ai +bi-x+civy)
A A

+ Qi1 (@ix1 + biy1 - T+ Civ1 - Y)
2
+ Gito - (Giga + biva - T+ Ciyo - y)| dS

Expand the square. To simplify the computations, we use the fact that for linear hat
functions on the triangle the following relations hold

SA m =n
m ndS: ’ 6.26
/Aqs b % . (6.26)

where Sa is the area of the triangle, which is computed by formula (6.9).
Using these relations and expanding the square of the trial function, we obtain

75



/ U(Qi)(i+2) dsS :/ |:Qz2 N R
A A
+ qi2+2 : ¢?+2 +2-¢i Qg1 Qi+ i1
+2-Gi Gigo - §i - ito
+ 2 Qi1 - Gig2 - Pig1 - Diva| dS

Apply the formulas (6.26)

SA SA SA
/ Vo) S =@ =+ - H G
A 6 6 6

SA SA
Qs Gy oD L2 g D
+ 26 i+ 12+ 4 * Gi+2 B
Sa
D Girl - Giso - 2
+ 2 Giv1 " Givo D

Simplify the expression

2
/ Vi) (it2) 49
A

Sa
ST 1267 + 24711 + 24715 + 20iGi11 + 265G+ + 2¢i41Gi42) -

We introduce the notation for the elements of the local damping matrix of the triangle

Sa

€@ = 6
Sa
Cli4+1)(i+1) = G
Sa
Ci+2)(i+2) = 6

5 (6.27)

Ca)i+1) = CE+1E) = 12
Sa
Ci)(i+2) = Ci+2)(i) = 12

Sa

Clit+1)(i+2) = C(i+2)(i+1) = 12

Thus, the local damping matrix for the triangular element has the form

Coe O C@ ) s, |2 L1
Chr= Cla+1)(@)  Ci+1)(i+1)  C(i+1)(i+2) :E 12 1]. (6-28)
Ci+2)(i)  C(i+2)(i+1) C(i+2)(i+2) 112

The global damping matrix C is obtained by summing the contributions from all

triangular elements of the mesh using the assembly method: the elements of the local
matrices are added to the corresponding elements of the global matrix according to the
global node numbering. The dimension of the global damping matrix is equal to N x N,
where N is the total number of nodes in the mesh.
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Damping matrix 3D

Let us proceed to computing the damping matrix for the three-dimensional case. The
damping matrix is related to the integral of the square of the trial function. Consider the
integral for a single tetrahedron with vertices

(xz'ayiazi)a (33¢+1yyi+1,2¢+1), (xi+2ayi+2azi+2)7 (Ii+3,y¢+372z’+3)

/ v*dV. (6.29)
tet

The trial function on the tetrahedron has the form vg);y3) (2, vy, 2) = ¢ - ¢i + Giy1 -
Gir1 + Giva - Giro + Givs - ¢irs. Analogously to the two-dimensional case, the hat functions
for the tetrahedron are linear according to (6.13)

qﬁi(x,y,z) :az—l—bzx#—czy—i—dlz
Gir1(2,9,2) = aip1 +biy T+ cip1 -y +digr - 2
Givo(2,Y,2) = Giyo + bigo - T+ Ciga - Y + digo- 2

Gir3(2,Y,2) = Qiyz + bigg - T+ Cipg - Y + diys - 2

(6.30)

Substitute the trial function into (6.29)

/ Ulyra AV = / [Qi (2, Y, 2) + Givr - Pia (T, Y, 2)
tet tet
2
+ Qi - Piv2(T,Y, 2) + Giys - Piys(2, Y, Z)] dv

For linear hat functions on the tetrahedron the following relations hold

V;et —
/ G P dV = {E men (6.31)
tet 7‘—5, m 7£ n

where Vi is the volume of the tetrahedron, which is computed by formula (6.15).
Expand the square of the trial function

/ U(Qi)(i—i-?)) dv :/ [%2 07+ @y B
tet tet

+ (:Zi2+2 : ¢?+2 + qz‘2+3 : ¢?+3 +2G; Git1 - @i Pig1
+2:¢i  Qiy2 Gi - P2+ 2G5 - Gz - Qi+ Dig3
+ 2 Git1* Qg2 Pit1 - iy
+ 2 Giv1 - Qi3 Qi1 - iy
+ 2 qiyo Qiv3 - Piyo- ¢i+3] dv

Apply the formulas (6.31)
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/tet Vs AV =4 - ‘ff)t i %+q§+2 . ‘%
_|_qi2+3.%+2-qi'qi+l";L(e)t_FQ'qi'QiJrQ";vLSt
+2‘qi'qi+3";tgt+2'qi+l'qi+2"ggt

—|—2~C]i+1’qz‘+3‘ZLS‘:""2'(]’*2'(]"*3'‘;LSt

Simplify the expression

‘/tet
/ U(Qz')(i-i-?)) dv = 20 2-¢;+2- qi2+1 +2- qi2+2
tet

+2q s+ 2 ¢ Qi1 26 Qi+ 2 G Qivs

+ 2 Giv1 G2 T2 Qi1 Qi3 2 Qiyo Qi+3]

We introduce the notation for the elements of the local damping matrix of the tetra-
hedron

o ‘/tet
o ‘/tet
Cli+1)(i+1) = 10

Vie
C(i+2)(i+2) = 1t()t (6.32)

o ‘/tet
C(i+3)(i+3) = 10

Vie . . .
C<m><n>=C<n)(m>=2L0t, m#mn, m,n€{i,i+1,i+2,i+3}

Thus, the local damping matrix for the tetrahedral element has the form

Ci)  C@Er)  CHEH)  CE)E+3) 2 1 11

Ciot = Cli+1)(5) CE+1)(+1)  C+1)(i+2)  C(i+1)(i43) :@ I 211 (6.33)
C(i+2)())  C(i+2)(i+1) C(i+2)(i+2) C(i+2)(i+3) 20 (1 1 2 1
Ci43)(5)  Ci+3)(i+1)  C(i43)(i+2) C(i+3)(i+3) I 112

The local damping matrix is symmetric. The global damping matrix C is obtained by
summing the contributions from all tetrahedral elements of the mesh using the assembly
method: the elements of the local matrices are added to the corresponding elements of
the global matrix according to the global node numbering. The dimension of the global
damping matrix is N x N, where N is the total number of mesh nodes.
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Load vector 1D

Now let us compute the load vector for the one-dimensional case. The load vector
is related to the integral of the product of the source function and the trial function.
Consider the integral for a single segment with vertices z;, x;41

/%M f(z) - vdx. (6.34)

The trial function on the segment has the form v(z) = ¢; - ¢i(z) + Gir1 - Piv1 ().
To evaluate the integral, it is necessary to interpolate the source function f(x) on the

segment [x;, x;41] by a linear function. Let us represent f(z) in the form f(x) = e;+ey-x.
The coefficients e; and ey are determined from the interpolation conditions at the nodes

{61 terw =i (6.35)

€1+ e Tiv1 = fip

Solving this system analogously to (5.8), we obtain

fiTiv1 — fira - @

€1 = Tir] — T,
i+1 %
o — Jiv1 — [i (6.36)
2T T — T

Let us substitute the interpolated source function and the trial function into (6.34).
Taking into account (5.7) and (5.8) from the section on hat functions

Ti41 Tit1
/ f(x)-vdx:/ (e1

Expand the brackets and split the integral into parts

+ex-x) (g (ai +bi - ) + Giyr - (aip1 + bigq - )] do.

Tit1 Tit+1
/ f(z) 'de:/ [61 (i - @i + Giv1 - Gig1)

+e1- (g bi + Gip1 - bipr) - @
+eo- (g ai+ Gip1-aip1) - @

+e9 - (¢ bi + giy1 - biv1) - xQ} dx

Let us compute each of the integrals

Tit+1 7‘2 Tit1 7‘3

Tit1
/ f(2) -vde = e (g - @i + gip1 - @is1) - T +[€1'(%'br'rfbﬂ'bi+1)+€2'(%'az+fb+1'az+1)]'? +€2'<qt'bi+qa+l'bi+l)'§

T Ti

Titl

Ti

Substituting the expressions for e, e5 from (6.36) and using the relations (5.8), after
simplification we obtain

/'7“+l f(z) - vde = (fi + fix1) - (i1 — x4)

Tit1 — Ti [
2

5 Jir @i+ fisr i + (fi + firn) - (@ + 2ig0)] - (@ 0+ Gigr - biga)

(Gi - @i + iy - @) +
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Further transformations taking into account (5.8) lead to the final result

/:M f(z) - vdz

i

ZT; — T
= % i 2 fi+ fird) F @i - (fi +2- fisn)]
Expand and regroup the terms
Tit1
/ f(z)-vde
_ 2-fi+ fin fi+ 2 fin
Sl | T + B e

where [)+1) = Ti41 — @; is the length of the segment.
We introduce the notation for the elements of the local load vector of the segment

Ly
Ti:%'@'fi+fi+1)

] (6.37)
i) (i+1
Tiy1 = ()(6+ 3 (fi +2- fizr)
Thus, the local load vector for a one-dimensional element has the form
ri liyi+y [2- fi + fin
R = = ) 6.38
[HH] 6 Ji+2- figa (6.38)

The global load vector R is obtained by summing the contributions from all segments
of the mesh using assembly: the elements of the local vectors are added to the corre-
sponding elements of the global vector according to the global numbering of the nodes.
The dimension of the global load vector equals N, where NN is the total number of nodes
in the mesh. It is important to note that for interior nodes the contributions from two
adjacent elements are summed, as a result of which the element of the global load vector
for an interior node j takes the form

l o . l N
R, = g)@) (fro 42 ) + % 2 5+ fia), (6.39)

where [(;_1)j) = 7; — xj—1 and l(;)(j+1) = Tj41 — z; are the lengths of the adjacent
segments. For boundary nodes the element contributions are assembled in the same
way, but the corresponding components of the system may be modified when boundary
conditions are imposed.

For example, for a mesh with nodes 0,1,...,7,7 + 1,..., N the global load vector,
assembled from the local contributions by rule (6.39) for interior nodes, takes the form
(before boundary conditions are applied)
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l 62t )
G Fo+2 )+ 22 it )

Li—y iy
= | RO (2 f) QU 0L g fL)
Ly Lit)
WD (f 42 fipy) + LEUED (90 f g f)

lin_
I (N-DH(N) (fN_1 +92. fN) |

Load vector 2D

Now we compute the load vector for the two-dimensional case. The load vector
is related to the integral of the product of the source function and the trial function.
Consider the integral for a single triangle with vertices (x;, y;), (Ziy1, Yir1), (Tivo, Yir2)

/Af(x, y) - vdS. (6.40)

The trial function on the triangle has the form vgyui2)(z,y) = ¢ - ¢i(2,y) + ¢iv1 -
Git1(T,Y) + Giva - Piva(x,y). To evaluate the integral, the source function f(x,y) must
be interpolated on the triangle A by a linear function. We represent f(x,y) in the form
f(x, y) = e1+ez-x+ez-y. The coefficients ey, ey, e3 are determined from the interpolation
conditions at the nodes

ertex-xitesy=fi
e1+ex-Tit1 +es-Yir1 = fir (6.41)
e1+ e Tizo +e3 - Yiro = fito

Since the hat functions ¢, equal one at their own node and zero at the others, the
linear interpolant of the source function, expressed through them, takes the form

Fx,y) = fi dil@,y) + firr - Gip1(2,9) + fira - dira(,y), (6.42)

where f;, fii1, firo are the values of the source function at the vertices of the triangle.
Substitute the interpolated source function and the trial function into (6.40). We take
into account (6.25) from the section on hat functions

/Af(x,y)-udSZ/A<an‘¢n>'(qu'¢m> ds
:;;qm.fn./A¢m~¢ndS,

where the indices m and n run over the vertices of the triangle {i,7 + 1,7 + 2}.
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We use the relations (6.26) for the integrals of products of hat functions, derived when
computing the damping matrix, where S is the area of the triangle, which is computed
by formula (6.9). After collecting like terms we obtain

/f(x,y)-vdS:%~ [Qi'(Q'fi+fi+l+fi+2)
A

+ Giy1 - (fi +2- fiy1 + figo)
+ Giy2 - (fi + fir1 +2- f¢+2)]

We introduce the notation for the elements of the local load vector of the triangle

ri = 19 (2 fi+ fir1 + fir2)
S

Tiv1 = 1—3 (fi+2- firi + fir2) (6.43)
S

Tiyo = 1—3 (fi+ firn+2- fiz2)

Thus, the local load vector for a two-dimensional triangular element has the form

ri s 21 1]]#H
Rp = |7 :1—3 1 2 1| | fia] . (6.44)
Tit2 1L 1 2] [fise

Note that the resulting load vector coincides with the product of the local damping
matrix (6.28) and the vector of nodal source values, that is R = Cx - f.

The global load vector R is obtained by summing the contributions from all triangular
elements of the mesh using the assembly method: the elements of the local vectors are
added to the corresponding elements of the global vector according to the global node
numbering. The dimension of the global load vector equals N, where N is the total
number of nodes in the mesh. It is important to note that for interior nodes the con-
tributions from all adjacent triangular elements containing the given node are summed.
For boundary nodes the element contributions are assembled in the same way, but the
corresponding components of the system may be modified when boundary conditions are
imposed.

Load vector 3D

Now we compute the load vector for the three-dimensional case. The load vector
is related to the integral of the product of the source function and the trial function.
Consider the integral for a single tetrahedron with vertices

(%;%’;Zz’)a ($i+1pyz’+1727;+1), (xi+27yi+27zi+2)7 (xi+37yi+37zi+3>

/t f(z,y,2)-vdV. (6.45)
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The trial function on the tetrahedron has the form vguys)(z,y,2) = ¢ - ¢i(x,y, 2) +

Giv1 * Pir1 (2, Y, 2) + Qiv2 - Piva(, Y, 2) + Girs - Giva(w,y,2). To evaluate the integral, the
source function f(x,y,z) must be interpolated on the tetrahedron by a linear function.

Let us represent f(x,y, z) in the form f(z,y,2) = e;+e2-x+e3-y+e4-2z. The coefficients
e1, eo, €3, ¢4 are determined from the interpolation conditions at the nodes

e1tex-xiteyyiteszi=f;
e1+ ey Tip1 +e3 - Yip1 + e Zig1 = fin
e1+ ey Tipo+ €3 Yito + €4 Ziyo = firo

€1+ ey Tipz+e3-Yirz +es- 2iy3 = firs

(6.46)

Since the hat functions ¢, equal one at their own node and zero at the others, the
linear interpolant of the source function, expressed through them, takes the form

[(@,y,2) = fi- &i + [ix1 - Gig1 + fivo - bivo
+ fivs - Girs, (6.47)

where f;, fii1, fizo, firs are the values of the source function at the vertices of the
tetrahedron.

Substitute the interpolated source function and the trial function into (6.45). We take
into account (6.30) from the section on hat functions

/tetf(:zﬁ,y,z)-Uaﬂ/:/tet <an.¢n) : (qu.¢m> qv
:qum'fn-/tetcbmmdw

where the indices m and n run over the vertices of the tetrahedron {7,i+1,i+2,i+3}.

We use the relations (6.31) for the integrals of products of hat functions, derived
when computing the damping matrix, where V. is the volume of the tetrahedron, which
is computed by formula (6.15). After collecting like terms we obtain

/ flz,y,2) - vdV

Ve
= Qtot : [Qi (2 fi+ firn + firo + firs)
+ Giv1 - (fi + 2+ fix1 + fira + firs)

+ Giva - (fi + fis1 + 2+ figo + fivs)
+ Giys - (fi+ fix1 + fig2 +2- fi+3)]

We introduce the notation for the elements of the local load vector of the tetrahedron
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. ‘/tet

) (2 fit fir1 + fiva + firs)

Tit1 = ‘ggt (fi + 2 fir1 + fiva + firs) (6.48)
Tiyy = ‘%t (fi+ firr + 2 fiva + firs)

Tit3 = ‘ggt (fi + firn + fire 2 figs)

Thus, the local load vector for a three-dimensional tetrahedral element has the form

T 21 11 fi
T Viee |1 2 1 1| | fisa
R = | ] =22 A 6.49
et Tit2 20 |1 1 2 1| |fire (6.49)
Ti+3 1112 Jivs

Note that the resulting load vector coincides with the product of the local damping
matrix (6.33) and the vector of nodal source values, that is Rye; = Ciet - £.

The global load vector R is obtained by summing the contributions from all tetrahe-
dral elements of the mesh using the assembly method: the elements of the local vectors
are added to the corresponding elements of the global vector according to the global
node numbering. The dimension of the global load vector equals N, where N is the total
number of nodes in the mesh. It is important to note that for interior nodes the con-
tributions from all adjacent tetrahedral elements containing the given node are summed.
For boundary nodes the element contributions are assembled in the same way, but the
corresponding components of the system may be modified when boundary conditions are
imposed.
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Chapter 7

Examples

Thermal field 1D, Dirichlet

Example: a transient Dirichlet problem

Consider a concrete example of a transient Dirichlet problem. Take a rod on the
segment [o, 3] = [0, 1] with thermal diffusivity a®> = 0.05. The rod is initially cold, and
the end temperatures are not imposed at once but grow over time: the ends heat up
linearly from zero to 20 and 80, respectively, over the first 5 seconds and are then held.
Inside the rod we place a point heat source f(z) = P - d(x — o) of power P = 10 at the
point xy = 0.35. The problem statement reads

2
—ang’t) =a?- T (z,t) iggg’ t) + P-5(x — xp),

T(Oé,t) - gpa(t),
T(6,t) = ps(t),

where the end temperatures depend on time

A CA R o [16n 0<i<s,
LA B 780, > 5
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source t = 10.0

a =0 B=1

Fig. 7.1. Transient Dirichlet problem: heating of the rod over time. The blue curve
is the temperature profile T'(z,t), the orange marker is the point source.

(interactive version on the website)

Thermal field 2D, Dirichlet

Example: a plate with a heat source

Consider a two-dimensional example with an internal heat source. Take a square plate
Q =10,1] x [0,1] with thermal diffusivity a®> = 0.004. The edges of the plate are held at
zero temperature (Dirichlet condition), and four point heat sources are placed near the
corners, f(x,y) = Zizl Py -6(x — xk, y — yi). Initially the plate is heated non-uniformly.
Over time, the initial heat escapes through the cold edges while the sources sustain hot
regions, and the solution settles to a steady profile. The problem statement reads

T t 2T t T t
8 (‘g’tya ):CLQ(a éxwazyv )+6 gZ’Qy’ ))—’—Zi—lpk(s(m_xkay_yk);

T(ZE, Y, O) = TO(xay)7
T|aQ =0.

(7.2)
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476
357
238
119
0

Fig. 7.2. The 2D Dirichlet problem with an internal heat source. The colour shows
the temperature T'(z,y,t) at each point of the plate; the scale is shown on the right.

(interactive version on the website)

Magnetic field 2D

Consider magnetostatics — the stationary field of a rectangular permanent magnet,
uniformly magnetized (M = const). There are no free currents, so the field is potential:
V x H =0, hence H = —Vy. Substituting this into V- B = 0 with B = po(H+ M), we
obtain a single elliptic equation for the scalar potential (with the Laplace operator) and
a Dirichlet condition on the outer boundary — the field decays far away

—@ 8—? (z,y) € Q,

Y (7.3)
90|asz =0.
On the left is the Laplace operator (V2 = A). The right-hand side is the source
o =V - M: inside a uniform magnet it vanishes, while on the pole faces it gives a bound
surface charge (essentially the normal “flux” of the magnetization M - n), which depends
on which face we are on

+M, right face (N),
c=M-n= (¢ —M, left face (S),
0, top and bottom faces.
Equation (7.3) is a Poisson equation, i.e. an elliptic boundary value problem; for

elliptic equations and reducing transient problems to them see Appendix N. We solve
it numerically by the finite element method on a triangular mesh: the weak form is

fQV<,0~Vde: M - Vo dS).

f magnet
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Fig. 7.3. Numerical (FEM) field of a rectangular magnet (N — red pole, S — blue).
The colour shows the potential map ¢; the V button overlays the field vectors.

(interactive version on the website)

Electric field of a three-phase cable 2D

Consider the cross-section of a three-core cable. Inside a grounded metallic sheath
(held at potential ¢ = 0) sit three conductive cores — phases A, B and C, symmetric
at 120°. Between the cores and the sheath lies a charge-free dielectric, so the electro-
static potential obeys the Laplace equation, while each core is an equipotential at its
instantaneous phase voltage (a Dirichlet condition):

P D*p

T Q

12 + Oy? 0, (z,y) € Q,

oln, = Vilt), k=A4,B,C, (74)
‘p‘ag = 0.

Here  is the dielectric (the region between the cores and the sheath), I'y, are the core
boundaries, 02 is the inner surface of the sheath. The core voltages form a symmetric
three-phase system. For a grid with line voltage 380 V the phase RMS is 220 V, i.e. the
amplitude is U,, = 220v/2 ~ 311 V:

Va=U,,sinb,
Vg =Upsin(0 — &), 0 = wt. (7.5)
Vo =Upsin(0+ %),
Since Va4 Vg + Ve = 0, the field pattern flows continuously while staying symmetric.
We solve problem (7.4) numerically by the finite element method on a triangular mesh:
the weak form is [, Vo - VodQ = 0 for the prescribed ¢ on cores and sheath. Each
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instant € has its own right-hand side (its own potential ratios), so the series of boundary
value problems below is solved one after another, mimicking the run of the sinusoids.

Fig. 7.4. Numerical (FEM) electrostatic field of a three-phase cable. The colour
shows the potential map ¢ (blue — minus, red — plus), the cores show the
instantaneous voltages. The V button overlays the field vectors E = —V, the »
button runs the animation of the sinusoids.

(interactive version on the website)

Thermal field 3D, Dirichlet

Example: heating a ball with sources

Consider a three-dimensional transient example. Take a ball Q@ = {r : |r| < R}
with thermal diffusivity a® = 0.3. The surface of the ball is held at zero temperature
(Dirichlet condition), and six point heat sources are placed symmetrically inside, f(r) =
S Pud(r —ry) (at the vertices of an octahedron). Initially the ball is cold; over time
the sources heat it up while heat escapes through the cold surface, and the solution settles
to a steady profile. The problem statement reads

oT o0*’T O*T 0°T
T(r,0) =0, (7.6)

Tloq = 0.
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152

102

51

0

Fig. 7.5. A 3D transient Dirichlet problem: heating of a ball by six internal sources.
The colour shows the temperature T'(r,t).

(interactive version on the website)
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Appendix A

Fourier Series

Here we recall, in the most general form, how a function is expanded into a series in an
orthogonal system of functions — we use this expansion everywhere we solve boundary
value problems by separation of variables. Suppose in the domain G there is given
a system of functions ¢1(M), pa(M), ..., pairwise orthogonal with the weight function

p(M) > 0, that is
/// M) - on(M)dG =0, n#m. (A.1)

The function f(M) is called expandable in this system if it can be represented by a
convergent series

= o n(M). (A.2)

n=1
The coefficients ¢, (they are called Fourier coefficients) are found thanks to orthog-
onality. Let us multiply both sides of (A.2) by p(M) - ¢,,(M) and integrate over the
domain G. Due to orthogonality (A.1) only one term survives on the right-hand side —
the one with n =

/// ) pn(M) dG:Cn'///Gp(M)-soi(M) da, (A.3)

whence the expansion coefficients are determined uniquely:

) /// )+ onlM) G "
/// M)dG

The denominator in formula (A.4) is the squared norm of the function ¢,:

lonl? = /// M) dG. (A5)

Formula (A.4) is universal: whatever the orthogonal system, the expansion coefficients
in it are computed in the same way. The weight p(M) is determined by the coordinate
system in which the variables separate: it is the factor with which the coordinate enters
the volume element (the Jacobian) and with respect to which orthogonality holds for the
system {¢,}. For the main systems it equals:
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Coordinate system ‘ p

Cartesian (1D) 1
polar () r

spherical (r) r?
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Appendix B

Special functions

When solving boundary value problems by separation of variables, the partial differen-
tial equation splits into ordinary differential equations in each coordinate. Depending on
the coordinate system and the geometry of the domain, these equations lead to different
families of orthogonal functions.

The Bessel functions of the first kind .J,,(r). They arise when separating vari-
ables in polar and cylindrical coordinates: the radial part of the Helmholtz equation
reduces to the Bessel equation

d>y(r dy(r
e I () y) = .

The graphs of the first orders are shown in figure (B.1).

»
' \Wr

Fig. B.1. The Bessel functions of the first kind J,,,(r) of orders m = 0,1, 2, 3.

The Neumann functions Y,,(r) (Bessel functions of the second kind). They arise
as the second linearly independent solution of the same Bessel equation. Unlike J,,,, they
grow unboundedly in absolute value near the axis: Y,,,(r) — —oo for » — 0. Therefore, in
problems where the domain includes the axis r = 0, they are discarded by the requirement
that the solution be bounded, but in annular domains (not containing the axis) they enter
the solution on a par with .J,,,. The graphs of the first orders are shown in figure (B.2).
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v A 0

s

Fig. B.2. The Neumann functions Y,,(r) of orders m = 0,1, 2, 3.

f=}

The spherical Bessel functions ji(r). They appear in the radial part of the
Helmholtz equation in spherical coordinates

d?y(r)

2

AN B
" dr? ter dr

+(r*—k-(k+1))-y(r)=0.

1 ~
The substitution R(r) = 7 R(r) reduces it to the Bessel equation of half-integer
r

order, so the solutions are expressed in terms of ordinary Bessel functions

, T
() =35 Terae(r).
As in the cylindrical case, j; oscillate with decreasing amplitude; their graphs are
shown in figure (B.3).

Fig. B.3. The spherical Bessel functions ji(r) of orders k = 0, 1,2, 3.

The Legendre polynomials Py (z). They arise from the angular (polar) part of the
Helmholtz equation in spherical coordinates. After the substitution z = cos() and for
m = 0 the equation takes the form of the Legendre equation

(1—22)'M—2~z~dy—@+k-(k+l)~y(z):0,

dz? dz
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whose solutions bounded on the interval z € [—1, 1] are the Legendre polynomials of
degree k. They form an orthogonal basis on [—1,1]; the first few are shown in figure
(B.4).

v

Fig. B.4. The Legendre polynomials Py(z) of degrees k =0, 1,2, 3.

The associated Legendre functions Pk(m)(z). If in the polar part m # 0, the
Legendre equation generalizes to the associated equation

2

LR

-y(2) =0,

whose solutions are the associated Legendre functions Pk(m)(z), expressed in terms of
the Legendre polynomials

m myg A"
B (2) = (1= 24" 2 Pe).

For m = 0 they turn into the Legendre polynomials Py (z), and together with the
azimuthal factor cos(m - ¢) or sin(m - ¢) form the angular part of the eigenfunction.
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Appendix C

Bessel function norm (Dirichlet)

To compute the norm of the solution of the equation for the geometry, we need to
compute the norm of the Bessel function, which is defined as follows

/Our - J2(r)dr, (C.1)

where p is one of the solutions of the equation J,,(u) = 0.
The following integrals are known

[ d e = ) €, (€2)

/r‘m I (r)dr = —r7" - Jp(r) + C, (C.3)

as well as the formulas for the derivatives of the Bessel function

r- dJ;r(r) =m-Jp(r) =7 Jpyi(r), asm=0 = db]c(l)ﬁr)

=—Ji(r), (C.4)
r dJZlnr(T) =-—m-Jn(r)+r-Jupa(r), asm=0 = d?ir)

=J_q1(r). (C.5)

Let us try to compute the norm (C.1) by integration by parts:

4 u=r"-J,(r), v=r"".J,.(r)
/ r- J;fl(r) dr=| du=—m-r—™ 1 . J (r)dr+r=™ 1 [m-Jn(r) =71 Jpyi(r)] dr
0 dv =r™t. J.(r)dr

I

/OMT . Jsl(r) dr =71 Jp(r) - Iy (r)

0

p n
+/ T‘-JgH_l(T)dT:/ 7 J2 o (r)dr.
0 0
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We integrate the resulting integral by parts as well:

w=J2 4 (r), du=2-Jyu(r)- % J=m+1) - Jpa(r) +r - Jpu(r)] dr
dv = rdr, v="r2/2

m
[
0

2

a 2 M 2
/0 r- Jm+1("ﬁ) dr = o Jm+1<ﬂ)

+(m+1)-/()ur-Ji+1(r)dr
_ /O” 2 T (r) - Ty (r) drr.

We integrate the last integral by parts:

w=7r""2.J.(r), v=—r"""J,(r)
du=(m+2) - ™ J.(r) + ™ T (r) =17 Ty (7)) dr

m
/ 72 J(1) - Ty (r) dr =
0 dv=7r""" Jpi1(r)dr

o
= " JA(0)
0

I
:07
0

u-v

du-v=—2-(m+1)-r-J2r)+ 7% Tu(r) - Jpsa(r),

/OMTQ-Jm(r)-Jm+1(r)dT:2-(m+1)-/OMT-JTQR(T)dT

o
- / P2 (1) - T (r) dr
0

/OHTZ I (1) - Tpa (r) dr = (m +1) - /OHT'JE;@(T) dr.

Let us substitute the last equality into the previously obtained expression for the
integral [J'r - J2_,(r)dr. Taking into account the equality [/'r - J%(r)dr = [/'r -

JZ_1(r)dr, the terms with (m + 1) cancel, and we finally obtain:

[ =5 0, ()
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Appendix D

Bessel function norm (Neumann)

To compute the norm of the solution of the equation for the geometry, we need to
compute the norm of the Bessel function, which is defined as follows

/Our - J2 (1) dr, (D.1)

where p is one of the solutions of the equation dJ&nT(r) = 0.

r=p
From formula (C.4) for r = p, where J! (1) = 0, we obtain the relation m - J,,(p) =

i+ Jr1 (i), which is used below.
Let us try to compute the norm (D.1) by integration by parts:

Iz u=r-". Jm(T), v = Tm—H : Jm-&-l(r)
/ reJE(r)dr = | du=—m-r~™ " D (r)dr + 7 Imee T (1) — 7 T ()] dr
0 dv =r™t. J.(r)dr
The boundary term, unlike the Dirichlet case, does not vanish:

I

= M- Jm(ﬂ) ’ Jm-l—l(:u) =m- ‘]7271(:“)'

n n
/ r-J2(r) drzm-J,i(/ﬁ—i—/ r- anﬂ(r) dr.
0 0

We integrate the resulting integral by parts as well:

T I (1) - Ty (1)

w=J2 (), du=2 Jpi(r) L =(m A1) T () 1 J(r)] dr
dv =rdr, v=r%/2

o
[
0

m2

o
[ wdr =" )
0
m
+(m+1)-/ reJ2 o (r)dr
0

_ /O I ) - T () dr
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We integrate the last integral by parts:

w=r""2.J.(r), v=—r""-J,(r)
du=(m+2) - ™ J.(r) +r™ e T (r) — 17 Ty (7)) dr

m
/ 72 J(1) - T (r) dr =
0 dv=1r"""Jpi1(r)dr

”w
==t ()
0

I
u-v

0

du-v=—2-(m+1)-r-J2(r)+ 7% Jn(r) - Jpsa(r),

/0“ 2 Tn(r) - g (r) dr = —p® - J2 (1)

+2'(m—|—1)-/#7’~J§L(r)dr

0

I
—/ﬁﬁ~zam-¢HaMdn
0

—|—(m+1)-/ur-an(7’)dr.

Substituting the obtained equalities successively into one another, we express the
norm:

" 1 ©
[ e Ry = [T ) ety dr
0 0

[ gy dr = m- )
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1 [H
—i—ﬂ/ - J2 (r)dr,
m 0

Finally we obtain:
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Appendix E

The Legendre equation

When solving the equation for the geometry in spherical coordinates, the following
equation for the polar angle arises

La= ) -] e =0 —1<

dz dz 1—22

<1, (E1)

where O(z) is the unknown function, m is a nonnegative integer, 7 is the separation
constant. Let us expand the derivative in the first term

d*O(z) dO(z) m?
(1_22) d22 —2-z dz + 73_1_22 @(Z)
= 0.
Note that for m = 0 the equation takes the form of the Legendre equation
d*0(z do(z
(1— 2% dzg)—Q-z- dz)+'yf-@(z)20, 1<z
< 1.

This equation has solutions bounded on the interval —1 < z < 1 only for the eigen-
values 73, = k- (k+ 1), k € (0..00); these solutions are given by the Rodrigues formula

1 &
T2k dit

where Py(z) are the Legendre polynomials. We will look for solutions of equation
(E.1) for the same eigenvalues 73, = k - (k + 1) — then it can be written as

On(z) = Py(z) (2 =1)", (E.2)

d?Opm(2) dOkm(2)
2y L ZEmAT o, ZZEMAT)
(1=2) dz* 202 dz
2
+ k- (k+1)— 171122 - Orm(2) =0, ke (0.00). (E.3)
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mo <
Let us make the substitution ©y,,(z) = (1 — 2%) 2 - O,,(2) into equation (E.3). The

first derivative takes the form

~

d m m d@k (Z)
—(1=2)2 - Opu(2)| =1 -2%)2 . —2
-7 ] —a-n T O
S, Moy
—m-z-(1=2%)2 " Opu(z).
To compute the second derivative, we first compute
d z 1 . 2. 22 B 1+ 22
dz |[1—-22] 1-2* (1-2)% (1-22%
Then the second derivative can be written as
dd—; [(1722)%-@);‘»7"@)] :(17:2)"7“-%7771-z-(1722)%71-%77n-ﬁ- [(1*22)%-%*Tﬂ-:’-(1*:2)%71-@}\-,"(3)] —m- (]1j BE (1- z)m - Bpn(2)
After collecting like terms it takes the form
R — 2z . m z — — 2z - _— —
dz? g dz?
om - m 4o
2m 2,2 -7 dOkm(2)
1—z dz
1 m.z2—1—2’2 (1 2)% @ ()
m- (1—2z - Opm(2).
(12 '

m
Let us substitute everything into equation (E.3), cancelling along the way (1 — 22) 2 :

AOkm(2) m-z (:)km(z)

dzékm(z) B 2-m-z ) dékm(z) m-z2—1-—2%

dz* 1-2? dz m (1—2%)? Oum(2)

(1-22)- —2.z +[k-(k+1)-l”22]-6”(;):0

dz 1-22

Let us group the coefficients of the derivatives:

6y (2)
dz*

d6yn(2)

Cl ‘I—CQ
G=1-2%

G=-2m-2—2-2==-2-(m+1) -2z,

2 2 2 2
m-2°"—1—2z 2-m-z m
=m- + +k-(k+1)— =
= 1— 22 1—2? ( ) 1—2?
2 2 2 2 2 2 2 2
me -z —m-m-z°+2-m-z"—m m°-(1—2z)4+m-(1—2z
5 +k-(k+1)=— ( ) 5 ( )

1—=2 1—=2

k-(k+1)=-m>—m+k-(k+1)=(k—m)-(k+m+1),
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thus, after the substitution, equation (E.3) takes the form

d*On(2)
dz?

d6yn(2)
dz
4 (k—m)-(k+m+1)-Opn(z) =0. (E.A4)

(1—2%)- —2-(m+1)-z

Let us take equation (E.3), set m = 0 and take into account that in this case its
solutions are the Legendre polynomials Py(z) — we obtain the following equation

. 2 —_ . Z .
dz dz

which we differentiate m times using the Leibniz formula, defined as follows

(1—27) +k-(k+1)-Pu(z) =0, (E.5)

A () -0l = i (M) B Lo,

where (m) — _—m! s the binomial coefficient.
i il (m—1)!

Let us start with the first term of equation (E.5), taking v(z) = 1 — 22

d° d' d? d'
—Ovzl—zQ; —Uv=-2-z; ——v=-2 -
dz dz dz dz"
=0, i€ (3.00),
now let us take v(z) = —2- 2z, we obtain
d° d" d' ,
V= -2z peLi -2 i 0, i€ (2.00),
for the case v(z) = k- (k + 1) everything is trivial
dO 7
—v ="Fk-(k+1); -0 =0, i€ (l.oo).
dz
The binomial coefficients are respectively equal to
m m m m-(m—1)
0 1 2 2
The result of differentiating the first term of equation (E.5) equals
) m+2 dm—i—l
dm
—m-(m—-1) —P,
M (m = 1) 5 Pl),

for the second term

dm+1 m

-2z ka(z) —2-m-—PF(2),
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for the third term

dm

kE-(k+1)- WPI@<Z)7
let us add all three terms
) m+2 dm+1
dm

The left-hand side of equation (E.5) is identically zero, hence so is its m-fold derivative:

1 — 22 .m_Hp —92. 1) - .ﬂp
(1 =27 ——m Bi(2) (m+1)- 2z ——=7F(2)
dz dz
dm

The resulting equation coincides with equation (E.4), whence @km(z) = Cgi—n:nPk(z),
which means the solution of equation (E.1) has the form
(m) g
Oum(2) = B™(:) = (1= )2 - T2 Ri(2), (£6)
where 7%, = k- (k + 1) are the eigenvalues, P,im)(z) are the associated Legendre

m
polynomials. For m > k the derivative Cglz—mPk(z) vanishes, so nontrivial solutions exist
only for k > m.
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Appendix F

Norm of the Legendre polynomials

To compute the norm of the solution of the equation for the geometry, we need to
compute the norm of the associated Legendre polynomial, which is defined as follows

/_1 [P,Em)(z)r dz, (F.1)

1

m m
where P,gm)(z) =(1-2%)2- Cgi—mPk(z) is the associated Legendre polynomial. Let us
substitute this definition into the integral (F.1):

/1 [P,g’”)(z)r dz = /1 (1= 22)m {d—mpk(z)r dz.

-1 1 dzm

Let us substitute the Rodrigues formula (E.2) into the integral and take out everything
that does not depend on z:

/_1 (1—22)m {d—mpk(z)r i

1 dz™
1 1 . dk:—i—m & 2
= 22k X <k|>2 ’ /_‘ (1 - Z2> : |:d2k+m (22 - 1) ‘| dz. (FQ)

1

Clearly, m < k: otherwise the order of the derivative k£ + m exceeds the degree of the
polynomial 2 - k, and the integrand is identically zero. First let us compute the auxiliary
integral corresponding to the case m =0

W : /_11 {j—; (2% - 1)’“12 dz. (F.3)

Let us integrate it by parts:

[ fie-n] e

k k k k
_|u= jz—kk(zQ —1) ; du = gdi’;l (2% — 112 dz
dv:jz—k(zQ—l) dz, vzjzk—_l(zQ—l)
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The boundary terms are zero: the derivatives jz’ (2% — 1)k for i < k vanish at the
endpoints of the interval. After applying the integration by parts formula k times (each
application changes the sign) we obtain

1 LT gk 9 k 2
—_ — -1 d
2% . (k1) /1 lek (= ) ] .

<_1)k 1 i d2k i
s E 0 )

1

now from Newton’s binomial formula it becomes obvious that jzifk (22— 1" = (2k)!:
the polynomial has maximal degree 2 - k, a derivative of that order kills all terms except
the leading one, and its coefficient equals (2k)!.

It remains to compute the integral

/_ll(zQ—l)kdz

u=(2-1)", du=2-k-z (22— 1)+ 1dz
dv =dz, v=z

obviously, the boundary term equals zero, therefore

1 1
/(22—1)kdz:—2-k-/ 2. (22 =1k tdz,

1 -1

let us replace 22 by 2?2 — 1 4 1 and obtain

/1(2_1)kd _ 2k ./1(2_1)k_1d
712 ‘= T 712 2,

applying this recurrence formula another £ — 1 times, we obtain

! 2k 2-(k—1 2 (k—2 21
/ (Z2_1)k d,z:(—l)k- . ( ) . ( ) . = .2
1 2-k+1 2-(k—1)+1 2-(k—2)+1 2-1+1
! 2" k- 28 k)
2 ) dp= (-1 22 Y
/_1(2 ) dz=(=1) PR
As a result, the factors (—1)* cancel, and we obtain
1 Yrad L ]’ 2
—-— — -1 dz = . FA4
22k_(k!)2 /1 |:d2’k( ) :| < 2. k+1 ( )

Let us write the well-known recurrence formula for the associated Legendre polyno-
mials, which will be needed for the next integration by parts

2-m-z- P,gm)(z)
—V1I=22- |P" )+ (k+m)-(k—m+1)- P V)|, (F.5)
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for a slight simplification let us denote € = (k +m) - (k —m + 1).
Let us return to the integral (F.2) and perform integration by parts:

mod"
u=(1-2*)"" dz—mPk(z)
du=(1— 22)<m/2)71 . [—2 m-z- P™(2)+ V1= 2. Pk(mﬂ)(z)} dz =
m—1
1 I 2 (1-2%) 2 . [—P,imﬂ)(z) —€- Pk(mfl)(z) + P,Emﬂ)(z)} dz =
/ (=" {dzmpk(z)] - m1
- -(1-2*) 2 e PV (2) dz
dm
dv = o e (2) dz,
dm_l 71 —m m—
U:WPk(Z): (1_Z2) 2 'P1£ 1)(2)

the boundary term contains the factor /1 — 22 and vanishes at the endpoints of the
interval, so we obtain

1
[ PG P a:

1

= (k+m)- (k=m+1)- / P R dz,

-1

successively applying integration by parts another m—1 times and taking into account
(F.4), we obtain

1
(m) . pm) _ 2 o
/1 P"(z)- P,V (2)dz S hrl (k+m)-(k—m

Y1) ktm—1)-(k—m+2)--,

the factors with a plus decrease from k+m to k+ 1, the factors with a minus increase
from k —m + 1 to k (it is important here that m < k holds), so

(k+m)-(k—m+1)-(k+m—-1)-(k—m+2)---
(k+m)! k! (k+m)!

k! (k—m)  (k—m)!"

The final norm of the associated Legendre polynomial has the form

/_11 [p,imxz)]zd,z:Q'kz“.E’;jgi, m < .6
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Appendix G

The Bessel equation in spherical
coordinates

When solving the equation for the geometry in spherical coordinates, the following
equation for the radius arises

2 d2R<T)

T’ .

S 2 d]fiff) + (7 =k (k+1)) - R(r)
—0, (G.1)

where 7 is the eigenvalue, £ is a nonnegative integer.

Let us make the substitution R(r) = % . }A%(r) and carry out the transformations
r

dR(r) d [ 1 = 1 ~
i = (g B0) =g O

2 r-\r dr ’
d (1 dR(n)) 1 dfz(r)+ 1 d®R(r)
dr \\/r dr 2.1r-+/r dr N
d’R(r) 1 d®R(r) 1 dR(r)
drr \r dr r-/r dr
TR 2
4 r?\r "
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d*R(r) d*R(r) dR(r)
r’ dr? =TV dr? —Vr dr
3 1 =
S.__.R
t1 (7),
d*R(r) dR(r) d*R(r) dR(r)
2
2 =r. . .
R e i »
1 1 =~

we divide by 7 - 1/ and write equation (G.1) in terms of the coefficients

¢ d*R(r) dR(r)
L dr
and now let us determine the coefficients, first transforming the free term

+€3 ' E(T) = 07

, k-(k+1) 1, (k+1/2)7

T 7'2 _4'7’2_7_T7
1 k+1/2)°
4.1:17 (2:;7 €3:V2_(T#a

thus, equation (G.1) takes the form

ER(r) 1 @&Q+<f_ﬁﬁjﬁf),mm:0

T2 T 2

dr? rodr r

We have obtained the Bessel equation with half-integer index k + 1/2. Its solutions
bounded at zero are the Bessel functions of the first kind R(r) = Jit172(7-1), k € (0..00);
the solutions of the second kind Y} 41 /2(v-7) are infinite at zero, as seen in figure (B.2), and
are discarded by the boundedness condition. Thus, the solution of the original equation
(G.1) has the form

R() = <= Tl 1), (G.2)

where Jy1/2(7 - r) is the Bessel function of the first kind with half-integer index. Up
to a constant factor it is the spherical Bessel function: ji(y-r) = , /2.7? Tg12(y 1),
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Appendix H

Spherical Bessel function norm
(Neumann)

To compute the norm of the solution of the equation for the geometry, we need to

compute the norm of the spherical Bessel function. It differs from the ordinary Bessel

function by the factor %, and the weight for spherical coordinates is p(r) = 72, so we
r

arrive at the same integral as for the ordinary Bessel function

/0# (% . Jk+1/2(7‘))2 ridr = /Our ) Jﬁﬂm(r) dr, (H.1)

dJq12(7)

where p is one of the solutions of the equation I = 51 . Jrt1/2(10),

2.
o
which follows from the Neumann condition for the spherical Bessel function:

£ (L nap)| o

r=p
Let us try to compute the norm (H.1) by integration by parts, taking into account

formulas (C.2) and (C.4):

R/ Jiy1y2(r) dr

1
du = <—k: — 5) Lpke3/2 Jk+1/2(7‘) dr

w=r"F12. Jrg12(r), dv=r

1
TR {(k + §) 12 (r) =7 Jeasa(r) | dr

du = —r~k=1/2. Jita)2(r) dr

_ ’f‘k+3/2 . Jk+3/2(7’>

v

I

I
/ re J13+1/2<7“) dr=r- Jk+1/2(7‘) : Jk+3/2(7’)
0
" "
+/ r-J,f+3/2(r) dr.
0

Let us transform the eigenvalue equation using formula (C.4) for r = u
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dJk+1/2(T)
S
r

1
- (k + §) Jirryp(p) = - Jeqsa(p)

T=p

=35 Jk+1/2(lu)7

k- Jiraje(p) = p Jiyspa(p),

and substitute the obtained relation into the boundary term

“w
/0 re J1§+1/2<7") dr =k - J1§+1/2(M)
o
+/ 7 Jigs(r)dr.
0

We integrate the resulting integral by parts as well:

u=J¢ g(r), du=2-Jyizp(r)- % (= (k4 3/2) - Jegaya(r) + 7 - Jrgrja(r)) dr
dv = rdr, v=12/2

: 2 k2 2
| Rty dr = - Reaal)

3 ©
0
: 2
—/ r 'Jk+1/2(T)'Jk+3/2(T)dT.
0

We integrate the last integral by parts:

w=r"P T e(r),  dv=rTFY T (r) dr
5 1
du = (k‘ + 5) M () P [(k + 5) Jrp1y2(r) =7 Jpgspa(r) | dr
du=(2-k+3) ¥ T a(r) — 72 s (r) dr
v=—r P2 T (r)

”w
/ r*. Jk+1/2(7”) : Jk+3/2(7“) dr = —M2 ) J1§+1/2(N)
0
W
+(2-k+3)-/ r-J,fH/Q(r)dr
0

n
—/ 12 Tegay2(r) - Jpgsya(r) dr,
0
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I 2
W
/ r?. Jk+1/2(7“) : Jk+3/2(7") dr = Ty J13+1/2(M)
0

(2-k+3) [*
+T ; T'Jngl/z(T)dT.

Substituting the obtained equalities successively into one another, we express the
norm:

k2 2 1 : 2
0= 3 Jipaplp) + (k T 5) ' /0 r T a(r) dr

“w
- / r?. Jk+1/2(7“) : Jk+3/2(7’) dr,
0
A R e
T r)dr = ————-J i
0 k:+3/2 2k+ 1 k+1/2

2 14
+ SR / 2 Jisry2(r) - Jraspa(r) dr,
0

" k-(k+1)
reJ? rdr=———"2.J2 o
/0 k+1/2< ) 2 k1 k+1/2( )

2 12
+ SR / 12 Tegay2(r) - Jrgsya(r) dr,
0

K k-(k+1)—p?
/0 re J13+1/2(7‘) dr = (2 k1 : J13+1/2(N)
2-k+3 [
Ly -/0 7 Jip(r) dr,
k- (k+1)—p?
2 k1 : JI§+1/2<N>
2 i 9
=Ty hil i 7 i ye(r) dr.
Finally we obtain:
w 2
pe—k-(k+1)
| v Reatryar = =B . (H2)
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Appendix 1

The Bubnov—Galerkin functional

Let us write once more the functional for the Euler equation (5.4)

I(v) = (L[v],v) = 2- (f,v).

The linear operator L[v] for the parabolic equation we are interested in has the form

Lv] = g—;j —a*- Av.

The scalar product (L[v],v) has the form

B v [ Ov
(L[v],v)—/M(at—a ~AU>-UdM—/M&t vdM

—a2-/ Av - vdM.
M

The scalar product (f,v) has the form

(f,v)—/Mf'vdM.

The Ostrogradsky formula for the Laplace operator is known

/ AvdM:/VvdS, (L.1)
M S

where S' is the boundary of the submanifold M, and dS is its vector element directed
along the outward normal. Let us integrate the second integral by parts

/ AU-UdM:/U-VUdS—/ Vv - VudM. (L.2)
M S M

Thus, the original functional can be written as

I(v) = a—U-Ud]\/[—a2~ v-VudS
ot
M s

+a2-/ Vv-VvdM—?-/ f-udM.
M M
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Let us give the increment U + € - v, where U is the exact solution, and € is some small
number. The full increment of the functional can be written as

I(@—i—ev)—[(@)-/Mw-(ﬁvte'v)dM

—GQ-/S(ME-U)-V@H-U)CZS
+ a’ /V(U—ire v)-V(@U+e-v)dM
_2/f (6 + e v)dM — /—UdM
+ a® /SU Vo dS —a®- /MVU VodM + 2 - /f vdM.

Neglecting the second-order terms proportional to €2, we obtain

I(@—I—e-v)—](@):e-/ [@-U%—@-@} dM
M ot

—e-aQ-/[@-VU—H)-Vﬁ]dS
s
+2-e-a2-/ V@-VUdM—Q-e-/ f-vovdM.
M M

If we take € out of the brackets and take into account that ¢ can be negative, while
the increment of the functional is always positive, since U is the exact solution, we obtain
as a mandatory condition

ov ov
v+ — D dM—aQ-/ﬁ-V'U—l—v-V@ ds
/M{at o 1 5! |

a2-/ Va-vudM—z-/ fovdM = 0.
M M

Taking into account that U ~ v, and cancelling the common factor, we return to the
original equation. This means that the numerical solution of the boundary value problem
reduces to the minimization of the functional

I(v) = % vdM — a® - /SU-VUdS

a2~/ VU~VUdM—2~/ f-vdM — min. (L.3)
M M

The factor 2 in front of the linear term f o f - vdM is kept deliberately: it is precisely
what ensures that the minimum condition 6/ = 0 returns the original equation rather

than an equation with an extra factor of 1/2 (when differentiating, the quadratic terms
produce a factor of 2, and the linear term must have the same one).
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Let us proceed to the separation into stationary and nonstationary problems. It is fun-
damentally important to perform this separation and the subsequent time discretization
at the level of the equation, not of the functional: the time derivative is not a self-adjoint
operator, so direct substitution of v = (M) - ¢(t) into the functional would lead to
incorrect coefficients. Let us write the weak form of the equation L[u] = f, obtained
above by integration by parts

a—u-ﬂudM+a2-/ Vu-VvdM—aQ-/v-VudS
m Ot M S

—/Mf-vdM, (1.4)

which must hold for an arbitrary trial function wv.
The stationary equation with Dirichlet and/or Neumann boundary conditions
If (31; = 0, the time term disappears, and due to the symmetry of the spatial operator

the weak form (I.4) is equivalent to the minimization of the functional

az-/ VU-VUdM—Q-/ f-UdM—aZ-/U-V"udS
M M S
— min. (L5)

The nonstationary equation with Dirichlet and/or Neumann boundary conditions

We discretize the time derivative by the implicit Euler scheme with step At, applying
3 3 . @ ~ Up — Up_1 : :
it to the weé%k form of the equation: or & AT Wh'ere .un is 'th.e solution on
the current time layer, and w,_; on the previous one. Substituting this into (I.4) and

multiplying by At, we obtain the equation for the time step

/(un—un_l)-vdM+At-a2-/ Vu, - VodM
M M

—At-aQ-/v~VundS:At-/ f-ovdM.
s M

This equation, in turn, is the minimum condition of the functional

/vidM+At-a2~/an-andM
M M

—2-/ [At'f+vn_1]'UndM—At'CLQ-/Un~VUndS
M S
— min. (L.6)

Thus, the nonstationary equation has been reduced to successively solving stationary
problems: at each step, from the known v,,_; is found v,.

Matrix form

We discretize the trial function over the mesh nodes: v =">".¢q; - ¢;(M), where ¢;(M)
are the basis functions, and 7 = (qo,---,qn)T is the vector of nodal values. The sub-
stitution turns each integral of the functional into a quadratic or linear form in 7, and
their coefficients are assembled into matrices:
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/ Vu-VodM =7¢" - K-,
/’U-UdM:7T-D-7, (L.7)
fovdM = FT. g

M
where K is the stiffness matrix (the integral of the product of the gradients), D is

the damping matrix (the integral of the product of the trial functions), ? is the load
vector (the integral of the source); the matrices K and D are symmetric. The boundary
integral —a? [, ¢V - VudS does not collapse into a matrix: it is a surface term that, in
discrete form, enters only the equations of the boundary nodes (for an interior node the
trial function vanishes on the boundary) and is determined by the boundary condition
itself.

The discrete system is obtained by the Bubnov-Galerkin method: we substitute v =
>; ¢:¢; into the weak form (I.4) and successively take the trial functions ¢;. For the
stationary equation this gives the system

K- ¢ = F +a*7%, (L.8)

where & is the vector of nodal boundary fluxes. The flux itself is not specified here
— what to do with it is determined by the type of boundary condition. Accounting
for boundary conditions is a nontrivial task, and it is discussed in detail in separate ap-
pendices: “Accounting for Dirichlet boundary conditions” and “Accounting for Neumann
boundary conditions”.

For the nonstationary equation (implicit Euler scheme, see (1.6)) the system at the
time step takes the form

[D+At-a?K] - Gu=At-F +D-Fp s+ At ¥ (L.9)
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Appendix J

Applying the functional

Let us see how the Bubnov—Galerkin functional from Appendix I works in practice:
we go through a one-dimensional example from start to finish — from the test functions
to the system of linear equations in matrix form.

We solve the heat equation L[u] = f, where the parabolic operator L = E — a’Au,
on the segment [zg, z4]. At the ends we impose Neumann boundary conditions (1.14) —

ou

the fluxes b

= go and % = g4 are prescribed. We bring the Bubnov—Galerkin
T=x0 =Ty
functional to matrix form and substitute these conditions.

S1 S> S3 S4

>-
-

® (] (]
X0 X1 X2 X3 X4

Fig. J.1. The example mesh: four simplex segments si,...,s4 and five nodes
To, ..., T4; the segment lengths are denoted [(;)(;i11)-

Take four simplex segments s1, s9, 3, s4, three interior points x1, x9, r3 and two bound-
ary points zg, x4 (Figure J.1). The test functions on the simplex segments take the form

Vo)1) (*) = qo * Yol
vaye)(T) = q - o1(z) + g2 - o
vE)E)(T) = ¢ (

() = g5 - &5(

RGNS

The “hat” functions and their derivatives for the segment simplices are

do(x) =ag+bo-x Py(x) =y
or1(x)=a;+b-x ¢(x)=0h
Ga(x) =ag + by Po(x) = by
d3(x) =az+bz-x Py(x) =bs
Ga(x) =ay+by-x Py(x) =10y



The coefficients take the following values. Let us introduce the notation [y =
xir1 — x; for the length of the simplex between points x; and x;;.

The hat-function coefficients for an arbitrary simplex between the points z; and x; 4
are derived exactly as in the “Test functions” section and equal

Tit1 b — -1
lyary  loary
— 1 1
L b =
Lyt Lyt

a; =

Aj+1 =

For the boundary hats ¢y and ¢4 one takes the corresponding half. Substituting these
coefficients, we write the test functions on each simplex directly.

Let us substitute the coefficients into the test functions and express them in terms of
x:

For simplex s;:

x xr
vy (T) =qo - ¢o(x) +q1 - 1 (x) = qo - (l(o)il) - l(o)(l))

—T T 1
b (T4 ) = ol o) b (o )]
(0)(1) (0)(1) )

For simplex ss:

i X
vy () = @1 - ¢ () + qa - pa(a) = q1 - | —— —
e e

For simplex s3:

xT Xz
V) (%) = 2 ¢2(2) + 45 - d3(x) = g2 (1(2;3) N l(2><3>)

—x x 1
+C]3‘<l 2+l )Z 2 (23 — ) + g3 - (x — 22)]
2)(3) (2)(3)

For simplex sy:

X i
Vi) () = g5 - d3(x) + qu - du(x) = g5 - [ —— —
laya )

—T x 1
o (24 ) = e o) b (o )]
(3)(4) (3)(4) (3)(4)

Let us find the derivatives of the test functions with respect to x:
For simplex s1:
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For simplex ss:

For simplex s3:

For simplex sy:

on)(l)(x) = l(o)(l) (Q1 - qo)

, 1

V)(2) (z) = loe) (@2 —q)

Uy (@) = —— (5 — )

(2)(3) - L)) q3 — Q2
1

Yoy (®) = 7— (a1 — a)

Let us compute the squares of the test functions:

For simplex s;:

1

U(QO)(l)@) = [0

2
oy

For simplex s5:

1
I [Q1

vy (@) = 7
0@

For simplex s3:

1
2
l2)e)

U(Qz)(s) (z) = (g2

For simplex sy:

1

U(23)(4) (z) g3

D)
I3y

(w1 — @) +qr - (@ — o))
1
= W (45 (21 — 2)* 4 2q0q1 (21 — )(x — 0) + ¢F (x — 20)]
(0)(1)

(=) + @2 (x— 1))

1
-
e

(@ (22 — )% + 2q1q2(22 — x) (z — 1) + G5 (2 — 11)?)]

. (Z’g — .T) + qs - (Qf — 513'2)]2
1
- Z(Q '6) [qg(% —2)% + 2qoq3(3 — ) (x — 32) + G5 (2 — xg)ﬂ
2)(3

(xg—x)+qq- (J:—x;»,)]Q

1
=z (45 (24 — 2)* 4+ 2g3qu (24 — ) (x — 3) + ¢ (z — x3)°]
(3)(4)

Let us compute the squares of the derivatives of the test functions:

119



For simplex s;:

2 1 1
(U(o)(l (x)) = Z2—(Q1 - C]0>2 = 2 (Q(Z) — 2qoq1 + Q%)
(0)(1) (0)(1)
For simplex ss:
2 1 2 2 2
(U(1)(2) (95)) =P (2 —q) = 2 (Q1 —2q1q2 + QQ)
(1)(2) (1)(2)
For simplex s3:
2 1 2 2 2
(U(z)(s) (95)) = 2 (3 —q2)" = 2 ((JQ — 2q2q3 + Q3)
(2)(3) (2)(3)
For simplex s4:
’ 2 1 2 2 2
(U(g)(4)(1')) = lg—(% —q3)" = 2 (Q3 — 2q3q4 + CI4)
(3)(4) (3)(4)

Let us write the linear approximation of the source function f(z) on each simplex
according to (6.36). In our example the source acts only on the interior simplices: on the
outer ones it is identically zero.

For simplex s; (between zy and z1):

Since the heat source density function is identically zero on this interval:

foa(z) =0.

For simplex s, (between x; and x5):

r _ egl)@) + egl)@) )

faye (@) T,

where:

(1)(2) Ji-w2— forxy Sz — form

61 = —
T2 — T Iy
e _ = h
i T2 =21 o))

For simplex s3 (between x5 and z3):

(2)3) 652)(3) )

fee) () = x,

where:

@@) _ forxs—fs-ro  fo-as—f3- 19

61 — l
T3 — T 2)(3)
L6 _ fs—fa _fs—fo
? T3 — 22 )

For simplex s, (between x5 and z4):
Since the heat source density function is identically zero on this interval:
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feow(@) = 0.
Now let us write the product of the source function and the corresponding test function

for each simplex.
For simplex s;:
Since f(())(l)(x) = 0, we have:
f(O)(l)(x) 'U(o)u)(a:) = 0.

For simplex s5:

foe (@) - vae) (@)
1

)(2)

= (" 2) Ty (@ (2 =) Fae- (o = )],
1

Substituting the values of e§1)(2) and egl)@):

}v(1)(2)($) : U(1)(2)(CU) = l21 [(fl Ty — fa- xl) + (fz - fl) : CU] : [Q1 : (952 - ff) +q2- (fL" - 551)] .

e

Let us transform the first factor:
(firze—forx)+(fo—fi) z=fi (22— 2x)
+ fo- (z —a1).

Therefore:

1

2 [fi-(ze—2)+ fo-(x—m1)] - (za—2)+q (v —21)].
(1)(2)

foe (@) - vuye(r) =

Expanding the brackets:

~ 1
foe (@) -vaye) (@) = . [f1Q1(932 —1)?
(1H)(2)

+ fige(z2 — @) (2 — 1) + foqu(z — 21) (22 — 2) + faqe(z — 21)?|.

For simplex s;:

fee) (@) - ve)e) (@)

_ <€§2)(3) 4P x)

By analogy with simplex ss:
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feye) (@) - veye () = @ [fo-(xs—a)+ f3- (@ —x2)] g2 (23— ) +q3- (x—x2)].

Expanding the brackets:

~ 1

fe)3)(@) - ve)e)(T) [f2Q2(553 — )’

T By
+ fags(z3 — ) (@ — 2) + fago(x — 32) (w3 — @) + fags(x — 32)°

For simplex sy:
Since f(z)4)(x) = 0, we have:

fey@ (@) - vy (x) = 0.
Now consider the boundary term. The boundary of the one-dimensional domain

consists of two points xg and x4, so the surface integral reduces to a sum over the boundary
nodes:

ou ou
+q4 —

/SU VudS = qp - n o

Since this example uses Neumann conditions, the normal derivative at the boundary is

. Ou _ du
known: = = 90, 5,
Tr=x0

nodes and is moved to the rlght hand side as a flux vector; it does not enter the system
matrix.

The stiffness integral for each simplex is the integral of the squared derivative of the
test function. Since these derivatives are constants, integration reduces to multiplication
by the simplex length.

By the local formula from the “Stiffness matrix 1D” section, on each simplex this
integral equals

T=x0 T=x4

= g4. This term enters only the equations of the boundary

ki ><z+1>
The total stiffness integral over the whole domain M is the sum of the integrals over

all simplices:

/ (Vo =Y / (W (2))? da
M i=1 v si

1

= (25 — 290q1 + ¢7) + Z (6 — 2192 + &3)
(0)(1) (1)(2)
|
; G = 2005 + 05) + 5 @ — 20304+ G) -
(2)(3) (3)(4)

The damping integral for each simplex is the integral of the squared test function.
By the local formula from the Damping matrix 1D” section, the integral of the squared

test function on a simplex equals OIS D (G2 + Qi + @P) -
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The total damping integral over the whole domain M is the sum of the integrals over

all simplices:
4
/ UQdM:Z/UZ( ) dx
M i=1 S;

Lo
= (;)()(QO+QOQ1+q1)+

e
3
lQ 3 l3 4
(33( ) (Q2+Q2CI3‘|’Q3) + (Z)i( )

The load integral for each simplex is the integral of the product of the source function
and the test function.

By the local formula from the “Load vector 1D” section, the integral vanishes on the
boundary simplices s; and s4 (the source is identically zero there), while on sy and s3 it
equals the corresponding local load-vector contribution.

The total load integral over the whole domain M is the sum of the integrals over all

(67 + 12 + ¢3)

+ (C]3 + 4394 + CI4)

simplices:
| T vlwyam - Z | 7w
la
=022 6 (2f16h + fige + foqr + 2f2q2)
)
+ (2()3(3) (2f2q2 + faq3 + f3q2 + 2f3q3) + 0.

Simplifying:

r7a _lome

f(x) - v(z)dM = 6 (2f1q1 + fige + foqu + 2foq0)
M

)
+ (26 (2f2q2 + faq3 + f3q2 + 2f3q3) -

Let us write all the integrals obtained in matrix form. Introduce the vector of un-

T
knowns 7 = ((10 @1 G2 g3 Q4) .
The stiffness integral can be written in matrix form:

/M(vu)2dM:7T-K-7,

where K is the stifflness matrix of size 5 x 5:

l - 0 0 0
O | low )
— + — 0 0
Loyay Loy . Ly . Ly . )
— — + — 0 ,
K L2 Ly . L2y(3) ) L2y(3) . . (J.1)
0 0 1 l + l 1
(2)(3) CIONRIOL) QL)
\ 0 0 0 - .y
(3)(4) (3)(4)

Matrix K is symmetric and tridiagonal.
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The damping integral can be written in matrix form:

/MUQdM:7T-D-7,

where D is the damping matrix of size 5 x 5:

(lm)(l) L)1) 0 0 0 \
3 6
oy Lo | e L)
+ -2 0 0
6 3 3 6
D — 0 l(lé@) z(%@) + l<2;<3> l<2é<3> 0
! ! ! !
(2)(3) (2)(3) 3@ ey
0 0 6 3 ; —l— 3 ; 6
\ 0 0 0 <3(>3(4> (3;(4) )

Matrix D is also symmetric and tridiagonal.
The load integral can be written in matrix form:

[ Fa)evtwyan =F -7,
M
where F is the load vector of size 5 x 1:

0
2f1-l1y 2 + f2lye)

6 6
? _ fl'l(g)(z) + 2f2~16(1)(2) + 2f2~l6(2)(3) + f3'l%2)(3>
Rloe | Mslee
6 6
0

After simplification:

0

!
? (1&((2) (2f1 + fi)
— | e | oo He e f3-l2)(3)
6 T 3 + 7

l
E2 (2 +2f)
0

The boundary integral, as shown above, does not fold into a matrix — it gives a flux
vector on the right-hand side, nonzero only at the boundary nodes:

Jo
0
®F =d*| 0
0
94

Stationary equation
By (I.8), the stationary system has the form

aZK-7:?+a2?.
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Non-stationary equation
By (1.9), the nonstationary system:

[D+At-a?K] - @pn=At-F +D- oy +At-a®7.

Notation:

K — the stiffness matrix 5 x 5,

e D — the damping matrix 5 X 5,

? — the load vector 5 x 1,

? — the vector of unknowns 5 x 1 for the stationary case,

T n, ¢ n_1 — the vectors of unknowns on the current and previous time layers,

a — the thermal diffusivity coefficient,

e At — the time step.

The matrices K and D are symmetric and sparse (tridiagonal). The operator of the
stationary system is the full stiffness matrix a?K; for a pure Neumann problem it is
singular (K - 1 = 0), so the solution is defined up to an additive constant and is closed
by a normalization condition. The treatment of Neumann conditions is detailed in the
appendix on Neumann boundary conditions.
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Appendix K

Imposing Dirichlet boundary conditions

There is a simple and widely used method for imposing Dirichlet conditions — direct
substitution of the known boundary values into the system (the row-and-column elim-
ination method). Suppose a node i carries the Dirichlet condition ¢; = g¢;, where g; is

the known boundary value. Then on the system A? = ? we perform the following
operations:

1.

Right-hand side modification: For every row j # i subtract the contribution of
the known value ¢; from the right-hand side: p; :=p; — A;; - g;.

Zeroing the row and column: Replace the i-th row and i-th column of the
matrix A with zeros, except for the diagonal element: A;; :==0, Aj;;:=0, j#1.

Setting the diagonal element: Set the diagonal element to one: A;; := 1.

Setting the boundary value: Replace the i-th component of the right-hand side
with the boundary value: p; := g;.

After these operations the i-th equation of the system takes the form 1-¢; = g;, which
guarantees that the boundary condition holds.

Let us return to our one-dimensional example with five nodes qq, ¢1, g2, 3, q4. Suppose
Dirichlet conditions are prescribed at the boundaries:

qo = 9o, 44 = G4

Stationary case
The original system has the form:

a%(-?z?.

The matrix a? K is full (symmetric and tridiagonal); boundary conditions are imposed
by replacing the boundary rows.

Denote A = a?K and ﬁ = ? We apply the direct method for the nodes ¢y and qq.
Step 1: Right-hand side modification for the interior nodes
For the node ¢; (index 1):

2
a~go

Loy

1
Loy

plizpl—A10'90=F1—&2'(— )'90:F1+

For the node ¢3 (index 3):
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1 2
) g1 = F3 + o
l3y(a) l(3)(a)

Steps 2—4: Modifying the matrixz and right-hand side for the boundary nodes
For the node ¢y (index 0):

b3 ::pg—A34-g4:F3—a2- (—

Zero the first row: Ap; :=0

Zero the first column: A :=0

Set the diagonal: Ay :=1

Set the right-hand side: py := g
For the node ¢4 (index 4):

e Zero the last row: Ay3:=0

e Zero the last column: Az, :=0
e Set the diagonal: Ay =1

e Set the right-hand side: py := g4

In the matrix a? K the boundary rows and columns (nodes ¢y and ¢4) are zeroed and
the diagonal is set to one; the known values are moved to the right-hand side.
The modified right-hand side vector:

90

2
F _|_ a~go
o~ LT Ty

P = P

a’gq
k)@
94
Note: since the source-density function is identically zero on the simplices s; and sy,
we have Fy = 0 and F; = 0. However, the components F}, Iy, F3 may be nonzero.
Non-stationary case
For the non-stationary case the system has the form:

Fy+

[D+ At - *K] G =AL-F4+D -Gy

Denote A = D + At - a?K and ? = At - ? +D-qn1. We apply the same direct
method.

Right-hand side modification for the interior nodes

For the node ¢;:

pr=pi—Aw-go=A-Fi+ ) Dijguoa

J

_ (lm)(n i At'a2> - do.
6 Loy
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For the node ¢s:

D3 ::p3—A34'g4:At‘FE‘)—i_ZD«?jqn*Lj

J

( lyw _ At “2) g
_ _ - g4
6 l3)(4)
As in the stationary case, the boundary rows and columns of D + At a>K are zeroed
and the diagonal is set to one, while gy = g9 and ¢4 = g4 go to the right-hand side.
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Appendix L

Imposing Neumann boundary
conditions

Neumann boundary conditions are handled much more simply than Dirichlet ones:
the flux prescribed at the boundary immediately gives the vector e (nonzero only at
the boundary nodes), which enters only the right-hand side of the system — the stiffness
matrix 2K need not be changed.

Stationary case

For the five-node example (the fluxes gy and g, are prescribed; the source on the end
simplices is zero, Fy = F; = 0) the modified right-hand side vector is:

a*go
Fy
? = F +a*d = F
Fy
a*ga
Non-stationary case
For the non-stationary problem the operator is D + At - a?K, and the flux enters the
right-hand side with the factor At:

[D+At-a?K] - Gn=At-F +D- oy + At -a®F.
The modified right-hand side vector:

?:At-?+D-?n_1+At-a2?:At-?+D-7n_1
At - a®g
0
+ 0
0
At - a?g,

The operator D + At - _afK is aﬂ'eady nonsingular (the damping matrix D is positive
definite, (D + At -a*K) 1 = D1 # 0), so the non-stationary Neumann problem is

solvable even without Dirichlet conditions.
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Appendix M

Triangulation by divide and conquer

This appendix describes a triangulation algorithm following the divide-and-conquer
scheme, with merging of sub-triangulations along common tangents. Historically it was
the first one implemented in the project; the main text describes the currently used ap-
proach built on the CGAL library. The material below is kept as supplementary: it helps
to understand the classical scheme and the difficulties with degenerate configurations that
eventually led to the change of approach.

The basis is the divide-and-conquer algorithm from A. V. Skvortsov’s monograph
“Delaunay Triangulation and Its Applications”, with immediate Delaunay restructuring
right after each new triangle is built. The algorithm has O(N log N) average- and worst-
case complexity in the number of input points.

General scheme

The idea follows the classical divide-and-conquer paradigm.

1. The point set is recursively split by a straight line into two roughly equal parts.

2. The recursion continues until each part contains three or four points — such con-
figurations are triangulated explicitly.

3. The resulting sub-triangulations are pairwise stitched together along the common
zone between their convex hulls.

4. During stitching, every new edge is checked against the Delaunay condition, and if
necessary the pair of adjacent triangles is restructured by a diagonal swap.

Since any partial triangulation produced at intermediate recursion levels is a triangu-
lation of the convex hull of the corresponding subset, the merge step always works with
two convex regions. This greatly simplifies the search for tangents and the control of
non-intersection.

Recursive point splitting

The split direction is chosen by the shape of the bounding rectangle: if it is wider
than it is tall, the points are sorted and split by the horizontal coordinate, otherwise by
the vertical one. This choice shortens the future seam between the sub-triangulations
and therefore reduces the number of restructurings.
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The sizes of the two parts are chosen so that all leaf subproblems have exactly three
or four points. Large sets are split in half, while for a few small sizes a special “3 and
N — 37 split is used, which guarantees that no leaf of the recursion ends up with one or
two points. The correctness of this split for any N > 6 follows from the fact that any N
is representable as 3k, 3(k — 1) +4 or 3(k —2) +4-2.

In formalized form the recursive algorithm looks as follows.

1. If the number of points N = 3, build a triangulation of a single triangle.
2. Otherwise, if N =4, build a triangulation of two or three triangles.

3. Otherwise, if N = 8, split the set into two parts of four points each, apply the
algorithm recursively and merge the results.

4. Otherwise, if N < 12, split the set into parts of three and N — 3 points, apply the
algorithm recursively and merge the results.

5. Otherwise (N > 12) split the set in half, into parts of |N/2]| and [N/2] points,
apply the algorithm recursively and merge the results.

The recursion depth is O(log N), and the total work at each level is linear in the
number of points, which gives the overall O(N log N) complexity in both the average and
the worst case (figure Splitting).

—
\\\/ \/\/

Fig. M.1. Sphttmg the input point set: choosmg the dlrectlon, the cut, and leaf
configurations of three and four points.

Base configurations

For three points there is a single admissible triangulation — one triangle built directly
on those three vertices. For four points two cases are possible, depending on their relative
position (figure Base cases).
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1. All four points lie on the convex hull. The quadrilateral is split by one of its two
diagonals. The choice is determined by the Delaunay condition: we check whether
one of the vertices lies inside the circumscribed circle of the triangle built on the
remaining three. The diagonal for which the condition holds is the one used in the
base triangulation.

2. One point lies inside the triangle formed by the other three. The interior point
is connected to each vertex of the outer triangle, splitting the region into three
triangles.

Fig. M.2. Base cases of the recursion: the single triangle for three points and the
two configurations for four points.

Merging two sub-triangulations

Merging is the most substantial stage of the algorithm. Suppose we have left and
right sub-triangulations, each a Delaunay triangulation of the convex hull of its points.
The merge proceeds in three steps.

Finding common tangents. First, two common tangents — the lower and the
upper — are found on the two convex hulls. An initial approximation is the edge con-
necting the rightmost point of the left hull with the leftmost point of the right hull; it
is then iteratively advanced along the vertices of both hulls until it lies below (or above)
all remaining points of the two sets. Between the two tangents remain two chains of
boundary vertices — left and right — and the space between them is what has to be
filled with triangles.

Filling the merge zone. The lower tangent is declared the current base edge. On
both sides of it the nearest vertices of the two chains are taken, giving two candidates
for the next triangle: one with the left vertex and one with the right. A candidate is
admissible if it does not invert orientation (the interior angle at the base edge is less
than straight) and does not cover already built parts of the mesh. If both candidates
are admissible, the one with the larger minimal angle is chosen: such a triangle is “more
equilateral” and less likely to be restructured later. The open side of the built triangle
becomes the new base edge, and the step repeats until the base edge coincides with the
upper tangent (figure Merge).
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Fig. M.3. Merging triangulations: common tangents (1), filling the merge zone from
the base edge (2), the final mesh after restructurings (3).

Immediate local restructuring. After a new triangle is added, its edges are checked
against previously built neighbours: if the quadrilateral formed by the new triangle and
its edge neighbour violates the Delaunay condition, a flip is performed. Immediate re-
structuring removes the need for a separate final pass over the mesh and usually reduces
the total number of restructurings.

Inserting constraint edges

The algorithm above builds the Delaunay triangulation of the convex hull of the
points but knows nothing about domain boundaries and hole contours. To guarantee that
prescribed edges are present in the mesh, they are inserted into the finished triangulation
by a separate edge-recovery operation.

A single edge is inserted as follows: all triangles crossed by the segment are found
and removed — this leaves a polygonal cavity in the mesh, which the inserted segment
splits into two chains of vertices, an upper and a lower one; each chain is independently
re-filled with triangles, and the edge ends up in the mesh (figure Edge insertion). After
insertion the edge is marked as a constraint: flipping across it is forbidden, so no later
restructuring can destroy it, while the Delaunay condition near it may legitimately be
violated.

0/ \ .0'-/.\ / \

'\.\\

Fig. M.4. Inserting a non-crossable edge: removing the crossed triangles, forming
two chains, filling with new triangles.

In the current version of the project this very operation is performed by CGAL (the
insert_ constraint method), but the logic inside is the same.
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Why the scheme was abandoned

The divide-and-conquer scheme relies on building convex hulls, finding tangents and
controlling orientation — all these operations reduce to sign predicates evaluated in
floating-point arithmetic. On “good” inputs (in general position) this works, but on
regular, axis-aligned data typical of a square computational domain, degenerate configu-
rations arise: many points on one vertical or horizontal line (collinearity) and rectangular
quadruples of points lying on one circle (cocircularity). In these cases the predicate value
is an exact zero, while floating-point evaluation yields noise of arbitrary sign instead.
The tangent search and the merge start to contradict themselves: flat (zero-area) “fan”
triangles appear along the boundary and the Delaunay condition is violated. These are
precisely the difficulties that led to the switch to the library-based approach with exact
predicates described in the main text.
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Appendix N

Elliptic equations: reduction to a
stationary problem

The main text of the book deals with the non-stationary thermal field — a parabolic
equation. However, the same finite-element machinery carries over without any changes
to a wide class of elliptic boundary value problems, in which time is either absent from the
formulation altogether, or the transient is of no interest and only the steady (stationary)
state of the field is required. This appendix shows how such a problem is reduced to
a simpler form and solved by the methods already discussed: assembling the stiffness
matrix and iteratively solving a sparse symmetric positive definite system.

From the parabolic equation to the elliptic one

The original non-stationary equation (1.8) has the form

OT (M, t)
ot

If only the steady field is of interest, the time derivative vanishes, 07'/0t = 0, and the
equation loses the time coordinate, turning into the elliptic Poisson equation

=a*  AT(M,t) + f(M,1).

1
a® - AT(M) + f(M) =0, or — AT(M) = = f(M). (N.1)
a
In the particular case of no sources (f = 0) it degenerates into the homogeneous
Laplace equation
AT(M) = 0. (N.2)

It is essential that the unknown function here depends only on the geometry M and
not on time: the problem has turned from an evolutionary one into a purely spatial one.

Example: the electrostatic field

The canonical elliptic equation is the equation of electrostatics. The electric potential
V(M) in a medium without volume charges satisfies the Laplace equation, and in the
presence of a charge density p — the Poisson equation

p(M)

AV(M) = —=—=, (N.3)

135



where ¢ is the permittivity of the medium [F /m]. Comparison with (N.1) shows a com-
plete correspondence, down to the dimensions: the potential V' [V] plays the role of the
temperature 7' [K], the ratio p/e with the charge density p [C/m®] has dimension [V/m’]
and plays the role of the source density f/a? of dimension [K/m?], and the coefficient a?
is replaced by one. Consequently, the very same program that solves the stationary heat
conduction problem computes the electrostatic field without modifications.

Consider an illustrative configuration of three conductors — “phases” — each kept at
its own voltage Vi, V5, V3. The conductors impose a Dirichlet condition on their bound-
aries, V|sq, = Vi; the outer boundary of the computational domain is assumed insulated,
which corresponds to the homogeneous Neumann condition 9V /9n = 0. The presence of
at least one conductor makes the finite-element system non-degenerate, and it is solved
by the same preconditioned conjugate gradient method.

The computed field picture is shown in figure Field of three conductors: the equipoten-
tials and the field lines form a mutually orthogonal grid; the field lines leave the positive
phase and terminate on the negative ones.

Fig. N.1. Field picture of three conductors (V = 41, —0.5, —0.5): blue lines —
equipotentials, orange — field lines; computed on a mesh of 6486 triangles.
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