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Abstract

Linear partial differential equations (PDEs) play an essential role in mathematics and many practical
applications. Solving PDEs and especially parameter-dependent PDEs efficiently is important in engineering
day-to-day work and is still an active field of research.

The problem of solving parameter-dependent PDEs efficiently is demonstrated by the example of the thermal
block, a 2-dimensional surface that is heated in its interior and can have different thermal conductivities.
The problem is defined as finding the temperature distribution for a specific heat conduction coefficient.

The important method that is discussed in this thesis is called reduced basis method and uses a fixed set
of parameters for the parameter-dependent PDE. From this set there is a basis derived that is usable to
solve many often changing parameters (many-query problem) with a significantly reduced complexity. We
differentiate two classes of problems for solving parameter-dependent PDEs: Solving the problem just for
one single parameter (one-query) versus solving it for many parameters.

We show how the reduced basis method can be used for efficiently calculating many-query problems. We take
the simple example of a thermal block to demonstrate and visualize the method.

Besides presenting the mathematical foundations of the named methods, one further objective is to implement
them. The algorithms are written in Python and built on the basis of the finite element libraries Netgen [1]
and NGSolve [2]].
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Chapter 1

Introduction

Most physical processes are highly complicated and interactive systems and their behaviors are
difficult to compute. Common examples are the propagation of sound, wind streams, force effects
or fluid mechanics where many particles interact in a complex manner. The simulation of such
systems is an important task in the applied sciences to understand them and derive knowledge to
gain technological progress. Although they can often be described by partial differential equations,
the outcome of such processes are hard to approximate.

One approach to solve these problems are finite element methods. These are commonly used
for numerical approximations of real world scenarios that involve complex interactions in closed

systems.

The solution of these numerical approximations can be computationally expensive. When working
with parameter-dependent PDEs where the parameters are fixed (a one-query problem), higher
computational time might be acceptable. For many-query tasks on the other hand, where we want
to solve the given PDE for many different parameters, low computation time is pursued. This
can be achieved by exploiting similarities of solutions for different parameters. Based on pre-
computation where the problem is solved for a fixed set of parameters, the complexity reduction is
achieved. We call the first step with high computational costs where the pre-computation is done
offline phase and the following computation step of low cost online phase. The division into offline
and online phase is a methodical approach used for many engineering tasks and systems.

One such system is given by the thermal block example where the objective is to model the heat
distribution on a 2D or 3D surface under certain heat conductivities when heat is introduced on
a specific location. The thermal block is subdivided into four equally sized blocks which have
different thermal conductivities. When the heating is in the interior of the thermal block, we receive
heat distributions from the basis functions in Figure|[l.1|that are multiplied by coefficients. The
framework that we use for these images and in general for building 2D and 3D models and mesh
generation is Netgen [1]] and the associated finite element solver library NGSolve [2].

1



2 CHAPTER 1. INTRODUCTION

(b) (©

(d) (e)

Figure 1.1: Orthonormalized basis functions for calculating the approximated heat distributions
of the thermal block. While (a) to (c) are decent, we can see small disturbances in (d) and (e).
However, those disturbances do not influence the results in a way that would be inacceptable.

A big part of this thesis consisted of building a detailed Python implementation for the reduced
basis method by using above libraries. The code was used for detailed experiments and the
consecutive evaluations of physical phenomena concerning the thermal block. Although the
implementation was important, we emphasize on the mathematical foundations and results
produced by the code instead of focusing on the implementation details.

In Chapter [2]a quick overview of the mathematical problem formulation is given. We introduce
partial differential equations and present the physical formulation of the heat equation, especially
of the Poisson equation. Furthermore, we have a look at the finite element method which is
followed by the example of the thermal block. The reduced basis method is explained step-by-step
in Chapter [3} looking both on the theoretical background and later on the implementation. In
the end, we present the results for several evaluations in Chapter 8.3} It follows a conclusion in
Chapter [d with an outlook on future work.



Chapter 2

Mathematical Foundations

At first, we introduce partial differential equations and ordinary differential equations. After that,
we present the finite element method by looking at the Poisson equation as an example which is
the fundamental differential equation in this thesis.

2.1 Differential Equations

To introduce PDEs we need to recall the basics of functions and derivatives. The derivative of
a function gives information about the rate of change. Functions can have multiple derivatives
up to some order n. A function that consists of one single variable has total derivatives. In case
the function consists of more than one variable it has partial derivatives where each derivative
depends on one individual variable. In the following, we assume that all derivatives that we use
are well-defined.

A differential equation is a mathematical equation which consists of both, a target function f and
some of its derivatives. Differential equations thereby describe the relation between a function and
its derivates and can be used to build a mathematical model of many real world processes.

Differential equations can be classified into ordinary or partial, as explained in the definitions
and While ordinary differential equations depend on only one single variable, partial
differential equations depend on multiple variables and therefore partial derivatives.

Further distinctions differentiate between linear and nonlinear PDEs. We will only deal with linear
PDE:s in this work.
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Ordinary differential equations have the most simple form and can be defined in the following

form:
Definition 2.1.1
Let F, f be functions depending on y(™ for 0 < n < co. An ordinary differential equation is
given by
F(z,y(z),yV(z),...,y™ () =0 ,z€[0,T) (21)

or

y™(2) = f(z,y(z),y P (@),....,4" V() ,z€0,T) (22

where y : [0, ) = R is the sought-after function.

A partial differential equation depends on several variables and partial derivatives:

Definition 2.1.2
Given the partial derivative % with respect to z, a linear partial differential equation is:

Find f:Q=R (2.3)

of(z,y) of(z,y) é’Qf(ﬂw)) _q
or 7 oy 7 dxoy )

so that F (x,y,f(x,y), , x €80

where () is the domain on which f is defined.

Additionally, PDEs can be classified in groups that have similar characteristics depending on the
mathematical or physical behavior.

2.1.1 Heat Equation and Poisson Equation

To introduce the PDE of major interest in this thesis we will have a closer look at the heat equation.

The inhomogeneous heat equation or simply heat equation on a domain Q € R? is given as

du(z, 1)
ot

—a-Au(z,t) = f(x,t) (2.4)

where a € Ry is the material specific thermal conductivity, z € Q is the position, and ¢ € [0, c0) is
the time. The heat equation describes the connection between the temporal and spatial change of
the temperature u(z, t) on a defined domain under influence of additional heating. In case that
there is no change in time, i.e. the configuration is in an equilibrium state, there is 2% = 0 and we

receive the simpler Poisson equation, a stationary problem that does not longer depend on ¢:

—a-Au(z) = f, x € Q. (2.5)
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Figure 2.1: Grid approximation of a creased can . The colors on the can show the load exerted
on each cell by power influence. A similar approximation grid based on triangles is used for the
thermal block to model the heat distribution.

Solving the Poisson Problem To be able to solve the Poisson equation on a bounded domain
we need a boundary condition. We state the Dirichlet boundary condition for a given function
g:Q2=Ras

to be able to solve the problem. We obtain

—a-Au(z)=f, inQ (2.6)
u =g, ondf). (2.7)

To solve a differential equation there exist several approaches. Most used are approximative
procedures in which PDEs are discretized due to the complexity of a problem that in most cases
disallows closed form solutions. A good example of such a complex problem is shown in Figure

21



6 CHAPTER 2. MATHEMATICAL FOUNDATIONS

2.2 Finite Element Method

The finite element method (FEM) belongs to the approximating PDE solvers which discretize the

domain into disjunct parts of simple shape, e.g. triangles or rectangles, to simplify calculations.

Suitable to the given problem, different geometric forms are chosen that build a grid. Again, we
can see for example that squares are chosen in Figure Depending on the outer shape, the
squares are deformed to get in form with the given body as can be seen on the right hand side of
the can where some highly deformed squares are.

The Math Behind FEM The starting point of the FEM is the PDE that should be solved. A
PDE has an alternative formulation, the weak formulation which is a variational form of the PDE.
To introduce this weak form we require function spaces which describe a set (vector space) of
functions which have well-defined and bounded first derivatives.

The concept of function spaces is important for the mathematical analysis of FEM, but not necessary
in the context of this thesis. One typical function space is

VH&(Q){U:Q*)R,/UQCLI<OO,/ ||Vu||§dx<oo,u|390}. (2.8)
Q Q

For details on these so-called Sobolev spaces we refer to a text book on PDEs, e.g. [4]. What
remains for this thesis is that we look at V' as a closed set (vector space) of functions which
are "smooth" enough to define the differential operators involved in the PDE in a weak form.
Typically, V is infinite dimensional. To compute approximations with V we make finite dimensional

approximations of V, namely V},.

The PDE can also be written in the strong formulation that consists of the equation itself and a
boundary condition. Two boundary conditions are available:

¢ Neumann: The boundary of the solution is a value of the derivative, e.g. 2% = g(x) on 9.

e Dirichlet: The boundary of the solution is a function value of a given function, e.g. u(x) =
h(z) on Q.

In the context of the FEM the weak formulation means that an integral is solved over 2 in connection
with a test function v € V. We transform the original PDE into a weak formulation which is more
appropriate for the FEM. This step is described in detail in Section[2.2.1]

Solving the weak formulation is equivalent to finding a trial function u € V' so that a bilinear form
B(u,v) € Fun(V x V,R) equals F(v) € Fun(V,R) for all v € V. In the FEM, we search for a finite
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dimensional approximation:

Find weV (2.9)
so that B(u,v) = f(v), Vv € V.

In order to do so we consider a finite dimensional subspace V}, C V and reformulate the weak
form for this space (the & in the notation indicates the dependency of the solution on V}, which
depends on the mesh with mesh size h):

Find wuj, €V, (2.10)
sothat B(up,vn) = f(vn), Yo, € V.

All uy, and vy, are linear combinations of the basis {¢;}?; with span({¢;}) = V}, performing

up(z,y) = 0w - ¢z, y).

From this finite dimensional formulation (2.10) we can derive a representation as a linear system
for the coefficient vector u = (u;);=1
example in Section [2.2.1}

n. This last step is also illustrated in the practical Poisson

.....

2.2.1 The Poisson Problem

The basic problem to be solved in this thesis is the Poisson problem. We consider f =1 and g =0

and get the strong form

—aAu=1 in§, (2.11)
w=0 on . (2.12)

To arrive at a weak formulation, Equation (2.11) is multiplied by a test function v € V and
integrated over Q2 what results in:

/%L«Aumdz:/fvdx,VUGV. (2.13)
Q Q
After further partial integration this gives us:
/a-Vu-Vvdmdy:/fvda:dy, Vv e V. (2.14)
Q Q

We use the bilinear form B(, -) from (2.9) as well as the discrete and finite dimensional solution
up, € Vj, from (2.10) in the following.
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For the discrete u;, we use the basis {¢; }}_; of V3:

up(z, y) = Z u; - ¢i(z,Y).
i=1
Using these results, the bilinear form in (2.10) is replaced by

B(up,vp) = /Qa - Vop - Vuy, de dy
=/Qa-V (Zw-(bi(%y)) Y (Zuj'@(w,y)) dz dy
i=1 j=1

Zuj /Qa'v‘ﬁi(x,y)'v%(x,y) dz dy

i
Jj=1

= v
=1
= Z V- B;J sy
i,j=1
with
Bj;(a)(z,y) = /Qa -V¢; - Vo, dz dy.

Analogously, we conclude that for

f(va) = Zfi "V

i=1

the following applies:

f = /f'@dﬂ?dy

Q
That leads to the equation for u € R™:
vi.B.u=v'.f YveR"

which for v = e; (unit vector) implies

n
OB wi=f], j=12....n
=0

which can be transformed to matrix notation

B -u=f.

(2.15)

(2.16)

2.17)

(2.18)

(2.19)

(2.20)

(2.21)

(2.22)

(2.23)

(2.24)

(2.25)
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The resultis u = (B’)~! - f’. The computational complexity of solving this equation for u can be
very high. The costs depend on the dimension n of the finite element space V},. Typically n is very
large, e.g. n € 1000, ..., 108. In this thesis it is bound to n = 1069.
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Chapter 3

Reduced Basis Method

The basic idea of the reduced basis method (RB method) is to improve the process of solving
parameter-dependent PDEs such as the Poisson equation that depends on the heat conductivity.
Typically, the finite element space is of very high dimension (between 10? and 10%) what leads to
enormous computational costs when solving the problem the naive way. The RB method solves in
its offline phase the already mentioned computational expensive solutions for a few parameters. In
the second phase, called online phase, the RB method solves many low-dimensional problems in
low computational time. Therefore, the RB method is one approach to solve many-query problems
as it can be used to generate quickly solutions to different parameterizations of a given problem.
In comparison, the RB method is mostly unsuitable for one-query problems. The reduction of the
dimension of high-dimensional problems is done by simplification, in particular by exploiting
similarities of solutions from different parameters. The result, the reduced basis, should be found
in computation time that is bound to O(NN3). Here is to differentiate that n is the dimension of the
high-level dimension solution and N is the dimension of the low complexity solution.

In this chapter we will have a look at the theoretical background which is then explained step-
by-step by the example of the thermal block that was shortly introduced in Chapter|l] Further
information on the thermal block can be found in Section[3.2} For the computational background
there are several pseudo codes added at the end of each step which give short overviews about
the programming behind FEM and RBM in the language Python. In the end we examine some
evaluations concerning the thermal block with help of the result of the new final basis, that consists

of N representative high-dimensional basis vectors, and by the help of low-dimensional matrices.

3.1 Theoretical Foundations

The RB method is divided into offline and online phase: In the offline phase a nonparametric

dimension reduction of the high dimensional problem is computed. The idea brakes down to

11



12 CHAPTER 3. REDUCED BASIS METHOD

Vi

Figure 3.1: A reduced basis approximation of a function in V},. The blue hyperplane Vy represents
the reduced basis space. The black function A}, is the high-dimensional function we want to
approximate (as done by the red function).

choosing parameter values «; so that the span of all solutions to «; provides a good approximation
to all solutions in a (continuous) range of parameters. To be more precise we follow the notation
from last chapter: The discrete finite element space V}, is replaced with Vy, a function space with
very low dimension N = dim(V;*d), N < n.

In the online phase the reduced basis is used for fastly computing many-query solutions in our

reduced problem space V.

The size N of the basis determines how good the approximation of the results are: The larger the
basis, the lower is the error with the cost of increased computational complexity. If the basis is
smaller, solutions can be calculated more quickly but will inevitably come with a greater error.

An introductory example Figure[3.1|characterizes the main idea of the RB method. We explain
the sketch.

The low dimensional space Vy (blue plane) is a subspace (or hyperplane) of the finite high
dimensional space V},. The function M}, (black line) lies in V},. We search an approximation of M,
that is restricted to V. After having done the RB approximation we receive a set of N different
elements {uy (') }i—1,. N (seen as red points in the sketch) and an approximate function that
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consists of {u1, ..., un} in the subspace Vy and where {y;};=1,... n are all possible parameters.

The difference between M), and its approximation is almost zero in the chosen points
{un(p?)}iz1,.. n. With increasing size N (the underlying basis), the difference between the approx-
imation and Mj,, here the area between the red and black functions, will decrease.

3.1.1 Orthonormalization

Now we have a set T' = {t;},=1,...n of vectors which spans the finite element space V},. These t;
may have an almost linear dependency that we want to eliminate. If a matrix is symmetric and
t; build an orthonormal basis (ONB), then the condition number of this matrix is bounded. That
guarantees algebraic stability to a certain extent.

In each step k (where 1 < k < n) of the process we subtract linear combinations of the former k£ — 1
vectors from the current vector ¢;. For each step a new vector is projected onto the orthogonal
space of the already created vectors. Each vector ¢; should be orthogonal to all the other ¢;’s. Such
an algorithm is given by the Gram-Schmidt orthonormalization which is explained in detail in
Section The output of the orthonormalization is an orthonormal matrix W of dimension n
with the column vectors: ws, . .., wy. The orthogonal basis W = {w; },=1,... ~ produced of the set
T = {t;}i=1,... n spans the same subspace of R as T

3.1.2 Basis of a Reduced Space

Although having computed an orthonormal basis with the Gram-Schmidt algorithm from the
a-dependent solution u for

B u,=f
from u,, ist still high-dimensional. Therefore we search for a dimension reduction, a projection

between two finite element spaces, a high- and a low-dimensional space. We already have the
high-dimensional space V}, and call the low-dimensional space V.

Equation (2.15)

un(ar)(@,t) =Y u; - ¢; (3.1)
=1

can be rewritten in another basis representation such that

up,(ar)(z,t) =Y ) - ¢;. (3.2)
=1
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Based on a parameter set S = {a;}a,e{a,,i=1,...,n} We define Vy = span{u'(a;)}a,efa,i=1,....n}, 1€
we set ¢ = u/(q;) as the basis of Vy. Any function uy € Vi can be written as

N
un(z,y) = > u¥ ¢ (2,y), foru® eR". (3.3)

Hence,

N
uy = ZZus . (u; - B7). (3.4)

i=1 j=1
Reshaping gives us
n N .
un =Y Y ul -l gf (3.5)
j=1i=1
- Z g (3.6)
j=1
for
N
c’ = Zufv . u;- e R" (3.7)
i=1
with
c"=Q -ul, forQ e RV, (3.8)

Q is the matrix that represents the change of basis between V}, and Vy, i.e. the N columns of Q
correspond to the basis functions of V. We note that Q is originally obtained from the solution
vectors u; but may be changed by orthonormalization as in Section

In the following we define the reduced matrices which will be needed later. For this purpose we
redefine so that:

Find we Vy (3.9)
sothat B(u",v") = f(V), vol¥ € Vy.

Furthermore, we use (3.5) and insert it into (3.9) what finally results in

N
B(uN,oN) =" ul(a;) - uj - B(¢x, d1) (3.10)
k,l=1
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which, with Equation and Equation (3.5), equals
Q' -B-Q. (3.11)
Analogously,
fle)=Q" - (8.12)

So we conclude:

Bly(@)=Q" -B'(a)-Q (3.13)
(1) =Q" -B'(1)-Q (3.14)
ea = Q' - (3.15)

for Q € R™*NV,

3.1.3 The Greedy Algorithm and Offline Error Bounds

To refer back to the goal of the RB method we search now for an algorithm that gives us parameters
«; to build the reduced basis, i.e. helps to find a suitable set P = {e;};=1,..._ n as shown in Section
We still search for a low-dimensional approximation V for the naively solved solutions in
Vh. At the beginning, the approximation depends on the solutions from an initial set P, which can
still be insufficient for most parameters .

We want to find an a € P (the set of possible parameters) that maximizes the error between the
approximated and the full-dimensional solutions.

A greedy algorithm chooses in each iteration of its execution that element which guarantees the
maximal profit. In the case at hand the greedy algorithm picks the maximum error between the
approximation of Uy and the full-dimensional problem. The error is usually assessed by a function

evaluation, e.g. by an error estimation which we discuss next.

Having received a low-dimensional representation of the basis in RY, the next goal is to find a
measure which chooses the next parameter « to enlarge the basis B. The error norm states how
good the approximation works for another subset P; of P, the so-called "training set" and simulates

the error behavior assuming to have included the elements of P;.

To discuss the error estimation we start with the residual where B’(«) is based on (2.20)
r(a) = [|B'(a) - un — B'(@) - uy| (3.16)

that describes the difference between an approximated, numerical solution u,, and the exact high
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dimensional solution u;. We do a forecast for the error’s value which depends both on the exact
solution u;, and the approximated u,,. Since we are working on a function space we use

/ u - vdzdy (3.17)
Q
as an inner product which translates to

(u,viw=u' -W.v (3.18)

where W is the mass matrix. The output after calculating this error for each parameter in the
list of possible parameters is a list of error values whose maximum can be chosen by the greedy
algorithm. Having the input N as the predetermined size of the future reduced basis, we do N

iterations of the greedy algorithm when starting from an initially empty set of parameters.

Reduced Basis A-Posteriori Error Bound As the error bound in Section depends on the
high-dimensional vectors u and v and the high-dimensional matrix W which are derived from
the V},, it results in high computational cost. That motivates an alternative error bound that not
just predicts the error but can absolutely be computed with already done measurements in lower
complexity O(N3).

The reduced basis a-posteriori error estimator estimates the error after a computation. Here, it also
computes a global error bound but neither takes into account the high dimensional solution or
mesh-depending values. It is also driven from the a-priori error formula but transformed into an
atomic form that consisting of the elementary matrices. For more details we can have a look at
Section [3.2|in paragraph a-posteriori theory.

3.2 The Thermal Block

The thermal block represents a class of bodies that are heated and where the temperature flows
from one side to another side. Furthermore, the temperature distribution is an embodiment of
the solution to the Poisson equation. The simulation of the distributions is done by the Netgen
framework (see Figure[3.3).

After having introduced the theoretical background of the RB method, a practical example is
explained step-by-step.

Physics and Mathematics Let Q2 C R™ with Q = [-1, 1] x[-1, 1]. Define equally sized subdomains
Q;,i=1,...,4 with coefficients a(z) = 1in Q; U Q3 and a(z) = a in Qs U Q4 (as shown in Figure
B.3). The thermal conductivity « is chosen as a € P = [0.1; 10].
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§.646e-03 7.975e-02 1.567e-a1 2. 21be-81 2.925e-01

Metgen 6. 2-dev

Figure 3.2: Exact heat distribution on 2 calculated for o = 1 with the naive method.

The field variable is the temperature which satisfies the Poisson equation (—a-Au = f). The thermal
block is constantly heated in the interior. The heat flows in the direction of lower temperatures.
Depending on the thermal conductivities the four single blocks heat not equally strong. The system
reaches a stable state after some time, where the heat distribution does not change anymore. This
is called the stationary state: The temperature distribution and the heat flow are constant in time.
Given this stationary state, mathematical computations are easier because the system does no
longer depend on time.

Necessary for solving the PDE is primarily the knowledge of the boundary condition. For the
boundary condition there are two possibilities: The boundary’s temperature can be unaffected by
the surrounding temperature uqysige and is then called isolated (Neumann-boundary condition).
The boundary’s temperature can as well converge to uguside- Then there is an temperature exchange
between the block and uoytsige (Dirichlet-boundary condition).

For the following computations we introduce notations for matrices that were already defined in

Chapter 2} Equation

A=4a)=a- / Voj; - Vo, (3.19)

Q1UQ3

B = Bij(1>=/Q . Vo, - V. (3.20)
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Figure 3.3: Subdivision of € into 4 parts. In the top left and bottom right the thermal conductivity
is kept constant: a(£22) = a(24) = 1. In the two remaining parts the thermal conductivity is varied:
a(1) = a(Q3) = a.

3.2.1 Practical Realization

The Poisson problem for the thermal block has already been solved in Chapter 2 (via the finite
element method). In this chapter there will be a detailed explanation concerning the RB method to
show a way to efficiently calculate solutions.

Build Finite Element Matrices At first, we build up a finite element space, here called V},. The
dimension of V}, is n = 1069. A mesh is computed which is based on the thermal block’s basic
forms. The software’s blackbox outputs high-dimensional sparse matrices A; (depending on «),
and B € R1069x1069 baged on the weak problem from Equation (2.14). Analogously, we define the
vector f which is a quotient of the heat source and the heat capacity (Equation (2.22)). For an initial
list of widespread «;’s we compute the high-dimensional base solutions

Uy, = (A-a; +B)" ! f. (3.21)

These solutions u,, for o; € {0.1,0.2,...,10} build the first basis. We remember that the linearly
independent vectors of a basis span a subspace in V},. That means the new matrix (from here on
called X)) spans a space for all solutions which are possible for a certain load of coefficients.

Gram-Schmidt process The Gram-Schmidt process (GSP) is a method for orthogonalization or
orthonormalization of a set of vectors and is here used to transform the given basis 2. Orthogonal
vectors (rows or columns) v; and v; fulfill: (v;, v;}w = 0. If the vectors are additionally orthonor-
mal, the vectors v; fulfill: ||v;|| = 1. The GSP is useful to eliminate linear dependencies in matrices.
Letvy,...,v, € R" be linear independent vectors which are the former solutions u,, from Equa-
tion . The resulting vectors w1, ..., wy, € R™ are columnwise stored in the matrix X. Now
the basis matrix is out of linear dependencies and further computations are easier.
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Algorithm 1 Generate Matrices/Solve Problem

1: procedure GENERATEMESH
2 order < 3

3 boundaryCondition < Dirichlet

4 V « FiniteElementSpace(order, boundaryCond)
5: mesh + [—1,1] x [-1,1]

6: procedure GETFEMMATRIX

7 u < trial function

8
9

v < test function

FEMMatrix < Bilinear Form(a - Vu - Vv)
10: procedure GETRHSVECTOR
11: v < test function
12: RHSVector + LinearForm(v)
13: procedure INITIALIZATION
14: initialList < [0.1, 1, 10]
15: listOfParameters < [0.1, ..., 10]
16: A « GetFEMMatrix([1,0,1,0])
17: f « GetRHSVector(1)
18: procedure SOLVEPROBLEM
19: for each element in initialList do:
20: .column(i) + A7 f

The Reduced Problem Still having to deal with huge matrices the next step is a projection from
the high-dimensional space to the low dimensional space. The original problem of solving PDEs
can be partially simplified and is represented by the reduced problem. The reduced problem depends
on the three matrices Aeq, Brea € RV*YN and f..q € RY which are the result of the dimension
reduction. Thereby, the crucial parameter of the problem is the given parameter N. If N is chosen
small, the solution can be calculated fast with the reduced problem. However, the solution will
be inaccurate. The larger we choose N, the better the solution will get by the cost of increased of

computational complexity. We get new matrices Ayeq and Byeq which have a dimension N < n.

Algorithm 2 Gram-Schmidt

1: procedure ORTHONORMALIZATION(X)
2 A, orm — GetMatrix([1,1,1,1])

3 k < shape(X)

4: foriin[l, ..., size-1] do:

5 w; + X.column(i)

6 7 <Vj,Wi>

7

Vi Wi =D i ) Vi

Vi < o

Anorm Vi, Vi)

*®

W .column(i) < v;

The functionality of the code lines 2 to 4 in Algorithm 3 is explained in Section because this
step is important since it realizes the dimension reduction. Having received the reduced matrices
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Algorithm 3 Reduced Problem

1: procedure COMPUTE REDUCED MATRICES
2: Aeq ST.A-Z

3 Bed+ X' B X

4: fea < X7 - f

5: M~A+B
6
7
8
9

i<+ 0
for coefficient in verificationList do:
solutioney < M™! - f.q
coefficients; < solutions.q
10: i+—i+1

and vectors in lines 2 to 4 we can redefine the naive solution from Equation ( as:

Uarg = A, ' “fred (3.22)

Qred

Error Estimation For the very first iterations the difference between the original and the approxi-
mated solution will be too large for most parameters in the interval of possible parameters. The
algorithm needs a method to choose a parameter in order to add it to the initial basis to reduce this

difference. Therefore, we want to find those parameters for which the approximation is worst.

To compare are the two vectors
u,=A;'f (3.23)
and

u, =%~ (A ! 'fred) (3.24)

Qred

for a specific & € R"™. In Equation (3.23) u,, is the solution of the high-dimensional problem. The
solutions for u), depending on « span the image room of possible solutions. Also, u,, results from
solving the reduced problem and multiplying the result to the orthonormal basis.

The error norm consists of

e = /(00— W) T+ Ao - (w1, — 1) (3.25)

where Apom is a weighting matrix that weights the error over the area of 2. The algorithm chooses
the maximal e, and appends its coefficient a to the list of the coefficients belonging to the reduced

basis.

The operation in code line 7, Algorithm 4 is really expensive because we have a matrix of dimension
1069 x 1069. Usually, the inverting of a matrix is done in O(n?) where n is the matrix dimension. As
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Algorithm 4 Error Estimation

1: procedure COMPUTE ERROR(Y, A, B, f)
2 index < 0

3 i+ 0

4 for coefficient in verificationList do:
5: Az +—a-A+B

6 u < (Z, Cindew)

7 up — Ay f

8 Ac + (Anorm,u — ua)

9: error < /(Ae,u — uz)

10: procedure GREEDY ALGORITHM

11: errorList < List of Errors

12: mazError < max(errorList)

13 initial List < initial List.append(maz Error)
14: goto Algorithm 1.

the reduced basis method has the purpose to guarantee lower computational costs, it is impractical
to have such high costs for each parameter in the parameter list. That motivates a computationally
cheaper error bound that we discuss in the a-posteriori theory.

Evaluation of Error Boundaries in Four Iterations Figure[3.4{shows the errors in four iterations

for every possible parameter o from the parameter list.

With every new added parameter the error decreases around a tenth. In Figure 3.4/ we see that
the error for each added parameter is zero. The values between those points, where the error
approximately vanishes, shrink with every iteration. The maxima are approximately in the middle
between every two parameters from our current basis. In conclusion, with increasing basis size
the error strongly decreases as was the goal. By choosing a bigger final basis it is possible to get
even better results, i.e. lower errors between approximation and real result, but for the cost of
computational time.

A-Posteriori Theory The a-posteriori estimator is an alternative formulation for the global error
bound that can be quickly calculated after the offline phase. The computational complexity is
O(N?) compared to O(n?) from the former error formulation. We have a look at the results
and see how big our error between the naive and the approximated solution is at the current
iteration. The a-posteriori error estimator depends on already computed terms after having done
some measurements. In the beginning, its formula equals the a-priori error estimator but is then
transformed. It follows that

ea =/l A0 1 — I3, (3.26)
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Figure 3.4: Errors between approximated and exact solutions for different iterations during offline
phase. The initial basis is [0.1, 1, 10], hence the errors at the respective parameters are nearly zero
in iteration 1. The greedy algorithms chooses a = 0.2 as next additional parameter for building
our basis since it had the highest error in iteration 1. This procedure continues for the subsequent
iterations. We observe that the error decreases already by 4 orders of magnitude through the
shown iterations.
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Figure 3.5: Error between approximated and exact solution with the a-posteriori error estimation.
The final basis for N = 7 consists of the parameters [0.1,0.2,0.4,1.0,2.9,5.7, 10].

can be written in a form which mainly consists of matrices and vectors which have been computed
during the offline phase and partly consists of some vectors which can computed with low-level
costs. The error formula

_ T T T T T
ea—\/a—i—cred'bl—i—a-cred-bz—l—cred-Dl~cred+a-cred-D2'cred+a2~cred-D3‘cred

(3.27)

consists of

a=f"-A"l.f
bi=—2-f-A"1.B. X
bo=-2-fT-A"1.A;-%
D;,=B-X-B"-A'.B-X
D;=B-X-A ' A +A] A1 B.X
D3=A;-X-A] A 1. A3

The final basis X is of size N and cyeq is the solution of the reduced problem and therefore easy to
compute. All other matrices from the offline phase can be stored what results in a running time of

O(n?).

The errors for all parameters in iteration 4 are depicted in Figure[8.5/and were computed using the
a-posteriori error estimator.
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3.3 Evaluation in Online Phase

Having build up the reduced basis, we can evaluate functions concerning the thermal block like
the heat flow or the temperature. Examples include the thermal resistance or heat fluctuation

between domains of higher and lower temperature.

3.3.1 Evaluation of Functionals

At the present step, all values are available which are needed for evaluation. In the following, we
do several online calculations. An important ingredient is the mass matrix which can be summed

up element wise and returns the entire temperature.

Definition 3.3.1
The mass matrix is a bilinear form M € R"*" so thatu' - M - v = fQ u- .

Definition 3.3.2
Let V be a K-vector space with K € R, C.
A functional T is a function T': f € V — T[f] € K.

A functional over V}, is a linear mapping from V}, to R. A functional of interest can be an integral
belonging to a function for computing a mass or an area. Also, it can be a norm'’s function or an

inner product of a function.

Example 1: Average Temperature

At first, we will look at the average temperature on (2 depending on the chosen input a. For this

purpose we reduce the mass matrix M to Myeq.

Joudz 1 / 1+
U == —=—. [udr=—=-u -M-v (3.28)
average le dq; C o C

Herein, C is the size of the area, v is considered to be a vector with just ones and g = % “Mieq - V
can be computed in the offline phase whereas the reduced problem u = (a - Ajeq + Bred) ™! - fred
needs to be solved in the online phase. The average temperature for each parameter is visualized

in Figure[3.6]
Example 2: Heat Flow on Boundary

A second evaluation of interest is the heat flow on the upper boundary of the thermal block.
The heat flow Q is the quotient of the transferred heat depending on the past time. In case of a
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Algorithm 5 Evaluation of Functionals

1: procedure GETAVERAGETEMPERATURE(C finalList)
2: M + GetMassMatrix

3 M,ea < ReduceMatriz(M)

4: v < onesVector

5: g+ C -M-v

6 for a € finalList do

7 u, « SolveReducedProblem(|a, 1, a, 1])

8 averagel emperature, < Uy - g

9

return averagel emperature
10: procedure GETMASSMATRIX

11: u < trial function
12: v  test function
13: M < BilinearForm(u - v)
14: return M
%10~ Average temperature thermalblock for different o
1.2
S0
50.8
§(>.6
E
2;00.4
b "l||||||||||||||||||||II|||||| I
" A
0.1 21 26 31 4. . 6.1 71 76 81 86 91
pcu amet erb
Figure 3.6: Average temperature on {2 for avin [0.1,0.2,...,10]. As expected, the temperature is

higher for smaller values a because the thermal conductivity is lower. The average temperature
decreases exponentially with increasing thermal conductivities.

stationary case, we look at the heat flow over a certain area. The heat flow is also described by
Fourier’s first law in the multidimensional extension:
g=-X-VT. (3.29)

The temperature gradient VT shows in which direction and how strong the temperature raises for
all points in the vector field T'.

The thermal block presents a 2D surface, so we assume the temperature gradient to be

vr— (2L 0T (3.30)
ox’ dy
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Figure 3.7: Heat flow Q for upper boundary ['op of the thermal block. The heat flow increases for

increasing thermal conductivity o € [0.1,0.2, ..., 10].

We look at the heat flow over a straight line, so the formula for ) changes to

o= [ amas

upperBoundary

with n being the normal vector that is orthogonal to the upper boundary.

' _A.g_T> (O>
G-n= o |- =-A
(5 )

Further calculations give:

Replacing @ from (3.31) with the linear form f(v) we receive:

£(v) = / —A-g—z.

upperBoundary

The result of the heat flow will be

Q = Ired " Ua,eg

as pictured in Figure[3.7}

3.3.2 Comparison of Corresponding Computing Times

(3.31)

(3.32)

(3.33)

(3.34)

To refer to the goal of the reduced basis method we would like to show that the implementation of

the solutions in the online phase is way more efficient than the naive computation. To display the
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Figure 3.8: Logaritmic scaled comparison between computing times for original naive approach
and reduced basis method. The improvement is around 3 orders of magnitude and the parameters
are taken from [0.1,0.2, ..., 10].
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Figure 3.9: Logaritmic scaled comparison between computing times for original naive approach
and reduced basis method. The main difference to[3.8]is that the order of the finite element space
is changed to h = 4. The improvement is around 4 orders of magnitude and the parameters are
taken from [0.1,0.2, ..., 10].

improvement in computational time we compare the measured execution times of the original and
the reduced solution.

The large improvement in computation time, as shown in Figure [3.8and Figure .9} acknowledges
what we have presented so far. For the many-query problem of the thermal block with changing
thermal conductivities, the parameter-dependent PDE is efficiently solved with the help of the
reduced basis method. The more complex or high-dimensional the finite element space V}, is
chosen, the more time is saved by the reduced basis method. The code is executed in running time
O(N?) but could be done even more efficiently by using methods for the evaluation of quadratic
terms or more efficient methods for inverting matrices as the Cholesky decomposition.
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Chapter 4

Summary

We presented the theoretical foundation of parameter-dependent PDEs and the finite element
method for simulating complex physical processes. In the course thereof, ordinary and partial
differential equations were introduced, the Poisson equation was presented and subsequently the

Poisson problem was derived from the heat equation.

The thermal block with additional heating in the interior served as a real world example to com-
prehend and visualize application of PDEs. The problem of the thermal block can be summarized
as finding the heat distribution on a two dimensional surface with different thermal conductivities

when it is heated.

With the reduced basis method a technique for efficiently solving the problem at hand was
introduced. We looked at the major steps of the reduced basis method: (1) the orthonormalization
of the exact high-dimensional solutions to build a representative basis of the problem space; (2) the
building of the reduced matrices depending on the orthonormal basis; (3) and the search for an

appropriate parameter that is appended to the extended basis matrix.

Additionally, evaluations were done regarding the error between the exact and approximated
solutions. The residuals decrease with increased basis size IN. With already 4 iterations the decrease
of the error amounts to 4 orders of magnitude. Furthermore, we modeled the average temperature
for a discrete set of thermal conductivities and computed the heat flow over certain domains on
the thermal block. We noticed that the heat flow increases with increased thermal conductivity.

The main focus was not only to represent the above methods formally, but also to implement and
test every single step practically. We chose Python with Netgen and NGSolve for this task and
evaluated the time performance of the reduced basis method. The difference of computation time
between the high-dimensional full problem and the approximated solution shows an improvement

of around 3 to 4 orders of magnitude.

Small issues existed with the the high-dimensional solutions from the FEM which later served as

29



30 CHAPTER 4. SUMMARY

an orthonormal basis for the reduced basis method. The solutions were subject to disturbances
with the result that some of the basis vectors had small inaccuracies. Also, more efficient imple-
mentations of parts of the used algorithms might be possible to achieve greater gains in running

time.

Possible steps to further explore the reduced basis method and the thermal block could involve
looking at the non-stationary heat equation or varying the boundary conditions of the thermal
block.

However, the work as presented here succeeds at giving a self-contained view on the theoretical
and practical problems as well as solutions that arise when dealing with numerical finite element

methods and specifically the reduced basis method.
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