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applications in physics, engineering, and computer science.

Features:

e No previous experience in Python is required.

e Includes simplified computer code for fast-paced learning and transferable skills de-
velopment.

e Includes practical problems ideal for project assignments and distance learning.
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e Provides an introduction to neural networks and machine learning.
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Preface

This book is an introduction to some of the methods of computational mathematics. Com-
putational mathematics (also known as numerical analysis or numerical mathematics) is a
branch of applied mathematics dedicated to the development and justification of methods
and algorithms for solving scientific problems using computers. Methods of computational
mathematics have been designed to solve problems that can be described with mathemat-
ical equations. Many branches of science, including physics, engineering and finance rely
on computational mathematics. The reason is simple: Scientific problems usually cannot be
solved without computers. Alongside with the rest of applied mathematics, computational
mathematics has become a key tool for understanding our complicated world. If we could
describe applied mathematics as a circle starting with the statement of a scientific problem
and its mathematical description, then computational mathematics as part of that circle
would provide approximate solutions to the problem using scientifically sound numerical
methods. A schematic representation of the processes in the circle of applied mathematics
is depicted in Figure 1. Topics in the last three bubbles are introduced in this book and
consist of the derivation and justification of numerical methods and numerical simulations.
The main purpose of this book is to present how some numerical analysis methods work in
theory and in practice.

The ultimate goal of this book though is to help students develop skills and learn clas-
sical and modern tools for solving mathematical problems using computers. However, in
order to be able to understand the mathematical notions, numerical methods and proofs of
this book, the reader should be equipped with basic knowledge in computer programming,
basic calculus and linear algebra. Important methods and theories required for a complete
and modern course in numerical analysis are to be found in this book. For the sake of com-
pleteness, I have included a few highly technical proofs among the basic proofs to justify
the robustness of methods. The end of a proof is indicated by the symbol [J. Technical
proofs can be passed over by the reader who is not interested in the theoretical justification
of numerical methods. In terms of typesetting, bold letters denote vectors and matrices,
while regular letters have been used for scalar numbers. Most of the numerical methods are
accompanied by their algorithms in pseudo-language and their implementation in Python.
Therefore, it is our wish that this book will serve as both an introduction to Python and as
a reference book to numerical analysis. Several applications can be found at the end of each
chapter and in the exercises. These applications illustrate the use of numerical methods in
practical problems of computer science, physics and machine learning.

The choice of programming language for scientific computations is a rather difficult task.
One may choose among classical programming languages such as C/C++ and Fortran, or
languages such as Python, Julia and MATLAB®. In this book, we present all the material
in Python. Python is a free programming language with a wide variety of extensions. These
include extensions to data science and machine learning, as well as more traditional areas,
such as the numerical solution of differential equations. Python comes with functions for
almost every method we present in this book, which makes Python a great pedagogical tool.
The computer code you will find in this book is written in such a simple way that experts
in Python will find my coding style very naive. However, I believe that this style helps

XV
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students to learn programming. Each programmer can follow their own programming style or
standards, like those suggested by the official “style guide for Python code” PEP. To ensure
the validity of our code, we produced the output presented in this book with PythonTex
[106]. In the text, we also test the majority of methods and codes using the so-called method
of manufactured solutions. Specifically, we present experiments using simple problems with
known solutions, and we verify experimentally the properties and accuracy of the numerical
solutions. This is a common practice for experimental justification of numerical methods.

The book is organized into three parts. The first part contains a presentation of tools that
we use to develop and study numerical methods. Chapters 1 and 2 briefly introduce Python,
NumPy and SciPy and are dedicated to readers without previous experience in Python or
those who want to refresh basic knowledge. Chapter 2 serves as a revision of linear algebra
matters. It also introduces advanced methods, such as methods for special matrices. Chapter
3 is recommended to readers who are not familiar with floating point arithmetic and its
consequences. The first part closes with a brief review of absolutely necessary mathematical
notions and calculus tools to develop and justify numerical methods.

In the second part, we present the theory and implementation details of important and
commonly used numerical methods in science. More precisely, Chapter 5 presents methods
for the approximation of roots of nonlinear equations such as the bisection and Newton’s
method. Chapter 6 is dedicated to generating approximations of datasets, a procedure
known as interpolation from known to unknown. It contains an introduction to the widely
used method of regression (least squares approximation), which is one of the main ingredi-
ents of modern machine learning. Chapters 7 and 8 focus on two basic problems of infinites-
imal calculus, namely differentiation and integration. Applications to ordinary differential
equations are also presented. Chapter 9 is an introduction to numerical linear algebra and
presents fundamental methods for linear systems.

The third part contains more advanced numerical methods. Some of them can be char-
acterized as the pillars of scientific machine learning and neural networks. These include the
Singular Value Decomposition and nonlinear optimization methods. We attempted to pro-
vide a practical point of view of the subject and an exposition of its theoretical background
as well. This part usually cannot be covered in introductory courses and is usually found in
more advanced classes. To emphasize the applicability of the field of numerical analysis to
other scientific fields, such as the currently emerged field of machine learning, we present
a brief introduction to artificial neural networks as well as eigenvalue problems and a very
interesting application used by internet search engines.

I have to admit that this book cannot replace classical books of numerical analysis, and
we encourage readers to read as many books as they can in the field. The phrase hominem
unius libri timeo, meaning “I fear the person of a single book”, applies to science as well.
For this reason, in each chapter, we give references for further reading. Although I tried
to include all the well-known classical books in each field, I am sure that I have forgotten
to include some and apologize for that. My intention as always is to go back to the text
and correct my mistakes, which can be from typographical to more serious mistakes such
as failure to include important information. I close this paragraph by underlining the fact
that whenever we write computer code, it unavoidably contains errors (bugs), and requires
significant amount of time and effort to find them and correct them. I wish the readers
good luck, and hope you enjoy learning computational mathematics. Finally, I would like to
thank my friend, Ramsey Margolis, for his support, advice and help while I was writing this
book. I would like also to express my gratitude to my teachers and colleagues for teaching
me science over the years.
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Introduction to Python

Well, to begin with, we mention that G. Forsyth [42] pointed out that for the purposes of
scientific computing, a “math book isn’t enough”. In order to get the real essence of scientific
computing and numerical analysis, some coding and experimentation are important. For
this reason, we present the material of this book using Python as a modern and flexible
programming language. This chapter is a brief introduction to Python and is dedicated to
readers without previous experience. Special emphasis is given to mathematical applications
of repetitive processes using for loops and to logical if statements. We also show how to
write functions. We suggest to use Jupyter notebooks to test your code and run the examples
of this book. For an extended description of Python, we refer to specialized books on the
subject. A limited list of references can be found at the end of this chapter.

1.1 Basic Python

Python, as a modern programming language, is an interpreter that can be used as a cal-
culator to perform instantly complicated operations, as opposed to compilers that require
compilation of the computer code. We can perform the operation 1 + 1 in a Jupyter note-
book just by typing 1+1 and pressing shift+return. Notice that when we write a computer
command or code, we use fonts that resemble a typewriter. In the following paragraphs, we
explore some basic capabilities of Python.

1.1.1 Python, numbers and variables

0 Python plays the role of an instant interpreter between the programmer and the computer.
The programmer gives commands to the computer via Python language. Python commands
give directions to the computer system on how to perform operations. The most commonly
used first example in programming is: Display on the screen of the computer the phrase
Hello world!. This can be done easily by typing print (’Hello world!’) in our Jupyter
notebook and then pressing shift+return (or in some keyboards is shift+enter). For
example type the following command:

print ('Hello world!')

Hello world!

Since we know how to display messages on the computer screen, we move to actual
computations. We should not forget that computer systems were first developed to execute
operations with numbers. For this reason, the fundamental element of any programming
language, including Python, is numbers. Numbers in Python can belong to different sets,
like the number sets we know from mathematics. Python practically has (almost) three main
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sets of numbers. We used the word almost because there are many numbers missing from
computer arithmetic. Python understands integer, real and complex numbers. We usually
call the real numbers in Python floats or floating point numbers for reasons we will
discuss later.

The main differences between integer, real and complex values are the following: a real
number should contain a dot and/or a decimal part (for example 1.21), and the complex
number is defined from its real and imaginary parts, while the imaginary unit is denoted
by j. For example, we write 2 4 3i in Python as 2.0+3.0j.

BZ"  Note that number 3 in Python is different from number 3. or 3.0. Although
integers and floats (floating point numbers) are different numbers, we can mix them
and perform operations with all of them, usually without problems. However, it is
advisable to use the dot whenever you consider floating point numbers.

Unfortunately, computers have a finite memory and understanding. They only know
some integer, real and complex numbers. Computer number systems are subsets of mathe-
matical number systems. There is a maximum integer value that we can use, which usually
depends on the computer system. We put this issue aside for the moment and continue with
how to deal with these numbers in practice.

If we type 1+1 in Python, we will get 2. It is true that we will have the result, but we
cannot use this result further. It is in fact forgotten by the computer immediately after it
is computed. If we want to keep a number in computer memory for future reference, we
need to ask computer for a storage place. The storage places in computer programming are
called variables. We store numbers (and other values) in variables. A variable is an object
that has a name, like variables in mathematics. We can have a variable with name z, and
we can store values in this variable just by typing x=2 or x=1+1.

We can name a variable with any name we want. Variable names should not contain
spaces or symbols that are reserved for operations. We can use the underscore symbol _.
Thus, we can use variables with names x, x_, _x, or we can use more descriptive names such
as number_of students. We can store in the variable number_of_students the number of
students of a class. This can be done in Python by typing number_of students = 50 and
pressing shift+return. If we want later on to see (access) the number of students in the
specific class, we can write the command print (number_of students). Python will print
the number 50 on the screen of the computer. We can even change the number of students
to 40 by typing number_of_students = 40. The variable values can be changed just by
assigning a new value to the name of the variable.

number_of_students = 50
print ( number_of_students )
number_of_students = 40
print ( number_of_students )

50
40

Variables can store integer, real and complex numbers for future reference. We can
also store other things such as matrices, or text (which we usually call string and are
alpharithmetic sequences of letters, digits and symbols). To keep things simple, we consider
only integer, real and complex numbers and variables for the moment. We can identify the
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type of a variable with the function type. For the variable x = 1.9 we can type type(x)
to find what is its kind. The type of this variable is float, which is equivalent to real.

x=1.9
print( type(x) )

<class 'float'>

To provide more information related to a variable, we can use the print command to
display the value of a variable combined with the appropriate explanatory text (string).
Using the previous example, we can print the number of students using the more informative
output command

print( 'The number of students =', number_of_students )

This will print next to the value of the variable number_of_students the text (string) The
number of students = . This can make the communication between computer and human
easier.

Another option is not to assign a value of a variable in the program, but instead to
use the keyboard to enter the value we want. Python can read a value for a variable from
our computer keyboard via the function input. The format of the function input is the
following

variable = input( string )

This function will print the string on the screen, and the program will pause until we type
a value for the variable variable and hit the return/enter key. This value will be stored
in the variable variable in the computer memory. We rewrite the previous example using
the new features for input and output:

number_of_students = input( 'Enter the number of students' )

print( 'The number of students = ', number_of_students )

In these lines of code, line 1 will pause the execution of the program, and the computer
will wait for us to enter (type using the keyboard) the value we want to be stored in the
variable number_of_students. Then line 2 prints the same value with the explanation of
what that number is.

1.1.2 Basic mathematical operations

Now that we know about numbers and variables in Python, we continue with mathematical
operations between them. The simplest example of an arithmetic operation is the addition
of two numbers. We can perform very simple calculations such as 1 + 2 by just typing 1+2
in a Jupyter notebook and pressing shift+return.

1+ 2

Obviously, the arithmetic operator + indicates the sum of two numbers, and as we will
see later, it can add other objects such as matrices. The complete list of Python arithmetic
operators on numbers is presented in Table 1.1.
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TABLE 1.1

Arithmetic operators in Python.
+ Addition x+y
- Subtraction x-y
* Multiplication X*y
/ Division (float) x/y
// Division (floor) x//y
% Modulus (or remainder of division) x%y
ok Raise to power X*ky

Float division results from the division between the numbers (or variables) x and y and
is a real number. The result of the floor division is the integer quotient between two numbers
or variables. We test the arithmetic operators using integers with the following code:

# Examples of Arithmetic Operators

x = 11
y =2

# Addition of numbers
add = x + y
# Subtraction of numbers
sub = x -y
# Multiplication of numbers
mul = x * y
# Diviston (float) of numbers

divl =

x/y

# Diviston (floor) of numbers

div2 =

x //

y

# Modulo of both numbers
mod = x %y
# Raise to power
pow = X ** y

# print results

print( 'add = ', add )
'sub =

print(
print(
print(
print(
print(
print(

add =
sub =
mul =
divl =
div2
mod =

pow =

'mul

'divil
'div2

'mod =

'pow

13
9

, sub )
, mul )
', divl )
', div2 )
, mod )
» pow )
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In the previous example, the commands and text following the symbol # are comments
and are not taken into account by Python. We use comments to make our codes readable
and also keep helpful notes for future reference. Observe that we can include helpful text in
the print command using quotes ’> or ". The text with the quotes is called alpharithmetic
or string.

The priority of the operations is the same as the operations priority we use in math-
ematics. Python first executes operations in parentheses (square and curly brackets are
reserved for other purposes), then exponents, then multiplications and divisions, and finally
additions and subtractions. We test the operations priority using the following commands
where we compute the variables a, b, ¢ in one line of code using the separation operator ;

a=1+2x*x3; b=(1+2) % 3; c = 2%*x2 x 3
print(a,b,c)

79 12
We can verify the result by doing the same thing with pen and paper:
a=1+2-3=146=7b=(14+2)-3=3-3=9, c=22.3=4-3=12.

Another example of the arithmetic operations is the following: Suppose that there are
50 students registered for a course, number_of_students = 50. Later, 5 students drop the
course. The updated number of students is the old number of students minus 5. This in
python can be computed as easy as

number_of_students = 50
number_of_students = number_of_students - 5
print (number_of_students)

45

Initially number_of _students = 50. Then we assign to the variable with name number -
of _students the result of the operation number_of students - 5. Although we use the
same name on both sides of the relation, the result stored in the variable with name number_-
of _students has been updated to 45.

IF" If we want to increase the value of the variable x by 1 the syntax is x = x +
1. If we want to decrease the value of the variable x by 3 the syntax is x = x -
3. We type x = 2 * x to double its value or x = x/3.0 to divide by 3. All these
expressions are not equations but assignments. The operator = assigns the value of
the right-hand side to the variable on left-hand side.

1.1.3 Mathematical functions and constants

It is common in scientific computations to use various mathematical functions and constants.
Suppose that we need to compute the value of the expression sin(n/5). Fortunately, the
most commonly used mathematical functions, including the sin function, are implemented
in Python. These are part of specialized libraries (files containing computer code) called
modules. There are many different Python modules. Mathematical functions can be found
in the module math as well as in the module numpy. The module numpy will be a subject of
later section, so for the moment we focus on the module math.
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For efficiency reasons, modules are not loaded automatically. We can load an entire
module (library of functions) using the command

import module_name

where module_name is the name of the module we want to load on computer’s memory. As
a result, all the names of functions, constants, and other objects, contained in the imported
module will be loaded into the memory. For example, we can write import math to load the
names of the functions included in the module math. If we need to use a specific function,
then we call the name of the module “dot” the name of the function like in the following
lines of code:

import math
print(math.sin(math.pi/5))

0.5877852522924731

In this example, math.sin is the sin function, and math.pi is the number 7 = 3.14 - - -.
The result shows that sin(r/5) ~ 0.5877.

You might think that it is a waste of time to write the “math.” every time you want to
call a function, and this is reasonable. Sometimes, although it is not recommended, we can
import a whole module (not just function names), in such a way that we do not need to
specify the module again. This can be done by using the command from math import *.
After that we can use the sin function without writing math.sin.

from math import =*
print(sin(pi/5))

0.5877852522924731

The method we just mentioned is not recommended. The reason we should avoid using
the last statement is because it makes the code slow, and in cases where we import more
than one module, it can happen that different functions can be implemented under the same
name in different modules. In such case, there will be a confusion on what function and
from what module we are using. For this reason, we import modules by giving them short
nicknames. This is also more convenient in terms of typing. For example, we can import the
module math with the nickname mt in the following way:

import math as mt
print( mt.sin(mt.pi/5) )
0.5877852522924731

As another example of how to use the math module, we consider an approximation of 7
using the formula 7 = 4 arctan(1):

import math as mt
print( 4.0*mt.atan(1.0) )

3.141592653589793
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Since we only used the function atan from the math module we can import only that
function by writing from math import atan. The complete code is the following:

from math import atan
print( 4.0*atan(1.0) )

3.141592653589793

Of course, in Python we do not really need to estimate the value of 7 as it is already in
various modules. On the other hand, in classical programming languages such as FORTRAN
and C we use the previous formula for the definition of .

If you are curious to see how many different functions and constants you have at your
disposal in the math module, try typing the command dir (math) in a Jupyter notebook.

import math
dir (math)

This will show you on your screen the contents of the math module.

1.1.4 Powers of 10 and scientific notation

Sometimes you will need to type a very small number or a very large number. For example,
consider the number 0.0000015 = 1.5x1075. It is convenient to represent such small numbers
using powers of 10. For this reason, we can use the so-called scientific notation. When we
want to type a number a x 10° in scientific notation we write a e b, so the number 1.5x 102
can be written as 1.5e-2. Another example is 2 x 10°. In this case, because there are no
decimal digits we can write 2.e9 or just 2e9.

It is worth mentioning that very small floating point numbers, such as 1.e-15 or less can
be thought of good approximations of 0 when working with scales of order of 1 or greater.
In order to see this, perform the following peculiar calculation in Python:

print(1.0+1.e-16)

1.0

In this case, the addition of a tiny number such as 1076 to 1 returns 1. This is mathe-
matically wrong, but it makes sense in computer arithmetic. More information about this
phenomenon can be found in Chapter 3 along with a more detailed description of scientific
notation.

1.2 Assignment Operators

We have already discussed that the sign = is used to assign a value to a variable. If we write
x = x + 1, it means that the value of x will be replaced by the result of the operation x
+ 1. This can also be thought of as the operation that increases the value of x by 1. In
Python we can perform this operation by using the specialized operator +=. For example,
we can write x += 1 instead of x = x + 1. We can use this operator to increase the value
of the variable x by any number. The command x += 2 is equivalent to x = x + 2 and will
increase the value of x by 2.
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TABLE 1.2

Assignment operators in Python.

Operator Use Equivalent to
= xX=y X =y
+= X t=y X =x+ty
-= X -=y X=x-3
k= X k= y X = X * y
/= x /=y x=x/y
%= X h=y x=x%hy
*ok= X ¥*=y X =X **y

We can perform all sorts of operations to assign new values to a variable in a similar
way. If we want to multiply the value of variable x by 2, we can write x *= 2, which is the
same as x = x * 2. The operators =, +=, *= are called assignment operators. A complete
list of assignment operators can be found in Table 1.2.

1.3 Strings, Tuples, Dictionaries and Lists

Here, we introduce some commonly used data structures. These structures are the following;:
Strings that resemble text messages, tuples, which can combine more than one variable of
different types, and lists, which can be seen as vectors or sequences of similar objects.

1.3.1 Strings

A string (or alpharithmetic) is a sequence of characters (letters, numbers and symbols)
enclosed in single or double quotes. We can use strings when we want to display messages
on the screen. We have already seen how to print on the screen the message Hello world!
and we repeat it here to point out that the sentence Hello world! has been formed as a
string in single quotes:

print( 'Hello world!' )

Hello world!

We can also store strings in variables. For example, we can set my_name = ’James’ and
my_lastname = ’Bond’. We can also add strings and concatenate them like
full_name = my_name + ' ' + my_lastname

where we add after the variable my_name a space and then the variable my_lastname forming
the full name.

my_name = 'James'
my_lastname = 'Bond'
full_name = my_name + ' ' + my_lastname

print( full_name )

James Bond
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We use the operator + to add strings although in this case the result is to merge the
different strings.

The string stored in the variable my _name consists of 5 characters. Basically, it is stored
character by character, and we can access any character we want as it is an ordered array of
characters. For example, we can access the third letter of my_name by using the command
print (my_name[2]). We use the index 2 in order to print the third letter because in Python
counting starts from 0.

Starting counting from 0, we can write the full name using the slice operator (:) like my_-
name [:]. Similarly, we can access the first 5 characters with the command my_name [0:5].
This will access the entries of my name with index from 0 to 5, excluding 5. This is because
in Python the last index after the slice operator does not count. When we start from 0
we do not need to write it. So the previous command can be written as my name[:5]. We
can also start from any other entry in the particular sequence. For example, if we want to
print the entries after the third one we can type my_name[3:]. This will print the fourth
my_name [3] and fifth my_name [4] letters (since we start counting from 0).

my_name = 'James'
print( my_name[:] )
print ( my_name[0:5] )
print( my_name[:5] )
print( my_name[3:] )

James
James
James
es

In the same way, we can access any character or part of the string we want. We will analyze
further the slice operator when we discuss lists.

B In Python we start counting from 0. The slice operator : can be used as follows
start:stop where start is the value from which we start counting and stop-1 is
where we want to stop. We say that Python is not inclusive. Python accesses the
entire array when we use the slice operator : without specifying where to start and
where to stop. If we don’t provide the value start then this is taken 0. If we do not
provide the value stop, then the counter will reach the last entry.

1.3.2 Tuples

A tuple is a sequence of (not necessarily same) objects separated with commas. For clarity,
tuples are usually enclosed in parentheses. For example, a tuple can be the combination
2,’Hi’ or (2,’Hi’), where its first entry is the number 2 and its second entry is *Hi’.
Tuples can be useful when we want to return more than one object in a function. We can
access the entries of a tuple stored in a variable by using the location of the entry starting
from location 0. If we store the previous tuple in the variable x typing x = (2,’Hi’), then
we can access its first entry by typing x[0] and its second entry by typing x[1] without
forgetting that we always start counting from 0.
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x= (2, 'Hi' )
print( x[0] )
print( x[1] )

2
Hi

We can also have tuples that contain a single object. Tuples are unchangeable objects.
Once we create a tuple we can either replace it with a new one or we can delete it using the
command del but we cannot change its values.

We can access a range of entries in a tuple by using the slice operator :. For example
we can access all its elements just by typing x[:]. To access the entries from the position
1 to 4 we write x[1:5]. We will discuss the slice operator in more detail below.

1.3.3 Dictionaries

A dictionary in Python is a data structure that creates references (keys) to some given
values. It is pretty much the same as what we know as dictionary. We use curly brackets to
define it and colon : to separate the key from its value.

For example, we can define a dictionary with name variables to store the variables
r=0,y=1and z =2

variables = { \

szle @y \
"ytoo1, \
"z 2\
}

The backslash operator \ in the previous example stands for line break. Although it is
not required since the variables are contained in curly brackets, we still use line breaks in
order to write the code in a clear way. The code continues in the next line avoiding any
tabs or spaces.

We can access the key of a dictionary by using the name of the dictionary and the key
name inside square brackets. For example we can access the value of the variable x by typing
variables["x"].

print( variables["x"] )

0
We can change the value of a key in a dictionary by setting the key of the dictionary
variable equal to the new value:

variables["y"] = 10
print( variables["y"] )

10
Although dictionaries have many capabilities, we only mention the most fundamental,
because in this book we will not make any use of them.
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1.3.4 Lists

A list is a data structure that resembles a vector and contains data linked as in a chain. Lists
can change size by adding entries anywhere we like. The list can contain only objects of the
same type (i.e. numbers only, or strings only, etc.). The different entries are separated by
commas and they are enclosed in square brackets. For example, we create the list (variable)
with name list and entries [5, 3, 7] as simple as 1list = [5, 3, 7]. If we want to
access an entry of a list, we ask for the specific entry (coordinate) starting counting from 0.
For example, the first entry of the list 1ist is the entry 1ist [0]. So we have the following
example:

list = [5, 3, 7]
print(list[0])
print(list[1])
print(list[2])

w

A list is a periodic structure, in the sense that we can access the last entry of a list by
calling its entry located before the first entry. This means that we can access the last entry
of a list by writing 1ist[-1]. In the previous example this will give

list = [5, 3, 7]
print(list[-11)

We can easily make changes to an entry of a list by using the right index in the list. For
example, we can change the entry 1list[1] by just typing list[1] = 9

list[1] = 9
print(1list)
(5, 9, 7]

We can add a new entry at the end of a list using the member function append which
takes as an argument the new entry. We call this function a member because it is part of
the structure list. For example, we can add the new value 10 at the end of the list 1ist
using the command list.append(10).

list.append(10)
print(1list)

(5, 9, 7, 10]

The length of a list can be found using the command len(list). This command uses
the function len with argument the name of a list, in our case 1ist. Functions in Python
execute a certain procedure given some input arguments and return a result (like in any
other programming language). In the following example, we introduce a new list with the
name grades that contains the grades of a student. We store also the length of the list in
variable n.
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grades = [9.0, 6.7, 8.5, 7.6, 9.8, 7.0]
n = len(grades)
print(n)

We can add new entries to the end of the list using the operator + avoiding the function
append as follows

grades = grades + [6.2, 8.2, 5.9]
print (grades)

[9.0, 6.7, 8.5, 7.6, 9.8, 7.0, 6.2, 8.2, 5.9]

The slice operator : can be used again in order to extract certain parts of a list. For
example, if we want to extract the entries 3, 4 and 5 (i.e. the entries grades[2], grades[3]
and grades[4]) we type

print(grades[2:5])

[8.5, 7.6, 9.8]

Observe that the slice operator includes the index value 5, indicating that we will go up
to index 4. In order to extract all values starting from the beginning of list grades until a
certain index (let’s say index 3) we can write grades[:4] without specifying the starting
index. Of course it is not wrong to write grades [0:4]. To extract all the values from index
4 until the end of the list we type grades[4:]. In general, the slice operator used to extract
multiple entries from lists and matrices. For example, start:stop:step will return the
values from start until stop-1 with step step. The default value of start is 0, for stop
is the end of the list, and for step is 1.

Copying one list variable to a new one needs some attention. If we use the command
listl = 1list2, then the new variable list1 will be practically the same with 1ist2. Thus,
when we make changes to any of these two lists, we modify the other one as well. In other
words we create an alias of the 1ist2 with name 1ist1. For example, consider the 1ist2 =
[9, 6, 8, 7, 9, 7] and we modify the entry 1ist2[1]. This alters both lists 1ist1 and
list2.

list2 = [9, 6, 8, 7, 9, 7]
listl = list2

list2[1] = 10

print (list1)

print (1ist2)

[9, 10, 8, 7, 9, 7]
[9, 10, 8, 7, 9, 7]

If we want to create a new unrelated copy of 1ist2 with the name 1ist1, then we need
to type listl = list2[:].
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list2 = [9, 6, 8, 7, 9, 7]
listl = list2[:]

list2[1] = 10
print(listl)

print (list2)

(9, 6,8, 7,9, 7]
9, 10, 8, 7, 9, 7]

Adding two lists results in a new list by concatenating the two lists. For example, if we
want to concatenate listl and list2 and create a new one with the name 1ist3, we need
to type 1ist3 = listl + list2.

listl = [9, 6, 8, 7]

list2 = [1, 2, 3]
list3 = listl + list2
print(1list3)

9, 6,8, 7,1, 2, 3]

Multiplying a list with a positive integer number will create a new list that will repeat
the list as many times as is the value of the multiplier. For example

listl = [1, 2, 3]
list2 = 3*listl
print (1ist2)

[1’ 2, 3’ 1} 2, 3’ 1, 2) 3]

Next we present a way to represent matrices as we know them from mathematics, using
lists of lists.

1.3.5 Lists of lists
Python does not have a built-in type for matrices. However, we can think of a matrix in
Python as a list of lists. The entries of this list (matrix) represent the matrix rows and are

lists. For example, the matrix
1 2
A= (3 3)

is represented in Python as A = [[1,2],[3,4]].

A = [[1’2] B [3,4]]
print (A)

(f1, 21, [3, 411

In linear algebra we usually refer to the entries a;; of the matrix A using indices i =
1,2,...and 7 = 1,2,.... In the previous example the entry a;; = 1 and the entry a2 = 2.
The indices in Python start from 0 though. This means that in order to access the entry
a1z of A we need to access the entry of the Pythonic matrix located at the Oth row and 1st
column, indicating the row and the column in square brackets by typing A[0] [1].
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al2 = A[0][1]
print(al2)

Since we deal with lists of lists, multiplication with a scalar will result in a new matrix
(list) with different dimensions, which is not useful when we want to perform efficient matrix
computations. For scientific computations with matrices we use a different data structure
called array. This data structure is similar to the Pythonic list of lists but is equipped
with the usual linear algebra properties and operations. For this reason, we focus on matrix
computations using arrays. Arrays are provided by the module NumPy and will be subject
of later section.

1.4 Flow Control

In the previous sections we studied data structures including lists and matrices that may
contain thousands or millions of entries. Sometimes we need to access all of them one by
one. This sounds impossible. On the other hand, these procedures can be automated by
defining a repetitive process known as loop.

At other times we want to access an entry of a matrix when a specific condition holds. For
example, assume we want to use an entry only if the entry is not 0. This logical comparison
can be implemented within a logic control (boolean) statement.

1.4.1 for loops

Suppose we need to execute a specific command repeatedly for several times. For example,
let’s say that we want to print the text Hello world! three times. This can be done using
a for loop. A for loop starts with the word for followed by a variable index that takes
values in a specific order. The command ends with the slice operator “:”. This indicates
that the code beginning with a tab (four spaces) in lines that follow, will be executed every
time the loop is executed. The variable index usually is declared to belong in a specific list.
Then each command in the for loop will be executed once for each value of the variable in
the specified list. The general for loop would look like this:

for variable in list:
block of commands

IZ"  Python is space-sensitive language and different blocks of code can be distin-
guished using tabs (4 spaces).

So in our case, to print three times the text Hello world! we will use a variable i as
a counter, which will take values from the list [0, 1, 2]. This can be implemented in the
following lines:

for i in [0, 1, 2]:
print ('Hello world!')
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Hello world!
Hello world!
Hello world!

It doesn’t really matter what the values in the list are since we don’t use the variable i
in any calculation. This list could have been [3, 5, 10] or any other list with three entries.
We can use the values of variable i by just using the variable in our code. For example, let’s
repeat the same loop but with printing the value of i instead of the string Hello world!.

for i in [0, 1, 2]:
print (i)

[y

Another example that demonstrates the same thing but instead of using a list with
numbers we use a list with strings is the following

for animal in ['cat', 'dog', 'bird']:
print (animal)

cat
dog
bird

If we want to repeat a process 1000 times, it will not be convenient to use the list
[0,1,...,999] with values from 0 to 999. In this case, we can use the function range. The
function range creates a sequence of values from a start value start, up to a value stop-1
and they differ by step. The syntax of the function range is the following;:

range([start ,] stop [,stepl)

The arguments in square brackets indicate optional arguments. When we omit the start
value the default value is 0. When we omit the step value the default value is 1. For example,
the command range (100) and range(0,100,1) will do the same thing: They will generate
a list with entries from 0 to 99 with step 1.

B¥"  In Python when we indicate a stop value in the range function, (like in slices),
then this value is not used and the process ends at the value stop-1.

In our last example, if we want to print the values i from 0 to 2 we need to use the
function range (3), since this command will return the values 0, 1 and 2.

for i in range(3):
print (i)

[\
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Python for loops can be combined with an else clause, offering more functionality
compared to other programming languages. The else clause is executed when the for loop
is completed normally, which means it was not interrupted by a break command. For more
information on this Python for/else feature, we refer to more specialized texts on Python.

1.4.2 Useful applications

Here we discuss some useful applications that can be used in different circumstances. These
applications require techniques and methods we have learned so far.

Computing the sum of several numbers

Suppose we want to compute the sum of the first 100 positive integers. Mathematically
speaking this is the sum = 14+2+3+ .-+ 100 = lei(i i. In order to compute this
sum we need a variable to store the result. We call this variable sum. Since we have to
add a lot of numbers, it is better to use a for loop over the numbers we need to add.
Initially, the variable sum has the value 0. At every loop we add the corresponding number
to the sum variable. This algorithm can be described using a pseudo-language like the one in

Algorithm 1.

Algorithm 1 Summation of many numbers
sum =0
fori=1:ndo
sum = sum + 1
end for

This is the first numerical algorithm we present in this book using a pseudo-language.
When we present algorithms we tend to use natural indices instead of Python indices. So in
this algorithm when we write i = 1 : n it means that i takes all values from 1 to n with step
1. The general format of this iteration will be i = start : stop : step. An implementation of
this algorithm in Python can be the following:

sum = 0O

for i in range(1,101):
sum = sum + i

print (sum)

5050

The command sum = sum + i can be replaced by the command sum += i. We could
have also started with sum = 1 instead of 0 and then add to this variable all the numbers
from 2 to 100. The result would have been the same using one addition less'.

Creating a uniform grid

A typical example that we will consider many times in the future, especially when we deal
with discrete problems (or formulations) instead of continuous is the following: Assume that
we have an interval [a, b] of the real line and that we want to divide it into N subintervals

IEvery operation we perform in Python takes time and in lengthy calculations economy of operations
can be crucial.
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FIGURE 1.1
A uniform grid of an interval [a, ].

[2i,441] such that [a,b] = UN 2, 2i11]. This requires to take N + 1 points x; for i =
0,1,..., N such that

a=xg< T <T2<---<xTN_1<TN=Db.

The points z; are called nodes or grid points and they form a partition (usually called grid
or mesh) of the interval [a,b]. The distance between two nodes is usually denoted by h; or
Az; and is defined as

hi =21 —x;

The maximum distance h = max;{h;} is called gridsize or stepsize. If h; = h for all values
of 4, then the grid is called uniform. If the grid is uniform then each subinterval [x;, z;41]

—a

of the interval [a, b] has the same length h = 2. In this case
Tiy1=x;+h for i=0,1,...,N .

A uniform grid is presented in Figure 1.1.

You may wonder why we need to generate partitions of intervals of real numbers. The
answer is that when we perform scientific computations we cannot compute a solution or
function everywhere in an interval. Instead, we compute the values of the function or the
quantity only to a finite set of points xg, x1,...,2 N in the interval [a,b]. This set of points
will be the grid.

Let us now use Python to create a uniform grid in the interval [0, 1] with 5 nodes (N = 4
intervals). Each subinterval will have length A = (1 — 0)/4 = 0.25 and so the nodes will be

{0, 71,72, 23,74} = {0,0.25,0.5,0.75,1} .

In order to create the grid we need a for loop to create the end-point x;11 of each interval
[, 2;41] and will store it in a list called mesh. We initialize the list mesh with the value of
o = 0.0.

= 0.0; b =1.0;
= 4 # the number of subintervals
(b-a)/float(N) # the grid-stize
0.0 # the starting node
mesh = [x] # initialization of the mesh list
for i in range(N):
X =Xx+h
mesh . append (x)
print (mesh)

P =e
Il

[0, 0.25, 0.5, 0.75, 1.0]

In the previous code, line 1 defines the endpoints of the interval [a,b] and line 2 the
number of subintervals. In line 3 we use the formula h = (b — a)/N to define the uniform
stepsize. Observe that we divide by the number float (N) instead of N to avoid the conver-
sion of the result into integer, which can result to the number 0. Perhaps we didn’t need
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to do this but it is a good practice to convert integers into floats using the function float
whenever possible to avoid bugs. In the for loop of lines 6-8 we create the grid using the
formula x;41 = z; + h and we append our list mesh with the new value z;;.

It is to be noted here that the variable x initially had the value 0.0 (line 4). Then,
during the first iteration of the for loop, the value x became x+h, which is 0+ 0.25 = 0.25.
This means that the initial value 0 has been replaced by 0.25 and entered at the end of the
list mesh. During the second iteration of the for loop the value of x is replaced again by
the result of the operation x+h, which is now 0.25 4+ 0.25 = 0.5. And in the rest of the loops
the code will compute the nodes 0.75 and 1.0.

Nested loops

Sometimes we need to use a for loop inside another for loop. For example let’s try to
access all the entries of the matrix

11 12 13
A=1|21 22 23
31 32 33

In this case, working with rows, we need first to access the entries 11, 12, 13 of the first
row, then the entries 21, 22, 23 of the second row and finally the entries 31, 32, 33 of the
third row. So we need a for loop for each row and while we are working with a specific
row, we need a second loop for each column. This can be implemented using a nested loop
as follows:

A= [[11, 12, 13], \

[21, 22, 23], \

[31, 32, 3311
# The \ at the end of each row indicate a line break
# and the code continues in the next line
for i in range(3):

for j in range(3):

print( A[i][j] )

11
12
13
21
22
23
31
32
33

In the definition of the Pythonic matrix A we use the symbol “\” to indicate an explicit
line break. The code continues in the next line avoiding possible tabs or spaces. This is
not really necessary when introducing matrices or arrays. In general splitting brackets and
parentheses do not require the explicit line break symbol “\”, and we will try to avoid the
use of the line break character in the rest of this book.

In this example the for loop of line 6 starts with the row i=0. Then, Python executes
the for loop of line 7 with fixed row i=0, where j takes the values 0, 1 and 2. (Remember
that the range function starts from 0 and never uses the value we set for upper bound).
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So it will print the entries A[0] [0], A[0] [1], A[0] [2]. When the second for loop finishes,
Python returns back to the first loop which hasn’t finished yet for i to take the value 1.
Now, for i=1, Python will execute again the second loop from the beginning, giving to j the
values 0, 1 and 2 and printing the entries A[1] [0], A[1] [1], A[1] [2]. When the second
for loop finishes again, Python will return back to first for loop which hasn’t finished yet
as it remains to give to the variable i the value 2. For i=2, Python will execute the second
for for the last time (as i cannot take the value 3) and will print the last row A[2] [0],
A[2][1], A[2]1[2].

Nested loops are common in Python and the syntax is based again on tabs (or 4 spaces).
If the first loop starts at some point of the code, the second loop needs to start 4 spaces (or
a tab) after the first loop. Common mistakes in the syntax of loops are either to forget the
slice operator (colon) or to use the wrong number of spaces under the for statement.

1.4.3 Boolean type of variables

So far we have encountered types of variables such as integers, floats, strings, lists, tuples
etc., but there are even more types. A very useful type of variables is the boolean (logical).
These variables can take the values True or False only. Assigning values to a boolean
variable is like assigning the value 1 if it is True or 0 if it is False. Boolean variables can
tell us if a statement is true or false. To understand how this can be done, consider the
logical statement 1 < 2. This statement is true since we know that 1 is less than 2. For
Python, this is a boolean operation, and the result is true. In order to see that, we store the
result in the variable a (boolean) by typing a = 1<2 or a = (1<2) and we print it.

a = 1<2
print(a)

True

The result is True as expected.

There are several boolean operations. It is worth stressing again that the operator =
doesn’t mean equation or equality but assignment as it assigns to the variable on the left
side whatever is the result on the right side of the operator =. In order to check if two
variables are equal we use the operator ==. To check whether they are not equal we use the
operator !=. For example let us check if 1 = 1. This can be done by typing 1==1, or 1!=1.
The first operation gives the result True since 1 = 1 indeed. The second operation gives the
result False since the statement 1 # 1 is false.

print (1==1)
print(1!=1)
True
False

A complete list of boolean operators in Python is presented in Table 1.3.

1.4.4 while loops

Now we are ready to discuss another kind of repetitive loop which can do a similar job to
for loop. This is the while loop. A while loop executes the code block contained in its
loop as long as a specified condition is True. The syntax of a while loop is the following:
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TABLE 1.3

Boolean operators in Python
< Less than x <y
> Greater than x>y
== Equal to X ==y
1= Not equal to x I=y
<= Lessthanorequalto x <=y
>= Greater than or equal to x >= y

while condition:
block of commands

where condition can be a boolean variable or a logical expression. In the following code,
we create an infinite loop by keeping the condition always true.

cond = True
counter = 0
while cond:
print (counter)
counter +=1

In this example the variable cond will always remain true and the code will print the variable
counter starting from 0. This is the simplest example of a while loop.

Another example is the following. Let’s say that we want to print 1, 2, 3 on the screen.
This can be done by using a variable i with initial value 1 and then print all values of i
while they are less than or equal to 3. Inside the loop we need to increase the value of i
every time we print its value.

i=1

while i <= 3:
print (i)
i=1i+1

N

In the previous code, initially we set the variable i to be 1. Then, Python checks if ¢ < 3.
If this is True, then Python executes the block of commands within the specific loop, and
then it returns back to the while statement to check again whether ¢ < 3. During the first
loop Python prints the value of 4, which is 1, and increases its value by 1. So the variable
i becomes 2. Python then checks again if the value ¢ < 3 is True or False. If it is True,
Python executes the block of code in the loop again, and repeats the same cycle until the
value of the variable i becomes ¢ > 3 i.e. 4 since, here, i is an integer.

It should be noted that if the condition is always True then Python executes the
specific loop forever until we interrupt the execution. This is a typical bug when we use
while loops.
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1.4.5 Decisions and the if statement

Sometimes, the flow of our code needs to change depending on the result of a boolean
(logical) operation. For example, assume we want to divide 10 by a variable z. If z = 0
we know that this is impossible. For this reason, we need to use an if statement. This is
formulated as follows

if condition:
block of commands

And here is an example where we consider the division of 10 by a variable x

x = int ( input('Give me x = ') )
if x !'= O:
print (10/x%)

In this case, our program will perform the division if x # 0 only, while x is given from
the input. But, if we give x = 0, then our code does nothing. If we want to exhaust all
possible scenarios, we need to use another if statement with the case x = 0. For example,
we could tell Python to print an error message if x = 0. This can be done with the elif
or/and the else statements. The command elif is an abbreviation of else if and we need
to provide a new condition. On the other hand, with the else statement, there is no need
to provide any additional condition as this statement will be executed if all the previous
statements are False. In general, we can combine the if statement with elif and else.
The general if statement can be formulated as:

if conditioni:

block of commands
elif condition2:

block of commands
else:

block of commands

where the blocks elif and else are optional. Observe that the else statement has no
condition since it is satisfied if the conditionl and condition2 are both False.
The complete code for the example with the division would be:

x = int ( input('Give me x = ') )
if x != O:

print (10/x%)
else:

print('Division impossible')

The division can be performed if = # 0, otherwise the code prints the message Division
impossible.

It should be noted that if Python encounters a division by zero the execution of the
code will be terminated with an error message ZeroDivisionError: division by zero.

To illustrate the if clause better, consider the computation of the sign of a number
without using the built-in function sign. In this example, the input to the code is the
number stored in variable z. If this number is positive, > 0, then the sign is +1, else if it
is negative, x < 0, then the sign is —1, and if x = 0, then the sign is 0. The Python code
should look like this:
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x = int ( input('Give me x = ') )
if x > O:
print('sign(x) = +1')
elif x < O:
print('sign(x) = -1')
else:

print('sign(x) = 0')

Sometimes, we need more than one condition to be satisfied at the same time. For
example let’s say that we want to check if the value of a variable z is in the interval [0, 10],
or in other words if z > 0 and = < 10 at the same time. This can be expressed in Python
using the boolean operator and, and is as follows

x = int ( input('Give me x = ') )
if x >= 0 and x<=10 :

print('x is in the interval [0,10]')
else:

print('x is not in the interval [0,10]"')

If we want to check whether the value x is outside the interval [0,10] we can check if
x < 0 or x > 10 as these conditions cannot be true at the same time. This can be done
using the boolean operator or as follows

x = int ( input('Give me x = ') )
if x < 0 or x > 10 :

print('x is outside from the interval [0,10]')
else:

print('x is in the interval [0,10]')

Another way to check whether the value of z is in [0, 10] is to check if the value is not
outside the interval [0, 10] using the boolean operator not as follows

x = int ( input('Give me x = ') )
if not(x < 0 or x > 10)
print('x is in the interval [0,10]"')
else:
print('x is outside from the interval [0,10]')

The not operator acts like a function: it takes as an argument a boolean (True or False)
and returns the opposite value.

1.4.6 Error control and exceptions

In the previous section we discussed the case where we wanted to divide a number by a
variable x. We decided to use an if statement to avoid division by zero. This is because in
the event of a division by zero, the execution of the code might stop with an error message.
Problematic situations like the one we just mentioned can be avoided using the try and
except statements, instead of if statements. The syntax of the try and except statements
is the following
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try:

block of commands
except error:

block of commands

The keyword error can be the name of the expected error, like ZeroDivisionError, or it
can be omitted. The code with the division by variable x can be written without the use of
the if statement in the following way:

x=0
try:
print (10/x%)
except:
print ('The division is impossible')
x =2
try:
print (10/x%)
except:
print ('The division is impossible')

The division is impossible
5.0

With the try and except statements we were able to perform the division 10/0 without
terminating the execution of the code and continue with the division 10/2. If we hadn’t used
this technique the code would have been stopped when the division 10/0 was performed
with the error ZeroDivisionError. We make use of the try and except statements in
Chapter 9 in the implementation of Cholesky algorithm.

Similar to the try and except statements is the command assert. This command is
formed as

assert expression

where expression can be a boolean statement. If this boolean statement is False, then the
execution of the code will be interrupted with an error message. If the expression is True,
then the assert statement has no effect in the execution of the code. The assert statement
can be useful for debugging purposes. Next, we discuss how to interrupt the execution of a
for loop.

1.4.7 The command break

The command break is used to terminate the execution of a for or while loop before the
termination condition is satisfied. This is usually required when an exception during the
loop process happens. The following example demonstrates the use of the command break
through a simple example. We use a for loop to iterate the variable i from 0 to 9. We
interrupt the for loop using a break statement when i becomes 5.

for i in range(10):
print (i)
if i ==
break
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In this example we observe that although the for loop indicates that the variable i
can take values up to 9, the loop is terminated when i becomes 5 because of the break
command.

1.5 Functions

Functions are useful when we need to repeat a certain number of statements for several
times. In particular, we include code that we want to use repeatedly in discrete blocks of
code forming functions. These functions take some input and return some output. We can
use them by calling their name and without caring about their content. Python functions
can be thought of as factories where we give them some input variables, the function will
process them, and finally will return the result in the output. The general notion of a Python
function is not far from the general notion of a mathematical function. In mathematics we
define a function as y = f(z) where f is the name of the function, x is the input and y
is the output. Similarly, in Python we define a function first by using the keyword def to
indicate that we will define a function. Then we specify the name of the function and the
input. If the input consists of more than one variable we separate them with commas. We
close the line of the definition with the slice operator : and a block of code with the process
follows. The result of the function is usually indicated at the very end of the function with
the keyword return. We can return multiple variables or multiple values with the return
statement. The general structure of a function is the following:

def function_name(variablel, variable2,...):
block of commands
return result_values

As a first example we define a function that we will call double. This function will take
as input a variable x, and will return the product 2z.

def double(x):
y =2 %X
return y

We could have omitted the definition of the variable y by just putting the operation
next to the return statement like:

def double(x):
return 2 * x

We can call this function now anywhere in our code just by using its name and a valid
argument x. The result can be stored in a new variable, or it can be printed on the screen:
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x =3

r = double(x)
print (double (x))
6

We now define a function that we call div10. This function will take as input a variable
x and will return the result of the division 10/ if  # 0.

def div10(x):
if x!=0:
return 10/x
else:
print('Division impossible')

We can now define a sign function to return the sign of an input variable z

def sign(x):
if x > 0:
return +1
elif x < O:
return -1
else:
return O

Sometimes, we can give default value to one or all input variables. For example, if
we want to compute the maximum between two variables without using Python’s built-in
function max we define the function:

def max(x, y = 0):
if x >= y:
return x
else:
return y

Here, the default value for the variable y is 0 but we can change it by providing a different
input:

print( max( -1 ) )
print( max( 2, 5 ) )
print( max( x=2, y=5 ) )
a=2; b=5;

print( max( a, b ) )

oo o1 O

Note that spaces between the different characters in the input don’t matter. The first
function call max (-1) assigns the value —1 to the variable z. Then it compares = —1 with
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the default value y = 0 since there is no input for y. The rest of the function calls assign
the value 2 to the variable x and the value 5 to the variable y with several different ways.
We note that for the first two calls of the function max, the only variables being used are
those included in the function. These are called local variables. For the last function calls
we define two additional variables a and b. These new variables, for example the variable a
and b are called global and are copied to the local functions variables x and y respectively.
The local function variables x and y will be erased after the function call. Even if we make
changes to the local variables this does not affect the actual global variables.

To see this we define a function that swaps the values between two variables. We employ
a new variable temp to store the value of x. Then we replace the value of x to the value of
y by setting x=y. At this stage, the value of x has been stored in the value of temp and the
value of y has been stored in x. Then we set y=temp to get the value of x.

def swap(x, y):

temp = x
X =Yy
y = temp
print('local variables: x = ',x , 'y ="', y)
return x, y
X =2;y=3;
swap(x, y)
print('global variables: x = ',x , 'y = ', y)
local variables: x = 3y = 2

global variables: x = 2y = 3

After the call of the function swap (line 8) we observe that the global variables x and
y are unchanged, while the function was expected to change their values. If in addition we
print the local variables x and y inside the function swap we will see that these variables
have been changed internally although externally they remain unchanged.

We can extend the scope of a local variable by using the commands global and
nonlocal. The global statement can be used to indicate that particular variables can
be used globally in the code even if they are defined in the scope of a function, while
the nonlocal statement indicates that particular variables can be extended outside of the
block of code that they are defined but they are bounded there. The command nonlocal
is meaningful when we define a function inside a function.

I¥" In Python, the variables defined inside a function are local variables. Local
variables cannot be seen (or used) outside the function.

Finally, we discuss an alternative way to define functions in one line of code using the
Python lambda statement. This can be useful for functions with simple formula. If we want
to define a function with formula f(z) this can be done by typing

f = lambda x: f(x)

Let’s say that we want to define a function with formula f(x) = 2+ 1. This can be done
by typing f = lambda x : x + 1. To compute, for example the value f(1), we just type
£(1). This will return 2.
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f = lambda x : x + 1
print (£(1))

The general description of a lambda function is the following

name of function = lambda arguments : formula

and is an alternative and fast way to introduce simple functions in our codes.

Recursive functions

A recursive function is a function that calls itself. One such example is the function that
returns the Fibonacci sequence of numbers

0,1,1,2,3,5,8,13,21, 34,55,89, 144, 233, . .. .

Let’s denote F'(n) the function that returns the n-th Fibonacci number. Then obviously
F(0) = 0 and F(1) = 1. The recursive function that returns all the rest of the Fibonacci
numbers is

Fn)=F(n—1)+Fn-2) for n=2,3,... .

Such a function can be implemented very easily with the following code.

def Fibonacci(n):
if ( n==0 ):
return O
elif ( n==1 ):
return 1
else:
return Fibonacci(n-1)+Fibonacci(n-2)
# Print the first 14 Fibonacct numbers
for i in range(14):
print ( Fibonacci(i) )

This will print the numbers 0, 1, 1, 2, 3, 5, 8, 13, 21, 34, 55, 89, 144, 233.
Recursive function calls are usually inefficient and its use is not recommended unless
there are no alternatives.

1.6 Classes

Python is an object-oriented programming language. As such, it gives us the option to
create our own objects. These objects are called classes. Objects can have their own new
name. They can also have properties and methods. A new class can be defined as

class Name:
block of code
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where the block of code describes the various properties of the object with name Name.
Let’s take this simple example. Assume that we want to create a new object to describe
vectors (z,y). Vectors are characterized by their « and y coordinates. Assume also that we
would like to record their magnitude (norm). For example we can have a vector a = (3,1)
with magnitude ||a]| = v/32 + 12 = /10 and we want all these information to be stored in a
single variable. Similarly, we will need a second vector b = (2,5). We will use a class object
with name vector. This new class will contain three new variables such as the variables x,
y and norm:

class vector:
x = 0.0
y = 0.0
norm = 0.0

With the previous code we have created a class with three data members (x, y and norm).
The three data members have all default value 0 (zero vector). If we want to consider our
first vector we type

vector ()

.x = 3.0

.y = 1.0

.norm = np.sqrt(10.0)

PP

This will create the variable a with the data of our first vector. Then we can create
similarly a second variable with the second vector b:

vector ()

=IO

.y = 5.0

.norm = np.sqrt(26.0)

o o o o

We can access the data of vector a by just printing its members:

print(b.x)
print(b.y)
print (b.norm)

1
5.
5

o O O

990195135927845

This was the simplest example of a class. Classes can also contain functions. The most
common function is the function __init__. The function __init__ initializes the class and
can be seen as a constructor. We can create a new vector using the function init that can
take as input all the members of the class. Our previous example can then be extended as
follows

class vector:
def __init__(self, a, b, c):
self.x = a
self.y = b
self .norm = c
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which means that we can now define a new vector such as

a = vector(3.0, 1.0, np.sqrt(10.0))
print(a.x)

print(a.y)

print(a.norm)

.0
.0
.1622776601683795

w = W

There are other interesting properties of classes such as the inheritance but are out of
the scope of this book and we omit them.

1.7 Accessing Data Files

When we deal with large amount of data we usually need to store them in data files and
not in lists or arrays. This is due to memory limitations. Here we present how to access text
(txt) files with data. We can access a txt file by first identifying and opening the file using
the Python function open. This has the general function call

f = open(filename, mode)

where filename is a string with the name of the file, and mode is one of the following strings:
r when we want to open a file just for reading, w to open a file by deleting its contents and
writing new data, a to open the file by keeping existing data and append the file with
writing new data at the end it. One can formulate combinations of these modes using the
+ symbol. For example, we can use the mode r+ to read and write without creating a file.
The function open returns a file object £. This object is equipped with the methods read,
readline and write to read and write data. It also has the method close to close the file
and interrupt any access to it.

Reading the first 5 characters from a file we just write £.read(5). Text files have line
breaks indicated by the invisible character ‘\n’ at the end. If we want to read a whole line,
then we can use the command f.readline().

To write data into a text file is somewhat more complicated, especially if you want to
write numbers because the method write accepts as input only strings. So if you want to
store a variable, then you need to convert the variable into string using the command str.
You can use the operator + if you want to add additional text.

As a simple example, we open a file with name test.txt for writing the numbers 0 to
4. To write the new data we use the mode w and the method write as follows

n n

f = open("test.txt", "w")
for i in range(5):

f.write(str(i)+'\n")
f.close()

Every time we want to write a new line we use the symbol ‘\n’ at the end of the input of
the command write. Otherwise, all input numbers will appear in one line. To write two
columns of data i and j, we can use the command f.write(stri(i)+’ ’+stri(j)) to
merge the numbers i, j with a space between them.
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1.8 Further Reading

There are many books and online resources which aim at teaching Python, including the
official documentation of Python, NumPy, SciPy and MatPlotLib. We do not provide online
references as these may change, but we do encourage the interested reader to explore these
options. References [84, 87] consist of a complete introduction to programming in Python.
This list is not restricted to those references though and among the online books there is
a huge variety of books written for teaching Python. Books [88, 136] specialize in Python
for data science and they also contain information about Jupyter. The books [78, 79, 50]
serve as introductory textbooks to computational methods with Python and contain an
introduction to Python and its numerical analysis modules.



Chapter Highlights

e Python is an interpreter of computer code, it translates and executes our code
instantly.

e Python detects the type of a variable automatically. The basic types are
integer, float, string.

e The variable a = 1 is different from the variable b = 1.0 as the first is integer
and the second is float.

e Number of the form a x 10° can be written using scientific notation as a e b.
For example, we write 1.5e-4 instead of 1.5 x 104

e The priority of operations in Python is the same as the priority of operations in
mathematics.

e The operator = indicates assignment and not equation. The command x=2
assigns the value 2 in the variable x.

e The indices in matrices and lists start from 0.

e There is no structure for matrices in Python and they can be represented as
lists of lists. In this book we will use NumPy arrays to represent matrices.

e The slice operator is used to extract multiple entries from lists and matrices.
For example, start:stop:step will return the values from start until stop-1
with step step.

e The same with the function range, which is formed as range(start, stop,
step) will return the values from start to stop-1 with increment step. If we
omit the step this implies that step = 1.

e For repetitive processes we use the commands for and while.

e We can control the execution of our code and take decisions using the
command if followed by a boolean expression.

e Blocks of codes that perform certain procedures can be included in functions.

e Functions usually accept some input that is stored in local variables and return
some output.

e Python has a wealth of functions for many applications. Libraries that contain
functions and other objects are called modules.

e Mathematical functions and constants can be accessed from the math module.
Later we will introduce more sophisticated modules for mathematical problems
such as the modules NumPy and SciPy.

o We will not use the math module but the modules NumPy and SciPy instead.
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Exercises

1.

10.

11.

12.

13.
14.

15.

16.
17.

18.

Write a Python program to take as input the user’s first and last name and prints them
in reverse order with a space in between.

. Write a Python program to compute the volume of a sphere with radius 4.

Write a Python program to count the appearance of number 4 in a given list.

Write a Python program to check whether a specified value is contained in a list of integer
values.

. Write a Python program to compute an approximation of number 7 using the formula

7w = 4arctan(1l) and floating point numbers. Then compute the difference between your
7 and the pi of the math module.

Write a Python program to find out whether a given number (given by the user) is even
or odd, and print out an appropriate message.

Write a Python program to add three given integers. However, if two values are equal
sum will be zero.

Write a Python program to add two given integers. However, if the sum is between 15
and 20, it will return 20.

Write a Python program that will return true if two given integer values are equal or
their sum or difference is 5.

Write a Python program that will print all the even numbers from 1 to 100 and will
compute their sum.

Write a Python program to find those numbers which are divisible by 7 and multiple of
5, between 1500 and 2700 (both included).

Write a Python program to count the number of even and odd numbers in a list of
numbers.

Write a Python program to create the multiplication table (from 1 to 10) of a number.

Write a Python program to count the number of even and odd numbers from a series of
numbers. Try the list [1, 2, 3, 4, 5, 6, 7, 8, 9].

Write a Python program which takes two digits m (row) and n (column) as input and
generates a two-dimensional array (list of lists). The value of the entry of the i-th row
and j-th column of the array should be 7 - j.

Write a Python program to check if a triangle is equilateral, isosceles or scalene.

Write a Python function to compute the circumference and the area of a circle of a given
radius. The function must accept as input the radius of the circle and will return both
the circumference and the area.

Write a Python function that accepts an integer n as input and returns the value of
n+n? +nd.
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19. Write a Python function to compute the distance

d=+/(z1 —22)2+ (y1 — 12)? ,

between the points (21, y1) and (22, y2). All numbers including the result must be floating
point numbers.

20. Write a Python function that will create a uniform grid of a given interval (a,b) using
N subintervals. The function must accept the limits ¢ and b of the interval (a,b) and
the number of the subintervals IV and will return a list with all the nodes of the uniform
grid.

21. Write a Python program to construct the following pattern, using nested for loops.
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Matrices and Python

Without exaggeration, most of the methods we use to solve approximately problems in
physical sciences lead to linear algebra problems. Even approximations to solutions of non-
linear equations can be found solving linear equations. Before we start exploring numerical
methods, it will be useful to review some material from the field of linear algebra. We will
introduce the modules NumPy and SciPy and we will start performing scientific computa-
tions with them. We will learn how to draw simple graphs on the screen of our computer
using the module MatPlotLib. It is not by chance that we say “one picture is worth a thou-
sand words”. Graphs are used for debugging, to derive conclusions, make observations, and
also for presentation purposes. We start with a revision of matrices and their properties.

2.1 Review of Matrices

An n x m (n by m) matrix is a rectangular array of elements with n rows and m columns.
Not only are the values of the elements important, but their position in the array is as well.
We usually denote an n X m matrix by a capital bold letter such as A. The entries of the
matrix are denoted by the lowercase letter of the matrix with two indices to indicate the
number of row and the number of column (coordinates) where the entry is located in
the array. A general entry of a matrix A is denoted by a;;, and corresponds to the entry
at the intersection of the i-th row and j-th column of matrix A. Schematically, this can be
seen as

a1 aiz2 - Aim

a21 Q22 -t A2m
A = [a;] =

an1 an?2 o Gpm

If m = n then the matrix is called square matrix. A matrix with only one column is called
column vector and it is the n x 1 matrix

by
ba
b= . ,
bn
while a matrix with only one row is called row vector and it is the 1 x n matrix
b= (bl,bg,...,bn) .

It is noted that —A denotes the matrix whose entries are —a;;. Sometimes we write A €
R"*™ to indicate that A is n x m matrix with real coefficients. If the coefficients are allowed
to be complex, then we write A € C"*"™,

DOI: 10.1201/9781003287292-2 37
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2.1.1 Matrix properties

Matrices are useful. The main reason is because we can perform operations with them, such
as addition, multiplication etc. Here we review basic matrix properties.

Matrix equality

Two matrices A and B are equal if they have the same number of rows and columns, say
n x m, and if a;; = b;; foreach i =1,2,...,nand j =1,2,...,m.

Addition of matrices

If A and B are both n x m matrices, then the sum of A and B, denoted by A + B, is an
n X m matrix C' whose entries are a;; + b;;, for each ¢ =1,2,...,nand j =1,2,...,m.

C:A+B(=>cij=aij—|—bij.

This means that for each 7 and j, the entry c;; = a;; + b;;. If

12 0 2 4 -1
A=([3 2 2 and B=|0 —4 1 ,
0 3 —4 1 2 6
then
1 2 0 2 4 -1 142 244 0+(-1)
A+B=(3 2 2 |4+[0 -4 1 ]|=(340 2+(-4) 2+1
0 3 —4 1 2 6 0+1 3+2 —446
3 6 -1
=13 -2 3
1 5 2

Scalar multiplication

We can multiply a matrix with a scalar (number). If we have a number A (complex or real),
the product AA is a new matrix B with entries b;; = Aa;; for all indices ¢, j. We can
multiply the previous matrix A by 2 and this is

1 2 0 2-1 2-2 2-0 2 4 0
B=2A=2|3 2 2 |=|2-3 2.2 2.2 =16 4 4
0 3 —4 2:0 2:3 2-(—4) 0 6 -8

Matrix multiplication

Multiplication between two matrices is not as simple as the multiplication between a scalar
and a matrix. An n X p matrix A = [a;;] can be multiplied with a p x m matrix B = [b;;].
Note that the number of columns of A must agree with the number of rows of B. Then the
product AB = [(ab);;] is the n x m matrix with entries

P
(ab)ij:Zaikbkj, for i=1,2,...,n and j=1,2,...,m.
k=1

Due to the restriction on the matrix dimensions, and also because of the definition of
matrix multiplication, the commutative property is not true and in general

AB + BA .
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For example, if A is a 2 x 2 matrix and B a 2 X 3 matrix

12 56 7
A‘<3 4) andB_(s 9 10)’

then the product C = AB will be the 2 x 3 matrix

1 2\ (5 6 7
C_<3 4) <8 9 10>
_<1~5+2~8 1:6+2-9 1-7+2'10>

3:5+4-8 3:6+4-9 3-7+4-10

(5416 6418 T+20
“\15+32 18436 21440

(21 24 27
~\47 54 61)
We cannot perform the multiplication B A for these matrices because the dimensions do not

agree. This procedure is often called naive multiplication. Other more efficient algorithms
for matrix multiplication exist, some of which we discuss in Section 2.2.8.

Zero and identity matrix

The zero matrix 0 is a matrix with all entries zero. For example, the 3 x 3 zero matrix is

O:

o O O
o O O
o O O

An identity matrix is a square n X n matrix with entries on its main (principal) diagonal

to be 1 while all the off-diagonal entries are zero, i.e. a;; = 1 if i = j and a;; = 0 if ¢ # j.

An identity matrix is usually denoted by I. For example, the 3 x 3 identity matrix is the

matrix

1 00

I=(0 1 0

0 0 1

The properties of matrix addition and scalar multiplication do not differ from those for
real numbers. We summarize the most basic properties below.

¢ A+ B =B+ A (commutative property)
e (A+B)+C = A+ (B+ C) (associative property)
¢ A+0=0+ A= A (zero element)

A+ (—A)=—-—A+ A =0 (opposite matrices)

AMA + B) = AA + \B (distributive property)

(A+ pu)A = MA + pA (distributive property)
AMpA) = (An)A
e 1A=A1=A

We will explore matrix multiplication later with some detail.
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2.1.2 Special matrices

Matrices with special structure can lead to efficient algorithms. Matrices with many zero
entries are special matrices called sparse. We tend to work only with the nonzero entries of
sparse matrices to save memory and increase the speed of computations. Here we present
some important examples.

Diagonal matrices

A diagonal matrix D is a square matrix with d;; = 0 if ¢ # j. For example, the identity
matrix is a diagonal matrix. Another example is the matrix

D =

OO =

0 0
2 0
0 3

Banded matrices

There are cases where the main diagonal of a matrix, along with several other diagonals are
not zero. Such matrices can be seen as a collection of non-zero diagonals and are usually
referred to as band (or banded) matrices. A band matrix A is a matrix where a;; = 0 if
j<i—1lorj > i+ u for some l,u > 0. The quantities v and [ are called upper and
lower bandwidth; [ is the number of non-zero diagonals below the main diagonal, and u
the number of non-zero diagonals above the main diagonal. The bandwidth of a matrix is
defined as the number p = [ 4+u+ 1, which is the number of its non-zero diagonals including
the main diagonal.

According to the previous definition, an n x n full matrix can be treated as banded
matrix with bandwidth equal to its 2n — 1 diagonals. To make the notion of band matrix
useful, we usually treat a matrix as band matrix if its bandwidth is reasonably small. For
example, a band matrix with [ = 1, u = 2 and total bandwidth p = 4 can be written as

aiy a2 a3z 0 0
asy aze a3 a0
0 a3z aszz azys ass
0 a43 asq ags age
0 0 asq4 ass ase
0 0 0 Qg5 a6

o O O

o O O

It should be noted that:
e a band matrix with | = v = 0 is a diagonal matrix
e a band matrix with | = u =1 is a tridiagonal matrix
e a band matrix with | = u = 2 is a pentadiagonal matrix, and so on.

Such matrices occur in many circumstances, and for this reason, special algorithms and
storage schemes have been introduced.

Triangular matrices

Other special matrices are the following;:

o Upper triangular n x n matrix U, where for each j = 1,2,...,n the entries u;; = 0, for
all i > j.



Review of Matrices 41

e Lower triangular n x n matrix L, where for each j = 1,2,...,n the entries [;; = 0, for
all ¢ < 5.

A 3 x 3 lower triangular matrix has the form

ail 0 0
a1 azx 0 |,
azy azz a3

while a 3 x 3 upper triangular matrix has the form

a11 ai2 a3
0 a2 as
0 0 ass

Triangular matrices are useful because we don’t need to store their zero entries.

Symmetric matrices

Consider a matrix A = [a;;]. We define its transpose matrix AT, the matrix which has rows
the columns of A. We can write AT = [aj;]. For example, if

1 2 3 1 4 7
A=|4 5 6| then AT=1[2 5 8
7 8 9 3 6 9
In general if
a1 a2 - Aim
a21 Q22 -t A2m
A = [ay] = ;
an1l an?2 o Gpm
then
ail az1 - Qpl
ai2 (255 2 1 279))
AT = a;] =
A1m  A2m ot Qpm

The following properties involving the transpose of a matrix hold whenever the operation
is possible:

e (AT =A
e (A+B)T =AT + BT
o (AB)T = BTA”

A square matrix A is called symmetricif A = A”T. This means that the rows of matrix A
are the same with its columns. Thus, square matrices can only be symmetric. For example,
1 2 3 1 2 3
A=(2 5 6| and AT"=(2 5 6
3 6 9 3 6 9

Symmetric matrices are also convenient for matrix computations since we need to store only
their upper or lower triangular part.
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In Python we can define and use matrices with the help of Python’s modules NumPy
and SciPy!. Both are libraries for general purpose scientific computations, [58, 138]. We
start with a brief introduction to NumPy.

2.2 The NumPy Module

We have already discussed the math module and the lists of lists to represent matrices. In
practice, though, we use other modules with more efficient data structures and functions. In
particular, we use the numpy and scipy modules for all our scientific computations. To plot
graphs we use the matplotlib module. We start with a description of the numpy module.

NumPy is a Python module that defines a number of data structures and functions
specialized for scientific computing. Like every other module, we need to import its functions
in the beginning of our code. This can be done with one of the following commands:

# Use only one of the following
import numpy

import numpy as np

from numpy import *

from numpy import function

If we use the first command import numpy then when we call a function, let’s say the
sine function sin evaluated for z, we need to write numpy.sin(x). We can avoid writing the
name of the module if we use the second command import numpy as np where we choose
to use the alias np instead of the word numpy. In this case, we need to write np.sin(x).
We use the third command from numpy import *, when we do not want to specify the
module in a function call as we import everything from the specific module. We do not
recommend the third statement as Python imports every single function and method from
NumPy. This can cause confusion. For example, if we import both scipy and numpy, then
we will be unsure which version of sine function we use since both have the same function.

BZ"  We usually import the module numpy in the beginning of our code. Most com-
monly, NumPy is imported via the command import numpy as np. This is what
we will use in this book.

One of NumPy’s most important data structures is the n-dimensional array ndarray,
which we introduce immediately.

2.2.1 Matrices and arrays

Since most scientific computations require matrices and vectors (one-dimensional matrices)
NumPy provides with an efficient way of matrix representation. We can define n-dimensional
matrices using the NumPy data structure (function) ndarray. If the matrix is a usual two-
dimensional n x m matrix, then the data structure is just array. In this book we will use
only one- and two-dimensional matrices (with small exceptions) so we will use only the
function array.

INumPy stands for “Numerical Python” while SciPy for “Scientific Python”.
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A NumPy array is very similar to a list of lists and is actually constructed by a list of
lists. We can define the simple 3 x 2 matrix

A:

Ut W =
O =N

using the function np.array and appropriate list of lists as input. The output will be a new
array.

import numpy as np

A = np.array( [[1, 2], [3, 4], [5, 611 )
print (A)

(1 2]
[3 4]
(5 6]]

Each row has two entries (one for each column), which is why we typed the matrix as a
list with three entries, the three rows of the matrix. Although, the array A in the previous
example looks like a Python list of lists, it is not exactly the same. A NumPy array is a
proper matrix with proper multiplication while the plain Python list of lists is not.

Natural vs Python indices

Usually, the row and column indices in the representation A = [a;;] take the values i =
1,2,... and j = 1,2,.... Using these indices, the entry ai2 corresponds to the entry located
at the first row and second column of the previous matrix and is 2. We will call indices that
start from 1 and go up to n natural indices. In Python (and also in NumPy) indices start
from 0. The entry ajs of the previous matrix A can be accessed through the (0,1) entry
of the array A by using the command A[0, 1]. These indices are called Python indices.
This distinction is important as numerical algorithms in the literature are usually presented
using natural indices.

print("a(1,2) =", A[0,1])

a(1,2) = 2
To modify the value of the entry ass into 10 we type A[1,1] = 10.

A[1,11=10
print (A)
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Similarly, we modify the (0, 1) entry of our array by adding 1 just performing the oper-

ation

A[0,1] = A[0,1] + 1
print (A)
[[1 3]

[3 4]
(5 6]]

B5"  Python indices start from 0 contrary to the natural indices that start from 1.
This means that if a natural index takes values up to N, then the corresponding

Python index will go up to N — 1.

2.2.2 Slicing

The slice operator : can be used to extract parts of a NumPy array. We can extract the
first column (column with Python index 0) of the previous array just by setting the row of

A to be the operator “:” like A[:,0]:

A = np.array( [[1, 2], [3, 4], [5, 611 )
print(A[:,0])
print (type(A[:,0]))

[1 3 5]
<class 'numpy.ndarray'>

In this example we also used the function type which returns the data structure (or object)
type of the input variable (in our case the variable A[:,0]1). We observe that although the
result looks like a list, it was extracted as a NumPy array. Storing the first column into a

new vector a we get

a = A[:,0]
print(a)
print (type(a))

[1 3 5]
<class 'numpy.ndarray'>

In the same way, we can extract rows instead of columns. For example, to extract the
second row of A (row with Python index 1) we type

1 print(A[1,:1)

[3 4]
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We can even extract blocks of a matrix using the slice operator. This can be done by
specifying the indices we want to extract. Note that the slice operator “:” by itself means
that we extract everything, while in the form start:stop means that we want to extract the
entries with index from the start value until stop-1. For example, consider the following
3 X 3 matrix

1 2 3
B=1|4 5 6],
78 9

for which we extract the 2 x 2 block consisting of the first 2 columns and 2 rows

12
o= %)

using the following lines of code

B = np.array( [[1, 2, 3],
[4, 5, 6],
[7, 8, 911 )
C = B[0:1, 0:1]
print (C)
[[1 2]
[4 5]]

The definition of the array B uses three lines and the command np.array has been
split. In Python we can split into multiple rows a piece of code that is included between
brackets (parentheses, square brackets etc.). Otherwise, we need to use the indication of
line break “\” at the end of each line.

@

I Python is not inclusive language and as such the slice operator when used
like start:stop means that the index takes the value start until stop-1. The
general use of the slice operator is start:stop:step where step is the index jump.
When the step is 1, then it can be omitted.

An alternative way to define matrices in Python is with the use of the NumPy class
matrix. matrix objects inherit all the properties of the ndarray and can be used exactly
like the arrays, but with some advantages. Namely, we can perform matrix multiplication
with matrix objects by using the * operator while we cannot with array objects. In this
book we will refrain from using matrix objects, though, and we will stick with arrays.

Vectors and arrays

So far we have considered vectors and matrices using two-dimensional NumPy arrays. For
example, we consider the vector @ = (1,2,3) as a 1 X 3 matrix:

a = np.array( [[1, 2, 311 )
print (a.shape)

1, 3)
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Note that the command a.shape returns the actual size of an array. On the other hand,
sometimes we need to use (or a function will return) vectors instead of arrays. Here we call
vectors (row or column) arrays with shape (n,) instead of (n,1) or (1,n). This can be
done by using single square brackets instead of double in the definition of an array:

a = np.array( [1, 2, 3] )
print (a.shape)

@3,)

We can retrieve the entries of a one-dimensional vector by using a single index:

print(al[1])

2

In the unfortunate event where the shape of an array creates a problem, especially when
it involves calls of functions that require single or double index for arrays, we can use the
command reshape. The new shape is provided as a single integer or a tuple in the arguments
of this function. The tuple can have —1 as dimension indicating that this has the dimension
inferred from the length of the original array:

b = a.reshape((1,3))
c = a.reshape((1,-1))
print('b=", b)
print (b.shape)
print('c=', c)
print(c.shape)

b= [[1 2 3]]
1, 3)
c= [[1 2 3]1]
1, 3

The reshape function practically doesn’t change the data buffer. Instead, it creates a
new view of the array.

2.2.3 Special matrices, methods and properties

We discussed special matrices in the first section of this chapter. Python offers functions
and methods (attributes) to increase the efficiency of our programs, especially when we deal
with special matrices. Here, we go over some special matrices, how to create them, and how
to retrieve basic properties of NumPy arrays in general.

The zero matrix

It is sometimes useful to create automatically an n X m matrix with all entries zero. This
can be done with the NumPy function zeros( (n,m) ) that takes input a tuple with the
matrix dimensions.
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A = np.zeros( (3,4) )

print (A)

[[0. 0. 0. 0.]
[0. 0. 0. 0.]
[0. 0. 0. 0.]1]

This matrix is called the 3 x 4 zero matrix (3 by 4 zero matrix). The dimensions of a
matrix can be retrieved using the function shape of a NumPy array, which returns a tuple
with the number of rows and columns of the array. Other useful methods that return useful
information are the attributes ndim and size. The attribute ndim returns the dimensionality
of the matrix, for example, whether the array is 2-dimensional or 3-dimensional array (we
don’t discuss 3-dimensional arrays in this book). The attribute size returns the number of
entries of the array.

print (np.shape(4))
print (A.ndim)
print (A.size)

3, 4
2
12

The identity matrix

Another special matrix of interest is the identity matrix, which is the square matrix (has
the same number of rows and columns) with all entries zero except for the entries of the

main diagonal, which are a;; = 1 for all 4.
This matrix can be created with the NumPy function eye(dimension). For example,

we create a 3 X 3 identity matrix by typing

I = np.eye(3)

print (I)

[[1. 0. 0.]
[0. 1. 0.]
[0. 0. 1.1]

NumPy can also create an n x m matrix full of ones easily with the function ones(
(n,m) ). The dimensions of the array are provided with a tuple.

A = np.ones( (3,2) )

print (A)
(1. 1.]
[1. 1.]
[1. 1.1]
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Functions like zeros, eye and ones are common array constructors that can reserve
memory for matrix computations. Note that all the arrays created in the previous examples
have real numbers as entries. We can specify the type of a matrix, for example whether the
values are integers, real or complex, by using the keyword dtype. For example, in order to
create a 3 X 3 identity matrix with integer entries we can write ones(3, dtype=int). (In
some versions of Python we can neglect the keyword dtype=.)

I = numpy.eye(3, dtype=int)
print (I)

[[1 0 0]
[0 1 0]
[0 0 111

Triangular matrices

A triangular matrix is a square matrix with zero all its entries above or below the main
diagonal. For example a 3 x 3 lower triangular matrix has the form

In order to extract the lower triangular part of a matrix A we can use the NumPy
function tril and for the upper triangular part the function triu. For example, if

A:

~N b~ =
o Ut N
O O W

then we can extract the upper and lower triangular parts of this matrix by typing

A

np.array( [[1, 2, 3],
4, 5, 6],
(7, 8, 911 )

L = np.tril(A)

U = np.triu(h)

print('A = '); print(A)

print('L = '); print(L)

print('U = '); print(U)

[[1 2 3]
4 5 6]
[7 8 911
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[[1 0 0]
[4 5 0]
[7 8 91]

U =

[[1 2 3]
[0 5 6]
[0 0 91]

Extracting the upper and lower triangular parts is a very useful operation especially
when we deal with matrix factorizations as we shall see later.

Matrix transpose

For the same matrix A, it is easy to generate its transpose matrix A” using the NumPy
function transpose. For example, we can type

A = np.array( [[1, 2, 3],

[4, 5, 6],
(7, 8, 911 )
B = np.transpose(A)
print (B)
[[1 4 7]
[2 5 8]
[3 6 9]]

We will discuss other special matrices, such as banded matrices later in this chapter.

2.2.4 Matrix assignment

Python provides efficient tools to perform matrix operations. A tricky subject is the matrix
assignment (i.e. how to make two matrices equal). If we set two NumPy arrays A and B
equal, B = A, then the two matrices become practically identical. When we say identical we
mean that when we modify one of them then we modify the other one as well. For example,

A = np.array( [[1, 2, 3],

(4, 5, 6],
(7, 8, 911 )

B=A

AT0,0]=10

B[1,11=20

print (A)

print (B)

[[10 2 3]

[ 420 6]

[ 7 8 9]]

[([10 2 3]

[ 4 20 6]

[7 8 9]]
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In this example we see that by modifying A we modify B at the same time, and vice versa.
If we need to create a new unrelated copy of A, we need to use the attribute copy(). For
example, we need to type B=A.copy().

A = np.array( [[1, 2, 3],
[4, 5, 6],
(7, 8, 911 )

B = A.copyQ)

A[0,01=10

B[1,1]1=20

print (A)

print (B)

3]
6]
911
3]
6]
911

N
O N 00 O N

L B W e B e W e |
(4]

EN N N

Now we see that modifying entries of A we don’t modify the matrix B. Also modifying
the matrix B we leave A unchanged.

IF"  Setting two NumPy arrays to be equal A = B is not just an assignment of the
matrix B to A. Any changes applied to A will affect B and vice versa. To create an
unrelated copy of a NumPy array we can use the copy () attribute A = B.copy().
This will create an independent copy of B and changes in A will not affect B.

2.2.5 Matrix addition and scalar multiplication

Matrix addition can be performed between two or more NumPy arrays (matrices) in a very
simple and straightforward manner. If we have two matrices A and B, then we can find
their sum C = A + B just by typing C=A+B. If we want to add more than two matrices we
can still write D=A+B+C.

A = np.array( [[1, 2, 3],
[4, 5, 6],
[7, 8, 911 )

B = np.array( [[9, 8, 7],
[6, 5, 4],
[3, 2, 111 )

C=A+B

print (C)

[[10 10 10]

[10 10 10]

[10 10 10]]
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The matrix C' is a new matrix and is unrelated to A and B. In the same way we can
subtract, multiply a matrix with a scalar etc. For example, we can write

o mmo
nm u n
= QN >
|\.C)
W N ¥ ™
RS

print (D)
print (E)
print (F)
print(G)

8 -6 -4]

2 0 2]

4 6 8]]

2. 4. 6.]

8. 10. 12.]
[14. 16. 18.]1]

[[5. 5. 5.]
[5. 5. 5.]
[5. 5. 5.1]

[[-14. -13. -12.]
[-11. -10. =-9.]
[ -8. -7. -6.1]

The command on line 1 performs the subtraction A — B, the command on line 2 performs
the scalar multiplication 24, the command on line 3 the scalar multiplication 1/2 C, and
the command on line 4 performs the operation A — 3F'.

In order to practice our programming skills we can perform manually the addition of
two matrices by writing a simple function add which will take as input the matrices A
and B and will return the sum C = A + B. Apart from practicing and demonstrating the
definition of matrix addition, the reason for writing this simple function is to implement
practically the algorithm ¢;; = a;; + b;; for all ¢, j (see Algorithm 2) in Python.

Algorithm 2 Matrix addition
fori=1:ndo
for j=1:mdo
end for
end for

Remember that when we present algorithms in this book we usually use natural indices
instead of Pythonic ones. For example, when we write ¢ = 1 : n this means that i takes all
values from 1 to n with step 1. The general format of this iteration will be i = start : stop :
step. In pseudo-language we denote matrix entries a;; by A(%,j) to distinguish them from
Pythonic arrays and to comply with standard notation for example introduced in [48]. The
implementation of Algorithm 2 in Python can be the following:

def add(A,B):
(n, m) = np.shape(h)
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C = np.empty((n,m))
for i in range(n):
for j in range(m):
Cli,jl = Ali,jl1 + BI[i,jl
return C

In this function we first extract the shape of the n x m matrix A. Suppose that A and B
have the same shape. We reserve the memory for the matrix C' using the function empty
of NumPy because otherwise we will receive an error message. As an exercise try to modify
the function to check that the shapes are the same. We go over the n rows and m columns
using a nested for loop and perform the addition element by element. Testing our new
function add using the previous matrices A and B we compute the exact same result with
the simple operation C=A+B:

A = numpy.array( [[1, 2, 3],
4, 5, 61,
(7, 8, 911 )

B = numpy.array( [[9, 8, 7],
6, 5, 41,
(3, 2, 111 )

C = add(A,B)

print(C)

[[10. 10. 10.]
[10. 10. 10.]
[10. 10. 10.]1]

2.2.6 Vectorized algorithms

Modern scientific computing suggests that we avoid the use of for loops over arrays’ entries,
especially in interpreter programming languages such as Python. The reason is that every
time Python tries to access an entry of an array, it searches for the location of the entry
in the computer memory (RAM), and this is time-consuming. Algorithms that perform
operations with blocks of (or entire) matrices are faster than those performing element-wise
operations. Such algorithms are called vectorized algorithms or algorithms implemented in
vector format.

Algorithm 3 Matrix addition in vector format

fori=1:ndo
C(i,:) = A(i,:) + B(3,:)
end for

Modifying Algorithm 2 so as to perform the same operations using entire columns, and
instead of adding entries we add columns in Algorithm 3, it turns out that the vectorized
algorithm is much faster. The implementation of Algorithm 3 into a new function addv
could be the following:

def addv(A,B):
(n, m) = np.shape(4)
C = np.empty((n,m))
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for i in range(n):
C[i,:] = A[i,:] + B[i,:]
return C

We can test our function to see that is working as before.

A = np.array( [[1, 2, 3],
[4, 5, 6],
[7, 8, 911 )

B = np.array( [[9, 8, 7],
[6, 5, 4],
(3, 2, 111 )

C = addv(A,B)

print(C)

[[10. 10. 10.]
[10. 10. 10.]
[10. 10. 10.]1]

In the next section we measure and compare the efficacy of the vectorized and naive addition
algorithms.

2.2.7 Performance of algorithms

We compare the performance of the previous methods to add matrices (NumPy addition,
add and addv functions) by measuring the time required separately by each method. To
measure the elapsed time we use the module time and the function time (). The first time we
call the function time () initiates a “stopwatch” and we store the initial time in a variable,
let’s say tstart. The second call of the function time() stops the “stopwatch”. We store
the final time in a different variable, let’s say tend. The elapsed time in seconds is then
tend-tstart.

Because 3 x 3 matrices are small enough to show any possible differences between vec-
torized and naive algorithms, we measure the times for adding large 100 x 100 matrices
generated randomly using the NymPy function rand of the submodule random. The com-
mand rand (n,m) of the module numpy . random generates an n X m random matrix with real
values in the interval [0, 1].

import time

A = np.random.rand(100,100)

B = np.random.rand(100,100)

t0 = time.time()

C = A+B

tl = time.time()

print ('Python', tO-tl, 'seconds')
t0 = time.time()

C = add(A,B)

tl = time.time()

print('add', tO0-t1, 'seconds')
t0 = time.time()

C = addv(A,B)
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tl = time.time()
print('addv', tO-tl, 'seconds')

Python 0.0021219253540039062 seconds
add 0.3293418884277344 seconds
addv 0.0029468536376953125 seconds

What we see is that the fastest method is the default NumPy array addition. The function
addv which implements the addition in vector format is faster than the naive addition
add. An alternative to the function time is the function time_ns that returns the time in
nanoseconds. This can be useful for small problems or when accuracy of the elapsed time
is very important.

Matrix addition can be implemented using vector format in rows instead of columns.
The algorithm and its implementation are very similar to Algorithm 3 and the function
addv, and we leave it as an exercise for the reader.

r

I TFor efficient implementation of matrix operations in Python it is better to use
vector format of algorithms using entire columns, rows or blocks instead of individual
entries of matrices. If there is a Python implementation of the same algorithm, then
this is usually the fastest implementation as it is precompiled, optimized, and maybe
written in other programming languages.

2.2.8 Matrix multiplication

Multiplication is perhaps the most difficult and expensive operation between matrices. Re-
call that we can multiply matrices A and B if the number of columns in A is the same with
the number of rows in B. For example, if A is n X m, then B must be m X p matrix. The
matrix product of A and B, denoted by AB, is an n X p matrix C whose entries c;; are

m
Cij = E @ikbr; = aibij + aigboj + -+ + Aimbmy -
k=1

In order to compute the entry c;; of the product matrix we use the i-th row of A and
the j-th column of B. These must have the same length. We multiply the entries a;; with
the corresponding entries by; for k = 1,2,...,m, and then we add all these products to
form the entry c;;. In other words, we compute the inner product of the i-th row of A
with the j-th column of B. See also the example on Section 2.1. We call this algorithm
of matrix multiplication the naive multiplication since this is perhaps the least efficient
implementation one can use. Practically, we need to implement a sum over the products
airbrj. We have already discussed the algorithm for the computation of a sum in Algorithm
1. The algorithm for the naive matrix multiplication can be described in Algorithm 4. In
this algorithm the entry C(4, j) of matrix C plays the role of the variable sum in Algorithm
1. The loop over the variable k is the loop for the computation of the sum. The outer nested
loops over the variables ¢ and j are for the computation of all entries c;;.

We implement Algorithm 4 in a new function called mult and we test it using the

matrices
1 2 5 6 7
A= <3 4> and B = <8 9 10) .
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Algorithm 4 Naive matrix multiplication - ¢jk implementation

fori=1:ndo
for j=1:pdo
C(i,j) =0
for k=1:m do
end for
end for
end for

In this function, we set the matrix C initially equal to zero to reserve memory for the result.

def mult(A,B):

(n, m) = np.shape(A)

(m, p) = np.shape(B)

C = np.zeros((n, p))

for i in range(n):

for j in range(p):
for k in range(m):
Cli,jl = C[i,j]1 + Ali,k]1*Blk,]]

return C

A = np.array( [[1, 2],
[3, 411 )

B = np.array( [[5, 6, 7],
(8, 9, 1011 )

C = mult(A,B)
print (C)

[[21. 24. 27.]
[47. 54. 61.]]

Algorithm 4 is the ijk implementation of matrix multiplication in the sense that the
nested loops are formed in the natural order (first for ¢, then for j and then for k). This
order is not important, though, and we can take the loops in any order we prefer. For
example, we can take the loop first for ¢, then for & and then for j. This observation leads
to a better implementation of matrix multiplication in Algorithm 5. Observe that the entry

Algorithm 5 Naive matrix multiplication - 7kj implementation

fori=1:ndo
for k=1:m do
tmp = A(i, k)
for j=1:pdo
C(i,j) = Clisj) + tmp - B(k, j)
end for
end for
end for

A(i, k) is always the same in the inner loop, which is a loop for j. Thus instead of letting
Python search in memory to find the entry A(i, k) for each j we bring this value in the cache
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memory of the computer (which is closer to the processor and thus faster) by assigning it
to a variable tmp as it is demonstrated in Algorithm 5.

The ¢kj implementation of the naive matrix multiplication is very similar to the ijk
implementation and is presented here:

def mult(A,B):
(n, m) = np.shape(A)
(m, p) = np.shape(B)
C = np.zeros((n, p))
for i in range(n):
for k in range(m):
tmp = A[i,k]
for j in range(p):
C[i,j] = C[i,j] + tmp+*B[k,j]
return C

Although the ikj implementation is somewhat faster than the ijk implementation of
the naive matrix multiplication, referring to the comments of the previous section, the
algorithm still uses individual entries of the matrices. In order to improve the naive matrix
multiplication we need to observe the deeper structure of this algorithm and think in terms
of rows and columns instead of entries.

To do so, we come back to the first comment about matrix multiplication. In order to
compute the entry c;; of C we multiply all the entries of the i-th row of the matrix A with
the corresponding entries of the j-th column of the matrix B. This means that to perform
a matrix-matrix multiplication we multiply row with column vectors.

Consider matrix A written as a column vector with entries row vectors, and matrix B as
a row vector with entries column vectors. Denoting the rows of A by al for i =1,2,...,n
and columns of B by b; for j =1,2,...,p, i.e.

b1j
T baj
a; = (ail Q2 - aim) and b; = . )
bunj
then
af
a3
A= - and B = (bl ‘ b2 | s | bn) .

ay

In this format, the ¢;; entry of the product C' can be written as ¢;; = al. b;; that is,

blj

ba
cij=(an ai - am)-|

b

This is the usual inner product of vectors. This product practically replaces the sum over
the variable k. To use the vector format, we go back to Algorithm 4 and replace the loop
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over the variable k with the product of the i-th row of A with the j-th column of B devising
Algorithm 6.

Algorithm 6 Matrix multiplication in vector form

fori=1:ndo
for j=1:pdo
C(Z’j) = A(Z’) ’ B(7])
end for
end for

The inner product of two vectors is implemented in NumPy with the function inner
and so the Python implementation of the Algorithm 6 can be the following

def multv(A,B):

(n, m) = np.shape(4h)

(m, p) = np.shape(B)

C = np.zeros((n, p))

for i in range(n):

for j in range(p):
C[i,j] = np.inner(A[i,:],B[:,j1)

return C

=
]

np.array( [[1, 2],
[3, 411 )
B = np.array( [[5, 6, 71,
(8, 9, 1011 )
C = multv(A,B)
print (C)

[[21. 24. 27.]
[47. 54. 61.]1]

Now that we have discussed basic algorithms for matrix multiplication, we will examine
the NumPy implementation of matrix multiplication. The operator * with NumPy arrays
does not perform an actual matrix multiplication. It performs an element by element multi-
plication between two arrays. On the other hand, the operator @ performs the usual matrix
multiplication. For example,

A = np.array( [[1, 2],

(3, 411 )
B = np.array( [[5, 6],
(7, 811 )
C=AxB
print('C='); print(C)
D=AGQ@B

print('D='); print(D)

C=
[[ 5 12]
[21 32]]
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D=
[[19 22]
[43 5011

Matrix multiplication with NumPy arrays can be also performed using the NumPy
function dot. We can multiply two matrices A and B by typing np.dot(A,B). In our
previous example we can have:

A = np.array( [[1, 2],
[3, 411 )
np.array( [[5, 6, 7],
(8, 9, 1011 )

B

C = np.dot(A,B)
print (C)

[[21 24 27]
[47 54 61]]

The operator * can be used for matrix multiplication only with NumPy matrices. NumPy
matrix is a data structure that inherits all the properties and methods from NumPy array
and perhaps are more convenient, but there is always a possibility of problematic function
calls. For this reason, we use mainly NumPy arrays instead.

A = np.matrix( [[1, 2],
(3, 411 )
B = np.matrix( [[5, 6, 7],
(8, 9, 1011 )
C = AxB
print (C)
[[21 24 27]
[47 54 61]]

For the sake of completeness, we briefly state here some of the properties of matrix
multiplication. Let A be an n X m matrix, B an m x k matrix, C a k X p matrix, D be an
m X k matrix and A real number, then the following properties hold true:

o A(BC)=(AB)C
o A(BB+D)=AB+ AD

o M(AB) = (\A)B = A(\B)
e A I=AI=A

When the matrix products AB and BA are both defined, their results might be dif-
ferent. Sometimes they do not even have the same shape (see for example the previous
multiplication where the product B A is not defined at all).
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Multiplying triangular matrices

Assume that A and B are two n X n upper triangular matrices. In such a case, a; = 0
when ¢ > k and by; = 0 when k > j. Recall that the multiplication AB is a matrix C with

m
Cij = Zaikbkj - (2.1)
k=1

Thus, multiplying the two upper triangular matrices, the sum in formula (2.1) is not zero
only when ¢ < k and k < j at the same time. These two conditions are simultaneously
satisfied only when ¢ < j, and thus for ¢ > j we get ¢;; = 0, and the resulting matrix is
upper triangular. Similar, the product of two lower triangular matrices is a lower triangular
matrix. As we will see later, this property is very useful in matrix decomposition techniques.

B5"  The product of two upper triangular matrices is an upper triangular matrix,
and the product of two lower triangular matrices is a lower triangular matrix.

Powers

We saw that the result of the operator * used with NumPy arrays returns the element-by-
element product of A and B and not their actual matrix product unless the matrices are
defined as NumPy matrices. Because such operators are very useful, the module NumPy
provides with a similar function for raising the entries of matrices to a specified power.
This is the function power which is formulated as power (A,p) to compute the matrix with

ies P
entries a ;.

A = np.array( [[1, 2],
[3, 411 )
B = np.power(4,2)
print (B)
([ 1 4]
[ 9 16]]

To compute the actual power of a matrix A? = A- A--- A NumPy is equipped with
the additional function matrix_power in the submodule 1inalg. We will make use of the
submodule linalg extensively in this book and we will use the standard alias npl instead
of numpy.linalg. So, in order to compute the power A? of the previous matrix we can type

import numpy.linalg as npl

A = np.array( [[1, 2],

[3, 411 )
B = npl.matrix_power(A,2)
print (B)
[[ 7 10]
[15 22]]

which is the same with the product A - A.
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A = np.array( [[1, 2],

(3, 411 )
B = np.dot(A,A)
print (B)

[[ 7 10]
[15 22]]

2.2.9 Inverse of a matrix

An n x n matrix A is said to be nonsingular (or invertible) if there exists an n X n matrix
denoted by A~! such that A- A=! = A=!. A = I. The matrix A~! is called the inverse
of A. A matrix that has no inverse is called singular (or noninvertible).

For any nonsingular n x n matrix A we have the following properties for the matrix

itself and its inverse:
e A~!is unique
e A~!is nonsingular and (A71)"!=A
e If B is also a nonsingular n x n matrix, then (AB)™! = B~1A~!
o If A=! exists, then (A™1)T = (AT)~!

Finding the inverse of a matrix A could give the solution to the linear system Ax = b,
since after multiplying with the matrix A~' on both sides of the linear system, we obtain

A 'Az=A"1p
Iz=A""b

and thus the solution = A~!b. Unfortunately, the computation of the inverse matrix is a
difficult and slow procedure. As we shall see later in this book, we can solve this problem
using efficient numerical algorithms. For the moment, we limit the discussion on Python’s
capabilities.

Computation of the inverse of a matrix A can be performed using the function
numpy.linalg.inv that takes as input a NumPy array and returns its inverse. For ex-

ample,

A = np.array( [[1, 2],

[3, 411 )
Ainv = npl.inv(A)
print (Ainv)
[[-2. 1.1
[ 1.5 -0.5]]

Line 3 in the previous code is responsible for the computation of the inverse of A. In order
to verify that the result is correct perform the multiplications A - A~! and A~! - A and
verify that the result is the identity matrix I. Do not forget that bugs in computer codes
are unavoidable!
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Inverse of triangular matrix

As an application we explore the inverse of triangular matrices. Assume that L is an in-
vertible lower triangular matrix. Write

L7 =(y v - ya),
where y; is n x 1 column vector for all i. Then we have that
LL'=1I=(e1 e - e,),
where e; are the n x 1 unit vectors with 1 on their i-th entry and 0 elsewhere. Then,

(et -+ e)=LL'=L(y1 y2 -+ yn)=(Lyn Ly> --- Lyn) ,

which implies that Ly; = e;, for all : = 1,2,...,n. Note that e; has zeros above its i-th
row and because L is lower triangular, then y; has only zeros above the i-th row. Since
L' = (y1 yn) we deduce that L' is lower triangular too. To understand better
why this is the case, try a simple 3 x 3 matrix and assume L~! is not a lower triangular
matrix.

This is also true for upper triangular matrices but we leave the proof for exercise.

2.2.10 Determinant of a matrix

The determinant of a matrix is a useful quantity for matrix computations. For example, it
is known that a matrix A is invertible if — and only if — its determinant is not zero. We
usually denote the determinant of a square matrix A by det(A), but it is common to use
also the notation |A].

If A=[a]is alx 1 matrix, then det(A) = a. The determinant of a 2 x 2 matrix is

a b
det(c d)—ad—bc.

If A is an n xn matrix with n > 2, then the determinant can be computed by choosing a
row or a column of A and computing the cofactors A;; = (—1)"77 M;;, where M;; denotes
the determinant of the (n — 1) x (n — 1) submatrix of A that can be obtained by ignoring
the i-th row and j-th column of the original matrix A. Then the determinant of A can be

computed as
n

det(A) = Zaiinj = Z(_l)i+jaijMij )
j=1

j=1
if we choose to analyze the determinant using the row ¢ or by

n

det(A) = Zaiinj = Z(_l)i+jaijMij )
=1

i=1

if we use the column j.
For example, if

1 4 2 3

0 1 4 4
A= -1 0 1 0f"”

2 0 41
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in order to compute the det(A), it is easier to use the second column because it has two
Zeros:
det(A) = a12A12 + a2 A2 + az2 Azz + as2Ase = 4A12 + 1A .

Eliminating the first row and the second column and subsequently the second row and the
second column we obtain the analysis in cofactors:

0 4 4 1 2 3
det(A)=—-4-det | =1 1 0| +det|{—-1 1 0
2 4 1 2 4 1
-1 0 -1 1 -1 1 1 2
——4{—4det(2 1)+4det<2 4>}+{3det(2 4)+det (_1 1)}
=80—-15=065.

A determinant of a matrix can be computed approximately using the function det of
the module numpy.linalg. For example,

import numpy as np
from numpy.linalg import det
A = np.array( [[ 1, 4, 2, 3],
[0, 1, 4, 4],
[-1, 0, 1, 0],
[ 2, 0, 4, 111 )
print(det(4))

64.99999999999999

where we verify our theoretical computations.

Unfortunately, the computation of a determinant is very slow, and the method discussed
before with the cofactors is perhaps the slowest algorithm for such problems. There are
efficient algorithms for the computation of determinants but we discuss them later in this
book. Next, we proceed with the numerical solution of systems of linear equations.

2.2.11 Linear systems

The most commonly encountered problem in scientific computations is the solution of sys-
tems of linear equations (simultaneous equations). A general system with n unknowns and
n linear equations can be written in the form

a1 1+ a2x2 + -+ 1y Ty, = b1,
a1 T1 + a2 T + - -+ 4 G2n Ty = bo

an1x1+an2x2+"'+ann$n:bn .

In this notation, the coefficients a;;, for ¢,7 = 1,2,...,n, and b; for j = 1,2,...,n are all
given. On the other hand we need to determine the unknowns x1,zo, ..., z,.
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In computer systems we express a linear system using matrices and vectors. This can be
done by writing all the coefficients of the system into an n x n matrix

a1 a2 -+ Qin

a21 Qa22 - A2
A= ,

apl  Ap2 - Qpp

and by expressing the right-hand side of the system as an n-dimensional column vector

by

ba
b:

bn
Then the linear system can be written using matrix-vector product in the form
Ax =0,

where « is the unknown vector with entries the unknowns x1, xs, ..., x,. Usually we store
the coefficients of A and b in appropriate NumPy arrays, let’s say A and b. The easiest way
to solve a linear system of equations defined by the arrays A and b is by using the function
solve(A,b) of the module numpy.linalg. This function accepts as input the arrays A and
b and returns the solution of the system in an array x. For example, consider the following
system of linear equations

23’31 —Xx2 =1
—x1 +3zry —=x3 =1
—x2 +3l‘3 —T4 =1 ’

—X3 +2(L’4 = 1
which can be written in matrix form Ax = b with

2 -1 0 0
-1 3 -1 0
A= 0 -1 3 -1 and b=

o 0 -1 2

—_ = =

It can be easily verified that the specific system has the exact solution = = (1,1,1,1)7.
This is, for example, because each entry of the right hand side b is the sum of the entries
of the corresponding row of matrix A

n
bi: E Aij, i:172,...7n.
j=1

Moreover, the matrix A is tridiagonal and symmetric. It has even more nice properties that
we will explore in later chapters.

One of the first methods we learn in linear algebra courses in order to solve linear
systems is Cramer’s rule. Cramer’s rule is an explicit formula for the solution of a linear
system Ax = b. Let A; be the matrix formed by replacing the i-th column of A by the
right-hand side vector b. Then the components x; of the solution & = (21, 7,...,2,)T are
given by the formulas

det(Ai)
~ det(A)’

T; i1=1,2,...,n.
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It is clear that if det(A) = 0, then we cannot form any solution @, which is expected in the
case singular matrix A.

To solve numerically a system of linear equations Axz = b we use NumPy and its function
solve. For example, to solve the previous linear system we type

from numpy.linalg import solve

A = np.array( [[ 2.0, -1.0, 0.0 , 0.0],
=l.0, 3.0, <il.0, ©.0],
[o0.0, -1.0, 3.0, -1.0],
(0.0, 0.0 ,-1.0, 2.0]11)

b = np.ones((4,1))

x = solve(A,b)

print(x)

[[1.]
[1.]
[1.]
[1.1]

We were careful with the floating point numbers in the definition of our NumPy arrays
to avoid confusion with integer entries that can cause problems with division. This might
not be so important in this example, but in general using integers instead of floating point
numbers could cause serious errors in our codes. So, it is advisable to use always floating
point numbers when we expect the result to be real. Moreover, note that we could have
used b=np.ones (4) resulting to a row vector solution instead of column vector.

To solve a linear system in the following sections, we use the numpy.linalg.solve
function as black box. We explain the most popular numerical methods for solving linear
systems in Chapter 9.

2.2.12 Eigenvalues and eigenvectors

An eigenvalue X of a square matrix A is a number (real or complex) that makes the matrix
A — )\ singular (not invertible). This means that the eigenvalues of a matrix A are the
roots of the equation det(A —AI) = 0. The determinant det(A —\I) is always a polynomial
and it is called the characteristic polynomial.

Let us for example consider the matrix

A ().

The eigenvalues of A are the roots of the equation

Odet(AAI)det<(_02 _13>A((1) ?))m((f’? _13><3 2))

_ -\ 1 _ 2
_clet(_2 _3_)\>_—/\(—3—/\)+2_/\ +3A+2

=A+1H(A+2).
Thus, A has two eigenvalues A\; = —1 and Ay = —

For the eigenvalues of matrix A, the matrix A — AI is singular and the system of
equations (A — AI)x = 0 can have an infinite number of solutions. (Otherwise, the matrix
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A — M\ would have been invertible with unique solution the vector & = 0.) The non-trivial
solutions « # 0 of (A — AI)x = 0 are called eigenvectors (or sometimes right eigenvectors).
Getting back to our examples, for the eigenvalue A\; = —1, the corresponding eigenvectors
will satisfy the system
(A—MIz=0.

To solve this system, we write it in the form

1 1 T
and then write explicitly the simultaneous equations, which in this case are

1 +a2=0,

—21[71 —21‘2 =0.

We observe that the two equations are identical since we can multiply the first equation
with —2 to obtain the second one. For this reason, we have only one equation with two
unknowns, and thus infinite number of solutions. Here, we set 1 = k € R and so x5 = —k.
Thus, the solution is the vector
1
==k (1> ,

for any k € R. The eigenvector e; associated with the eigenvalue A; is a vector for any
particular choice of the parameter k. For example, taking k = 1, the eigenvector can be

0 (1)

The modulus of the eigenvector e; is |le1| = /12 + (—=1)2 = v/2 ~ 1.4142. Taking k =
1/||e1]| we obtain the eigenvector

~ (0.70710678
1=\ —0.4472136

Therefore, the new eigenvector e; has modulus 1, and we say that is normalized. Similarly,
the eigenvector e, associated with the eigenvalue Ay is the vector

€y =
2 2 ’
WhiCh afl er normalization becomes

~[—0.70710678
€2 =\ 0.89442719 ) -

We can compute the eigenvalues and eigenvectors of a matrix A in Python using
the NumPy function numpy.linalg.eig. The general call of this function is eig(A) for
a NumPy array A and returns an array w with columns the eigenvalues of the matrix,
each one repeated according to its multiplicity, and an array v representing the matrix
V = (el ey - en) with columns e; the normalized eigenvectors (with modulus 1). So
the eigenvector i, which corresponds to the eigenvalue w[i] is the column v[:,i].

Back to our example, we can verify easily that our previous computations were all
correct:
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from numpy.linalg import eig

A = np.array([[0, 1],[-2, -3]]) # Define the matriz
# Compute eigenvalues and eigenvectors

(w, v) = eig(A)

print('w='); print(w)

print('v="'); print(v)

W=
[-1. -2.]

v=

[[ 0.70710678 -0.4472136 ]
[-0.70710678 0.89442719]]

Observe that the eigenvalues computed with the previous code are the same with the
theoretically estimated eigenvalues.

When we do not need the eigenvectors of A but only its eigenvalues, then we can
use the function numpy.linalg.eigvals by typing eigvals(A). The function eigvals
returns only an array w with the eigenvalues of A. Specialized functions for the computation
of eigenvalues and eigenvectors of symmetric (Hermitian) matrices are also provided by
the module numpy.linalg such as the numpy.linalg.eigh and numpy.linalg.eigvalsh
functions. Specialized algorithms for special matrices are preferred over generic alternatives
because of their advantages. More detailed description of eigenvalues and eigenvectors is
presented in Chapter 12.

2.3 The SciPy Module

The SciPy module is a library of functions, methods and data structures for scientific
computations that goes side-by-side with NumPy. We will learn how to use SciPy in op-
timization, integration, interpolation and other fields. In this chapter, we discuss some of
the capabilities of SciPy for linear algebra problems. The SciPy module for linear algebra
is the scipy.linalg. It has the same name with NumPy and practically contains all the
functions of NumPy and some extensions. It is based on Atlas, Lapack and Blas libraries,
which are all written in Fortran and C programming languages.

Since scipy.linalg is a superset of numpy.linalg we can use all the previous methods
we learned using SciPy. In addition, we will learn how SciPy can handle banded matrices
and other special matrices.

2.3.1 Systems with banded matrices

A banded system of equations is a linear system where its coefficients form a banded matrix.
For example, the system Ax = b (that we have already seen before) with matrices

2 -1 0 0 1
-1 3 -1 0 1
A=1o -1 3 -1 md b=1q
0 0 -1 2 1

is a banded system. In practical applications, the resulting linear systems are much bigger,
with thousands or millions of entries. This suggest issues with storage capacity. Because
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these systems contain many zeros, we prefer to store only their non-zero entries. Banded
matrices can even be considered as sparse matrices if let’s say more than half of their entries
are zero. There are many ways to store a sparse matrix efficiently but here we discuss only
the case of a band storage.
Consider a 5 x 5 general banded matrix with four diagonals (with entries not necessarily
non-zero):
a1 Qai2 0 0 0
as1 agzx azz O 0
A= a3 a3 asz azy O
0 as2 a43 aaa ags
0 0 as3 asa ass

This matrix has the following non-zero diagonals: the main diagonal, one diagonal above
the main diagonal, and two diagonals below the main diagonal. We want to store only these
diagonals (even if they contain some zeros). This can be done by storing the diagonals in
the rows of a new matrix A;. Since here we have four diagonals, the matrix A, must be
4 x 5 (4 rows for the 4 diagonals). The number of columns will be the same as A.

* Q12 A23 A34 A45

A, = a11 a2 G33 (44 0As5
a21 az2 @43 0as4 *
a31 Qa42 @53 * *

The entries marked with x in the upper left and lower right corners of A; need not be set,
or can be zero.

Let I denotes the number of non-zero diagonals below the main diagonal (lower band-
width) and u the number of non-zero diagonals above the main diagonal (upper bandwidth).
The total number of non-zero diagonals in A will be p =1 + u + 1, since we need to take
into account the main diagonal as well. In our example we have [ =2 and u =1,s0 p =14
as the number of rows in A,. Moreover, we have that

i=1...,n,

Ap(u+1+i—7,5) = AG,j)  for max(1l,j —u) <i <min(n,j +1) .

Note that the indices here are natural indices and not Pythonic indices. To implement such
an algorithm we need to modify the indices appropriately. Since we have two indices to vary
(i and j) we first start with j in range(n), which assigns to j the numbers from 0 to n-1
(1 less than the natural values).

Furthermore, we need to transform the ¢ index into Python index. The natural values
will be from max(1,j — u) to min(n,j + [). Since j is a Python index, to make it natural
we need to add 1 and compute these two values in natural coordinates. So we compute
the maximum max(1,j — u) as M = max(1,j+1-u) where we take j+1 instead of j. We
compute the minimum min(n,j + 1) as m = min(n, j+1+1), again taking j+1 instead of
j. In this way, we compute the maximum and minimum in natural coordinates. Then we
need to iterate over i. This can be done with the command for i in range(M-1,m): in
analogy of i = max(1,j —u),...,min(n,j + [). The reason why we take M-1 is because we
computed M in natural coordinates, so we need to transform it into Python index. We keep
m unchanged since the range function returns values up to m-1, and so there is no need to
change it. The Python code can be the following;:

import numpy as np
A = np.array( [[ 11, 12, 0, 0, 0],
[ 21, 22, 23, 0, 0],
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[ 31, 32, 33, 34, 0],

[ o, 42, 43, 44, 45],

[ o, O, 53, 54, 5511 )
(n,n) = A.shape # Get the dimensions of A
Ab = np.zeros((4,5)) # Reserve the appropriate space
# Define the lower and upper bandwidth

1=2

u=1

for j in range(n): # Convert the matriz into banded format
M = max(1, j+i-u)
m = min(n, j+1+1)

for i in range(M-1,m):
Ablu+i-j,j] = A[i,j]

print (Ab)

[[ 0. 12. 23. 34. 45.]
[11. 22. 33. 44. 55.]
[21. 32. 43. 54. 0.]
[31. 42. 53. 0. 0.]]

In order to make the correct assignment Ay(u+1+4¢—j5,5) = A(4,75), we need to keep
in mind that the Python indices i and j differ from the natural indices ¢ and j by 1. So, in
order to use the row index u+ 1+ 17— j in Python instead of using i we use i+1 and instead
of j we use j+1. This results in the natural (not Pythonic) index u+1+i+1-j-1. Then we
subtract 1 to convert the result into a Python index. So, we need to take u+1+i+1-j-1-1,
which is equal to u+i-j as a Python index for the computation of the index v+ 1+ i — j.
While this is not the most efficient way to implement such transformation, it serves well
the purpose of understanding the transformation between natural and Python indices. In
our previous example we have (1,u)=(2,1).

Consider now the linear system Ax = b with the banded matrix A and right hand side

b = (23,66, 130,174,162)7 ,

which has the exact solution
x=(1,1,1,1,1)T .

To verify the validity of this statement observe that the entries of the right hand side b are
the sums of the entries of the corresponding rows of A. This can happen when you multiply
A with the vector . We can solve such a system efliciently using the SciPy function solve_-
banded from the module scipy.linalg. This function can be used in the form solve_-
banded ((1,u) ,Ab,b) where (1,u) are the lower and upper bandwidths, respectively, Ab
the matrix A stored in banded format, and b the right-hand side.

import numpy as np
from scipy.linalg import solve_banded
Ab = np.array( [[ 0, 12, 23, 34, 45],
[11, 22, 33, 44, 55],
[21, 32, 43, 54, 0],
[31, 42, 53, 0, 011)
b = np.array( [[23], [66], [130], [174], [162]1] )
1l =2
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u-=1
x = solve_banded((1,u), Ab, b)
print(x)

[[1.]
[1.]
[1.]
[1.]
[1.11

A dense matrix (a matrix with mainly nonzero entries) can be considered as a band
matrix with [+« 4+ 1 = n. This means that the methods described in this section can be
applied to dense matrices as well although it is not recommended.

2.3.2 Systems with positive definite, banded matrices

Positive definite matrices form another special category of matrices. An n X n matrix A is
positive definite if
T Ax >0,

for all n-dimension vectors x # 0. For example, consider the following matrix
A=|-1 2 -1],

that may usually be seen in applications with differential equations. Obviously, the partic-
ular matrix A is symmetric. In order to prove that A is positive definite, take = € R3 any
three-dimensional vector. Then,

2 -1 0 T
wTAsc:(xl To fE3) -1 2 -1 To
o -1 2 T3

2171 — X2
= (1’1 ) CE3) —X1 + 2.’E2 — I3
—x9 + 213

= Zm% — 2x129 + 21‘% — 2xox3 + 21‘% .
Rearranging the terms in the last equality we have
xl Ax =2 + (21 —22)? + (w0 —23)? +22>0.

More precisely, €7 Ax > 0, unless 2; = x5 = x3 = 0. Therefore, the specific matrix A is
positive definite.

Remark 2.1. An n x n matric A with xT Az > 0 for all € € R™ is called positive
semidefinite.

Positive definite matrices have some favorable properties. In general, if A is a symmetric
n X n positive definite matrix, then:

e A is invertible,
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e a; >0, foreachi=1,2,...,n,2

| < .
o Dnax lag| < max faii,

e (a;;)?<aj;a;j, for each i # j.

There are some theoretical tests to verify if an n xn symmetric matrix is positive definite
based on the following simple properties:

(i) a symmetric matrix A is positive definite if and only if all of its eigenvalues are positive,
(ii) a symmetric matrix A is positive definite if its leading principal minors are all positive.

Recall that eigenvalues \ are the roots of the characteristic polynomial det(A — A\I) = 0,
while the k-th leading principal minor of a matrix is the determinant of its upper-left k x k
block.

Consider again the matrix of the previous example

A=|-1 2 -1

The leading principal minors are
det (A1) =det(2)=2>0,

2 -1

det (Az) = det <_1 9

>—41—3>o,

and

2 -1 0
det (As) =det | =1 2 —1| =2det ( 2 _1> — (=1)det <_1 _1>
0 -1 2 -t2

=24-1)+(-24+0)=4>0,

and thus the matrix A is positive definite.

Although applications usually involve symmetric, positive definite matrices, the notion
of positive definiteness can be extended to non-symmetric matrices, but the situation is more
complicated. A non-symmetric, positive definite matrix can have complex eigenvalues. For

example, the matrix
1 1
a=(4 1)

has eigenvalues 1+i. On the other hand, the eigenvalues of a non-symmetric, positive definite
matrix have always positive real part. This ensures the invertibility of the non-symmetric
matrix but the properties we mentioned previously are not valid anymore.

Testing whether a large matrix is positive definite or not can be very difficult. Luckily,
there are special numerical methods to solve linear systems efficiently that rely heavily on the
fact that the coefficient matrix is positive definite and symmetric. Failure of these methods
to solve a system imply that the matrix is not positive definite. Such methods can serve
as efficient testing tools for positive definite matrices. Perhaps the most commonly used

2To see that aj; > 0 for positive definite matrices it suffices to take @ the unit vector with x; =1 for
j=1tand xz; =0 for j # 1.
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method for solving systems with positive definite and symmetric matrices is the Cholesky
method. We will analyze this method later. For the moment we consider a more general
method from SciPy.

The module scipy.linalg is equipped with the function solveh_banded to solve sys-
tems with symmetric and positive definite matrices. The particular method is very efficient
for banded systems but we can use it even for dense (full) systems by taking the bandwidth
l4+u+1 = n. The matrices we deal with here are symmetric with | = u, so we set p =1 = .

Since this function is designed for positive definite matrices that are symmetric, we
need only to store the upper or the lower triangular part of the matrix. By avoiding stor-
ing unnecessary data we can save space in computer memory. We will call this particular
symmetric storage scheme symmetric band storage scheme. We demonstrate the symmetric
band storage for the following symmetric matrix

ai1  aiz2 a13
Q21 Q22 aA23 A24
A= a3 a3 azz asz ass | ,
A42 Q43 Q44 Q45
as3 Q54 As5

with a;; = aj;. In this case, we store the lower triangular part of A. In particular, we store
the main diagonal and the nonzero diagonals bellow the main diagonal in the rows of a
matrix Ay such as

ail G2 a3z Q44 055

Ay = a2 aszx a3 as *

asy Q42 a3 * *
Then
j=1...,n,

Ab(1+7’_.]a]):A(27])a for nggmln(n,]‘i‘p)

In this notation * symbolizes empty or zero entry. This band storage generalizes the band
storage format we introduced in Section 2.3.1.

Similarly, if we decide to store the upper triangular part of A, we store the main diagonal
and all the nonzero diagonals above the main diagonal in the rows of a matrix A, such that

* * @13 Qd24 G35
Ay=| * a2 a3 ass ass | ,
ail a22 asz a44 ass

and in this case

i=1,....n
Aplp+1+i—j,j)=A(@,j), for T oot
ppt1ti—jg) = A6, for LG <i<.

In order to implement this matrix transformation, we work in a similar way to the
previous section. We consider only the case where we store the lower triangular part, and
leave the other case as an exercise. We take the matrix

2 -1 0 0 0
-1 2 -1 0 0
0
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This matrix consists of three diagonals in total. The lower part has one nonzero diagonal
(p = 1) and taking into account the main diagonal, the matrix A; will be a 2 x 5 matrix.
The implementation of this case can be in analogy to the band storage scheme as follows:

A = np.array( [[ 2, -1, 0, 0, 0],
[ -1, 2, -1, o0, 0],
[ o, -1, 2, -1, o1,
[ o, o0, -1, 2, -11,
[ o, 0, 0, -1, 2]11)
(n,n) = A.shape
Ab = np.zeros((2,5))
p=1
for j in range(n):
m = min(n, j+1+p)
for i in range(j,m):
Ab[i-j,jl = Ali,]]
print (Ab)

[([2. 2. 2. 2. 2.]
-1. - 0.]

1. -1. -1. ]

Again, here we perform transformations from natural to Python indices as described in
Section 2.3.1. The minimum min(n, j+1+p) is the same as before, but here we changed
the [ into p, and the index 1 + ¢ — j is transformed to Python index by first transforming
the Python indices i, j into natural indices by taking i+1 and j+1 and then subtracting 1
from the result to transform the whole index into Python, like 1+(i+1)-(j+1)-1=i-j.

We consider now the linear system Ax = b with right-hand side b = (1,0,0,0,1)7 that
has exact solution = (1,1,1,1,1)7. If we use the upper triangular part of A, in order to
solve this system using the module scipy.linalg we need to call the function solveh -
banded (Ab, b). We have the option to use the lower triangular part (instead of the upper).
In that case we can use the same function but with the option lower=True, and so the call
of the function will be solveh_banded(Ab, b, lower=True).

from scipy.linalg import solveh_banded
Ab = np.array( [[ 2, 2, 2, 2, 2],

[ -1, -1, -1, -1, 011)
b = np.array( [[1], [0], [0], [0], [11]1 )
x = solveh_banded(Ab, b, lower=True)
print(x)

(1.
(1.
[1.
[1.]
[1.1]

The function solveh banded works also for complex matrices (whose entries are com-
plex numbers). For complex matrices, the symmetric matrix is not exactly what we usually
need in applications. Instead of just symmetry we need the matrix to be equal to its con-
jugate transposed matrix, denoted by A” = AT. Such a matrix is called Hermitian. So, a
Hermitian matrix A is such that A = A or element-wise a;; = a;; for all 4, j, where the
bar denotes the complex conjugate of complex numbers.

[ Ty '
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2.3.3 Systems with other special matrices

The module scipy.linalg provides also functions to solve linear systems with other special
matrices. Here we mention some of these special cases.

Triangular systems

We frequently transform linear systems of equations into systems that have a lower or upper
triangular form. For example, when we perform Gaussian elimination we obtain a linear
system with upper triangular coefficient matrix. With SciPy we can solve such triangular
systems efficiently using the function solve_triangular of scipy.linalg. The general
syntax of this function is the following:

solve_triangular (a,b,trans,lower, unit_diagonal,ovewrite_b,check_f inite)

where
a: Is a triangular matrix
b:  Is the right hand side of the system Ax = b

trans: Can be one of the values 0,1,2, with 0 for the solution of the system Ax = b, 1 for
the system ATz = b and 2 for the system A"z = b. (Optional with default value
trans=0)

lower: Is a boolean variable which indicates the use of the upper triangular part of matrix
A. If lower is True then the function uses the lower triangular part of matrix A.
(Optional with default value lower=False)

unit_diagonal: Is a boolean variable. If it is True then the diagonal elements of A are
taken to be 1. (Optional with default value unit_diagonal=False)

overwrite_b: Is a boolean variable. If it is True then the function allows to overwrite data
in b. (Optional with default value overwrite b=False)

check _finite: Is a boolean variable that allows to check if the input matrices contain only
finite numbers. (Optional with default values check_finite=True)

Toeplitz systems

A Toeplitz matrix is a matrix in which each diagonal has the same value. For example,

b

Il
SR % Q
Q- o
- Q T 0

o>
Q 0O Q0

g f

If we know the first row and first column of a Toeplitz matrix, then we can reconstruct the
full matrix. A Toeplitz system is a system with a Toeplitz matrix. The module scipy.linalg
contains the function solve_toeplitz that allows us to solve such systems, and we only
need to provide the first column and/or the first row of the matrix. If we provide only the
first column, then the first row is assumed to be the complex conjugate of the first column
(r = ¢, with c the first column and 7 the first row). The general call of the function
solve_toeplitz is the following
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solve_toeplitz(c_or_cr, b, check_finite)

where

c_or_cr: Can be the first column c or the tuple (c,r) that contains the first column and
the first row

b: Is the right-hand side as usual

check finite: Is a boolean that allows to check if the input matrices contain only numbers
and not NaN or Infinity. (Optional with default values True)

Next we look at the special case of circulant systems.

Circulant systems

A circulant system is a system with a circulant matrix. A circulant matrix is a special
Toeplitz matrix where each row is a rotation of the previous row by one position to the
right. An example of circulant matrix is the following

a b c d e
e a b ¢ d
A=|d e a b ¢
c d e a b
b ¢ d e a

For circulant matrices we only need the first column (or row) since the rest of the columns
(or rows) are just simple periodic shifts of the first column (or row). In Python we can
generate a circulant matrix easily using the first column of the matrix and the function
scipy.linalg.circulant. For example, to construct the matrix

A:

W = N
=N W

4
3|
2

we can simply type the following commands

from scipy.linalg import circulant
c = np.array([2, 4, 3])

A = circulant(c)

print (A)

[[2 3 4]
[4 2 3]
[3 4 211

We can solve circulant systems without generating the whole matrix but just using its
first column with the help of the scipy.linalg function

solve_circulant(c, b, singular, tol, caxis, baxis, outaxis)

where

c: Is the first column c of the circulant matrix
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b:  Is the right hand side as usual

singular: Is a string variable that controls how a near singular circulant matrix should
be handled. If singular is "raise" and the circulant matrix is near singular, then
an error message will be returned. If singular is "lstsq", then the least squares
solution is returned. We will discuss the least squares later in this book. (Optional
with default value singular="raise")

tol: Is a real number, and serves as a tolerance related to the singularity of the matrix.
If the circulant matrix has an eigenvalue less than this tolerance, then the matrix is
consider to be near singular. (Optional with default value tol=None)

caxis: When c has dimension greater than 1, it is viewed as a collection of circulant vectors.
In this case, caxis is the axis of ¢ that holds the vectors of circulant coefficients.
(Optional with default value caxis=-1)

baxis: When b has dimension greater than 1, it is viewed as a collection of vectors. In this
case, baxis is the axis of b that holds the right-hand side vectors. (Optional with
default value baxis=0)

outaxis: When c or b are multidimensional, the returned value is also multidimensional.
In this case, outaxis is the axis of the result that holds the solution vectors. (Optional
with default value outaxis=0)

The function solve_circulant returns only the solution of the circulant system in an
array x. For example, if we want to solve the system with the matrix A generated using
c=(2,4,3)" and right-hand side b = (10,10, 10)7 we write

from scipy.linalg import solve_circulant
¢ = np.array([2, 4, 3])

b = np.array([10, 10, 10])

x = solve_circulant(c, b)

print(x)

[1, 1, 1]

2.4 Drawing Graphs with MatPlotLib

It is not by chance that we use the phrase one picture is worth a thousand words; and it
is very often where thousands of lines of code, theories, and many hours of hard work can
all be hidden behind a graph. The most common tool for sketching graphs (plotting) with
Python is the MatPlotLib package. In this section, we cover a few of the basic approaches
to plotting figures. If you are interested in learning more about MatPlotLib or to see how
you might create a particular plot check out the documentation of MatPlotLib for more
information.

2.4.1 Plotting one-dimensional arrays

When we want to sketch a graph we define an z-axis and a y-axis. In Python we can sketch
graphs in the same way but with the difference that the data cannot be continuous. Also the
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graph will consist of pixels. The main idea is to use a set x values and the corresponding set
of y values. Python draws the points (x,y) on the screen in appropriate coordinate system.
Then it joins them with straight lines and create a “continuous line”. If we provide many
points (z;,y;) and the distances between them are small, then the impression given is that
of a smooth continuous graph.

We first explore the simplest case where we need to represent graphically a set of points
(x4,y;), fori =1,2,... N. These points can be experimental data of some kind. To plot such
points on the screen we need to import the module matplotlib.pyplot, which provides
with the functions plot and show among other commands. The last function is used at
the end of our code when we are ready to plot the graph on the screen. The function plot
takes as input the arrays x and y to plot the points (x;,y;) and other arguments, such as
the color of the graph, the size etc. We usually import the module pyplot with the alias
textttplt. Here, we will explore only some simple plotting options, while the entire spectrum
of choices can be found online.

Let’s say that we want to plot the points (=1, —1), (0,0) and (1,1). We define our arrays
X, v, and plot the results using the following commands:

import matplotlib.pyplot as plt

x = np.array([-1, 0, 1])
x.copy ()
plt.plot(x,y,'o')
plt.show()

<
I

1.00 1 °
0.75 A
0.50 -
0.25 A
0.00 - (]
—0.254
—0.50 1

—0.75 4

-1.004 ®
-1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.00

In this code we use the command plot(x,y,’0’). The symbol o is used to depict the points
with filled circles. If we use the command plot(x,y), then the points will be connected with
straight line segments and the result will be a piecewise continuous line. It is also noted
that in order for Python to display the graph on the screen we need to type the command
show(). There are exceptions, though, in some environments where the show() command
is not required.

Instead of using circles, we can use triangles and we can also use a different color instead
of the default one. For example, if we want to use red triangles, then we can use the command
plot(x,y,’rv’), where the letter r specifies the red color and the letter v the triangular
shape. The most commonly used markers and colors are presented in Tables 2.1 and 2.2.

Assume now that we want to sketch the graph of a function f(z). Python, like any other
programming language, can plot only a finite set of points that can be joined with straight
lines to give an impression of a curved line. For the same reason computers can only handle
bounded intervals. We consider the interval [a, b]. We also consider a finite number of nodes
o <x1 < -+ <xpy in [a,b]. After computing the values of the function f(z) at the points
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TABLE 2.1
Commonly used markers
Symbol Marker Symbol Marker
point s square
o circle P pentagon
v triangle_down * star
- triangle_up X X
< triangle_left D diamond
> triangle_right d thin_diamond
TABLE 2.2

Commonly used colors

Symbol Color Symbol Color

b blue m magenta
g green v yellow
T red k black
c cyan W white
x;, 1.e. we compute the values y; = f(z;), we can plot the points (z;, f(x;)), fori =0,..., N

on the screen using MatPlotLib as we did in the previous example.

In order to generate the points z; we create a uniform grid for the interval [a, b], using,
for example, the methodology presented in Section 1.4.2. In particular, we create N equidis-
tributed points z; in [a, b] such that z;41 = 2; + h with h = (b — a)/N. If the values a, b
and N are given then we can use the NumPy function linspace(a,b,N). This generates
a one-dimensional array of N nodes x; such that ;11 = x; + h with h = (b—a)/(N — 1).
For example, the command linspace(0.0, 1.0, 5) will create the one-dimension NumPy
array with 5 entries (0,0.25,0.5,0.75,1) and h = 0.25. Note that the grid will contain the
end-points a, b. If we need to exclude the end-points from our grid, we can use the optional
argument endpoint=False in the linspace function. If the values a, b and h are given,
then we can use the NumPy function arange (a,b+h,h) to generate similarly a uniform grid
in the interval [a,b] with stepsize h. Observe that in the function arange we use the right
endpoint increased by h. This is because the function arange is not inclusive and will not
include the value b in the grid unless we extend the endpoint by h.

a=20.0

b=1.0

N = 5 #Number of points

h = (b-a)/(@W-1)

x = np.linspace( a, b, N )
print(x)

x = np.arange( a, b + h, h )
print (x)

[0. 0.256 0.5 0.75 1. 1]
(0. 0.25 0.5 0.75 1. ]
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After we generate the points x;, we need to compute the corresponding points f(x;) and
plot the points on the screen. The computation of the points f(z;) can be done instanta-
neously by typing f(x) with x being the array containing the mesh-points z;. To plot the
points on the screen we need to import the module matplotlib.pyplot which provides
with the functions plot and show.

In the following example, we plot the function f(x) = sin(x) in the interval [0, 27] using
20 points.

x = np.linspace( 0, 2*np.pi, 20 )
y = np.sin(x)

plt.plot(x, y)

plt.xlabel('$x$")
plt.ylabel('$y$')
plt.title('$y=sin(x)$")
plt.x1im([0, 2+*np.pil)
plt.ylim([-1.1, 1.1])

plt.show()

y =sin(x)

1.00 A

0.75 4

0.50 1

0.251
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—0.50 -
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—1.00 -
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X

In this example we don’t specify the symbol of the points and Python connects all the points
with straight line segments forming on the screen the graph of a piecewise linear function.
We also specify the titles of the z and y axes using the functions x1abel and ylabel, the title
of the graph with the function title and the limits of the plotted axes using the function
x1im and ylim. Observe that in the title and for the axes labels we use the symbol $. By
doing this Python interprets the text with I#TEX and can handle mathematical formulas
better. We also use the option rotation=0 for the label of the y-axis in order to align the
label vertically and not horizontally.

We can use different styles for lines such as broken or dotted line. A list with most
commonly used line styles is presented in Table 2.3.

TABLE 2.3
Commonly used line styles

Symbol Line style
- solid
- dashed
-. dash-dot
: dotted
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We can also combine points with lines. For example, we can plot the points with cir-
cles connected with lines using the command plot(x,y,’o-’). In principle, we can use
combinations of color, symbol and line from Tables 2.1-2.3. In the following example, we
demonstrate the use of some different combinations of line styles to plot various plots in the
same graph.

x = np.linspace( 0, 2*np.pi, 20 )
y1 = np.sin(x)

y2 = np.cos(x)

y3 = np.sin(x/2.0)
plt.plot(x,yl,'o-"',x,y2,'rd:"',x,y3, 'k-.")
plt.xlabel('x"')

plt.ylabel('y', rotation = 0)
plt.title('y=sin(x)"')
plt.x1im([0, 2*np.pil)
plt.ylim([-1.1, 1.1])

plt.show()

1.00 4-..,
0.75 4
0.50 1
0.251
0.00 1 ’
—0.25 A
—0.50 -

—0.75 A

—1.00 -
0 1 2

It should be noted that MatPlotLib has many more capabilities for sophisticated and com-
plicated graphs. Alternative to pyplot is the module pylab of MatPlotLib which results
in high quality figures, but we will stop here as we will not need anything more for the
purposes of this book.

We close this chapter with a summary of the most commonly used import abbreviations
for Python modules in this book (Table 2.4).

TABLE 2.4

Commonly used import abbreviations for various Python modules

Module Abbreviation Import

numpy np import numpy as np
numpy.linalg npl import numpy.linalg as npl
scipy sp import scipy as sp
scipy.linalg spl import scipy.linalg as spl
scipy.sparse sps import scipy.linalg as sps
scipy.optimize spo import scipy.optimize as spo
scipy.interpolate spi import scipy.interpolate as spi

matplotlib.pyplot plt import matplotlib.pyplot as plt
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2.5 Further Reading

For a complete reference on matrices and linear algebra refer to the introductory books to
linear algebra written by Gilbert Strang [128, 129]. A modern introduction to linear algebra
and its tools to data science can be found in [130]. Another textbook that we suggest as
an introduction to linear algebra is the book by David Poole [105], which also includes
interesting applications of linear algebra in various fields. A complete and quite advanced
exploration in linear algebra can be found in [67]. The book [48] consist of a complete guide
for numerical methods in linear algebra. Specialized books on numerical algorithms for
linear algebra include the classics [48, 47]. As NumPy, SciPy and MatPlotLib are the core
modules for scientific computing and computational mathematics there are several books
that explain the use of these modules. The book [72] is an extensive introduction to these
modules for scientific computations. For a quick introduction to SciPy and NumPy we also
refer to [16].



Chapter Highlights

e We can represent matrices using NumPy arrays. A NumPy array is created
using the command numpy.array( [[1, 2], [3, 4]] ) where the matrix is
given as a list with entries the rows of the matrix. All entries and all rows are
separated with commas.

e The (i,7) entry of an array can be accessed by writing A[i,j].

e A mathematical index 7 that takes values i = 1,2,...,n is called natural index,
while the index i that takes values i = 0,1,...,n — 1 is called Python index.

e Mathematical algorithms are usually given with natural indices and we need to
convert them to algorithms with Python indices.

e We can perform any matrix operation using the usual operators but the matrix
multiplication can be computed using the function dot or the operator @. The *
operator is used to perform entry by entry multiplication.

e We can access blocks of a matrix using the slice : operator. For example the
first row of a matrix let’s say A can be extracted as A[O, :].

e The identity matrix is numpy.eye(n). The zero n X m matrix is
numpy . zeros ((n,m)).

e To create an unrelated copy B of a matrix A we use the function B=A.copy ().

e The module numpy.linalg contains useful functions for the computation of
determinants, inverses, eigenvalues and eigenvectors, and for the solution of
linear systems.

e To raise each entry of a matrix in a power p we can use the NumPy function
power.

e To raise a matrix in a power of p we can use the function matrix_power of the
module 1inalg of NumPy.

e We can solve a linear system Ax = b defined by the matrices A and b just using
the function solve of the module numpy.linalg simply by typing
x=solve(A,b). The last command returns the approximation of the solution x
in the NumPy array x.

e Banded matrices and other special matrices can be handled efficiently using the
module SciPy.

o We can measure the performance of our code using the function time of
module time.

e The product of lower(upper)-triangular matrices is lower(upper)-triangular
matrix.

e The inverse of a lower(upper)-triangular matrix is lower(upper)-triangular
matrix.

e We can plot graphs of functions using the module matplotlib.pyplot and the
function plot.
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Exercises

1. Write a Pyhton program using NumPy to:

Create a 3 X 3 matrix with values ranging from 1 to 9.
Create a null vector of size 5 and update third entry to 1.
Create a 7 X 7 array with 1 on the first and last rows and columns and 0 elsewhere.

Create a 8 x 8 matrix and fill it with a checkerboard pattern.

)
)
)
)
(e) Create a 10 x 10 empty and a 10 x 10 full matrix.
(f) Find and return the number of entries of the last created array.
) Create an 8 x 8 array with ones on a diagonal and zeros elsewhere.
) Create a 5 x 5 matrix with row values ranging from 0 to 4.
) Compute the multiplication of two random 10 x 10 matrices.
)

Compute the determinant of a random 100 x 100 square array.

2. Consider the matrix

D =N
O =W

Using NumPy module
(a) Compute the determinant of A
(b

(c

(d) Compute the eigenvalues and the respective eigenvectors

Compute the inverse matrix of A if it exists

)
) Work out the results without using computers
)

3. Consider the vectors = (0.1,1.3,—1.5,0,12.3). Try to write your own implementations
using for loops in Python (use Python functions only for question (v)) for the following
problems:

(a) Compute the sum s; = Ele Z;
(b) Compute the sum sy = E?Zl z!
(¢) Compute the maximum absolute value M = max{|z;|,i =1,2,...,5}

(d)

)

(e) Compare with the functions sum, max and min of NumPy.

Compute the minimum absolute value m = min{|x;|,i =1,2,...,5}

4. Write the commands for each of the following operations:

(a) Create a row vector x of 5 equally spaced elements between 2 and 3.
(b) Add 1 to the second element

(c¢) Create a second row vector y of the same dimension with elements equal to the
successive even integers starting with 4.

(d) Create the matrix A, whose first row is equal to x, whose second row is a line of
ones, and whose third row is equal to y.

(e) Define a row vector z, whose elements are equal to the mean value of the columns
of A.
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5. Create two matrices A and B:

1 2 4 =2
A:<4 1) and B:(G 3)

(a) Compute the matrices C; = A+ B and Cy; = A — B.

(b) Compute the matrix products D1 = A - B and D, = B - A.

(¢) Using element by element operations, compute the matrix F' whose elements are

obtained as follows: F;; = B;; + A,»jBZ-lj/‘s.
(d) Are A and B singular? If not, then compute their inverse.
(e) Compute the eigenvalues of B. Comment in light of your previous answer.

6. Create two column vectors x and y of 100 elements with random values between —10
and 10. To create a random vector of N random values between a and b you can use the
following command y = a + (b-a)*rand(N).

(a) Write a function mydot (x,y) computing the dot (inner) product between x and y.
(b) Compute the dot product using your function. Compare the results with the results
of the functions inner(x,y) and dot(x,y).

7. Consider two vector & = (21,72, ...,2x5)" and y = (yo,y1,---,yn)".

(a) Write a Python function that returns the following double sum
N i
 » e
i=1j=1

(b) Calculate the number of multiplications and additions required in the computation
for general V.

(¢) Modify the previous formula appropriately to reduce the number of floating point
operations.

8. Consider the matrix

1 2 3 n—1 n

2 3 4 n 1
A=1]3 4 5 1 2

n 1 2 -+ n—2 n-—1

(a) Show that

n—1
det(4) = (102 O

(b) Write a Python function that generates matrix A for any value n.

(¢) Verify the formula for its determinant using the Python function det (4).

9. Consider the linear system Ax = b with

3 2 1 0 6
-3 -2 7 1 3
A= 3 9 _1 5 and b= 9
0 1 2 3 6

o2¢}
w



(a) Solve the system above using the NumPy function solve.
(b) Write a Python function that stores its matrix A in a banded form.
(c¢) Using the SciPy function solve_banded solve the system Ax = b.

)

(d) Which of the two methods is faster?

10. Consider the linear system Ax = b with

A=|0 -1 3 -1 0|, and b=

—_ = = = =

Such systems occur in numerical integration of differential equations with periodic bound-
ary conditions. Taking advantage of their special structure we construct a fast and mem-
ory efficient numerical method for its numerical solution.

(a) Solve the system Ax = b using the NumPy functions solve and solve_circulant.

(b) Consider the matrix A = [a;;] with entries all the entries of the main band of A.

This means that a;; = a;; for i = 1,...,5 and j such that [i — j[ < 1 otherwise
a;; = 0. Find vectors u,v € R5 such that A = A+ uvT. Choose u and v such that
v A=y # 1.

(c) Prove that the matrix A = A — uwv7 is invertible, with inverse

A=A oA u)(vTATY)

where
1
0= —F=.
1-vTA 1y
(d) Implement the following algorithm to solve the linear system Ax = b

Solve the banded linear system A& = b using the function solve_banded

Solve the banded linear system Ay = u using the function solve_banded

Solve the banded linear system ATz = v using the function solve_banded

e Compute the numbers

« and B=2Tb.

- 1—vTy

e Compute the solution x = & + afy.
Verify that Az — b =~ 0.

(e) Compare the efficiency of all the methods you used.

[The previous algorithm is known as Sherman-Morrison-Woodbury algorithm. For more
information please see Chapter 9 and [73]]

11. Consider the matrix

A=

=~ N —
T w O
OO

With the help of NumPy and SciPy:
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(a) compute the determinant of A. Recall that the determinant of a triangular matrix
is the product of the main diagonal entries.

(b) compute the inverse matrix of A if it exists.
(c) solve the linear system Az = b with b= (1,5,15)7.

12. Consider the 100 x 100 circulant matrix A with first row
c=(3 -1.0 --- 0 -1).

Using SciPy generate the appropriate matrix A.
Using NumPy functions compute the eigenvalues of A.
Why A is invertible?

Using Python generate appropriate right-hand side b such that the solution of the
corresponding system Ax = b has z; =1 for i =1,2,...,100.

(e) Solve the linear system Ax = b using the function solve_circulant of SciPy.
(f) Solve the same linear system using the function solve of NumPy.
(g) Compare the efficiency of the two methods using the function time of the module

time, and explain what are the advantages of each method.

13. Consider the vector = (0,0.01,0.02, ...,1)T with values from 0 to 1 with distance 0.01,
i.e. T; =Tij—1 + 0.01.

(a) Write down the Python commands that will plot the graphs of the following func-
tions:

i. log(1+ /z),

ii. erte’
iii. arccos(z),
iv. 1/1+In*(x),
v. tan?(z) — 1.
(We denote by log the logarithm with base 10 and In the one with base e.)

(b) Explain why in some cases we receive error messages. Try to correct the graphs so
that no error messages occur.
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Scientific Computing

Most algorithms in this book aim to approximate solutions of mathematical problems. The
word approximation automatically infers to the introduction of errors. This is because any
approximate value may differ from the actual solution of the problem. Another source of
error is the finite precision arithmetic of computers. This is an unavoidable form of error
in scientific computing. In this chapter, we will focus on those errors that occur from the
representation of real numbers in a computer system.

3.1 Computer Arithmetic and Sources of Error

One example of approximation is the computation of m = 3.14---, which is an irrational
number with infinite many digits. Such a number cannot be stored in the memory of a
computer due to its infinite size. But this is not the only case. There are many real numbers
missing from computer arithmetic, and this is one of the main sources of errors in computer
simulations. Because of these errors (in addition to other errors we will discuss later) the
approximations are not always very accurate.

A disturbing example of finite precision arithmetic is the result of the operation 1.1+0.1.
We all know that this is equal to 1.2. By typing in Python 1.1+0.1==1.2 we receive the
unexpected answer False.

Lod ¢ 0.1 = il 2

False

The question arising from this example is what could the result of that operation be?
What we get in this case is not far away from being 1.2 but definitely is not exactly that.

print(1.1 + 0.1)

1.2000000000000002

Although this is unbelievable, in reality the computer is missing one of the exact numbers
involved in the previous computation or the operation itself can lead to small errors. If we
count the number of digits in this result, these are sixteen. This is not by chance. It is
true that we are usually confident to about the first 15 digits of the representation of a real
number of O(1) in a standard computer system (with the currently standard double precision
arithmetic). There are cases where better precision can be achieved but this requires more
resources. The errors occurring because of floating-point arithmetic are known as floating-
point errors. The first fact related to this problem is that there is no continuity in computer
number systems. This means that between floating-point numbers there are gaps.
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Another source of error is the approximation of the original problem like the approx-
imation of mathematical formulas. Sometimes the approximation of a problem is called
discretization, especially if it involves transition from continuum to discrete level. These er-
rors are known to as discretization or truncation errors. For example, suppose that we want
to approximate the base of natural logarithms e. We know that the exponential function e*
can be expressed as the infinite sum (Taylor series’):

where k! =1-2-3---k is the factorial of k. In order to compute an approximation of e we
take x = 1, and we approximate the infinite sum by the sum of the first five terms. Because
the rest of the terms become smaller and smaller as k grows, discarding them will lead to
a reasonably accurate approximation. After dropping the terms with & > 4 we obtain the
approximation
~1+1+1+1+i~27083
°r 26 2a T

The actual value of e with 5 digits is 2.7183, and thus the discretization error has the
magnitude O(0.01). Taking more terms into account we can compute the same number
with better accuracy and thus smaller error.

We will discuss this kind of errors in later chapters for various numerical methods. In
this chapter, we focus only on floating-point errors due to the finite precision arithmetic
of computer systems. We continue with another example of floating-point error known as
catastrophic cancelation.

r

IZ"  There are two main sources of error in scientific computing: Floating-point errors
that are introduced by the computer arithmetic; and discretization errors that occur
when we approximate the exact problem by a problem that computers can solve.
Both errors are important, but usually discretization errors are larger in magnitude
than floating-point errors.

3.1.1 Catastrophic cancelation

Catastrophic cancelation is the phenomenon where the subtraction of two almost equal
numbers leads to a large error due to the finite precision arithmetic. In order to demonstrate
this phenomenon we consider the function

1 —cos(x) -

flz) =

This function is not defined at = 0 but using de L’Hospital’s rule we obtain the limit

2

lim 1 — cos(x) — lim (1 —cos(z)) — lim sin(z) — lim cos(x) 1 .
x—0 3;‘2 x—0 (1‘2)’ x—0 2x x—0 2 2
Let’s pretend that we don’t know the answer and we want to use Python to estimate the
limit. In order to do so we consider the values © = z; = 107 ~ 0 for i = 5,..., 11, and we
record the corresponding values f(z;). According to the theoretical estimation of the limit,
these values should converge to 0.5.

LA revision of this subject can be found in the next chapter
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import numpy
f = lambda x: (1 - numpy.cos(x))/x**2
x = numpy.linspace(-5, 5, 100)
y = £(x)
xi = (1.e-5, 1.e-6, 1.e-7, 1.e-8, 1.e-9, 1.e-10, 1.e-11)
for x in xi:
print('£(',x,')","'=",£(x))

f( 1e-05 ) = 0.5000000413701854
f( 1e-06 ) = 0.5000444502911705
f( 1e-07 ) = 0.4996003610813205
f( 1e-08 ) = 0.0
f( 1e-09 ) = 0.0
f( 1e-10 ) = 0.0
f( le-11 ) = 0.0

The solution should have been
lir% f(z)=05.
xr—r

In the beginning, the convergence looks correct, but after a while we get the impression that
the limit is 0. We cannot get an accurate computation due to the phenomenon of catas-
trophic cancelation (also known as loss of significance). The explanation is the following:
The difference 1 — cos(z) for very small values of z is very close to 0. This difference will
become very fast so small that the computer will approximate it by 0. The division of this
0 by the small value of 22 will result again in a 0 and not to the expected value of 0.5.

To understand the cause of this problem, first keep in mind that computers can only
store a finite number of decimal digits. Assume that our machine can store in its memory
only 10 floating-point digits (decimal digits) and consider the number:

a = 0.12345678901234567890 .
A floating-point representation of this number in our machine would be
b = 0.1234567890 .
Now perform the calculation
a — b = 0.00000000001234567890 .

However, on the 10-digit floating-point machine, this last number can be considered by the
machine as 0. This leads to loss of significance, because if we divide a — b by any small
number the result will be zero anyway.

3.1.2 The machine precision

Another unexpected phenomenon in computer arithmetic is the non-uniqueness of 0. We
all know that 0 + 1 = 1. In computer systems there are numbers other than 0 where their
addition with the number 1 will result in 1. The smallest number = such that x +1 # 1 is
called the machine epsilon (also known as unit roundoff ) and is denoted here by EPS. All
numbers z between 0 and EPS, (0 < x < EPS) satisfy x +1 = 1.



90 Scientific Computing

In order to approximate the machine epsilon we usually start with x = 1 and we divide
continuously by 2 until we find x > 0 such that £ +1 = 1. Then we choose the number 2x
as an approximation of the machine epsilon. Algorithm 7 describes this process.

Algorithm 7 Computation of machine epsilon
Set x = 1.0
while x + 1.0 # 1.0 do
x=x/2.0
end while
Set EPS =2.0-x

A Python implementation of the previous algorithm can be the following:

x=1.0

while (1.0 + x != 1.0):
x=x/ 2.0

EPS = 2.0%x

print('EPS = ', EPS)

print('x = ', x)

EPS = 2.220446049250313e-16
x = 1.1102230246251565e-16

Practically, we computed the number 1.1102230246251565e-16, so that if we add it to
1.0 we get 1.0. For this reason, when we work with scaled problems, we expect our results
to have an error of order 10716 at least.

Between any two consecutive floating-point numbers there is always an empty gap (with-
out any floating-point number)?. The machine epsilon approximates the distance between
1.0 and the next floating point number. The gap between consecutive floating-point num-
bers is increasing with their magnitude. You can verify this by modifying the previous code
to find the number 2 that added to 1000 equals 1000. We computed z ~ 6 x 10~ This is
another reason why we use scaled equations in mathematical modeling. For example, it is
more convenient (and safer) to use scaled distances instead of meters for the equations of
planetary motion®.

IZ" When we perform operations with numbers close to 1.0, any other floating
point number less than the machine epsilon 2.22e-16 can be considered to be 0. This
introduces to our estimates a floating-point error of the order 1076, The accuracy
is reduced even more when we use numbers larger than 1.0

3.2 Normalized Scientific Notation

Normalized scientific notation is the notation we use to represent real numbers in a computer
system. In normalized scientific notation the first digit is always zero while we shift the

2Contrary to computer arithmetic, in the real arithmetic there is always a real number between any two
real numbers.

3To minimize floating point errors we scale the equations of planetary motion using the distance between
the Sun and the Earth. This distance is 1 Astronomical Unit (AU).
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decimal point. Appropriate powers of 10 are supplied so that all digits are located to the
right of the decimal point. For example, the number —123.456 is written in normalized
scientific notation as —0.123456 x 103.

More precisely, a number in scientific notation is written in the form

T =Hrxb",
where
b= the base of the system (for example 10 or 2)
r = the mantissa, a number in the range % <r<1
n = the exponent, an integer

Although most computer systems use b = 2 as the base of their number system, in the
examples used in this book we assume b = 10 for simplicity. We denote the lower and upper
limits of exponent n by L and U, respectively. That is L < n < U. When the exponent
n exceeds the limits, we say that an overflow (or underflow) occurs. The underflow region
practically is a gap between the largest negative floating-point number and the smallest
positive floating-point number.

As an example, consider a system with b = 10, L = —1, U = 2 and the numbers a = 12.3
and b = 34.5, then

a x b=424.35 = 0.42435 x 10° .

In this case, the exponent is 3 > U and we have overflow. An overflowed number in various
programming languages is represented by NaN (or Inf). The abbreviation NaN stands for the
expression Not a Number while the Inf means infinity. On the other hand, an underflowed
number is represented by a signed zero, i.e. +0.0 or -0.0 depending on whether it is positive
or negative.

In finite precision arithmetic, the mantissa consists of a finite number of digits (known
as significant digits or figures). Therefore, we write the mantissa

TZO.dldQ"'dt,

where t is the precision. For example, consider the number x = 3.141596. In this scientific
notation we can write x = 0.3141596 x 10! with t = 7.

Modern computers usually use the binary system to store numbers in memory with
binary digits (bits) and are characterized by the following floating-point arithmetic systems:

e Single-precision floating-point arithmetic consists of 32-bit long numbers stored
in a bit pattern bybs - - - bgbyg - - - bga, which is interpreted as the real number

(71)b1 X 2(b2b3~~-b9)2 X 27127 X (1.b10b11 .. 'b32)2 .

e Double-precision floating-point arithmetic consists of 64-bit long numbers stored
in a bit pattern bybs - - - bgbig - - - bgs, which is interpreted as the real number

(—1)b1 X 2(b2b3~~b12)2 X 2_1023 X (1.b13b14 v b64)2 .

We prefer to use double-precision instead of single-precision floating-point arithmetic
because we can store decimal digits, and the results are more accurate; catastrophic cance-
lation can be avoided, while an overflow or an underflow is less likely to happen. Python by
default considers double-precision floating-point numbers unless otherwise specified.
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3.2.1 Floats in Python

The module NumPy provides the function numpy.finfo which contains all the extreme
values for floating point numbers (double-precision numbers). For example, in my computer
system I got the following results:

from numpy import finfo
print (finfo(float))

Machine parameters for float64

precision = 15 resolution = 1.0000000000000001e-15

machep = -62 eps = 2.2204460492503131e-16
negep = -53 epsneg = 1.1102230246251565e-16
minexp = -1022 tiny = 2.2250738585072014e-308
maxexp = 1024 max = 1.7976931348623157e+308
nexp = 11 min = -max

This means the following:

e There is no unique 0.0 stored in our machine. The smallest floating point number is
tiny = 2.2250738585072014e-308.

e When we see in our display the number 0.0 or -0.0 this can be any number between
the —tiny and tiny numbers. This phenomenon is called underflow.

o If we compute any number greater than max = 1.7976931348623157e+308 or less than
min = -1.7976931348623157e+308 we say that we get an overflow and modern pro-
gramming languages represent these numbers by inf or —-inf respectively.

3.3 Rounding and Chopping

If we enter in our code a number with more digits than the respective computer precision
t, then the computer will approximate this number with a new one. This new number
will be stored in the memory of the computer for future reference. There are two ways to
approximate a number. One is by chopping where only the first ¢ digits are stored (if the
precision of the specific computer is t) ignoring the rest. The other one is by rounding where
the last digit d; is rounded up if d;11 > b/2, while is rounded down if d;1 < b/2, where
b is the base of the number system we use. This rounding process in the decimal system
happens when dy41 > 5 or dy41 < 5.

We denote the stored number (the floating-point representation of a real number z) with
fl(x). For example, consider the number x = 3.141596 in a system with

b=10,t =3,L=—10,U = 10 .

In this particular case the result is fi(z) = 3.14 with both ways of representation. If we
take precision ¢ = 5, then using rounding gives

fl(z) = 3.1416
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while using chopping results in
fl(xz) = 3.1415 .

This is related with the floating-point errors that we have discussed so far. In order to
quantify errors in computations we introduce specific formulas.

3.3.1 Absolute and relative errors

Whenever approximations occur there is an implied error in the computations. In order to
estimate the errors in the various computations we introduce the notion of absolute and
relative error defined by the following formulas

Absolute Error = |z — fi(x)] ,

and
|z — fl(@)]

||

Relative Error = , x#0,
where fl(x) stands for the floating point approximation of . The absolute error depends on
the magnitude of z. This means that larger numbers will have different error than smaller
numbers, while the relative error is scaled and it does not depend on the magnitude.

For example, suppose that the numbers z = 0.51, y = 1.73 have the floating-point
representations fl(xz) = 0.50 and fi(y) = 1.72, respectively. The absolute error is

|z — fl(z)| = |y — fl(y)| = 0.01 ,
while the relative errors are

= TUO _ g o196  ana =S ooss

|| |yl

This shows that y can be represented more accurately in the floating-point representation
compared to x.

In general, given a true value of a quantity f and an approximation f we define the
absolute error as

6:|f7f|7

and the relative error as

e _1i-fl

rTr=— =
£ £

The relative error is the absolute error scaled by the exact quantity f. In computations

where the actual quantity is unknown, we can scale by the numerical approximation if we

are sure that the latter is accurate enough.

I¥" The most common error representations between an actual quantity and its
approximation are the absolute and relative errors. The relative error is the absolute
error scaled by the exact value (or sometimes by the numerical approximation) and
it is usually more useful compared to the absolute error.
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3.3.2 Loss of significance (again)

The subtraction between two numbers that are close together (or between very large num-
bers) can lead to large errors. Consider for example a computer with numerical base b = 10
and with five-digit mantissa. Also consider the numbers

x =0.543616731 and y = 0.543504564 ,

and their difference
x —y = 0.000112167 .

Because of the precision ¢ = 5 using chopping we have
fl(x) =0.54361 and  fi(y) = 0.54350 ,

and
fl(z) — fl(y) = 0.00011 .
The relative error is then

 —y — (fllx) = fily)) | _ |0.000112167 — 0.00011| 0,
r—y - 0.000112167 - '

This error is very large, especially if we consider that the numbers have 3 digits correct.
This unexpected reduction of the significant digits in a computation is known as loss of
significance.

3.3.3 Algorithms and stability

In mathematics and computer science an algorithm is a step-by-step procedure for calcu-
lations. More precisely, an algorithm is an effective method expressed as a finite list of
well-defined instructions. Algorithms are characterized as stable or unstable. An algorithm
is stable if small changes in the initial data lead to small changes in the final results. If
an algorithm is not stable, then it is called unstable. Some algorithms are stable only for
certain choices of data and are called conditionally stable.

Floating-point arithmetic will always induce small errors in computations and in data,
thus stable algorithms are preferred. An unstable algorithm with these small errors will lead
to untrustworthy results.

In the example of Section 3.1.1 we attempted to compute the limit

1 — cos(x)

lim 5 ,

x—0 €T
and we observed that the computation of the function f(x) for « close to 0 lead to wrong
results. The problem was caused by the subtraction of two almost equal numbers. Specifi-
cally, the difference 1 — cos(x) in the formula of f(z) for tiny values of & was approximated
by 0.

We can overcome this difficulty by modifying the formula of the function to avoid the
subtraction between 1 and cos(z). For example, using some trigonometry we can write

1 —cos(x) _ (1 —cos(z))(1+cos(x))  1—cos?(z) sin®(z)

@) = x? 22(1 + cos(z)) ~ 22(1+cos(z))  a2(1 +cos(x))

The new formula for the function f(z) can be used in our previous Python code to obtain
a more accurate result.
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f = lambda x: np.sin(x)**2/(x**2*(1l+np.cos(x)))
x = np.linspace(-5, 5, 100)
y = £(x)
xi = (1.e-5, 1.e-6, 1.e-7, 1.e-8, 1.e-9, 1.e-10,1.e-11)
for x in xi:
print("£(',x,')","'=",£(x))

f( 1e-05 ) = 0.4999999999958333
f( 1e-06 ) = 0.4999999999999583
f( 1e-07 ) = 0.4999999999999995
f( 1e-08 ) = 0.5
f( 1e-09 ) = 0.5
f( 1e-10 ) = 0.5
f( le-11 ) = 0.5

The technique we used to make the previous computation stable can be used also when-
ever we encounter differences of almost equal numbers. For example, if > y > 1 and
we want to compute the difference \/z — /y accurately, especially when we suspect that
x ~ y ~ 1, we can compute the fraction

r—y
VE-vi= L
vy VI A+
which can be more stable. This is because & — y is larger than \/z — \/y. We will use such
a trick in the following section to find stable approximations of .

3.3.4 Approximations of

We have seen that we can have accurate approximations of 7 by using the NumPy number
pi or the formula m = 4arctan(1l). In this section we present two different algorithms
for the approximation of 7 one of which is Archimedes algorithm from his work ‘On the
Measurement of a Circle’. Archimedes algorithm is based on the approximation of a unit
circle by inscribed regular polygons. Recall, that a unit circle has radius 1 and circumference
2.

First, consider a regular polygon with 2" sides inscribed in a unit circle. Each side of
this polygon has length s = 2sin(¢,,/2), where ¢,, = 7/2"~! is the central angle. This can
be seen in Figure 3.1. The circumference of such polygon is C,, = 2"s or more precisely

C'n=2”+1$in2in7 n=12,....

We set y,, = C,,/2 to be half of the polygon circumference. This is

yn:2"sin2ln, n=1,2.... (3.1)

Obviously, y; = 2. We also note that

_ on+1 -
Yn+1 = 2 sin gt -

Using the trigonometric identity sinx = [(1 — cos(2x))/2]1/2, we get

1— coz(w/?")} 1/2 .

Ynt1 = 2n+1 |:
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FIGURE 3.1
Approximation of a unit circle by regular polygons.

Using the identity sin? z + cos? 2 = 1 into the last identity leads to the formula

1/2
" 1—4/1—sin?(w/27)
=2" .

Yn+1 = B

Moreover, using the formula (3.1) for y,, we obtain

I
Ynt1 = 2n+1\/2 (1 —Vi- (2’”yn)2) :

which accompanied by the initial approximation y; = 2 forms a recursive sequence of
approximations of 7. This sequence approximates 7 since y,, is half of the perimeter of the
polygon. The recursive sequence can be implemented in an algorithm such as Algorithm 8.

Algorithm 8 Unstable algorithm for the approximation of =
Set y = 2.0
forn=1,2,...,30 do
Compute

1
y = 2ntl \/2 (1 /1= (Q—ny)2)
end for

Return y as an approximation of 7

The recursive sequence contains two subtractions indicating instabilities. Implementing
Algorithm 8 our fears become reality after the 27th iteration.
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yn = 2.0

for n in range(1,31):
yn=2.0%*(n+1) * np.sqrt(0.5+(1.0-np.sqrt(1.0-(2.0**(-n)*yn)**2)))
print(n, yn)

1 2.8284271247461903
2 3.0614674589207187
3 3.121445152258053

4 3.1365484905459406
5 3.140331156954739

6 3.141277250932757

7 3.1415138011441455
8 3.1415729403678827
9 3.1415687725279961
10 3.141591421504635
11 3.141592345611077
12 3.1415925765450043
13 3.1415926334632482
14 3.141592654807589
15 3.1415926453212153
16 3.1415926073757197
17 3.1415929109396727
18 3.141594125195191
19 3.1415965537048196
20 3.1415965537048196
21 3.1416742650217575
22 3.1418296818892015
23 3.142451272494134
24 3.142451272494134
25 3.1622776601683795
26 3.1622776601683795
27 3.4641016151377544
28 4.0

29 0.0

30 0.0

The sequence seems to approximate m up to y24. Then the computation becomes unstable
and returns 0 due to loss of significance.
To avoid the subtraction of almost equal numbers a,b > 1 we can use the identity

(a—b)(a+b) =a%—b? witha=1and b= /1 — (2-"y,)? to obtain
—2n,,2
1— /1= (2 "y,)2 = 2 .

L+ /1= (27"yn)?

This transforms the recursive sequence to

2
Yn+1 = Yn
\/1 + /11— (2 "yn)?

where again y; = 2. Implementing the new recursive iteration we obtain a stable algorithm.
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import numpy as np

yn = 2.0

for n in range(1,31):
yn=np.sqrt(2.0/(1.0+np.sqrt (1.0-(2.0%*(-n)*yn)**2)))*yn
print(n, yn)

1 2.8284271247461903
2 3.0614674589207187
3 3.121445152258053

4 3.1365484905459398
5 3.1403311569547534
6 3.1412772509327733
7 3.1415138011443013
8 3.1415729403670913
9 3.1415877252771596

10 3.1415914215111997
11 3.1415923455701176
12 3.1415925765848725
13 3.141592634338563
14 3.141592648776985

15 3.1415926523865907
16 3.1415926532889924
17 3.141592653514593
18 3.141592653570993
19 3.1415926535850933
20 3.141592653588618
21 3.141592653589499

22 3.1415926535897194
23 3.1415926535897745
24 3.1415926535897882
25 3.141592653589792

26 3.1415926535897927
27 3.1415926535897927
28 3.1415926535897927
29 3.1415926535897927
30 3.1415926535897927

This new approximation converges to m and appears to be stable. The original
Archimedes’ algorithm for the approximation of 7 is stable and very elegant as well. Archi-
medes’ algorithm consists of the following steps:

Ty = \/ga Yo = 2 )
Ln41 =Zn + Yn, Yn+1 = 1+($n+1)2 fOI‘TLZO,l,"' 3

where y,, converges to m as n — oco. Algorithm 9 presents Archimedes’ algorithm.

In the previous implementations we computed 30 iterations. On the other hand, we
can use different stopping criteria. If convergence is our goal, then we can perform as many
iterations as it is required until the difference between two results is very small. The distance
between the result y,y; and y, can be computed via the difference e, = |ynt1 — Ynl-
For a convergent sequence y, this difference becomes small as n increases. To stop the
execution of a code we choose a tolerance TOL (usually something like 1071° depending
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Algorithm 9 Archimedes algorithm for the approximation of 7

Seta::\/gandy:Z.O
forn=1,...,30 do

Compute z =z + y and y = V1 + 22
end for
Return y as an approximation of m

on the problem) to compare with the difference e,. Then we can execute the algorithm
until |yn+1 — yn| < TOL. When this difference becomes less than TOL indicates that the
sequence is converging and it is unlikely to obtain better results with more iterations.

This stopping criterion though has a risk. If the sequence is not convergent, then the
difference |yp+1 — Yn| might never become less than TOL and our code will never stop. For
this reason, we usually count the number of iterations using a counter, let’s say iter and
we never allow them to exceed a limit of M AXIT iterations. Taking into account the new
stopping criteria, we present Archimedes algorithm in Algorithm 10.

Algorithm 10 Archimedes algorithm for the approximation of 7 (Again)

Set the tolerances TOL = 10710 and MAXIT = 100
Set x =3 and y = 2.0
Set e =y, and iter =0
while |e] > TOL and iter < MAXIT do
Set e=1y
Compute z =z +y and y = V1 + 22
iter = iter + 1
e=e—y
end while
Return y as an approximation of m

Note that the variable e takes initially the old value of y in the beginning of the while
loop, and then we subtract from it the new value of y at the end of the loop. In the end
we use absolute value to compute the distance between old and new approximations. We
leave the implementation of Archimedes’ algorithm as an exercise for the reader. We also
recommend to test and change the given code as much as you can.

3.4 Further Reading

A classical and influential work in scientific computing and its pitfalls is a paper by Forsythe
with title “Pitfalls in computation, or why a math book isn’t enough”, [42]. This also justifies
why we present computer experiments side by side with proofs and theorems in this book.
For a complete discussion of the theory of floating-point numbers, we refer to the classical
works of Goldberg [46], Higham [64] and Wilkinson [141]. All classical, introductory books
on numerical analysis and scientific computing contain extensive introductions to floating-
point arithmetic and sources of errors. We indicatively refer to some classical books on
numerical analysis [43, 25, 26, 27, 70]. An excelent book dedicated on scientific computations
with finite precision arithmetic is [20]. Other modern textbooks on numerical analysis with
similar material include but not limited to [57, 18, 22, 76, 89, 90, 108, 132].
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e Real numbers are represented in computer systems by floating-point numbers.

e Floating-point numbers are stored in memory in the form +r x 10™ where
r = 0.dyds - - - d; is the mantissa, d; the significant digits and ¢ the precision.

e In scientific notation, a number +r x 10™ is written as +r e n where e
represents the base 10. For example, 1.23456=0.123456e1.

e Floating-point numbers consist of finite number of digits and are isolated in the
sense that there are gaps between them.

e The distance between 1 and the next floating point number is called machine
epsilon EPS and it is approximately 2.22e-16. Usually, this is the minimum
expected error in computations for scaled problems.

e Operations involving small numbers of magnitude less than the machine epsilon
need extra care. Sometimes numbers smaller than the machine epsilon can be
considered as approximations to 0.

e Any number in the interval between the smallest positive and the largest
negative floating-point numbers is represented by 0.0 or -0.0 depending if it is
positive or negative. This problem is known as underflow.

e Any number larger than the largest possible floating-point number is
represented by inf or NaN. This problem is known as overflow.

e The absolute error between f and its approximation f is the absolute distance
e=|f-fl.

e The relative error between f and its approximation f is its absolute error
normalized by the exact value f, r = |f — f|/|f].

e The difference between two numbers of the same size can cause large errors.
This phenomenon is known as catastrophic cancelation.

e To avoid catastrophic cancelation, we modify formulas and algorithms to avoid
subtraction of two almost equal numbers.

e The results of a stable algorithm will not contain large amount of error given
small errors in the input data. This is important because input data will always
contain small errors due to finite precision arithmetic.

e Small changes in the input of unstable algorithms can result in large errors.
e We can improve unstable algorithms using algebraic or trigonometric identities.

e Other sources of error include the approximation of mathematical formulas.
These errors are known as discretization errors.
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Exercises

1. Construct representations of the following expressions that are stable when the compu-
tations are performed with finite precision arithmetic:

a) 1 — cos(z), for |z| < 1.

—~ o~

)
b) e*7¥, z,y large numbers.
)

c¢) log(z) —log(y), for 2,y > 0.

—~

d) sin(1 + z) — sin(1), for |z| < 1.

—~

[The symbol < means “much smaller than”.]

2. Consider the functions

(a) Show that f(z) = g(z).

(b) Show that
lim f(z) = lim g(z) = 1 .

x—0 z—0 2

(¢) Write a Python code to compute the values of f(z) and g(z) for
z=10°10"%1072,...,107 1} .

(d) Explain why the values are not the same.
3. Consider the quadratic equation
ar’ +br+c=0,
with @ = 1,b = 9'2 and ¢ = —3.
(a) Show this quadratic equations has two roots and compute the roots using the for-

mula
_ —bE+Vb? —dac

T4
2a

(b) Observe none of the roots is equal to 0.

(¢) Write a Python code to compute the roots of this equation.

(d)
)

(e) Show that we can rewrite the solution z in the form

Explain why the x; computed by python is 0.

—2c
Ty = ————

b+ Vb2 —dac

(f) Compute again the roots of the quadratic equation using the new formula and
observe that the results are better. Explain why this is the case.

4. Using Python compute the absolute and relative errors between the exact value of z and
its approximation z:
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(a) x =7, 2 =355/113.

(b) = =+/2, & = 1.41421.

(c) z=e,T=2718.

(d) x =, & =4arctan(1).

() x=m/4, #=1—-1/3+1/5—1/7+1/9.

5. Consider the formula for the binomial coefficient
a\ al
b) bl(a—0b)!"’

(a) Write a Python function that returns the binomial coefficient of two integers a, b.

where the factorial n! =1-2---n.

(b) Find the maximum value of a a you can use in your code without getting an over-
flow?

(¢) Show that the binomial coefficient can be computed also using the formula

ay _a a—1 a—b+1
b) b b—1 1 '

(d) Write a new Python function to compute the binomial coefficient using the second
formula.

(e) Find again the maximum value a you can use in your new function without getting
an overflow.

6. Consider the function

(a) Show that limit
lim f(z)=1.

x—0

(b) Plot the function f in the interval [—0.5,0.5] using the module MatPlotLib.

(c) Magnify the plot around 0 using the interval [—5x 10719 5x 1071°]. Can you extract
any safe conclusion related to the limit of the function f for x — 0 using the specific
magnification?

(d) Explain why there is such an inconsistency between the theory and the graph.
(e) Try to modify the function appropriately so as to make the computation of f(0)
stable.

7. Consider x and y two floating-point numbers with = = y.

(a) What is the relative error of the operation = — y.

(b) What formula would you use for the computation of the quantity (z —y)?: (z —y) -
(r —y) or 2% +y? — 2zy?

(c) What formula would you use for the computation of the quantity x? — y?: (z —y) -
(z+y)orz-xz—y-y?

(d) Compute the relative error of the expressions of the last two questions.
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8. In Section 1.5 we introduced the Fibonacci sequence using a recursive function. An
alternative formula for the Fibonacci sequence is

1+v5\  [(1-v5)
] -

where the fraction (1 ++/5)/2 is known as the golden ratio.

F(n):%

(a) Write a function to compute any term of the Fibonacci sequence using the formula
(3.2).
(b) Use your function to compute the term F'(100) and F(1000).

(¢) Compare the previous results with the results obtained with the Fibonacci function
of Section 1.5.

(d) Describe the advantages and disadvantages of each method?
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Calculus Facts

We have already used Python to solve calculus problems such as the estimation of limits of
functions. The notions and theory of calculus are of fundamental importance for computa-
tional mathematics. Calculus provided with basic problems and tools for the development of
numerical algorithms. For example, finding the value of a definite integral can be extremely
difficult or even impossible task. Meanwhile tools like Taylor polynomials used extensively
to analyze basic numerical methods. Calculus is interconnected with computational math-
ematics, and in this chapter, we review briefly some of its most important notions and
theorems.

4.1 Sequences and Convergence

Part of this book deals with functions and numbers. Numbers in principle form sets (col-
lections of numbers). If a number a is in a set A we write a € A. On the other hand, if a
number is not in A, then we write a ¢ A. If a number belongs to two sets A and B at the
same time, then we write a € AN B. If a belongs to the set A or B or to both but we aren’t
sure, we write a € AU B. The basic sets of numbers are namely the following:

e The set of natural numbers: N ={0,1,2,3,...}

e The set of integer numbers: Z = {--- ,—-3,-2,-1,0,1,2,3,...}
e The set of rational numbers: Q = {p/q: p,q €Z, q # 0}

e The set of irrational numbers: I={z: = ¢ Q}

e The set of real numbers: R=QU I

Usually the indices lie in the set of natural numbers N while the rest of the numbers,
including floating point numbers, will be considered in R with the exception of complex
numbers. Complex numbers are usually denoted by z = a + ib where a,b € R and i is the
imaginary unit (with the property i> = —1). If 2 is a complex number, then we write z € C.
The complex conjugate of z = a + ib will be denoted by z = a — ib.

Sometimes, we will not consider a whole set A but a subset B of A. Such an inclusion
is denoted as B C A and is a set again. If B C A, then B does not necessarily contain all
members of A. In some sense, B is included in A and perhaps is smaller. Useful examples of
subsets of R are the intervals. For example, the interval [a, b] contains all the real numbers
x between a and b including a and b. Such an interval is called closed interval. In other
words, all the real numbers = such that a < z < b are included in the set [a,b]. Notice
that we used square brackets since the endpoints a and b are included. If we don’t want to
include the endpoints of an interval, then we write (a,b), which means that if x € (a,b),
then a < x < b, and the interval is called open. We can also have combinations of open and
closed intervals, such as the interval [a,b) with numbers z such that a <z < b.
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Very often in computational mathematics we construct sequences of approximations
an. A sequence is an enumerated collection of numbers ag, a1, as,..., and is denoted as
{an }nen. The values of sequence may be real a,, € R, while the indices are natural numbers.
Sometimes, in some computations of a,; we will use approximations of a,,. Methods that
generate sequences of approximations are called iterative methods.

To give an example of an iterative method we will consider again the ancient method of
Archimedes for the computation of w. Archimedes approximated 7 by the area of regular
polygons inscribed in a unit circle (see also Section 3.3.4). The area of a regular polygon
inscribed in a unit circle is

n .. [/m
an, = — sin (—) ,

2 2n

where n is the number of equal sides of the regular polygon. As we increase the number
of sides we get a larger polygon that covers more of the area of the unit circle. By taking
n = 3,4,... we find approximations a,, of 7, and we say that we generated a sequence of
approximations. If we continue this process by increasing the index n for ever we finally
construct the unit circle. This infinite process describes the notion of convergence.

Suppose that we have a method to generate a sequence of numbers {a, }nen that con-
verges to a. This means that the values of a,, approximate a for large values of n, and if we
take the index n to be huge (close to infinity) then we practically get the exact value of a.
We write this as

lim a, =a,
n—oo

and we say that the sequence a,, converges to a. Sometimes we just write a,, — a as n — oo.
In practice, we can compute only a finite number of iterations/approximations. The
sequence {ay}nen approximates the exact solution, let’s say a, and for some n < co the
distance |a,, —a| defines the error in the approximation. Specifically, we defined the absolute
error
|€7l| = ‘an _a| ’

and is the distance between the exact value a and the approximation a,. Since a,, — a,

then the distance between a, and a is decreasing until it is eliminated at infinity. In the

end, we have that |a, — a] — 0 as n — oo, and therefore |e,, | — 0. Ideally, in our iterative

methods we want the error to go to zero as n grows so we can trust the approximations.
As an example, consider the sequence of numbers

1
an =14+ —".
n

When n — oo we have that 1/n — 0 becomes very small and thus a,, — 1 or else |a,—1] — 0
as n — oo. Taking n = 10 we observe that a;g = 1+ 107! = 1.1 ~ 1, while the error
lero] = |1.1 — 1] = 0.1. Taking n even larger we can have smaller error |e,|.

The formal definition of convergence deals with the error |e,|. In formal mathematical
language we say that for (any) small number € > 0, there is an index (that might depend
on ) say N = N(e), such that the error |a,, — a| < € for all values of n > N. This means
that we can make the error as small as we want (of order €) by choosing appropriately large
values of the index n > N.
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~

IF"  Usually iterative methods generate a sequence ay, k = 0,1,2,... of approxi-
mations of the exact solution a. We prefer this sequence to converge to the exact
solution. Then for any reasonably large value of k we will have ay =~ a. We will
use similar notation to refer to sequences of vectors. We will denote a sequence of
n-dimensional vector by a®) = (agk),a;k), .. .,aﬁlk))T, with £ = 0,1,2,.... In this
notation, the bold letter indicates a vector, while the superscript index indicates the
k-th term of an infinite sequence of vectors.

4.2 Continuous Functions

In applications we tend to use functions to describe quantities and unknowns. Functions
are mappings from one set to another. A function of a single variable f(z) takes values
x from one set A known to as the domain of f, and returns values y = f(z) in a set B,
which is called range of f. The set A can be an interval or a combination of intervals. To
emphasize that f is a map from A to B we write f : A — B. For example, the function
f(z) = log(z) is defined for z > 0. So the domain of log(z) is the interval (0,+00). The
range of the logarithm is the whole real line R. Another interesting example with a very
similar domain is the function f(x) = \/z. The domain of the y/x is the set [0, +00) as it
is defined for z = 0 but not for negative numbers (and we exclude complex numbers). Its
range, though, is the same set as its domain [0, +00).

A root of a function f(x) is a number z* in the domain of f such that f(z*) = 0. For
example, the function f(z) = 22 — 1 has two roots z* = 1 and 2* = —1. Assume that
we have an iterative method that generates a sequence z,, of approximations of the root
z* = 1 and that this sequence eventually converges to z*. This means that x,, — x*. Since
f(z*) = 0 we prefer for the approximations f(x,) ~ 0, or in other words f(z,) — f(z*) =0
as x, — x*. This property is a consequence of the continuity of the function and generalizes
the notion of limit from sequences to functions.

We generalize the notion of limit to a variable x. We say that = approaches xy € R if
the distance between x and xy becomes very small or is eliminated, and we write x — xg.
There are also two ways to approach xg: From the left £ — xy—, which means the z < xg
or from the right * — z¢+, which means that > x¢. We can consider a general approach
when the values = can approach xg from both sides. This is the meaning of z — xg.

Consider a function f(x) with domain A and a value 2y € A. The function f(x) is called
continuous at xg if

lim f(z) = f(zo) ,

rT—rx0o
which means that if we take values of x close to xp, then the values of f(z) are close to the
values of f(zp). This guarantees that the graph of f is a continuous line and there is no
discontinuity at xy. We can think of discontinuities as jumps in the graph of a discontinuous

function. The function
f@y =14 o =50
=10, z#£0

has a jump at = 0. In this trivial case f(0) =1 but for  # 0, f(x) = 0 and so no matter
how we approach 0 we will always have f(x) = 0 but not the value 1 = f(0). This can be
expressed as

lim f(z) = lim 0 =0 # 1= (0) .
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A function which is continuous at every point in an interval (a, b) is said to be continuous
in (a,b). All continuous functions form a set. The set of continuous functions in an interval
I is denoted by C(I). For example, the set of continuous functions on (a,b) is denoted by
C(a,b). If the interval I is a closed interval [a,b] then we will write Cla, b].

Going back to our example with the root * of f(x) we mention an important conse-
quence of continuity that serves the purposes of computational mathematics. This is that
instead of = we can choose a sequence x,, that converges to x*, and if f is continuous, then
nhﬁn;o f(xn) = f(x*), which means that f(z,)~ f(z*) = 0 for large values of n.

The formal definition of a continuous function is based on the notion of limit (and
approximation). Specifically, a function f(x) is continuous at a point zg if for every number
e > 0, we can find a number (that might depend on €) § > 0 such that for all values of x
d-close to xg, i.e. |x — x| < d, the values of f(z) are e-close to f(xzo), i.e. |f(z) — f(x0)] < e.

This formal definition of continuity guarantees that the values of the function f(x)
become arbitrarily close to f(zg) for values of = very close to zg, but says nothing on how
much the values of f(z) vary.

A Lipschitz continuous function is a continuous function that has a specific way to vary:
A function f(x) is Lipschitz continuous if for all z,y in the domain of f, there exists a
constant L > 0 such that

If(x) = fy)l < Llz —yl .

This means that the distance between two values f(x) and f(y) cannot be very different
than the difference between x and y.

Obviously, a Lipschitz continuous function is a continuous function, which in addition
cannot vary arbitrarily. If in addition 0 < L < 1, then the function is called contraction and
has more favorable properties. For example, we can find z* such that z* = f(z*). The point
x* is called fixed point of f and as we will see later it can be very important for numerical
computations.

IZ"  Lipschitz continuous functions are continuous functions that do not vary rapidly.
The smoothness of their variations depends on the Lipschitz constant L > 0. If L < 1
this means that the function varies very smoothly and is called contraction.

To see why the notion of Lipschitz continuity is related with the variations of the function
f consider the ratio
|f(z) — f(y)]

|z —yl
Taking y very close to x, we practically set the slope of the secant line to the graph of f at
the point z to be less than L (see Figure 4.1).
As an example of Lipschitz continuous function consider the function f(x) = 22 in the
interval I = [—1,1]. For z,y € [—1,1] we have |z + y| < 2 since in the worst case scenario
x =y = 1. Therefore,

< L.

[f(z) = f(y)l = o* = 3]
=@ —y)(z+y)
<2z —y| .

Thus, f(z) = 22 is Lipschitz continuous function in [—1, 1] with Lipschitz constant L = 2!.
The Lipschitz constant is not unique since one can take any constant L > 2 as a Lipschitz

IFunctions that are Lipschitz continuous only in a subinterval of its domain are called locally Lipschitz
continuous functions.
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FIGURE 4.1
Slope of a secant of a Lipschitz continuous function.

constant. Also the bounds of the Lipschitz constant depends on the interval I. Finally we
note that the particular function is not a contraction in I.

4.2.1 Bolzano’s intermediate value theorem

Before start solving a problem it is very useful to know that the problem has a solution. In
computational mathematics we wouldn’t care about the exact solution of a problem since
we compute approximations. We do care enough though to know that there is a solution
and ideally that the solution is unique. Let’s say that we want to compute the root of the
function f(z) = 22 +1. Obviously there is no real root since the function f is always positive
f(z) > 1 > 0 for all values of x € R. So there is no point to search for real solutions even
numerically.

Another observation to root finding methods is that if f(z) is continuous and changes
sign, then it must have a root. Of course there are cases like the function f(z) = x? where it
is positive and never becomes negative. Nevertheless, we will consider for the moment only
functions that change sign. A necessary condition for a function that changes sign to have
a root, is the function to be continuous. Otherwise the function can move from negative
values to positive by jumping the z-axis without having a root. Bolzano’s intermediate value
theorem describes this situation.

Theorem 4.1 (Bolzano’s theorem). If a function f(x) satisfies the following conditions:
e [ is continuous in [a,b]
* fla)- f(b) <O

then, there exists at least one solution x* € (a,b) of the equation f(x) = 0.

The condition f(a)- f(b) < 0 means that sign(f(a)) # sign(f(b)), and thus the graph of
the continuous function f(z) crosses the z-axis necessarily at a point between a and b. The
specific situation is illustrated in Figure 4.2.
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FIGURE 4.2
Illustration of Bolzano’s theorem.

It is worth mentioning that Bolzano’s theorem requires f to be continuous in a closed
interval [a,b] while the root is in the open interval (a,b). The last observation is a conse-
quence of the fact that f(a) - f(b) < 0 strictly. If one of the values f(a) or f(b) is 0, then
we don’t need to search for a root as the root would be either a or b and f(a) - f(b) = 0.

Bolzano’s theorem is a special case of the so-called intermediate value theorem for contin-
uous functions. The intermediate value theorem states that if a function f(z) is continuous
in the interval [a, b] and s is a value between f(a) and f(b), then there is a value o € (a,b)
such that f(xg) = s. Bolzano’s theorem is actually a special case of the intermediate value
theorem with s = 0.

As an example consider the function f(x) = x3. The particular function is continuous
n [—1,1]. Moreover f(—1) = —1 and f(1) = 1. Therefore, f(—1) - f(1) < 0 and thus there
is at least one root a* € [—1,1]. The obvious root is 2* = 0.

4.3 Differentiation

Continuity is an important property of functions, but quite often we require the functions
to be smooth. By saying smooth we mean that a function will be continuous while its
graphs has no corners. If the graph of f has no corners, then we will be able to draw a
unique tangent line at any point of its graph. Smoothness is equivalent to the existence of
derivatives.

Let f be a function defined in an open interval (a, b) containing a point x¢. The function
f is called differentiable at x¢ if the limit

Py — i L) o)
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(o, f(x0))

y = f'(x0)x #b

/ /I/ f(x)
FIGURE 4.3

The tangent line of a differentiable function.

& -

]
1
]
1
]
]
]
1
]
1
]
]
]
]
'
]
]
]
]
]
]
'
]
1
]
1
]
1

r

Zo

exists. The number f’(zq) is called the derivative of f at xp. A function that has derivative
at each point in an interval (a, b) is called differentiable on (a,b). Differentiable functions in
the interval I form the set C*(I). If a function is differentiable in (a, b) we write f € C*(a, b).

If a function is differentiable at z(, then the function is smooth enough to define a unique
tangent line passing through the point (zg, f(x¢)). The derivative of a function f’(x¢) is
the slope of the tangent line at zy. Therefore, the tangent line passing through the point
(20, f(z0)) can be described by the formula y = f/(xg)x 4+ b, where b is the point of y-axis
that the line is passing through (see Figure 4.3).

The tangent line in Figure 4.3 coincides with the function f at (xq, f(x0)). Around that
point f(z) is very close to the tangent line. This gives us an idea of approximation. In
particular, we could use this tangent line to approximate f(z) around that point. As we go
away from that point, this approximation may not be as good, but the limit in the definition
of the derivative insures a good approximation at least close to (zg, f(zo)).

Higher order derivatives of a function f such as the second derivative f”(x) are defined
as the derivatives of the derivatives. This means, for example, that a twice differentiable
function has a smooth derivative as well. If a function is twice differentiable in the interval
(a,b), then we write f € C*(a,b). The more times a function is differentiable the smoother
it is. Ideally, we would prefer the functions to have derivatives of all orders. If a function f
has the derivatives of all orders defined in the interval (a,b), then we write f € C*(a,b). In
computational mathematics, when we try to solve problems, we assume certain smoothness
that will allow us to find unique solutions and estimate approximation errors. However, we
can use our methods for less smooth functions but with no guarantee of the quality of the
results.

Derivatives are also important for other reasons. Many scientific and engineering prob-
lems are related with derivatives. The reason is that the practical meaning of a deriva-
tive is the same with that of the rate of change. For example, in physics the acceleration
a(t) of an object is the rate of change of its velocity v(t), and mathematically speaking
a(t) = v'(t). Here, the independent variable ¢ represents time. Sometimes, in order to show
clearly the variable in which we differentiate, we write the derivative using the Leibniz
notation v'(t) = Lu(t).
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0= f@) v
FIGURE 4.4

The tangent line at a maximum point of a function.

Y

Positive acceleration implies increase in speed while negative acceleration implies de-
crease in speed. In general if f(z) is differentiable and f’(x) > 0, then f(z) is increasing
(i.e. if 21 < xo then f(z1) < f(x2)) while if f/(z) < 0, then f(z) is decreasing (i.e. if 1 < 2
then f(z1) > f(z2)).

4.3.1 Important theorems from differential calculus

Optimization is a branch of computational mathematics that deals mainly with the com-
putations of extreme values (extrema) of functions. Extrema of a function f(x) are, for
example, the maximum and the minimum values of f(x). A (local) maximum of a function
is a point (¢, f(c)) such that f(z) < f(c) for all values of z in a neighborhood of ¢. A (local)
minimum of a function is a point (¢, f(¢)) such that f(z) > f(c) for every value x in a
neighborhood of ¢. If f(z) is differentiable, then the derivative is zero f'(¢) = 0 at the point
¢ of extremum (maximum or minimum). Zero derivative indicates that the tangent line is
parallel to the z-axis as its slope is zero. In Figure 4.4, we show the geometric interpretation
of this fact for a point of maximum at (¢, f(c)).

A very useful theorem for theoretical and practical situations is Rolle’s theorem. Rolle’s
theorem guarantees the existence of a maximum or minimum for a smooth function.

Theorem 4.2 (Rolle’s theorem). Suppose that f is continuous in [a,b] and differentiable
n (a,b). If f(a) = f(b), then there exists a number c € (a,b) such that f'(c) = 0.

Note that Rolle’s theorem doesn’t specify if the point (¢, f(c)) is a maximum or mini-
mum. It is only guaranteed an extremum point such that f(z) < f(c) or f(x) > f(c) locally
around the point c. The situation of Rolle’s theorem is depicted in Figure 4.4.

Another important theorem is the Mean Value Theorem of differential calculus:

Theorem 4.3 (Mean Value Theorem). If f is continuous in [a,b] and differentiable in
(a,b), then there exists a number ¢ € (a,b) such that

—a

The mean value theorem of differential calculus can be viewed in two different ways, an
algebraic and a geometric: It relates the difference quotient (f(b) — f(a))/(b — a) with the
derivative of a function, and on the other hand states that the slope of the secant passing
through the points (a, f(a)) and (b, f(b)) is the same as the slope of some tangent line to
the graph of the function f(x). This geometric interpretation is presented in Figure 4.5.
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FIGURE 4.5
Geometric interpretation of the mean value theorem of differential calculus.

4.3.2 Taylor polynomials

Smooth functions in C°°(a,b) can be represented by Taylor series. Specifically, if f(x) is
infinite many times continuously differentiable around a point 2 = ¢ in the interval (a,b),
then the Taylor series of f(z) around x = ¢ is the infinite sum

f@) = fle)+ fl(e)(x—c) + f/;(c) =)+,

which can be written in compact form as

(k) (¢
o =3 g

where f(*) denotes the k-th derivative of f, and k! =1-2--- k.

Some commonly used Taylor series (sometimes also referred to as Taylor expansions) for
¢ = 0 are the following:

2 3

o0 n

x _ ror T

S TR T _;n!’

. a? ab - (—1) 2n+1
sin(z) =« §—|— =i —nz:;) (2n+1)'$ ;

1.2 1'4 0 (_1)71
— 1L = 2n

cos(z) STRRT nZ::O @)l "

Since computers can only compute finite sums, we may wish to approximate smooth
functions using polynomials. Polynomials are also easy to integrate and differentiate. One
way to find good approximations of functions is by using Taylor’s polynomials. Consider a

smooth function f € C"*'[a,b] and let ¢ € [a, b], then the Taylor polynomial of degree n is
the finite sum

" n) (¢
Pa) = f&+ f@e -+ LDy 4 D g

2! n!
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Obviously, this finite sum is not exactly equal to f(z). These polynomials coincide with
the function f(z) at the point = ¢ and it is P,(c) = f(c¢). Moreover, the polynomial P, (x)
is very close to the function f(z) for x near c¢. This means that P,(x) approximates the
function f(z). As z is moving away from ¢, unfortunately, the polynomial P, (z) will not
necessarily remain close to f(x).

The difference between P, (z) and f(z) is known as the residual or truncation error or
remainder of the Taylor polynomial and it is

f(z) = Pa(z) = Ry(2) ,
with
S

Ry (x) = m(f -t

for some & € [a, b].
Equivalently, we can write the function

f(@) = Pu(z) + Rn(x)

where P, (z) is the truncated Taylor series

n (k) (g
) =S T o
k=0

k

and R, (x) the residual of the truncation. The residual is expected to be small for = near c.
Here we present two examples of Taylor polynomials:

e Taylor’s approximation for n = 1is f(z) = f(c) + f/(¢)(z — ¢).
e Taylor’s approximation for n = 2 is f(z) = f(c) + f'(¢)(x — ¢) + %(w — ).

In some applications we need to approximate a function f around a point z but not far
away from z. For example, assume that we want to compute the polynomial at the point
x + h where h is very small (h < 1). In these cases we consider the Taylor polynomial (4.1)
with x + h instead of z and x instead of ¢ so that

"(x e (n) (g
fx+h)=f(x)+ f'(x)h+ f2(, )h2+ ! 3(' )h3+--~+ ! n,( )h”+Rn(§) :
where £ “)(g)

th derivative of f is bounded

Since we assumed that A is small, if in addition the (n + 1)-
< M, then we have

by a constant for all values of x around c, i.e. |f"!(z)]
|R,(z)| < Ch™ T,

where C = M/(n+ 1)L

Note that this formula reveals information about the approximation error. If for example
the discretization step is h, then the error of the approximation of f by P, is of order A" *!.
Therefore, if h < 1 and M small enough for sufficiently large n, then we expect the error
to be small.
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4.3.3 The big-O notation

The truncation error of the Taylor polynomial of degree n in the previous section was
|R.(z)| < Ch™"! where C is a constant that depends on f(z). In order to emphasize the
order of this residual, which is n + 1 and not the fact that it can be less than A™t! we often
use the big-O notation by writing R, (z) = O(h"T1). In general we write

f(x) =0(g(x)) when xzel
if and only if
|f(z)] < M|g(z)] when xz€l where M >0,

and we say that f is of order g.
In practice we use Big-O notation to say something about the size of the terms we
discard or an error.

4.4 Integration

Assume that we have an object located at a point zg = a on the z-axis. This object is
moving horizontally due to the action of a force f(z). The final destination of this object
is a point xy = b. Between the points xy and x, there are other points x1,...,xn_1 such
that

o<1 < <TN-1 <IN .

We know from classical physics that the work W produced by constant force f(x) from
point g to point z1 is the product of the force times the length of the interval [zg, z1]. This
is Wo = f(x)-(z1—x0) for & € [zg, 21]. Assume that the force changes to a different constant
when the object reaches the point x; and remains constant until the object reaches x5. The
new work done by the force is now Wy = f(x) - (x2 — x1) for © € [z1,x2]. This process is
repeated until the object reaches its final destination xny = b. So the force is constant on
every interval (x;_1,2;) for ¢ = 1,2,..., N, and the work produced by the force f in each
of these intervals is W; = f(x;-1) - Az; with Az; = x; —x;—1 for t =1,2,..., N. The total
work produced by the force is the sum

N N
i=1 =1

In Figure 4.6, the y-axis represents the force f(z), while z-axis the displacement. The
graph of the function y = f(z) is a piecewise constant line, and the work produced in each
interval (z;—1,x;) is equal to the area of the rectangle formed by the graph of f in the
interval (z;_1,2;) and the interval (a;_y,x;). Since the force is constant in every interval
(xi—1, ;) we can take any value z; € (x;_1,x;) and write the total work in the form

N
i=1

If the force changes continuously, this means that the lengths of the intervals must tend
to 0, and mathematically speaking we need to take Az; — 0 in the previous sum. This limit
is the integral

N b
W = limOZZ::lf(zi)Ami :/a f(z) dx .

Ami —
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FIGURE 4.6
The work done by a force constant in each interval (x;_1, ;).

FIGURE 4.7
Integral as the area below a function f(x).

Since each rectangle with sides f(z;) and Ax; has area equal to the work W;, we conclude
that the total work done by f(x) is the area described by the function f(z), the z-axis and
the lines x = a and x = b as shown in Figure 4.7.

The Riemann integral of a function f defined on the interval [a,b], if it exists, is the
limit

b N
/a flx) do = limO;f(Zi)Axi ;

Ax;—
where the numbers xg, x1,...,xy satisfya =zg < 21 <--- < zy =0b, with Ax; = x;— ;1
for each ¢ = 1,2,..., N, and z; is arbitrarily chosen in the interval [x;_1,z;]. A function

with a finite integral is called integrable. Note that all continuous functions are integrable,
which means that their integral is defined and is finite. The function f(x) inside an integral
is called integrant.

4.4.1 Approximating integrals

Looking at the example with the force in Figure 4.6, we can derive easily a simple way to
approximate a definite integral over an interval [a,b]. What we need to do first is create a
grid a =29 <21 < -+ <zy_1 < xy = b. As a second step, we approximate the integral
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of function f(z) in each interval I, = (x;_1,2;). In order to approximate an integral in
I; we approximate the function f(z) by a constant line over the interval I;. This gives a
reasonable approximation as long as we take the length of the interval Az; very small.
For example, we can take f(z) =~ f(z;) for © € (z;_1,2;), where z; can be taken to be an
endpoint of I;, for example z; = z; or even the midpoint z; = (z; +x;_1)/2. The last choice
will lead to an approximation formula known as the midpoint rule. Because the origin of
numerical methods for the approximation of integrals is in the approximation of their area
by rectangles, we call these numerical methods quadrature rules. Note also that the grid
a=x9g<x1 <--<xny_1 < zy = bcan be uniform in the sense that all the points are
equidistributed in the interval [a,b] and Az = 2; —x;—1 = (b—a)/N, foralli=1,2,...,N.
As an example of the midpoint rule we consider the integral

1
1
[:/xdz:f.
0 2

In order to approximate this integral, consider a uniform grid with 5 nodes
{zo, 21,2, 23,24} = {0,0.25,0.5,0.75,1} ,
and step Ax = 0.25. The midpoints are the points
{z1, 22, 23,24} = {0.125,0.375,0.625,0.875} .

Then the integral can be approximated by

I~ f(z)Az = Az (£(0.125) + £(0.375) + f(0.625) + f(0.875))

=0.25-(0.125 + 0.375 + 0.625 4+ 0.875) = 0.5 .

We observe that although we approximated the integral using such a simple method, the
result was equal to the exact value of the integral. This can happen when we approximate
integrals of polynomials but this is not true in general. We will study such methods in detail
in Chapter 7.

4.4.2 Important theorems of integral calculus

A fundamental property of integrals is the following: We can split an integral over an interval
[a, b] into two or more integrals on subintervals of [a, b] and then add the values to calculate
the total integral. For example, if we want to compute the integral on the interval [a, b], we
take a value ¢ € (a,b) and we split the interval into two intervals [a,b] = [a, c] U [c, b]. Then,

/abf(x) d:v—/acf(m) dx+/cbf(x) dzx .

This property will be very helpful in increasing the accuracy of our computations later in
Chapter 7.
For theoretical purposes we state here some very important theorems of integral calculus.

Theorem 4.4 (Fundamental theorem of calculus). If f/(z) is continuous on [a,b], then

b
/ f() dz = f(b) — f(a) -
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The fundamental theorem of calculus is the main tool we use to compute the value
of integrals when we know the derivative of the integrant. A direct consequence of the
fundamental theorem of calculus is the formula of integration by parts, which for any f,g €
C*(a,b) can take the form

b b
/ (@) (@) dz = F(D)g(b) — f(a)gla) — / f(@)g(x) da |

Integrals with variable limits are differentiable functions. It is easy to compute their
derivatives using the following theorem:

Theorem 4.5. If f € Cla,b], then the function

o) = [ " H) dr |

for x € [a,b] is a continuous function on [a,b], differentiable on (a,b) and

Finally, let’s look at the Mean Value Theorem of integral calculus which again is useful
for theoretical calculations.

Theorem 4.6 (Mean value theorem of integral calculus). Let f € Cla,b], then there exists
¢ € (a,b) such that the average value of f(x) in the interval [a,b] is

b
1) = 5= | 1) s

4.4.3 The remainder in Taylor polynomials
We have already seen that for a smooth function f(z) and for x near a value ¢
f(z) = Pp(2) + Rn(2) ,

where P, (x) is the Taylor polynomial of degree n

"),
Py =S LD oy
i=0

n!

and R, (x) the remainder to be discarded

FO(E)

i) (x — )" for some ¢ € [a,b] .

R, (x) =

The remainder can be computed alternatively with the help of integrals. For a value z close
to ¢, we can write the functions f(x) as

f@) = f0+ [ 7w
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Integrating by parts yields
flx) = flc) + /L F1(8) dt = fe) + [t — @) (O)];—. — /;(t — ) f"(t) dt
10+ @- a0 - [ -arwa.
In this way, we obtained the first order Taylor polynomial

Py(z) = f(e) + (x = o) f'(0) ,

and the remainder

Ry(z) = —/w(t —x)f"(t) dt .

Repeating the same process we can get the second order Taylor polynomial

— @+ @-are+ 5o+ [ a

Continuing this process, we see eventually that

f@) = £+ (@ —f &)+ + =D o) 4 Ry(a)

n!

where the remainder R, (x) is given by the formula

Ru(x) = / TED pon gy

n!

This formula will be proven very useful in theoretical computations.
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4.5 Further Reading

As this chapter is a refresher of calculus, it does not contain details and examples, even
though calculus takes up most of the subjects of this book. For reviewing calculus we suggest
textbooks such as [122, 126] or the classical books [3, 4]. For a deeper understanding of
calculus and for more formal exploration of analysis, we refer to [133, 134] and the references

therein.



Chapter Highlights

e The space of continuous functions in [a, b] is denoted by C|a, b].

e The space of n-times continuously differentiable functions in (a, b) is denoted
by C"(a,b).

e Bolzano’s theorem states that if f(z) is continuous in [a, b] and changes sign in
[a,b], then there is at least one root of the equation f(z) =0 in (a,b).

e Smooth functions can be approximated around a point x = ¢ using the Taylor
polynomial P, (z) of degree n with

) (e
Pu) =3 00 o
1=0 .

e A Taylor polynomial approximates a function f(z) in the sense that
f(z) — Py(x) = R, (z) where R,,(z) being the residual (or error). A Taylor
polynomial coincides with the function f(x) at the point z = ¢, i.e.
f(¢) = P,(c). The error between P, and f increases as the distance between z
and c increases.

e The residual of the n-degree Taylor polynomial is given by the formula

FE) n
Fnle) = St @™
for some & € [a, b].

e An integral of a function f over an interval [a,b] can be thought of as the area
included by the function f, the z-axis and the lines £ = a and = = b.

e An integral can be approximated if we subdivide the interval [a, b] using a grid
a=z9g<x1 <---<zxy =D, approximate the function in each of the
subintervals [z;_1,2;], i =1,2,..., N by a constants, and compute the
respective integrals.

e An integral on an interval [a, b] = [a,c] U [¢, b] can be expressed as the sum of

two integrals , \
[t@ o= [ s@ ar+ [ 1) as.

e The mean-value of an integral is the value

b
10 == [ f@ do,

for some value ¢ € (a, b).

e The integral representation for the residual of an n-degree Taylor polynomial is

n

zaxx>=mlx‘”‘f’3ﬂ”+”u>dt.
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Exercises

1

2.

10.

11.

. Prove that the equation sin(z) = 2—2x has at least one solution in the interval (7 /6, 7/4).
Prove that the equation  — e~® = 0 has a unique solution z* € [0, 1].

If a function f is continuous in [a,b] and f(a) # f(b), then show that there is at least
one z* € (a,b) such that
fla) + £(b)

fla®)=——5"—"""

Consider the function

ar’+3br—5 T 7& 1
— x—1 )
ra={ 2 ot

Find the values of a,b € R so as f is continuous.

. Consider the function )

3z2 —a’z, z<1
f(x)—{ Sr+a—4, v>1

Find the values of a so as f is differentiable at x = 1.

Show that if a function f is differentiable at x = 0 and
b 1@ _
x—0 X

then f/(0) = 4.

Find the equation of the tangent line to the graph at (xq, f(zo)) when f(z) = 223 and
To — —1.

Prove that the equation 3% — 2 +a = 0 has at most one root in the interval (—1, 1) for
any value of a.

Show that Rolle’s theorem apply to the function f(z) = zsin(z). Then prove that the
equation tan(x) = —z has at least one root in the interval (0, 7).
Prove that

(a)

P
9-Scm2<
2 e

(b)
5% 1 /3
cos— < — + —— .
18 2 36

Prove that

(a)

1
<lnz<z-1 forall xz e (0,+00),

T

(b) |
lim —% =1 .
z—=1qx —1
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12. If two functions f and ¢ satisfy the system of differential equations

f'(@) = g(=),
g'(x) = —f(x),

then show that the function f2(z) + ¢g2(x) is constant.

forallz e R,

x

13. Consider the function f(z) = 57.

(a) Find the intervals of monotonicity of f(z).
(b) Find the minimum and maximum values of f(z).

(c) Prove that e* > x + 1 for all z € R.
14. Prove that for any two continuous functions in the interval [a, b]:

(a) If f(z) >0 for all = € [a,b] then

/abf(x)dxzo.

(b) If f(z) < g(x) for all = € [a,b] then

[ @ ar< [y i

/abf(x) dx

1—1§/ lalwge—l.
e 1 X

¥ 1
/ |z| dz = —x|z| .
O 2

17. If g is a continuous function in R, and

(©) ,,
< / F(@)] da .

15. Prove that

16. Prove that for all x € R

show that f'(x) = 2g(2z + 1) — g(z).

18. The power series of sin x is

The following Python function uses these power series to compute the value of sin x for
some x
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def powersin(x):

# POWERSIN. Power serties for sin(z)
# POWERSIN(z) tries to compute sin(z)
# from a power series

s =0
t =X
n=1

while (s+t != 8):
s =s+t
t = -xx*x2/((n+1)*(n+2) ) *t
n=n+2

return s

(a) What causes the while loop to terminate?
(b) Answer the following questions for x = 7 /2, 117 /2, 217 /2, and 317/2:

(i) How accurate is the computed result?
(ii) How many terms are required?
(iii) What is the largest term (in magnitude) in the series?
(¢) What do you conclude about the use of floating-point arithmetic and power series
to evaluate functions?
19. The power series for the function arctan(z) is

> 2i—1

= -1 S S ]
arctan(z) Z( ) 57 1
i=1
(a) Show that m = 4 arctan(1).
(b) Using the power series of arctan(z) find value N so as the sum

N 2i—1

i1 X
SN :Z(_l) +12i—1 )

=1

approximates the value of w/4 with absolute error
lsy — /4] <1073 .
(¢) Write a Python function to compute an approximation of 7 using appropriate power
series of arctan(z).

20. Consider the sequence defined recursively, as follows:
T = 27 T2 = 13 Tp = 2Tp_1 — éxn—2 .
(a) Write a Python script to compute the value to which the sequence

Ln
Yn =

(1+v2/2)»

converges.
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(b) We say that a sequence {a,} converges to a limit £ with rate (or order) r if there is
a fixed number r such that

lim 7|an+1 —4_ C,

n— 00 ‘an—a"' B

where C' is constant. If the previous relation holds for any value r > 0, then we say
that the sequence converges exponentially. If » = 1, then we say that the sequence
converges linearly, and if » = 2 we say that the sequence converges quadratically.
Find (numerically) the type of convergence (linear, quadratic, exponential) of the
sequence {y,}, as accurately as possible.

(c¢) Find the exact answers to the above questions.

[Hint: Show first that ,, = c1(1 4+ v/2/2)™ + ca(1 — v/2/2)" satisfy the recursive relation
for x,,. Then find the values of ¢; and co using the initial conditions. Finally, substitute
into y,, and compute the limit.]

21. Consider the sequence {y,} with

yn:2"tan21n, n=23,....

(a) Prove that y, is decreasing, and lim y, = .
n—oo

(b) Give a geometric explanation of the previous result.

(c¢) Prove that {y,} can be expressed in terms of the recursive sequence

Y2 = 4 )
Thg V2
Yn+1 = 221 1+(2yny") 17 n=23,....

(d) Explain why the previous formula is unstable in finite precision arithmetic.

(e) Find an alternative, stable algorithm for the computation of the terms y, using
only addition/subtraction, multiplication/division and square roots.

[Hint: See Section 3.3.4, and use the identity tan(2x) = 2tanxz/(1 — tan? x)]

22. Assume that we want to compute members of the sequence

1 xn
yn=/ de, n=0,1,2,...,
0o T+c

where ¢ > 1 is a very large constant.
(a) Compute the term yg.

(b) Prove that the sequence y,, is decreasing, and that lim y, = 0.

n— oo

(¢) Prove that for all n > 1

! n )k _ gn—k c
yn:Z(_l)k( )Ck(1+ ) +(—c)”log1+ )

n—=k c

(d) Will the previous formula lead into a stable method to compute the sequence y,,?
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5

Roots of Equations

Scientific problems often lead to algebraic equations of the form

flx)y=0.

A solution of such an equation is defined as a value x* that satisfies f(«*) = 0. Unfortunately,
we can solve analytically only linear and certain nonlinear equations, while most of the
equations we deal in real-world problems are complicated and cannot be solved analytically.
For example, try to solve the simple equation cos(z) — 2 = 0. In this chapter, we focus
on numerical methods for the approximation of solutions of general equations f(x) = 0.
Specifically, we study the bisection, Newton-Raphson, and secant methods. We study the
convergence of these methods, and how to implement and use them in Python.

5.1 Bisection Method

Suppose that f(x) has a root z* in the interval [a,b]. Thus, * € [a,b] is a solution to
the equation f(z) = 0. The most basic numerical method to approximate this root is the
bisection method!. This method is always convergent, although a bit slow.

5.1.1 Derivation and implementation

The bisection method is based on Bolzano’s (intermediate value) theorem (Theorem 4.1)
and can be applied only to continuous functions that change sign in the interval [a,b].
Because no further smoothness is required, the bisection method is used for its simplicity.
Bolzano’s theorem states that a continuous function f with

fa)- f(b) <0,
has a root «* € (a,b). The midpoint

a+b

To = 2 )

of the interval [a,b] can be close to this root (see Figure 5.1). We will use the midpoint zg
as a rough first estimation of the root x*, and nobody stops us from trying to find a better
approximation.

Since we introduced a new point xy = GTH’, we can split the initial interval [a, b] into
two new intervals [a, zo] and [zg,b], and repeat the same process in either [a, xg] or [z, D]

I Bisection method is an example of a one-dimensional search method, [23]. Another example of search
method is the method of false position (see Algorithm 16) and the golden section search method. More
information for the last one can be found in Chapter 11.
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FIGURE 5.1
Approximation of the root z* by the midpoint of the interval [a, b].

depending on where the root * is located. For example, in Figure 5.1 the root z* is located
in the interval [a,xo]. We have that in this interval f(a) - f(zo) < 0 since f(a) < 0 and
f(zo) > 0. Therefore, we can take an improved approximation z; of the root z* to be the
midpoint z; = “"’2”0 of the new interval [a,x0]. We can repeat this process until we are
satisfied with the accuracy of the approximation.

In order to make this process more suitable for computer implementations and theoreti-
cal estimates, we redefine our interval [a, b] at every iteration by calling the working interval
[a, b]. After the first iteration, the new interval [a, 2] is denoted again [a,b]. Then we set
again x, = “TH’. In particular, we set b = xg so as the new interval [a, b] coincides with the
interval [a, xo], and we forget the previous interval. Repeating this process we generate a
sequence of approximations xj &~ z*, each of which is a midpoint of an interval.

Since we repeat this process until certain accuracy has achieved, we need to agree on a
tolerance for the accuracy. Usually, we are not aware of the exact solution z*, so we cannot
estimate the error |x* — xzy|. For this reason, we terminate the process when two subsequent
approximations are very close to each other. This means that after setting a tolerance TOL
for the accuracy we check whether

|.7Jk — .7;}9,1| <TOL s

is satisfied. An alternative stopping criterion could also be the magnitude of the value
|f(z)|. The smallest this value is, the closer to the root we should be. Here, and for the
bisection method, we will consider as a measure of convergence the length of the interval
[a,b] from which the last midpoint occurred. Usually, we take the tolerance to be a small
number of order O(107°) or O(1071%) depending on how accurate we need the result. If we
take a small tolerance, then the process might require a lot of iterations. The algorithm of
this repetitive process can be described with the Algorithm 11. We encourage the interested
reader to modify the stopping criteria and test other options.

Algorithm 11 defines a sequence of approximations zj. For each k we repeat the same
iteration process. Such method is characterized as iterative method. To avoid the possibility
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Algorithm 11 Bisection method
Set a tolerance TOL for accuracy
Initialize the interval [a, b]
Set k=0
Check if f(a) - f(b) < 0 (if not then quit)
while |0 —a| > TOL do
Set z = (a + b)/2 (the new approximation)
Check in which interval [a, xj] or [z, b] the function changes sign
if f(z)- f(a) <0 then
b= Tk
else if f(zy) - f(b) <0 then
a = Tk
else
Break the loop because f(z) =0
end if
k=k+1
end while
Return the approximation of the root z*

that an iterative method iterates for ever, we count the number of iterations performed and
we allow only a certain maximum number of them. This can be done within the while loop
by adding an additional stopping criterion: The number of iterations cannot exceed a certain
number. This may increase the number of inputs in our function but it ensures a smooth
iterative procedure. We continue with the implementation of this method in Python.

def bisection(f, a, b, tol = 1.e-6):
iteration = 0 #init<alize counter iteration
if (f(a) * £(b) < 0.0): # check <if there is a Toot
while ((b-a) > tol): # check tf the end-points converge
iteration = iteration + 1
x = (a + b)/2
if (f(a) * £(x) < 0.0):
b =x
elif (£(x) * £(b) < 0.0):
a=x
else:
break
print(iteration, x)
ellisel
print('failure')
return Xx
# returns the midpoint of the final interval

In this code we record the number of iterations using the variable iteration. This
counter is increased by 1 every time the while loop is being executed. We can define the
maximum number of iterations allowed maxit, and replace the while statement with
the statement while ((b-a) > tol and iterations < maxit):. This will ensure that
the code will not perform too many iterations. The variable maxit can be as large as 100
or larger. We leave such a modification of the code as an exercise for the reader.
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In what follows we test our method and its implementation. Here we choose the nonlinear
equation
lnz+z=0,

in the interval [0.1,1].

import numpy as np
def £(x):
y = np.log(x) + x
return y
a=20.1
b 1.0
tol = 1.e-4
x = bisection(f, a, b, tol)
print ('The approximate solution x is: ', x)
print ('And the value f(x) is: ', £(x))

=

.55

775

.6625000000000001

.6062500000000001

.578125

.5640625

.57109375

.567578125

.5658203125000001

10 0.5666992187500001

11 0.567138671875

12 0.5673583984375

13 0.56724853515625

14 0.567193603515625

The approximate solution x is: 0.567193603515625
And the value f(x) is: 0.0001390223881425623

© 00 N O O W N =
O O O O O OO oo

This code prints the iteration number and the midpoint at every step. It is noted that
in addition to the approximation x; of the root x* at the end, we compute the value of the
function f(zx) =~ f(z*) = 0. It was required 14 iterations until the length of the interval
[a,b] becomes less than 10~%. Because our tolerance was TOL = 104, the value f(x*) we
found has only 4 significant digits correct. We can increase the accuracy of the method by
choosing smaller value for the tolerance TOL.

BZ" In line 1 of the previous code we called NumPy with the acronym np. We will
not repeat this command, however, it is necessary for all the rest of the chapter.

5.1.2 Proof of convergence

When we design a numerical method we want to know if the generated approximations
converge to the correct solution, and how fast. We say that the method converges in the
sense that the limit of the error converges to zero as the number of the iterations increases

lim |ex|=0.
k—o0
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The approximation error |eg| is defined as
lex| = |z* — x|,

and is the distance between the exact solution z* and the approximate solution zj. For the
bisection method we have the following proposition:

Proposition 5.1. If f € C[a,b] and f(a) - f(b) < 0, then the sequence {x}ren generated
by the bisection method either converges to the root x* of the equation f(x) =0 as k — o0
(we write x, — x* as k — o0), or there is k = N such that x = x*. Moreover, the
approrimation error is estimated to be
b—a
|x*—$k|§W7 k:071,2,....

Proof. In order to prove the convergence of the bisection method we modify for convenience
our algorithm by setting ag = a and by = b the initial endpoints of the interval [a,b] and
let I; = [a;,b;], ¢ = 1,2,... denote the intervals constructed by the bisection method.
Observing that the length of the interval [ag, bg] is half of the length of [ax_1, by—1] we have

b — ar — bp—1 —ar—1 _bp2—aro  _b—a
k k 2 4 2k )
and
I ay + by
k — 2 3
while
¥ e [ak,bk] .
The approximation error is
« bk — Ak b—a
lexl = lo* —mi < A = 222
Taking the limit £ — oo we get
lim |ex| < lim ——2 =0
im |e im —— =
k—o0 kl = k—oo 2k+1 ’

and therefore we conclude that the sequence xj produced by the bisection method always
converges to the exact root x*. O

I¥" The major advantage of the bisection method is that always converges to a
solution and for this reason is often used to provide a good initial approximation for
a more efficient procedure. Moreover, it can be used when the function f(z) is just
continuous.

5.1.3 Rate of convergence

After verifying that the numerical method converges, it is useful to know how fast the gener-
ated sequence of approximations xj; converges to the solution x*. The speed of convergence
is described by the convergence rate or rate of convergence. The rate of convergence for a
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sequence of errors |e;| = |x* — x| is the number r > 1 for which there is a constant C > 0
such that
e
i el _
k—o0 |€k|r

In order to understand the practical meaning of this limit, think of the error |ex| < 1 to
be small. Then, |ex|” should be much less than |ex| for » > 1. This can be expressed as
lex|” < lek|, for r > 1. Thus the error of the next iteration will be much smaller than
the error of the previous one and the magnitude will be determined by the exponent r.
Specifically, we will have |e 11| & Cleg|” < |ek]-

The case 7 = 1 requires C' < 1, otherwise there is no guarantee that the new error will
be smaller than the previous one. To see this, assume that we perform k iterations of an
iterative method. In practice, we want the error |egx| = |x* — x| to decrease so that

lex+1| = Clex| ,

which implies
lexs1] = Clex| = C?lega| = --- = C¥lea] .

For this reason, we need C' < 1, otherwise the method will diverge as k — oco.

When r = 1 we say that the method converges linearly, when r = 2 quadratically and so
on. For the bisection method we proved linear convergence in Proposition 5.1 with C' = 1/2
and |eg+1| < 3lex|. Thus the method converges with rate at least 1. We say “at least”
because it can happen to converge either instantaneously or in general faster than 1 as the
less equal sign suggests. In general, if |ex1]| < Clex|”, then the rate of convergence is at
least of order r meaning that r is the worst case.

When we cannot compute a theoretical estimate for the convergence rate of a numerical
method, or if we want to verify our theoretical estimate, we often find approximations
of the convergence rate experimentally. In order to compute experimentally the rate of
convergence, we compute the errors for three subsequent iterations, let’s say eq, es, e3. Then
we assume that

le2| = Cles|”

les| = Clea|” .

Dividing the previous equations we have

le2f _ <el|>
les] €]
We then solve for r to obtain a formula for approximating the rate of convergence

log lea|

les]

log %

We use the natural logarithm but sometimes the use of the logarithm with base 10 can
be more informative. Moreover, the experimental estimation of the rate of convergence
requires the knowledge of the exact solution. For this reason, we usually choose a problem
with known solution for testing purposes. This methodology is sometimes called the method
of manufactured solutions.

As an example, we compute the convergence rate for the bisection method numerically
by modifying the previous code.
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Bisection Method

def bisection_rates(f, a, b, tol = 1.e-6):

iteration

if (£(a)

el
e2
e3

else:

= ©

* £f(b) < 0.0):

abs(b-a) #initialize el arbitrarily

el*x2 #initialize e2 arbitrarily
el #initialize e3 arbitrarily
while ((b-a)>tol):

el = e2
e2 = e3
iteration

= iteration + 1
x = (a+ b)/2
if (f(a) * £(x) < 0.0):

b =x

elif (f(x) * f(b) < 0.0):
a=x

else:
break

e3 = np.abs(b-a)

rate = np.log(e2/e3)/np.log(el/e2)
'rate =', rate)

print('iteration = ', iteration,

print('failure')

return

def f(x):

X

y = np.log(x) + x

return

m

I
N~ o
- O -

tol

.e—4

y

x = bisection_rates(f, a, b, tol)

iteration =
iteration =
iteration =
iteration =
iteration =
iteration =
iteration =
iteration =
iteration =
iteration =
iteration =
iteration =
iteration =
iteration =

© 00 ~NO O WN -

=
= O

e
DSwWw N

rate
rate
rate
rate
rate
rate
rate
rate
rate
rate
rate
rate
rate
rate

P OFrORFR,rRF OO

.0000000000000002
.9999999999999997
.9999999999999993
.0000000000000007
.0000000000000029
.9999999999999971
.0000000000000115
.9999999999999657
.0000000000000682
0.9999999999999545
0.9999999999998177
1.0000000000001823
1.0000000000007292
0.9999999999992709
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For this particular example the estimated convergence rate is 1. This is a strong indi-
cation that the method converges with rate 1. Note that we do not expect the convergence
rate to be correct from the very first iteration since the values el, e2, e3 have arbitrary
values.

IZ"  The convergence of the bisection method can be quite slow and so it may require
a lot of iterations k until the error |* — x| becomes sufficiently small. The bound
of the error |eg| is halved at every step. It is also possible that a good intermediate
approximation may be inadvertently discarded.

Estimation of the number of iterations

Due to the simplicity of bisection method, it is easy to estimate the maximum number of
iterations required in order to achieve a prescribed accuracy. Assume that we want to find
an approximation zj to the root z* with accuracy at least e, in the sense that |ex| < e.
From Proposition 5.1 we have that |ex| < (b — a)/2"+1. To ensure that |ex| < &, we set

b—a
QICT <e€.
We solve the last inequality in terms of k£ and we find that we need at least

log(b — a) — log(2¢)
log(2) ’

k>

iterations to achieve the desired accuracy.
For example, consider the initial interval [0,1] (independent of the equation we solve)
and ¢ = 10~*. The bisection method requires

log(1) —log(2-10~%)
log(2)

We conclude that the bisection method requires k£ = 13, which is to say 14 iterations. This
is because we start counting the approximations zj from k = 0.

k> ~ 12.29 .

5.2 Fixed-Point Methods

The bisection method has guaranteed convergence. However it uses almost no information
about f(z) beyond its sign. As an alternative to the bisection method we derive other
methods, known to as fized-point methods that can converge faster.

The basic idea behind fixed-point methods is the following: Every equation f(z) = 0
can be written in the form z = g(x). We can do this in many different ways. For example,
we can write the equation sin(z) +1 =0 as

x=z+sin(z)+1 or z=—zxsin(z).

In the first case the function g(z) = z + sin(z) + 1, while in the second case is g(z) =
—xsin(z). Rewriting the original equation f(z) = 0 in the form x = g(x) will result in a
different numerical method with different convergence properties. This is because we will
seek the value x* such that x* = g(z*) instead of seeking the value z* such that f(z*) = 0.
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Y

y=g(z)

]

FIGURE 5.2
Geometric interpretation of fixed point z* = g(z*).

We saw earlier that the value z* satisfying f(x*) = 0 is called root of the function f(x).
The value z* that satisfies the relation x* = g(z*) is called fized point of g. For this reason,
iterative methods we will derive in this book for finding fixed points of functions are called
fized-point methods.

BE" A point z* such that z* = g(x*) is called fixed point of g. A fixed-point method
is an iterative method for the approximation of fixed points.

5.2.1 Derivation and implementation

The idea behind fixed-point methods is simple. Since a fixed point x* satisfies z* = g(z*),
this implies that the point (z*,z*) = (z*, g(«*)) is the point of intersection of the graphs
of y = z and y = g(z). This is depicted in Figure 5.2.

Given an equation f(x) = 0 we first define an appropriate function g(z), and rewrite
our equation as x = g(z). Since there is no unique way to do this, it is a matter of luck
as to whether our method is good or not. In the next section we will see a way to derive a
fixed-point method that excels in terms of speed of convergence, and thus in accuracy.

Given the fixed-point equation x = g(z), we start with an initial guess xo of the fixed
point z*. Yes, an initial guess! We can choose (almost) anything we like. We wrote almost
because it is always better to start with a value which is close to the exact solution x*. If
we have no idea how to make an initial, rough estimate, we can use the bisection method
for a few iterations to find the initial guess zy. Then the fixed-point method continues with
improvements

Tpy1 = gxg) for k=0,1,2,....

The algorithm of a generic fixed-point method is described in Algorithm 12.

In practice, similarly to the bisection method, we usually do not store in memory every
approximation in the sequence z, but only the last approximation. Therefore, the implemen-
tation of Algorithm 12 differs slightly from the algorithm itself. In addition to the standard
tolerance for the error, as a stopping criterion we also record the total number of iterations.
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Algorithm 12 Generic fixed-point method

Set a tolerance T'OL for the accuracy
Set k=0
Initialize xp,
Set Error = TOL +1
while Error > TOL do
Compute zp41 = g(zk)
Error = |xgy1 — ok
Increase the counter k =k + 1
end while
Return the approximation of the root x*

def fixedpoint(g, x0, tol = 1.e-6, maxit = 100):
# g = the function g(z)

# x0 = the initial guess of the fized point z=g(z)

# tol = tolerance for the absolute error

# of two subsequent approxzimations

# maxtt = mazimum number of iterations allowed
err = 1.0

iteration = 0O

xk = x0

while (error > tol and iteration < maxit):
iteration = iteration + 1
error = xk
xk = g(xk)

error= np.abs(error - xk)
]

print ('iteration =', iteratiom, ', x =', xk)

return xk

To test the code, we consider the equation f(x) = 0 with f(x) = 2?2 — 2 — 1. This
equation has two roots but we are interested in the root z* = (1 + v/5)/2, which is known
to as the golden ratio. We can formulate the function g(x) of the fixed-point equation in
many ways. One choice could be the following: We first solve for 22 the original equation
22 —2—1 =0 to find 22 = = + 1, and we take the square root to get the fixed-point
equation z = ++/x + 1. Then we choose g(z) = vz + 1, so the fixed-point iteration will be
Tp+1 =Var + 1 for k=0,1,2,.... As initial guess of the fixed point we take z¢ = 0.

def f(x):
y = x**2-x-1.0
return y
def g(x):
y = np.sqrt(x+1.0)
return y
tol = 1.e-4
maxit = 50
x0 = 0.0
x = fixedpoint(g, x0, tol, maxit)
print ('The approximate solution x is: ', x)
print ('And the value f(x) is: ', £(x))
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04

o y=x T

FIGURE 5.3
Geometric representation of the first few iterations zy11 = g(zy) with 2o = 0 and g(z) =

v+ 1.

iteration =1 , x = 1.0

iteration = 2 , x 1.4142135623730951
iteration = 3 , x 1.5537739740300374
iteration = 4 , x 1.5980531824786175
iteration = 5 , x = 1.6118477541252516
iteration = 6 , x 1.616121206508117
iteration =7 , x 1.6174427985273905
iteration = 8 , x = 1.617851290609675
iteration = 9 , x = 1.6179775309347393

-

iteration = 10 , x = 1.6180165422314876
The approximate solution x is: 1.6180165422314876
And the value f(x) is: -3.9011296748103774e-05

Although we specified the maximum number of iterations to be maxit = 50, the method
converged in 10 iterations within the desired tolerance 10~%.

It is worth discussing in some detail how fixed point methods work geometrically. Start-
ing with the initial guess xg = 0 we compute the value g(xg), and we set 1 = g(xp).
Practically, we project the point y; = g(zo) to the straight line y = x by taking x1 = y;.
We continue with the value z1. We compute the value g(x;) and we set y2 = g(x1). We
project again onto the straight line y = = so as o = ¥y, and so on. This is depicted
graphically in Figure 5.3.

Since the equation z = g(x) is not a unique fixed-point representation of the equation
f(z) = 0, we can proceed with a different choice of g(z). Consider again the equation
z?2 —x — 1 = 0, but now after solving for 22, divide by z to obtain the fixed-point equation
=1+ 2, with g(z) = 1+ L. For the new fixed-point method we take zo = 1 to be the
initial guess and we obtain the following results:

def g(x):
y = 1.0+1.0/x
return y

tol = 1.e-4

maxit = 50
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FIGURE 5.4
Geometric representation of the first few iterations zr11 = g(zy) with 2o = 1 and g(z) =
1+ 2.

x0 =1.0

x = fixedpoint(g, x0, tol, maxit)
print ('The approximate solution x is:
print ('And the value f(x) is: ', £(x))

',X)

iteration =1 , x = 2.0

iteration = 2 , x 1.5

iteration = 3 , x 1.6666666666666665
iteration = 4 , x = 1.6

iteration = 5 , x 1.625

iteration = 6 , x 1.6153846153846154
iteration = 7 , x 1.619047619047619
iteration = 8 , x 1.6176470588235294
iteration = 9 x = 1.6181818181818182

iteration = 10 , x = 1.6179775280898876

iteration = 11 , x = 1.6180555555555556

The approximate solution x is: 1.6180555555555556
And the value f(x) is: 4.822530864223573e-05

We observe that the different function g(z) requires more iterations to converge within
the prescribed accuracy. The geometric interpretation of this new iteration can be seen in
Figure 5.4. Here the projections form a helix. Without being important for the convergence,
it gives an idea of the geometric pattern of the convergence. Specifically, it shows that the
convergence depends not only on the initial condition but also on the shape of the graph of
the function g(x).

Trying different choices for the function g(x) we can get completely different behavior.
For example, taking g(z) = 22 — 1 and starting with 2o = 1 the fixed-point iteration never
converges. Specifically, it falls in a square pattern where zor, = 0 and zg9py; = —1 for

k =0,1,2,.... By taking g(z) = = — ngle on the other hand the fixed-point method
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converges in only 5 iterations. The last option is a special case that can be derived following
a methodology known as Newton’s method. We study Newton’s method later in detail.

5.2.2 Theoretical considerations

One question that arose from the previous experiments is the following: What properties
of the function g(x) can influence the convergence of a fixed-point method? The answer to
this question is given in Proposition 5.2.

Proposition 5.2 (Existence of a fixed point). Every continuous function g(x) : [a,b] —
[a,b] has at least one fized point in the interval [a,b].

Proof. The fact that g(z) : [a,b] — [a,b] implies that the image of g is g([a,b]) C [a,b]. If
g(a) = a or g(b) = b, then the existence of a fixed point is obvious. Suppose that g(a) # a
and g(b) # b. Then we have only one choice: g(a) > a and g(b) < b. We define the function
h(z) = g(x) — x. The function h(z) is continuous in [a, b], and, moreover, because of our
hypothesis we have h(a) = g(a) —a > 0 and h(b) = g(b) — b < 0. Hence, from Bolzano’s
theorem, there is at least one point z* € (a, b) such that h(z*) = 0 and thus z* = g(z*). O

Another interesting question is whether the previous fixed point is unique, or not. This is
important to know so that we can be sure that our method converges to the desirable root.
In order to prove the uniqueness of the fixed point, we need to assume further regularity
for the function g(z). Specifically, we need to assume that g(z) is Lipschitz continuous
function, and in particular a contraction. For simplicity we will relax this requirement to
l¢'(z)] < K <1 for all x € [a,b].

Proposition 5.3 (Uniqueness of a fixed point). If g € Clla,b], i.e. g is continuously
differentiable function, and g(x) € [a,b] for x € [a,b] and let also

g (x)| <K <1, forallz€lab],

then the function g has a unique fized point.

Proof. The existence of fixed point has been proven in Proposition 5.2. To prove the unique-
ness of the fixed point we assume (for contradiction) that there are two fixed points #* and
x** in [a, b] such that z* # 2**. By the Mean Value Theorem of differential calculus (see
Theorem 4.3) there exists £ € (*, 2**) such that

Since |¢'(z)] < K < 1 for all z € [a, ], we have that
2" — 2™ = |g(z") — g(a™)| = [g"(Oll" — ™| < " — 2™, (5.1)

which is a contradiction. Therefore, the hypothesis of two fixed points is wrong, and thus
the fixed point is unique. O

To illustrate the applicability of the previous propositions, consider the function g(z) =
z2—1

5 in the interval [—1, 1]. It is easy to verify that g(z) € [~1,1] for all values z € [-1,1].
Moreover, g(x) is differentiable and
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for all z € (—1,1). We conclude then that the function g(z) has a unique fixed point in the
interval (—1,1).

Note that the requirement for differentiability and for the derivative to be |¢'(z)| <
K < 1 can be replaced by the assumption that the function g is a contraction (Lipschitz
continuous with constant K < 1). Then for all values of « and y there is a constant 0 < K <
1 such that |g(z) — g(y)| < K|z — y| and inequality (5.1) can be replaced by the inequality

2% — 2™ = g(a") = g(z™)| < Klz* — 2™ < [a” — 2™

The rest of the proof need no modifications. To review Lipschitz continuous functions see
Section 4.2.

5.2.3 Convergence of fixed-point methods

A fixed-point method zy41 = g(zy) for k = 0,1,2,... with an initial guess zo and ap-
propriate function g(z) can generate a sequence of approximations to the solution of the
fixed-point equation z* = g(z*). We saw that the condition |¢'(z)] < K < 1 (or if g is a
contraction) guarantees the uniqueness of the fixed point. Under the same condition the
fixed-point method generates a convergent sequence to the fixed point x*. The following
proposition gives a sufficient condition for the convergence of the generic fixed-point method.

Proposition 5.4. Let g(x) has a fized point x* and is such that
g (z)| <K <1.

Then the sequence {xy}ren generated by the fized-point method xy11 = g(xk) converges to
x* for any given initial guess xo in the domain of the function g.

Proof. In order to prove convergence we consider the error
e =T — T, (5.2)

and we show that the sequence ey tends to zero as k — oc.
From (5.2) we have that xp = 2* + e and zx11 = * + egy1. Since g1 = g(zg) for
k=0,1,2,..., we have that
' +eprr =g(x" +ep) .

With the help of the Mean Value Theorem of differential calculus and the hypothesis
l¢'(z)] < K <1 we get

€] = Ther — 2|
= lg(azx) — g(7)]
=1¢'(ck)| |zx, — 2| [ for some ¢ between zy and z* ]
< K|z — ¥
= Kleg| .

Thus,
et < Klew| < K?|ep—| < - < K¥|eq| .

Taking the limits k£ — oo in the above inequality leads to
lim |ex1] < lim K¥|eg| =0,
k—o0 k— o0

since K < 1. This means that the error converges to zero and thus the iteration converges
to z*. O
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The condition |¢'(z)] < K < 1 was used only after the Mean Value Theorem to show
that

l9(zx) — g(@)| = lg'(ci)| |z — 27| < Klay, — 2] .
The middle step can be omitted without modifying the proof essentially if we assume that
g is a contraction. Specifically, if |g(z) — g(y)] < K|z —y| for 0 < K < 1 and for all z,y,
then we have the same result without assuming that g is differentiable. Notice also that in
the proof of the Proposition 5.4 the constant cj is between xj and z*, and since zp — x*
then ¢ — z*. Thus, if ¢’ is continuous, then ¢’(cx) — ¢'(z*). This yields

i g0
—00 |€k|

We observe that if ¢’(2*) = 0, then it is expected that the method converges with r > 1.

7

IE" Tt is impossible to describe the convergence rate of a generic fixed-point method
since it depends on the choice of g(z). To estimate experimentally the convergence
rate of a generic fixed-point method, we can use the numerical procedure described
in Section 5.1.3. In the next section we describe a fixed-point method with quadratic
convergence rate.

5.3 Newton’s Method

Newton’s method (also known as the Newton-Raphson method named after Sir Isaac New-
ton (1662-1726) and Joseph Raphson (1668-1712)) is a particular fixed-point method with
quadratic convergence rate. Newton’s method is considered one of the most efficient iterative
methods for the approximation of roots of functions. The success of this method is based
on the fact that the tangent line of f at some point (xy, f(xx)) is a good approximation of
f(x) around that point?. So instead of computing the exact zero of f(x) we compute the
root of its tangent line. This idea is depicted in Figure 5.5.

5.3.1 Derivation and implementation

Newton’s method is a fixed-point method. For this reason, we start again with an initial
guess xq close to the actual root z*. Then we set up a sequence of approximations {zy }ren
to the root x* by approximating the function f using its tangent line. Assume that we have
computed the approximation xj for some k& € N, and that the function f is differentiable.
The tangent line to the function f(z) at the point (x, f(zx)) is described by the equation

y=f(z)z+b, (5-3)

where b has to be found. We can find the constant b using the fact that the tangent line
passes through the point (zy, f(x)). Specifically, substituting x = zy and y = f(xx) in
(5.3) yields f(zr) = f'(xr)zr + b. Solving the last equation for b we get

b= f(ib'k) — f/((Ek)QL'k .

2The approximation of f(x) by its tangent is also called linearization.
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FIGURE 5.5
Geometric interpretation of Newton’s method. The function f and its tangent at (xg, f(xx)).

Substituting b into (5.3) we obtain the equation for the tangent line y = f/(xp)z + f(zk) —
f'(zx)xy. Rearranging the terms in the last formula we have

y=f(zr)(@ — ) + f k) - (5-4)

Now we can approximate the root of the function f with the root of its tangent line.
Denote the root of the tangent line by x441 such as

0= f"(zr) (@1 — k) + flan) -

The root of the tangent line x; is our new approximation to z*. Solving the last equation
for the new approximation x4 we obtain the iteration

S (€7
Tp+1 = Tk 7 (xr) ) (5.5)

known to as Newton’s iteration. Newton’s iteration is a fixed-point iteration xgy1 = g(xg)

with f2)
x
g(z)=o— .
W= pa
The form of this function leads also to the idea of a more general class of fixed-point methods

(relazation methods) based on functions g of the form g(x) = © — M(x) - f(x) where M(x)
can be any appropriate function leading to convergence of the iterative method, [132].

Alternative derivation

The previous derivation is based on our geometric intuition. Here we derive the same method
using a more formal derivation which also gives us an idea of the error in the approximation.
This alternative derivation is based on Taylor’s polynomials.

Let z; be an approximation of the root x*. The Taylor polynomial of degree one about
the current Newton iteration xy is

f(x) = flae) + f'(ze) (@ — 2p) + O((& — 21)?)

where the O((z — z)?) denotes terms of the specific order. Since z is near xj, these terms
will not be important. Evaluating the first order Taylor polynomial at x = =* we get

f@®) = flan) + f'(zx) (@ —ax) + O(ef) .
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where e, = * — xj. Since z* is the exact root of the function f(x) we have f(z*) =0, and
thus
0= flar) + f'(ar)(@* —zx) + O(ef) - (5.6)

From this formula we conclude that the anticipated error is expected to be of O(e?), which
is of second order. Discarding the error term and solving equation (5.6) in terms of x* we

get
. f(@k)
r =T — .
f'(@k)
Setting the right-hand side of the previous formula equal to z;y; yields again the Newton
iteration
f(xr)

flae)
A complete algorithm of Newton’s method is presented in Algorithm 13.

LTe4+1 = Tk —

Algorithm 13 Newton’s method
Set a tolerance T'OL for the accuracy
Set the maximum number of iterations M AXIT
Set k=0
Initialize x, and Error = TOL + 1
while Error > TOL and k < MAXIT do
if f'(z1) # 0 then
Compute g1 = Tp — f,((z’;))

Error = |xgp41 — xk|
Increase the counter k = k + 1
end if
end while
Return the approximation of the root x*

Newton’s method requires the knowledge and the computation of the derivative f’ at
each step, and this can cause delays. It also requires division by f’(xy). For this reason,
every time we perform the division we need to check if the derivative is zero or not. Because
of floating point errors, instead of checking whether f’(zy) # 0 it is better practice to check
whether f’(z)) is greater than a tolerance. For example, we usually check if |f/(zx)| > €
for some very small value €. The parameter € can be chosen quite small such as 10719,
Alternatively, we can check if |f/(xy)| is close to zero using the NumPy function isclose
where again we need to provide a tolerance. More information about this function can be
found online.

To keep the algorithm simple we do not verify if the derivative becomes zero. This task
is left as an exercise for the reader. An implementation of the previous algorithm in Python
can be the following

def newton(f, df, x0, tol = 1.e-6, maxit = 100):
# f = the function f(z)
# df = the derivative of f(z)
# x0 = the initial guess of the solution
# tol = tolerance for the absolute error
# mazxtt = mazimum number of iterations
err = 1.0
iteration = 0
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xk = x0

while (err > tol and iteration < maxit):
iteration = iteration + 1
err = xk # store previous approximation to err
xk = xk - f(xk)/df(xk) # Newton's iteration
err = np.abs(err - xk) # compute the new error
print(iteration, xk)

return xk

We test our new method for the equation
Inzx+z=0.

This is the same equation we used to test the bisection method before. The difference here
is that we do not need to specify any initial interval but an initial guess of z*. We take the
value zo = 1 as an initial guess. In this case, f(z) =Inz +a and f'(z) = £ + 1.

def f(x):
y = np.log(x) + x
return y
def df(x):
y=1.0/x+ 1.0
return y
tol = 1.e-4
maxit = 50
x0 = 1.0
x = newton(f, df, x0, tol, maxit)
print ('The aproximate solution is: ', x)
print ('And the error is: ', f(x))

1 0.5

2 0.5643823935199818

3 0.5671389877150601

4 0.5671432903993691

The approximate solution x is: 0.5671432903993691
And the value f(x) is: -2.877842408821607e-11

Observe that even if the tolerance tol=1.e-4 was the same as in the bisection method,
Newton’s method converged to a better approximation with only 4 iterations! This is an in-
dication (in accordance with the derivation of the method) that the method is quadratically
convergent.

We have already noted that Newton’s method is a fixed-point method with

W
o)== iy

If f is twice-differentiable in a neighborhood of the root z*, then we have

@) @) @) @) 1)
@ =1 )2 F@?
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Thus, if f/(z*) # 0, then ¢'(z*) = 0, and according to the remarks in Section 5.2.3 we
expect the convergence rate to be r > 1. We prove that the convergence rate is indeed
r=2.

IZ" Newton’s method is a particular fixed-point method that is expected to converge
with rate of order 2. Downsides of Newton’s method include the requirement of the
derivative f’(xy) at every iteration. If f is not differentiable, Newton’s method cannot
be applied.

5.3.2 Rate of convergence

In this section we prove that Newton’s method converges with quadratic rate. We saw that
Newton’s method is a fixed-point method of the form

Trr1 =g(zk)  with  g(z) =2 —

Denoting the errors of two successive iterations by
ept1 = Thr1 — ¢ and ep =z — ",

we have that
Trr1=a"+epr1 and xp=zx"+eg .

Substitution into zx4+1 = g(zx) and using Taylor’s expansion yields

* _ * _ * /(% g//(g) 2
P e = 9" + ) = g(e) + g (@)en + TR

where ¢ is between zy and zk11. Because z* and g(z*) are canceled out we obtain

er+1 =g (@¥)eg + 51 Ch -

We saw that

since f(z*) = 0 by definition (assuming f”(z*) and f’(z*) are behaved appropriately). The
expansion (5.7) simplifies to

9"(€) o

T and thus lexs+1] =

€L+1 = ol

g (f) ’ ‘ek|2-

Newton’s method is therefore quadratically convergent where the constant @ is controlled

by the second derivative of g. The requirement for the function g to be twice differentiable
is not necessary. It suffices that f is twice continuously differentiable to establish conver-
gence of Newton’s method with appropriate initial guess. This can be seen in the following
theorem.
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Theorem 5.5. Let f be twice continuously differentiable function and z* a simple root of
f. That is f(z*) = 0 and f'(z*) # 0. Then, there is a closed interval [a,b] such that the
sequence {xy }ren of Newton’s iterations given by the recursive formula

f(@k)

T e [(xy)

converges to the root x* for any initial guess xo € [a,b]. Moreover, the convergence is
quadratic with
i GFHL [ (x)

m - )
k—o0 6126 2fl(.’17*)

where e, = xp, —x* and €41 = Tp41 — .

Proof. First we prove the convergence with the relaxed assumptions required by the theo-
rem. Since f is twice continuously differentiable, then the function g(z) = x — f(z)/f'(z)
is just continuously differentiable with ¢’(z*) = 0. Since ¢’(z*) = 0 we can find a closed
interval [a, b] that contains z* € [a, b] by choosing a and b to be very close to z* if necessary
such that

max |¢'(z)| < K <1.

z€[a,b]
From Proposition 5.4 we have that the sequence z;11 = g(xx) converges to x*, with error
e =xp —x* —>0as k — oo.

Now we are ready to estimate the convergence rate of Newton’s iterations. Since f is

twice continuously differentiable we have the following Taylor expansions for the function
f and its derivative

(zp — x*)?

1)

flar) = (&) + (2 — ") f'(27) +
fl@e) = f'(@) + (@e — ") f"(dr)
where ¢, and dj between x; and z*. Substituting these expansions into the Newton iteration
Tpp1 =z — f(xe)/ [ (zk) we get
enf'(@*) + zep f" (cx)
@) +enf"(dy)

Tk4+1 = Tk —

which can be written as
ex f'(z*) + %eif//(ck)
f(@*) + e f(dy)

Using the notation e, = xp, — x*, we write the previous relationship in the form

enf (@) + BRI (c) _ RS (i) + 3R " (cx)
J(@*) + ex f" (dy) f(@*) + ep " (dr)
Dividing both sides by e we obtain
erer _ J"(dk) — 31" (cx)
er  ['(@*) +enf"(di)

Taking the limit as k — oo we have

Tpy1 — 2 =xp — ¥ —

€k+1 = € —

er1 _ f(z7)

el ez 2f/(x*)’

because ¢, — ¢* and d, — x* since ¢ and dj, are between xy and x*. O
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FIGURE 5.6
An example of Newton’s method failure.

The existence of a particular interval [a, b] from which we can choose initial guess accord-
ing to Theorem 5.5 is very important. For example, let’s consider the function f(z) = xe’mz,
which has the root z* = 0. Starting with the initial guess g = 1/2, Newton’s method fails
to converge as it leads to an infinite loop generating a sequence of repeating approximations
xor = 1/2 and xop41 = —1/2 for all k =0,1,2,.... Starting with any value z( larger than
1/2 (or smaller than —1/2) results in a divergent sequence because the initial guess is far
away from the exact root. On the contrary, starting with any value zy with |z¢| < 1/2 the
method converges rapidly.

This particular case of convergence failure is depicted in Figure 5.6. It is observed that
starting from zo = £0.5, the tangent lines are parallel and they return to the same point
at every iteration. If we don’t implement a stopping criterion for the maximum number of
iterations, the code would never stop. Another case where Newton’s method can fail is in
the same example when we choose 2o = £1/4/2. In this case, we have that f'(zo) = 0, and
thus the tangent line is parallel to the z-axis.

In all these unfortunate situations we need to choose a different value x( closer to the
value z*. Initial guesses, lying closer to z*, can be obtained with a few iterations of the
bisection method.

¥ To ensure Newton’s method convergence choose an initial guess close to the
exact root z* where f’(xg) # 0. Such initial guess can be obtained using the bisection
method.

5.4 Secant Method

One of the main disadvantages of Newton’s method is the involvement of the derivative f’(x)
in its recursive formula. This can be a significant drawback especially when we solve large
systems of nonlinear equations. In order to overcome this requirement we can substitute the
first derivative with an appropriate approximation of it, leading to a different fixed-point
method. One such method is the secant method.
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5.4.1 Derivation and implementation

The secant method relies on the modification of Newton’s method using a particular ap-
proximation of the first derivative f/(zy). Assume that we know at least two approximations
of the root x*, namely x;_1 and xj. The Taylor polynomial of degree one about xj, for the
function f(z) is

f(x) = flae) + f'(ze) (@ — 2p) + O((x — 21)?)

Evaluating this polynomial at x = xp_1 yields

Flxr—1) = flzp) + f'(@r)(@p-1 — z) + O(z — x1-1)%) -
Solving for the first derivative f’(xy) we get that
flxx) — f(@gp—1)

f (ZL’k) = E— +O(£L’k—$k,1) .

Discarding the residual in the last equation, we obtain the approximation of the first deriva-

tive
Jxr) — flwgp—1)
Tk — Th—1

f'(@e) »
Such a formula is called finite difference approximation of the first derivative. The specific
approximation can be quite accurate when the values z;_1 and zj are very close. This can

be seen from the residual, which is O(zp — xp_1). Alternatively, the same approximation
can be obtained by the definition of the first derivative

o) -t L0 =T

T— Tk T — Tk

(5.8)

From this definition, if we choose x = x;_; very close to xj, we get the same approximation
as before.
Substituting the approximation of the derivative (5.8) into Newton’s iteration (5.5)

Tyl = T — f,(é’;)), we obtain

SO A ..
k1 kT ) —f@n1)
T —Tkr—1

or in a more compact form

f(zg) . (5.9)

LTk4+1 = Tk —

This can be written also as

f(fck)xkq — f(mkfl)xk

T T ) — fee)

for k=0,1,2,....

There is one small issue: In order to compute the first improved approximation x; of the
root z* we need two initial guesses of the root z*, namely z_; and zg with z_; # x¢. If we
have only one guess for the value z(, then we can take the second guess to be x_1 = zgt Ax
for a small value Ax.

The secant method is a relaxation-type method of the form xx41 = xp —
M(xg,xk—1)f(zx). The main difference between the secant method and Newton’s method



10

11

Secant Method

FIGURE 5.7
Geometric interpretation of the secant method.

is that the secant method approximates the root with the point of intersection between the

x-axis and a secant line with slope % This is depicted in Figure 5.7.

The algorithm for the secant method is summarized in Algorithm 14.

Algorithm 14 Secant method

Set a tolerance TOL for the accuracy

Set the maximum number of iterations MAXIT

Initialize xp_1 and x; and set kK =0

Set Error = |z, — xp_1|

while Error > TOL and k < MAXIT do
Compute new g1 = T — %f(xk)
Set Error = |xp41 — @k
Increase the counter k =k + 1

end while

Return the approximation xj of the root z*

In this algorithm we assume that the values zp_1 # xj. In some examples, the initial
guesses are computed using bisection or other methods and so we should not worry about

their choice. To keep things simple here, we consider the initial guesses manually.
The algorithm for the secant method can be implemented in Python as follows

def secant(f, x1, x2, tol = 1.e-6, maxit = 100):
# f = the function f(z)
# x1 = an initial guess of the solution
# z2 = another initial guess of the solution
# tol = tolerance for the absolute error
# mazit = maxzimum number of iterations
err = 1.0
iteration = 0O
while (err > tol and iteration < maxit):
xk = x1
xkl = x2
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iteration = iteration + 1
err = xki

xkl = xk - (xk-xk1)/(f(xk)-f(xkl))x*f (xk)

err = np.abs(err - xk1)
x1 = x2
x2 = xki

print(iteration, xk1)
return xkl

Testing this new method for the equation

Inz+x=0,

Roots of Equations

with initial guesses x_1 = 1 and x¢p = 2, we obtain the following results:

def f(x):
y = np.log(x) + x
return y
tol = 1.e-4
maxit = 50
x1 =1.0
x2 = 2.0
x = secant(f, x1, x2, tol, maxit)

print ('The approximate solution is:

print ('And the error is: ', f(x))

.40938389085035876
.651575386390747
.5751035382227284
.5667851889083253
.5671448866112347
.5671432907314143

o O W N
O O O O O O

', x)

The approximate solution x is: 0.5671432907314143
And the value f(x) is: 8.887366398369068e-10

Observe that the secant method required 6 iterations to satisfy the same stopping criteria
with Newton’s method. This indicates that the secant method is slower than Newton’s
method. This is indeed the price we pay for approximating the derivative f’(xy) using a
finite difference quotient. The secant method converges with convergence rate r ~ 1.62,
which is smaller than Newton’s method convergence rate but still greater than 1. This fact

makes the secant method appealing.

ratio r = 1.6180- - -.

B5"  The secant method is based on Newton’s iteration with the difference that the
first derivative is approximated by a finite difference quotient. The price we pay for
using the finite difference approximation to the derivative is a few extra iterations
for convergence. The convergence rate of the secant method is equal to the golden
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5.4.2 Rate of convergence

Proving convergence for the secant method is a difficult task. For this reason, first we
estimate the convergence rate and then we proceed with a formal proof of convergence.
Because the formal proof is too technical you can skip it and proceed with an experimental
verification of the convergence rate as described in Section 5.1.3.

In order to estimate the rate of convergence of the secant method we define the errors
€k—1=Tkp—1 — 2%, e = x —2* and ex41 = Tp41 — =¥ We will show that

im e =C,
k—o00 |€k|r

where 7 = (1 +1/5)/2 and C > 0 constant.
Starting with the error e;; we have that

*
€kt+1 = T41 — T

Tk~ T s
- xk f(xk) _ f(xk_l)f<xk) T
—ep — T — Th—1 f(l‘k)

fxr) = f(op—1)

_ Tk — Tk—1 [ f(zk) — f(zR-1) _ ]
C flaze) = flok—) | ok — 2k e~ f(=i)
__me—we [ floe) = flaee) f(xk):| .

fler) = flwe—1) [ 2r — 2k €k g
_memmen [ Sl = S - EE @ - me )]
© f(xk) = flar) I Tk — T—1 i
 mp—apn | fla) = flaee) - %:)(xk — "+ = o) .
- flak) — floe) | Tk — T ‘
 mp—mey | faR) = flae) = FE (e — o) .
- flxk) — flek-a) | Tk — Tk—1 g
B Tp — Tp_1 -_f(mk—l) + %kk)ek—l .
o f(xk) = far) I T — T—1 o

or equivalently,
7 flxr) _ flzr—1)
il L1 ok kot CLer—1 - (510)

T T ) — f@na1) | ok — or

Now we simplify the fractions in the previous relation. The second order Taylor expansion
of f(zr) about x* is

Fla) = flew+3%) = f(o*) +enf' () + 5 (%) +O(e})

Since f(z*) = 0 we have that f(z)) = e, f'(z*) + 33 f"(z*) + O(e}). After discarding the
residual and dividing by e, we get

) fi(z™) + 1ezﬂf”(ﬂs*) : (5.11)
€k 2
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Similarly we have that

0 © ey 4 eras ). (512)
€k—1 2

Eliminating the term f’(xz*) from the relations (5.11) and (5.12) yields
f(zk) _ f(@r—1)

1
€k er—_1 2

Since e, —ep_1 =xp — * —xp_1 +x* =) — TK_1 We get

flzr)  f(@r—1)

€k €k—1 1 11 *
~ = . 5.13
L s ) (5.13)
For the first ratio in (5.10) we have that
T — Tk—1 1
~ . 5.14
Flon) — Jn )~ ) .
Substituting (5.13) and (5.14) into (5.10) we get
1f"(z*)
Cpt+1 N~ imekek_l y (515)
and thus
lek+1| = Clexlex—1 , (5.16)
with L1
SEEVELT
2 |f" ()]

If f(x*) # 0 and f'(x*) # 0, then C' > 0. If the rate of convergence is r > 1, then dividing
both sides of (5.16) by |ex|" gives

‘€k+i| ~ C|€k‘1ir|6k_1| =-C < |6k‘ T) ’ (517)
|ex| lex—1]
where the last equality holds for « = 1 —r and @« = —1/r. Thus, 1 —r = —1/r and so

r2 —r —1 =0, which has root r > 1,

L1tV

~ 1.62 .
2

_ lewt1]

= . converges to some constant C' > 0 then

Therefore, if we knew that the sequence y
we get the desired convergence
e
lim lewial _ C,

k—oo |eg|” -

with rate is r = (1 4+ v/5)/2.
The number r = (1 + 1/5)/2 is called the golden ratio and is known since the era of

Euclid. A ratio r between two positive numbers a > b > 0 is called golden ratio if it is

a a+b

r=—= .

b a
In other words, if @ and b are lengths in which we split a straight line with a > b > 0, then
the ratio r = a/b is called golden if it is equal to the ratio between the length of the whole
line a + b and the largest length a.
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Proof of convergence

While the previous estimation is very enlightening it does not suggest a formal proof of
convergence. On the other hand, it is crucial to know that our numerical method converges
to the correct solution. In order to have a complete theory for the secant method we proceed
with its rigorous proof of convergence. First we present a lemma which makes the proof a
little easier. This lemma estimates the difference between a function f and its secant passing
through two points of f.

Lemma 5.6. If f € C?[a,b], zx_1, 7k € [a,b], T1_1 # Tk and there is a polynomial p € Py
of degree at most one such that p(xg_1) = f(zr_1) and p(xr) = f(xr), then for all x € [a,b]
there is a § € J := (min{z, vx_1, 2}, max{z, zp_1, 2k }) such that

(xg—1 — @) (2 — 7)
2

f(x) —p(z) = £ -

Proof. For x = xp_, and x = x; the lemma is obviously true since for such values of = we
have f(x) —p(z) = 0. For z € [a,b] with & # xi_1,zk, we define the function A : [a,b] — R

such as
he) = 1(0) = pl0) = D )

We observe that h € C?[a,b] and h(zy_1) = h(zx) = h(z) = 0. According to Rolle’s
Theorem (Theorem 4.2) the second derivative h”(t) has at least one root £ in the interval
J. Since p is a linear polynomial, p”(t) = 0 and thus

f(x) —p(x)

(Tp—1 —x)(2p — )

() = f(t) - 2

which implies
f(z) — p(x)

(xp—1 —x)(z) —2)

0="n"(¢) = f"(£) -2
Solving for f(x) — p(x) we get the relationship

(xp—1 — z) (28 — @)
2

fx) = p(x) = )

and this completes the proof. O
Now we state the theorem of convergence of the secant method.

Theorem 5.7. If f € C%(a,b) with a simple root x* such that f'(z*) # 0 and f"(z*) # 0,
then there is an interval I, which contains the root x*, such that for x_1,x9 € I, with
x_1 # g, the sequence {xk}ren generated by the secant method

Tk — Th—1
Chat = Tp — ——F " TRTL g 5.18
= et (515)
for k=0,1,..., converges to x* as k — oo with rate the golden ratio r = (1 +/5)/2.
Proof. We first define the polynomial
) — f(zp_
(o) = fla) - LI W) (g g (519)

Tk — Tk—1
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We observe that p(xx) = f(zr) and also p(xg—1) = f(axg—1). Taking x = x4 in
(5.19) and using (5.18) we can verify that p(xgy1) = 0. From Lemma 5.6 there is a
&k € (min{x, xg—1, 2k}, max{z, xp_1,xr}) for any k =0,1,2,... such that

(Th—1 — a")(z) — 27)

f@®) —pla”) = 5 f(&r) -

Since f(z*) =0 and p(zx+1) = 0 we rewrite the previous relations as

p(o") — plag) = — DAL= TO LD e (520)

We subtracted p(zx41) because

f(xk) B f('rk—l) (Ik _ l'*)—

(") = p(wk41) = f(xr) —

T — Tk—1
f(xr) fzx) — fzi) (Tr — Th41)
T — Tk—1
_ _M [(zr — %) — (T — T1)]
T — Tk—1
_ S = )
— — (xk-i-l x ) )
Tk — Tk—1

and thus (5.20) becomes

f(xr) — f(wg—1) (zr—1 — o) (21, — %)

* _ "
($k+1 x ) e — Tr1 = 9 f (fk) ’
or in other words .
1 (&)
Ck+1 = — 5 zi—zr,  CkCk—1 -
flzr)—f(zr-1)
From the Mean Value Theorem of differential calculus (see Theorem 4.3), we deduce that
for all k =0,1,... there is a (; € (min{zk_1,zx}, max{zg_1,zr}) such that
J(ze) — flae—
Lo 2 Jonot) _ gy
T — Tk—1

Since f'(z*) #0, f' € Cla,b], and zj_1, ), are close to x*, then f’({;) # 0. Therefore, we
have that g
L f"(&k)

(& = —= €LCr—1 -
k+1 2 F(Ch) k€k—1

Since we want to estimate the rate of the absolute error we get

|€ | _ 1 |f”(£k)|
TR ()]

Observe that there is 0 < 6 < 1 such that

[ (@)
f'(y)

lexller—1] - (5.21)

<

1 c
— max =
2 z,yel 1) ’
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for all z,y € T = [z* — §,2* + ] with ¢ < 1. Then, for x_1,2¢ € I, (5.21) implies that
ler] = |x1 — 2*| < ¢ and thus 5 € I. Similarly we conclude that x, € I for all k =1,2,....
Moreover, from (5.21) we have that

len1] < clex| < Fleql

and since ¢ < 1 we get that z; — z* as kK — o0o. Since & and (i are in between x;_; and
x) it holds also that £ — z*, (, — x* and therefore the sequence

1 ’f’/@k) 1 ’f”(x*)
2| f'(Ck) 2| f'(x*)

Moreover, we can write (5.21) in the form |eg11] = Cklek||ex—1]| , with klim Cr=0C.
— 00

Ck converges to C =

As in (5.17), if 7 is the rate of convergence, then

—-1/r
|e"““=c,€( e ) , (5.22)

lex|” lex—1]"

with 7 = (1 4+ v/5)/2. Denoting the sequence yj, = leel e rewrite (5.22) yr+1 = Cryg,

‘ek—1|T7

with ¢ = —1/r. We prove that the sequence {yi }ren converges with limg_, ooy = £ # 0. In

fact we have )

2 k k+
Y1 = CuCL_ Oy Cf yg
or after setting ¢, = C/C,

_ ltgtd® . a9 q*, g" Tt
Yrt1 =C CkC_1Ck—2"""Co Yo

Because |g| =1/r <1land 1 —r = ¢ = —1/r, we have

1+q+--q" q q? q* 1-gktt 1 1
C CKC_1Ch_g " "Cyg =C 1T-a = (CT=a =(C7, ask — o0,

and
k+1

lim y§ =yo=1.
Jm Yo

Denoting s = |g| < 1 then we have
1 a 4 \| _ k
‘ og (Ckcchkfz S ch )‘ = [logck + qlogcp—1 + -+ + ¢" log co|
< |logcx| + s|log cp—1| + -+ + s*|log cg| -
For € > 0, let K > 0 such that |logcg| < € for k > K. Then
log (cxel ey )| <ot st 82 4o 57 4 maxlog e |
from which we conclude that
lim (ckc£71 e cgk) =1.
—00

Thus )
lim yp, =Cr =1,
k—o0

and this completes the proof. O
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5.5 Other Methods and Generalizations

So far we have discussed three classical numerical methods for the approximation of simple
roots of functions. However, there are problems where we need to compute roots of mul-
tiplicity m > 1 or solve systems of nonlinear equations. These issues among many others
require further investigation. Here we present briefly extensions to some of the previous
methods and how to deal with more general problems.

5.5.1 Stopping criteria

All iterative methods we studied in this chapter generate sequences of approximations xy.
In practice we need to terminate the iterations when the value of zj is close to the root x*.
Because we do not usually know the exact value of * we are not able to measure the error
|xx — 2*|. On the other hand, if the sequence {zj}ren converges to a*, then for values of
k > K for some K € N the error |z, — 2*| < & becomes small. This inequality yields

|Thy1 — Tk| = |Thp1 — 2" + 27 — 2] < |Tpgr — 27|+ |2 — 2F]) < 2e

for k > K. If the difference |z — «*| is small, then the difference |xp41 — k| is small
too. Thus, instead of checking whether the error |z — 2*| is small, we check whether the
difference between subsequent approximations |zx41 — x| is small. In some cases, it is more
reliable to estimate the relative error |z — xk|/|zk| instead of the absolute error.

Because of all these, we consider tolerance TOL > 0, and at every iteration step we check
whether |zg1—x| < TOL. Depending on the required accuracy, we give appropriate values
to the tolerance TOL, for example, something between 10~° to 10712,

As we discussed earlier, there is a possibility of a failure in convergence due to an
unfortunate initial guess x¢. It is then useful to include an additional stopping criterion
that restricts the total number of iterations. In the unfortunate event where the maximum
number of iterations has been reached, we can terminate the program with an error message.
The error message can indicate failure in achieving the required accuracy described by the
tolerance TOL within the prescribed number of iterations.

5.5.2 Steffensen’s method

Steffensen’s method is a modification of Newton’s method that bypasses the use of the first
derivative f’. The advantage of Steffensen’s method compared to the secant method is that
the convergence is quadratic. The Steffensen iteration is

o f(a)
R T
with flz+ f(x))
M=

In order to see the equivalence with Newton’s method we take the Taylor expansion of the
term f(z + f(xr)), which is

Flaw+ fzx)) = flan) + f(ze) f@r) + O (f2(ar))

and thus
f(@r + f(zr))

h(zy) = T

— 1~ f'(zk) .
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The function h is practically the average value for the slope of f in the interval [z, xy +
f(zy)]. Taking into account that as xj approximates the root x*, then the value f(xy)
becomes very small, and this approximation is very close to the actual slope of the tangent
/' (xr). The requirement for the Steffensen iteration to converge is that —1 < f'(z*) < 0,
which is also the major disadvantage of this method. For other methods that overcome the
barrier of the first derivative please see the exercises at the end of this chapter.

5.5.3 Aitken’s delta-squared process

Aitken’s delta-squared process, also known as the Aitken extrapolation, is a technique to

accelerate the convergence of an iterative method. This technique requires the computation

of three approximations xy, xx1 and xgio of the exact solution x*. Then, assuming that
Tpt1 —x* Ty — x*

~

Tp — x* Tppr —x*

we have that
(xpp1 — ) = (w42 — %) (2p — 27)

and solving for z* we get
* Tp+2Tf — (Ik+1)2

2
. LTk+1 — Lk
~ or equivalently z* ~ ) — (Ze+ ) .
Tpy2 — 2Tpq1 + T Tpy2 — 2Tpq1 + Tk

Setting
(Tpp1 — p)?
Tho — 2Tpp1 + 2

Tk4+3 = Tk —

and without using the actual iterative method, we derived an improved approximation. For
this reason, Aitken’s delta-squared process can be used with any of the previously mentioned
numerical methods.

It is worth mentioning that Aitken’s process can lead to Steffensen’s method. Suppose
we know an approximate solution zj, of the equation f(x) = 0. Also, assume we write the
last equation as x = g(x). Then, we define 41 = g(a), Trr+2 = g(zr4+1) as usual, and we
redefine the iteration xyy; using Aitken’s delta squared method as

Cral = T (zr1 — 21)? =z (g(zk) — x5)?

1 — - - - 9

- Thio — 2Tpp1 + T, g(g(xr)) — 2g9(zk) +

for £k =0,1,2,.... It remains to choose appropriate function g. By taking the naive fixed-

point function g(xz) = = + f(z) in the previous iteration and after simplifying same terms
we obtain ,
[f ()]

flxr + flxn) — flog)

which is exactly the Steffensen method. Therefore, the Steffensen method can be considered
a generic fixed-point method that is similar to Aitken’s delta-squared process.

Te41 = Tk —

5.5.4 Multiple roots

So far we assumed that x* is a simple root of the equation f(z) = 0. This means that
we required f(z*) = 0 and f/'(z*) # 0. We say that the root z* has multiplicity m if
fz*) = f'(z*) = --- = fm=D(z*) = 0 and f™ (2*) # 0. In such a case, the convergence
of Newton’s method is not quadratic. When we search for roots with multiplicity m > 1 we
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need to modify the formula (5.5) appropriately in order to achieve quadratic convergence
rate.

The modification of Newton’s method is based on the following observation: If z* is
a root of f(x) with multiplicity m, then f(z) = (x — «*)™h(x), where h(z) is a function
with no root. The function F(z) = %/f(x) has the simple root z* and thus, according to
Theorem 5.5, we can apply Newton’s method with quadratic convergence rate. Applying
Newton’s method to the function F(x) we get

P .7 R 72 1€
i F/(xk) \l/ f(xk)f/(l_k) ’

mf(xr)

which can be simplified to the following modification of Newton’s method
x
-m fl( k) .
[ (@)
The modified Newton’s method has similar convergence properties with the classical New-
ton’s method and of course quadratic convergence rate.

Tk41 = Tk

5.5.5 High-order methods

It is possible to construct fixed-point methods that converge with cubic rate. One such
example is Halley’s method. The derivation of Halley’s method is based on the observation
that the functions f(z) and F(z) = f(x)/+/|f’(x)| have the same simple roots. Instead of
using Newton’s method applied to the function f(z) we can use Newton’s method for the
function F'(x). This can be written as

_ F(ak)
Th41 = Tp — Fzr)
which can be simplified into the iteration
2f (k) f (xn)

TR TR T S @n)? — fan) [ ()

This method converges faster than the classical Newton iteration. However, it requires
in addition to the first derivative, the second derivative of f. Newton’s method usually
converges very fast even with quadratic convergence, and taking into account the increased
complexity of Halley’s method, it is nevertheless preferable to use the simple Newton’s
method.

5.5.6 Systems of equations

Suppose that we want to find the solution (z*,y*) of the system of simultaneous equations

{ ;”m’(;/;f;: L (5.23)

Each equation corresponds to a curve on the xy—plane. The solution (z*,y*) is the point
of intersection of these curves.
For simplicity, we consider the vector = (z,y

F(z) =0, where F : R? — R? is
_ (Ni(zy)
F(z) = <f2(1’73/)) .

)T and we write our system in the form
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In our case, with only two unknowns, we can write (5.23) in the form F(x) = 0, with

z—y>—1
F(z) = <Sin(x) +y— 1) ’

Most of the iterative methods discussed in this chapter can be also applied to systems.
The easiest way to solve such a system is by using the generic fixed-point method. We rewrite
the system as a fixed-point equation & = G(x), where x is now a vector and G a vector
function. The corresponding fixed-point method is 2+ = G(a:(k)) for k=0,1,2,... and
a given initial guess (%),

In our example a straightforward fixed-point system is

r=93+1
y=—sin(x) +1

The fixed-point method can be written as

Trp1 = (yr)® +1
Yp+1 = —sin(zg) + 1

Y

for let’s say (zo,y0) = (0,0). Note that the iteration index is now appeared as a superscript
to avoid confusion with vector coordinates.

Newton’s method is a little bit more complicated, but is again based on Taylor polyno-
mial for multivariable functions. The Taylor polynomial of degree one for a function F(x)
is the vector function P;(x) such that

F(z)~ P (x) = F(:[:(k)) + DF(w(k))(m . a:(k)) ’

where
DF(z)=|5f, bf | -
ox oy
is the Jacobian matrix. Here, x = (z,y)” and ®) = (x4,y%)”. The Jacobian matrix
represents the derivative of a vector function. Taking # = =* = (z*,y*)” in Taylor’s

polynomial we get
0~ F(z™) 4+ DF(x®™)(x* —z®) .

Solving the last equation for «* we get the linear system
DF(z")z* ~ DF ()™ — F(x®) .

We solve this linear system by multiplying both sides with the inverse of the Jacobian
matrix to obtain
z* ~z® — [DF (™)' F(z®) .

The new approximation of the solution «* = (z*,y*)7 is then defined

2 D = 2™ _ [IDF(x®™)] " F(2®) |

for k =0,1,2,... with a given initial guess (?). Newton’s iteration can be expressed in a
more analytical form as

Yk+1 Yk
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It is noted that Newton’s method applied to a system of equations requires the computation
of the inverse of the Jacobian matrix or equivalently the solution of a linear system with
matrix DF (z®).

In our example

3 2
S =y -1 . . . - 1 —3y
F(x)= <sin(az) by — 1) with Jacobian matrix DF(x) = (Cos(x) 1 ) .

The inverse of the Jacobian matrix is

DF(@)"! oo e 4 )

" 14 3y cos(z) \ — cos(z)

Then Newton’s method can be formulated as

Tey1\ _ (TR 1 1 3y3 T —yp — 1

Yk+1 Yk 1+ 3y cos(zy) \—cos(zr) 1 sin(xy) +yp — 1) 7
for let’s say (xo,yo) = (0,0). After performing the matrix-vector multiplication and simpli-
fying same terms, we can write the Newton iteration in the form

zr — 1+ y2(2yr — 3) + 3y2 sin(xy)

LT+l = Tk — 1 n 3y12€ COS(SCk) )
yr — 1+ (1 — 2 — y3) cos(wg) + sin(zy)
Ye+1 = Yk — P} 5
14 3y; cos(xy)
for k = 0,1,2,... with (x0,90) = (0,0). The solution to this system is x* =

(100382207, 0.160754)7.

5.6 The Module scipy.optimize

In this chapter, we studied to some extent four numerical methods for solving approxi-
mately equations of the form f(x) = 0. In particular, we studied the bisection, fixed-point,
Newton’s and secant methods. Python provides implementations of all these methods in the
module scipy.optimize of SciPy. The module is called optimize because the field of op-
timization in computational mathematics includes the approximation of roots of functions.
For example, in optimization we can compute the minimum of a function f(z) by solving
the equation of f’(x) = 0. The bisection method is implemented in the function bisect,
the fixed-point method in the function fixed_point and the Newton and secant methods
are implemented in the function newton. (The names of the functions and their variables
that we present here are in accordance to the original names of the SciPy functions.)

5.6.1 Bisection method

The function scipy.optimize.bisect implements the bisection method. A basic call of
this function is

bisect(f, a, b, args, xtol, rtol, maxiter, full_output, disp)

where
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f:  The name of the function f(x)
a and b: The end-points of the interval [a, b] where the root of f is located

args: A tuple with additional arguments and parameters for the functions f. (Optional
with default value args=())

xtol and rtol: The absolute and relative error tolerances for the termination of the
method. (Optional with default values xtol = 2.e — 12 and rtol = 8.88e — 16)

maxiter: An integer with the maximum number of iterations allowed. (Optional with
default value maxiter=100)

full output: Is a boolean variable determining the output. If full_output=False, then
the function returns only the approximation of the root. If full output=True, then
the function returns as output additional information about the convergence of the
method. (Optional with default value is full_output=False)

disp: If it is True, then the function displays messages in case of possible error. (Optional
with default value disp=True)

The important input arguments are the function f, the end-points a and b of the initial
interval [a, b], the parameters xtol and rtol for the absolute and relative error tolerances
and the maximum number of iterations maxiter. The argument args takes extra arguments
for the function f if there are any. This allows to apply the bisection method on a specific
argument of a multivariable function.

On the output of the function bisect we receive the approximation of the solution
x0 and the object (class) r containing information about the convergence. For example
r.converged is True if the method converged.

We demonstrate the usage of this function for the same example we used before, which
is the equation Inz + = = 0 in the interval [0.1, 1]

import scipy.optimize as spo
def f(x):
y = np.log(x)+x
return y
a=20.1
1.0
tol = 1.e-4
x = spo.bisect(f, a, b, () , tol)
print ('The approximate solution x is:
print ('And the value f(x) is: ', £(x))

o'
]

',X)

The approximate solution x is: 0.567193603515625
And the value f(x) is: 0.0001390223881425623

We observe that the SciPy function and our implementation give the same results. Of
course, the SciPy implementation has more capabilities and is faster as it is precompiled.

5.6.2 Fixed-point methods

The function scipy.optimize.fixed point implements the fixed-point iteration for the
numerical solution of the equation « = g(x). A basic call of the function is
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fixed_point (func, x0, args, xtol, maxiter, method)

with arguments
func: The name of the function g(x)
x0: The initial guess z( of the root x*

args: A tuple with additional arguments and parameters for the functions f. (Optional
with default value args=0))

xtol: The absolute error tolerance. (Optional with default value is xtol = 1.e — 08)

maxiter: The maximum number of iterations. (Optional with default values is
maxiter=500)

method: Is a string determining the method. If method=’iteration’ then the function uses
the general fixed-point iteration xp41 = g(xy), while if method=’del2’ then the func-
tion uses the Steffensen’s method with Aitken’s delta-squared process. For more in-
formation see Sections 5.5.2 and 5.5.3. (Optional with default value method=’del2’)

The method returns only the approximation of the root z* in the output. In order to
demonstrate the use of the fixed_point function we consider the equation 22 — 2 —1 =10
with the initial guess o = 0 and g(z) = va + 1.

import scipy.optimize as spo
def f(x):

y = x**2-x-1.0

return y
def g(x):

y = np.sqrt(x+1.0)

return y
x0 = 1.0
tol = 1.e-4
maxit = 50
x = spo.fixed_point(g, x0, (), tol, maxit)
print ('The approximate solution x is: ', x)
print ('And the value f(x) is: ', f£(x))

The approximate solution x is: 1.6180339887498991
And the value f(x) is: 9.547918011776346e-15

We observe that the accuracy is better with Steffensen’s method. Unfortunately, the
specific function does not return the number of iterations required for the method to satisfy
the prescribed stopping criterion. On the other hand, the use of Aitken’s extrapolation
method allows expectations for fast convergence.

5.6.3 Newton and secant methods

Newton’s and secant methods are implemented in the function scipy.optimize.newton.
A basic call of this function is
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newton(func, x0, fprime, args, tol, maxiter, fprime2,
x1, rtol, full_output, disp)

where here

func: The name of the function f(x)

x0:  The initial guess xg of the root z*

fprime: The name of the first derivative f’(z). If we provide fprime = None, then the
secant method is used instead of Newton’s method. (Optional with default value
fprime=None)

args: A tuple with additional arguments and parameters for the function f. (Optional
with default value args=())

tol: The absolute error tolerance. (Optional with default value xtol = 1.48e — 08)
maxiter: The maximum number of iterations. (Optional with default values maxiter=50)

fprime2: Is a callable function for the second order derivative of f. When fprime2 is
provided, then the function uses Halley’s method of Section 5.5.5. (Optional with
default value fprime2=None for the secant method or Newton’s method)

x1: A second guess of the root for use with secant method. (Optional with default value
x1=None)

rtol: The relative error tolerance. (Optional with default value rtol = 0.0)

full output: Boolean input. If False then the function returns the root. If True then
the function returns the tuple (x,r) where x is the root and r a class with further
information. (Optional with default value False)

disp: Boolean input that specifies the level of communication. (Optional with default value
xtol = 1.48e — 08)

In order to demonstrate the usage of this function we consider the example with f(z) =
In(z) + = and initial guess z¢ = 1.

import scipy.optimize as spo

def f£(x):
y = np.log(x)+x
return y

def df(x):
y = 1.0/x+1.0
return y

x0 = 1.0

x = spo.newton(f, x0, df, tol=1.e-4, maxiter=50)
print ('The approximate solution x is: ', x)
print ('And the value f(x) is: ', f(x))

The approximate solution x is: 0.5671432903993691
And the value f(x) is: -2.877842408821607e-11

Newton’s method is faster and more accurate compared to the one obtained by the
bisection method. It is noted that when the solution is printed on the screen it does not
contain all the significant digits computed by the method, and the full answer can be
displayed by using a formatted print command.
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5.6.4 A hybrid method

There is a general purpose Python function that combines various methods for fast and
guaranteed convergence, independent of the initial guess x( or the properties of the function
f. This function is the scipy.optimize.fsolve, which is a wrapper of specific algorithms
implemented in Fortran’s library minpack, [91]. This function can be used also to solve
systems of equations. If the derivative of f (or Jacobian matrix for systems) is not specified
in the input arguments, the method computes good approximations by using similar finite-
difference approximations like those we used in the derivation of the secant method.
The basic call of this function is:

fsolve(func, x0, args, fprime, full_output, col_deriv,
xtol, maxfev, band, epsfcn, factor, diag)

The necessary input arguments are the following
func: The function f
x0:  The initial guess x(
The rest of the input arguments are optional and similar to the function newton.

fprime: A function to compute the Jacobian of func with derivatives across rows. (Op-
tional with default value fprime=None)

xtol: Floating point variable determining the tolerance for terminating the algorithm.
(Optional with default value xtol=1.49012e-08)

full output: Specifies if we want the method to display detailed information about the
convergence of the method. (Optional with default value full_output=FALSE)

col deriv: Specifies whether the Jacobian matrix/function computes derivatives using
columns. This results in faster implementation as there is no need to use of the
transpose of matrices. (Optional with default value col_deriv=FALSE)

maxfev: Is the maximum number of calls of f. (Optional with default value is maxfev=0.
This means that 100%(N+1) is the maximum number, where N is the number of the
entries in x0)

band: Specifies whether the Jacobian matrix is a band matrix by providing the number
of sub- and super-diagonals within the band in a tuple. This argument can be used
only if we do not provide the derivative (Jacobian) of the function (fprime=None).
(Optional with default value is band=None)

epsfcn: Defines a suitable length for the forward-difference approximation of the derivative
(or Jacobian matrix). Again we can use this argument if we do not provide the exact
derivative of the function f. (Optional with default value epsfcn=None)

factor: Is a number in the interval (0.1,100) and determines the initial step bound. (Op-
tional with default value factor=100)

diag: Is a sequence of N positive entries that serve as scale factors for the variables.
(Optional with default value diag=None)

The function fsolve returns as output the approximate solution x and optionally a
dictionary with the following keys
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nfev and njeb: The number of function and Jacobian calls respectively
fvec: The value func(x)

fjac and r: Are matrices where their product is equal to the approximation of the Jacobian
matrix

qtf: Is the product transpose(fjac)*fvec
ier: Is 1 if the method converged to the solution, otherwise the last key:
mesg: Returns a string with the cause of the failure
We demonstrate here the use of the function fsolve in our standard example:

import scipy.optimize as spo

def £(x):
y = np.log(x)+x
return y

def df(x):
y = 1.0/x+1.0
return y

x0 = 1.0

x = spo.fsolve(f, x0, fprime=df, xtol=1.e-4)
print ('The approximate solution x is: ', x)
print ('And the value f(x) is: ', £(x))

The approximate solution x is: [0.56714329]
And the value f(x) is: [3.4803842e-09]

The results are similar to the results obtained with the previous methods. The advantage
of fzero is its convergence and applicability to systems of nonlinear equations. For an
algorithm of a hybrid method that combines the bisection method with Newton’s method,
we refer to Algorithm 15 in the exercises.

5.6.5 Application in astrophysics

Nonlinear equations occur naturally in many physical applications. An example of a well-
known nonlinear equation in astrophysics is Kepler’s equation. The famous German as-
tronomer and mathematician Johannes Kepler (1571-1630) described planetary orbits
around the Sun with great accuracy. Kepler also stated that planetary orbits should be
ellipses with the Sun located at one of the two foci. Figure 5.8 presents an idealized orbit,
where the ellipse has eccentricity e = /1 — b?/a?, semi-major axis a and semi-minor axis
b. The angle 6 as shown in Figure 5.8 is the eccentric anomaly. (The angle ¢ is called the
true anomaly). If angle v is the mean anomaly defined as ¢ = v ¢, where v = 27 /T is the
mean angular velocity, and t is the time since perihelion (point A), then Kepler’s equation
is the (fixed point) equation
0 =1 +esinb .

Because 9 is a function of time ¢, Kepler’s equation determines the eccentric anomaly and
therefore we can compute the position of a planet as a function of time. If we compute the

eccentric anomaly 6 for a given time ¢, then we can compute the true anomaly ¢ by solving
the equation

(1—e)tan2§:(1+e)tangg .
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(z,y)
Planet

FIGURE 5.8
Planetary orbit and its anomalies.

Moreover, the heliocentric distance r between the planet and the Sun can be estimated
using the formula
r=a(l—ecosh) .

Given the parameters e and v, we compute the eccentric anomaly 6 by solving directly
the fixed point equation § = ¢g(#) where g(6) = ¢ +esin §. For example, for a planetary orbit
of eccentricity e = 107¢ (almost circular orbit) and mean anomaly ¢ = /6, we take as
initial guess of the eccentric anomaly 6y = 1), which is not very far from the true value. As we
can see in the following code, using the function fixed point of module scipy.optimize
we obtain the solution 0.5235992755987319.

import numpy as np
import scipy.optimize as spo
def g(theta):

e =1.e-6

psi = np.pi/6.0

return psite*np.sin(theta)
thetaO = np.pi/6.0
theta = spo.fixed_point(g, thetal)
print('eccentric anomaly=', theta)

eccentric anomaly = 0.5235992755987319

We obtain similar results when we use the other functions of scipy.optimize for solving
the equation f(#) = 0 where f(6) = 6 — g(#). Note that Newton’s iteration can be written
explicitly in this case as

Y+ esinfy — O

0 =0
kol Bt 1 — ecos by

. k=0,1,2,... .

We leave the implementation of this method as well as the use of the other Python functions
of the module scipy.optimize as an exercise for the reader.
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5.7 Further Reading

The numerical solution of nonlinear equations is discussed in all classic numerical analysis
textbooks [18, 22, 76, 108, 109, 120, 26, 27, 25, 70, 132, 7, 89, 90, 57, 66, 116]. More
detailed analysis of the methods can be found in advanced textbooks such as [127, 1, 34,
94, 125] including proofs of convergence and error estimates. Books specialized on iterative
methods and their convergence include [5, 6, 96]. Because of the influence of this topic in
unconstrained optimization and other fields of sciences, there are several specialized books
focused on the numerical solution of nonlinear equations. One such book is the classical
book [95].



Chapter Highlights

e In this chapter, we studied numerical methods for the approximation of roots of
functions by solving the equation f(z) = 0.

e The simplest method for approximating roots of functions is the bisection
method. The bisection method is based on Bolzano’s theorem and requires only
the function f to be continuous and to change sign around the root.

e The bisection method always converges with a convergence rate at least 1.
e It is always preferable to have methods that converge with a rate grater than 1.

e Fixed point methods are based on the transformation of the equation f(z) =0
into a fixed point equation 2 = g(x). This can be done in many different ways.
The generic fixed point method defines an iteration z;11 = g(zx) and requires
an initial guess xg of the root z*.

e The convergence rate of fixed point methods depends on the choice of function
g.

e Newton’s method is a particular case of fixed point method with

)

e Newton’s method converges quadratically but requires the knowledge of the
derivative f/(z) and a good initial guess xg of the root z*.

e Secant method is based on Newton’s method but uses a finite difference
approximation of the derivative.

e The convergence rate of secant method is equal to the golden ratio

r=(1++5)/2.

e To avoid infinite iterations in the case of convergence failure we usually use
stopping criteria such as |z 1 — 2| < TOL and k to be less than a maximum
number of iterations.

e Steffensen’s method is a modified Newton’s method that converges
quadratically without the need of the first derivative.

e Steffensen’s method converges only when —1 < f/(z*) < 0.

e Aitken’s method can be used instead to improve the accuracy of an iterative
method.

e Fixed point methods such as Newton’s method can be generalized for systems
of equations.

e The module scipy.optimize contains implementations of most of the
numerical methods discussed in this chapter, including the bisection, fixed
point, Newton and secant methods.
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Exercises

1. Consider the function
flxy=2® -2z —1.
(a) Prove that the equation f(z) = 0 has a unique solution in the interval [1,2].
(b) Estimate the root of this equation using the bisection method with 3 iterations.
(¢) How many iterations of the bisection method do you need in order to approximate
the exact solution with error of order 10767

2. In this problem consider the bisection method.

(a) Write a Python function that computes an approximation of the solution z* of the
equation f(z) = 0 in the interval [a, b] using the bisection method. For a stopping
criterion use the following: If |21 — x| < TOL for the first time, then return
as approximation of the root z*. Allow the code to do only KMAX iterations.

(b) Test your code by finding an approximate solution to the equation In(z) +x = 0 in
the interval [0.1,1].

(¢) Compare your results with those obtained using the function bisect of
scipy.optimize.
3. Consider the function
f@y=2>4+2z-1.
(a) Prove that the equation f(z) = 0 has a unique solution z* in the interval (0, 1).
(b) Estimate the root of this equation using the bisection method with 3 iterations.

(¢) How many iterations of the bisection method do you need in order to approximate
the exact solution with error of the order 1077

(d) Write Newton’s method for the approximation of the solution z*.

(e) Perform using pen and paper 3 iterations of Newton’s method and compare with
the result of bisection method.

(f) Prove that the sequence xj, generated by Newton’s method converges to z* for any

zo € R and that
lim Tpy1 —x* _ 3x*
k—oo (2, — %)% 3(x*)2+1°

(g) Interpret the last question in terms of discretization errors and convergence rates.

4. Consider the function

flz)=2%-2.
(a) Prove that if 2y > /2, then the sequence
! + ! k=01
Thy1 = Tp + — = o
k+1 2 k fﬂk’ 5 Ly )

converges to V2.
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(b) Observe that if 0 < 29 < v/2, then x; > /2. What happens to the convergence of
the sequence xy, if 29 € (0,v/2]?

(¢) What if zy < 07
5. Consider the function
flz) =22+ 2.
(a) Prove that the equation f(z) = 0 has exactly two roots * € (—1,0) and z** = —2.

(b) Prove that the sequence x, generated by Newton’s method for the equation f(z) =0
converges to the root * only if o > —1.

(¢) What happens when z¢ < 17

6. Let g : R — R a function such that g(z*) = 2* for some z* € R. In addition assume that
J@)=g"@) = =¢g" V(@) =0 and ¢P(z")#0.

(a) Prove that the fixed point iteration xxy1 = g(xy) converges to the fixed point z*.

(b) Show that the fixed point iteration converges with order p, in the sense that
T —z* 1
lim L= = Z a0 (g*) |
k—oco (x) — x*)P p!

7. In this problem consider Newton’s method.

(a) Write a Python function that computes an approximation of the root a* of the
equation f(z) = 0 using Newton’s method. Specifically the code shall compute the
terms xj of the sequence

T
Ik-‘,—ll‘kff/((xi)), k=0,1,2,...,

where x¢ is a given initial guess (or approximation) of the root z*. For a stopping
criterion use the following: If |41 — x| < TOL for the first time, then return gy
as approximation of the root z*. Allow the code to do only KMAX iterations.

At every step k, the code should print on screen the values k, z, f(zx) and |xg41 —
2g|. If the number of performed iterations reaches the maximum allowed number
without satisfying the stopping criterion, then the code shall print on screen an
error message, for example: “Failure: Algorithm failed to converge using only KMAX
iterations”.

(b) Test your code by finding an approximate solution to the equation In(z) +z = 0
with an initial guess of your choice.

8. Consider the function
f(z) = arctan(2(z — 1)) — In |z .

(a) Plot (using Python) the graph of f(z) and describe the intervals of monotonicity.
What conclusions can be derived about the solutions of the equation f(x) = 0.

(b) Prove by analytical means (using calculus), that the equation f(x) = 0 has exactly
four real roots p; < ps < p3 < py. [Hint: Use Bonzano’s theorem in appropriate
intervals selected. Then use the monotonicity of the function f in each of these
intervals to show uniqueness of roots.]
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(¢) Find approximations of the roots using the codes of Problems 2 and 7, with input
parameters xp, TOL and KMAX of your choice (try xo values close to the real roots).

(d) Compare the results and the CPU times elapsed with the results obtained by using
the Python functions bisect, newton and fsolve of scipy.optimize module.
What do you observe?

(e) Finally, take TOL=1.e-6, KMAX=50 and execute your implementation of Newton’s
method with zo = —1, 0.65, 0.7, 1.7, 1.8, 1.9, 5 and 10. Comment on the results.

9. The following algorithm for approximating roots combines the bisection method with
Newton’s method to ensure the convergence even when Newton’s method fails to con-
verge.

Algorithm 15 A hybrid Newton-bisection method
Choose an interval [a, b] such that f(a)f(b) <0
Compute initial approximation zy of the root using bisection method.
fori=1,2,... do
Compute z; using Newton’s method and x;_1
If x; & [a,b], set 2; = (a + b)/2 (from bisection)
Check for convergence
If f(a)f(xz;) <0 set b=u;, else set a = z;
end for

(a) Implement this algorithm in a Python function. Call your new function
hybridNewton and use the following specifications:

def hybridNewton(a,b,tol,maxit,f,df):
# Input:
# a, b = The endpoints of the interval
tol = The required tolerance
mazit = Maxzimum number of iterations
f, df = The function and its derivative
Output:
zstar = approximation of Toot
niter = number of iterations for convergence
ierr =
0, the method converged
1, df returned zero value
2, mazimum number of iterations has been reached

oW O OR R R O™ W R R

return xstar,niter,ierr

(b) Use this function with input parameters of your choice to find approximations of
the roots of Problem 8.

10. Consider the secant method.

(a) Write a Python function using the same criteria as in Problem 7 that will compute
an approximation of a solution z* of an equation f(z) = 0 using the secant method.

(b) Estimate the rate of convergence using the equation z(e®/? 4+ 1) = 0, 2o = 2.5 and
the exact root z* = 0. Confirm that the convergence rate is equal to the golden
ratio r = (1 ++/5)/2 ~ 1.62.
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11.

12.

13.

Consider the Halley iteration defined as

e 2f (x1) f (x1)
PRI (@02 — flaw) (@)

and the method defined by the iteration

20 @l @) + @) ) o,

e 207 (@) ’

k=0,1,...,

for the numerical solution of a equation f(z) = 0. Consider also appropriate initial guess
xo for the exact root z*.

(a) Write Python functions implementing the two methods.

(b) Study the convergence of both methods by finding experimentally the convergence
rates.

(¢) For each method describe necessary conditions that guarantee cubic order conver-
gence rates.

Consider the function
3z

fo) = e ra

(a) Using the module matplotlib plot the graph of f(x) in the interval [—10, 10].

(b) Compute the maximum and minimum values of f(z) using functions from
scipy.optimize.

(¢) Study the monotonicity intervals of f(x) with the help of calculus.
(d) Verify the numerical results by solving theoretically the equation f/(z) = 0.

Galileo Galilei performed several experiments from the leaning tower of Pisa to under-
stand the free fall of objects and the effects of gravity. Experiments showed that the air
resistance F,y(t) is proportional to the speed v(t) of a falling object, where t denotes time
in seconds. Specifically, we assume that

Fy(t) =b-0(t)

where b is the air resistance coefficient. Since the air resistance increases as the speed
of the falling object increases, eventually, the gravitational force becomes equal to the
air resistance and the object falls at a constant speed V. The speed V is known to as
the terminal speed. Applying Newton’s second law of motion to the falling object with
terminal speed we have that F; = mg, and thus we compute the terminal speed
myg
V=—,
b

where g ~ 9.81 m/s? is the acceleration due to gravity. We can also estimate the velocity
of the falling object as a function of time given by

v(t) =V - (1 — e*%t> .
Consider the free fall of three objects with masses m; = 0.1 kg, mo = 1 kg and m3 = 3 kg

from the top of the tower of Pisa. Assume that the coefficients of air resistance for the
three objects are by = 1 kg/s, bo = 0.8 kg/s and b3 = 0.5 kg/s, respectively.
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(a) Given that the height of Pisa’s tower is hy = 55.86 m, show by integrating the
formula for the velocity that the height of the falling object measured from the
ground is given by the formula

h(t) = ho — Vi + v% (1 - e*%t) .

(b) Use the module scipy.optimize to estimate the time it takes for the objects to
fall to the ground.

(¢) Compute the falling time in the absence of air resistance, and comment on the effect
of air resistance to the free fall of these objects.

14. Consider the following generalization of the Bisection method called the method of false
position or sometimes Regula Falsi as described in Algorithm 16.

Algorithm 16 Method of false position
Set a tolerance T'OL for accuracy
Initialize the interval [a, b]
Set k=0
Check if f(a)- f(b) < 0 (if not then quit)
while |0 — a| > TOL do
Set xp, = % (the new approximation)
Check in which interval [a, zy] or [z, b] the function changes sign
if f(zx)- f(a) <0 then
b= Tk
else if f(zy) - f(b) <0 then
a = Tk
else
Break the loop because f(z;) =0
end if
k=k+1
end while
Return the approximation of the root x*

(a) Observe that this algorithm combines the bisection method and another method.
Describe what other method is combined and why this is promising.

(b) Implement the method of false position in Python.
(c¢) Describe your expectations for the convergence of this method.

(d) Use your computer code to approximate the root 2* = 0 of the function f(x) =
2z% — 42% + 3z in [—1, 1]. Describe the convergence of the method of false position
in this case and compare with the bisection method.

15. In this problem you will need to use complex number arithmetic. Assume that the equa-
tion f(x) = 0 has a unique solution in [a, ], and that f € C3[a,b).

(a) Let 0 < h < 1 be a small number. Using appropriate Taylor expansion show that
for any z in the domain of f we have

f'(z) = Im(f(x +ih))/h+ O(h?) ,
where i is the imaginary unit such that i = —1.

173



(b)

(d)

Since f’(z) =~ Im(f(z + ih))/h, consider the following modification of Newton’s
method with complex step

flxr)

—— k=0,1,2,...,
Im(f(z +1h))

LT+l = Tk — h
with given xy. Implement this complex-step Newton’s method.

Assume that

_ *
lim 7|xk+l all =C

kooo |xp — 2*|" ’

where z* is such that f(z*) = 0. This means that the convergence rate of the new
method is r. Estimate the convergence rate r using the equation m(e’”/ 2+1) =0
and g = 2.5. For implementation purposes you can use the default value h = 10710
but you can try even smaller such as h = 1072° or even smaller.

Study the influence of the parameter h in the convergence rate.

[The approximation of the derivative in this problem is known to as the complex-step
derivative approximation and works for even tiny values of h > 0. For more information,
we refer to the publications [123, 85] and the problems of Chapter §]
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6

Interpolation and Approximation

Suppose that we are in possession of data points (2o, o), (z1,41),- - -, (TN, yn) representing
measurements of a physical quantity y at location z, but we need an estimate of the quantity
yp at some point x, other than zg,z1,...,zy. To formulate a mathematical problem we
assume that the given data obey to a function y = f(x), in the sense that y; = f(z;) for
i=0,1,...,N. Of course, we do not know the formula f(z). The question is whether we can
compute an approximation of f(x) at some x # x;, i =0,1,..., N. To tackle such problems
we usually use interpolation. Interpolation is a method of constructing a function whose
graph passes through a specified set of points. When the data are too noisy to interpolate
with smooth functions, we proceed with approximating the dataset. Specifically, we generate
a function whose graph is close to the data points without necessarily passing through them.
Such a method is the least squares approximation (also known as regression). This chapter
is an introduction to interpolation and approximation.

6.1 Introduction

In some applications there is a finite set of data points (z;,y;) = (x4, f(x;)), 1 =0,1,..., N
of an unknown function f(x), and we require an estimate of this function at a different
point. For example, assume that we have the population of a city for the years zg = 2000,
x1 = 2002 and x5 = 2004, which is yo = 12,900, y; = 13,400 and y = 13, 800 respectively,
and we need to estimate the population of the city for the year 2001. In this problem the
unknown function f(z) describes the population of a city at a year x. To find an approximate
value for f(2001), we compute appropriate polynomial P(z) that satisfies P(x;) = y;. If this
polynomial approximates the function f(z), then we can estimate the unknown quantity
by computing the value P(2001) =~ f(2001). Sometimes, it is beneficial to use sophisticated
interpolants P(x), such as piecewise polynomial functions, but for the moment we consider
simple polynomials.

When the graph of the polynomial P(x) passes through the given (z;,y;) for all val-
ues of i, we say that P(x) interpolates the points (z;,y;). The polynomial P(z) is called
interpolant. The procedure to estimate the values (z,y) other than (z;,y;) using P(z)
is called interpolation. The points x; are called nodes (also known as sites or knots). A
set of nodes {xg,x1,...,xn} is called grid or mesh. In principle, interpolation is when
minz; < r < maxx; otherwise we call it extrapolation even if we use the same methods.
If the polynomial does not necessarily interpolate the points (z;,y;), then we speak about
approximation in general. Figure 6.1 shows the idea of interpolation. Observe that the in-
terpolating polynomial P(z) approximates the function f(x) quite well for « € [xg, 23] and
diverges for values of = outside the interval [zg,2z3]. This phenomenon can be a problem
especially if the dataset consists of only a few points. The situation can be different when
there are more data points to interpolate or in cases of sophisticated interpolation methods.
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FIGURE 6.1
The notion of polynomial interpolation for the function f(x) = x + sin(z) with four nodes
(N=3).

The reason for using polynomials to approximate functions is because of the Weierstrass
Approximation Theorem. This theorem guarantees that every continuous function can be
approximated arbitrarily well by a polynomial. Mathematically speaking this can be stated
as:

Theorem 6.1 (Weierstrass Approximation Theorem). For any function f € Cla,b], and
for each & > 0, there is a polynomial P(z), such that |f(x) — P(x)| < & for all x € [a,b]. !

Any linear combination of two polynomials is a polynomial again of the same degree at
most. For this reason, we say that the polynomials of degree N form a linear space denoted
by PN-

Interpolation and approximation can be useful in problems such as data fitting and
function approximation, as well as in other numerical methods, including root finding, opti-
mization, numerical integration and differentiation. In this chapter, we discuss interpolation
methods such as the Lagrange, Hermite and Spline interpolation. We will close this chapter
by discussing the method of least squares for approximating datasets.

BE"  TInterpolation is the procedure of finding a function (usually a polynomial or a
piecewise polynomial function) with graph passing through some data points. When
the data are very noisy, we usually approximate them using different procedures,
such as the method of least squares.

LA proof of Weierstrass Approximation Theorem requires advanced tools of mathematical analysis and
can be found, for example, in [81].
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6.2 Lagrange Interpolation

Suppose that we have N + 1 values yo,y1,...,yn and g, 21,..., 2N such that y; = f(x;)
for ¢+ = 0,1,...,N, and that f is a smooth function. Recall that smooth functions are
differentiable functions. The procedure of finding a unique polynomial Py (x) of degree N
such that p(x;) = y;, for i =0,1,..., N is called Lagrange interpolation. The polynomial we
obtain with Lagrange interpolation is called Lagrange interpolating polynomial or in short
Lagrange interpolant named after the French mathematician Joseph-Louis Lagrange (1736
1813). Such an interpolant is depicted in Figure 6.1 where f(z) = x + sin(z) and N = 3.
We first present a naive construction of Lagrange interpolating polynomials.

6.2.1 Naive construction of the interpolant

Consider first the simplest case with only two points (29, yo) and (z1, y1). In this case, there
is a unique straight line Pj(x) passing through these points. Define

Pi(z) =a0+ a1z, (6.1)

the interpolation polynomial with unknown coefficients ag and a;. To find the coefficients
ap and a7 we use the fact that P;(z) interpolates the points (x;,y;), ¢ = 0,1, which is the
same to say that

Yo = Pl(dio) = Qg +a1x0 and Y1 = P(l’l) = Qo —+ ai1xry .

Both equations form the system

Yo = ap + a1Zo
Y1 =ap+airs

Solving this system (simultaneous equations) we obtain the coefficients

Y1 — Yo Y1 — Yo
=—" and aqy=yo— ——x
T1 — To 1 — To

ay 0 -

Substituting ag and a; into (6.1) we obtain the formula of Pj(x) as

Y1 — Yo Y1 — Yo Y1 — Yo
P1($):ffﬂ+yo—f$o=%(33—370)4‘2/0-
Ty — Tg 1 — T 1 — To

This is the linear Lagrange interpolant, and its construction requires two points (N = 1).

Moving one step further, we consider three points (zg, o), (z1,y1) and (x2,ys2). Since
we have three points, the interpolating polynomial should be a quadratic polynomial of the
form Py(x) = ag + a1w + ax? with yo = Pa(z0), 11 = Pa(21) and yo = Pa(x3). These
equations form the following system of simultaneous equations

2
Yo = ap + a120 + a2xy

Y1 = ag + arxy + agxf . (6.2)

2
Y2 = ag + a1T2 + a2x3
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To solve this system for ag, a1 and as it is not as easy unless we use techniques from linear
algebra. For example, we can use the NumPy module and its functions. System (6.2) can
be written in matrix form as

1 =z x% ao Yo
1z a3 a1 | = wn
1 o 23 a2 Y2
The matrix
1 x9 x%
V=|(1 2z, 23],
1 zo 23

is a 3 X 3 Vandermonde matrix. We write the previous system in matrix form as Va = v,
with

Yo ag
y = U1 ) a = ay
Y2 a2

This procedure can be generalized for N + 1 distinct points (x;,v;), ¢ = 0,1,2,..., N
with x; # x; if 4 # j. Then the coefficients of the polynomial of degree N

Py (x) =ag+az+ax?+ - +anz

can be found by solving the analogous (N 4 1) x (N + 1) system of linear equations Va = y
with V' the Vandermonde matrix

1 x a3 zfY

1z 23 o
V= . .

1 oy 2% N

The determinant of the Vandermonde matrix is

det(V)= [ (& —=),

0<i<j<N

which is det(V') # 0 since the points x; are distinct, i.e. z; # x; for ¢ # j. Thus, V is invert-

ible, and the linear system Va = y has a unique solution @ = V~ty = (ag,as,...,an)’.

B¥"  For N + 1 points (z;,y;) there is always a unique interpolating polynomial Py
of degree N such that y; = Py (x;).

There are two main disadvantages in solving linear systems with Vandermonde matrix.
The first is that Vandermonde matrices are dense. Thus, in the case of large amount of
data solving the corresponding dense linear system will be a very slow procedure. The other
drawback is that computations with Vandermonde matrices are very sensitive to floating
point errors. Matrices that are sensitive to floating point errors are called ill-conditioned,
and we should be very careful when we use them. More information about the condition of
matrices can be found in Chapter 9.

In Python we can construct Vandermonde matrices in any dimension using the NumPy
function
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numpy .vander (x, N, increasing)

where N is the dimension of the vector x, and the argument increasing specifies the
form of the Vandermonde matrix. When increasing=True, then the entries of the cor-
responding matrix start from 1, otherwise they start from x¥. In our case we need N=None
and increasing=True. The linear system Va = y can be solved using the function
numpy . linalg.solve. This can be quite safe since the function solve takes into account
the condition of matrices and performs appropriate techniques to minimize floating point
€ITors.

As an example we consider the points (0, 1), (0.5,—1), (1,2) and (1.5, 1.5). Since we have
four points we can construct the unique cubic interpolating polynomial (N = 3). We store
the values z; in a vector x and the values y; in a vector y. We construct the Vandermonde
matrix and solve the corresponding linear system using the function solve.

import numpy as np
import numpy.linalg as npl
import matplotlib.pyplot as plt

interpolation data (z,y)

= np.array([0.0, 0.5, 1.0, 1.5])

= np.array([1.0, -1.0, 2.0, 1.5])

assembly of Vandermonde matriz V

= np.vander(x, increasing=True)

solution of linear system Va=y

= npl.solve(V,y)

define more points for plotting

xx = np.linspace(0.0,1.5,100)

# evaluate the interpolating polynomial at =z
p = al0]+al[1]*xx+a[2] *xx**2+a[3] xxx**3
plt.plot(xx,p)

plt.plot(x,y,'o")

plt.xlabel('x'); plt.ylabel('y'); plt.show()

R < RS MW R

2.5 1

2.0 A

1.5 1

1.0 1

0.5 A

0.0 1

—0.5 1

—1.0 1

-1.5 T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

The 6th and 7th lines of this code define the vectors « and y with the data (x;,y;). The
9th line performs the assembly of the Vandermonde matrix V' and the 11th line solves the
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corresponding system Va = y. In order to plot the resulting polynomial we define a fine
mesh of 100 points (line 13) and we store these points in the variable xx. We evaluate the
cubic polynomial p at the points xx (line 15). Finally, we plot the polynomial p over the
points xx (line 16) and we draw the data points (z;,y;) using circles (line 17).

We observe that the cubic polynomial interpolates all the four points. Also if we want
to evaluate the polynomial Ps(z) at any value x we can do it easily since we have already
computed the coefficients ag, a1, as and as.

Imagine we have the experimental data (z;,y;) for ¢ = 0,1,...9,999. The Vandermonde
matrix will be 10,000 x 10,000 dense with 100,000,000 entries. This dense matrix is very
large and thus the solution of the system Va = y will be a slow process. The same is true
for the evaluation of the interpolating polynomial since it involves a very large and perhaps
unstable sum. In order to construct the interpolating polynomial efficiently, We make use of
some alternative basis functions, in place of the naive monomial basis {1, z, z2 oV}

6.2.2 Lagrange polynomials

Given N + 1 points (zo,%0), (z1,¥1), .-, (TN, yn) With z; # z; for i # j, the interpolating
polynomial Py (x) can be written as

N
Py(z) = Zaixi . (6.3)
i=0
This is a linear combination of the monomial basis functions 1, z,z2, ..., 2" with unknown

coefficients a;. An alternative way of expressing the same polynomial using different basis
functions is by rewriting the polynomial in the form

N
z) =Y yili(z) , (6.4)
=0

where the coefficients are the given interpolating data. Of course, we need to find the basis
function ¢;(z). This is the Lagrange representation of the interpolating polynomial.
Since Py (x;) = y; for all values of i we have that

= Pn(z;) Zyl (@) = yololxs) + - +yili(xs) + - +yntn(zi) .

This implies that ¢;(x;) = d;;, where

s 0 ifi#]
TV, ifi=j

)

is the Kronecker delta.
Because of that, the polynomials ¢;(x) are of the form

N
=C H (x —xj) ,
3=0
J#i
for some constant C. The constant C' can be found from the relation ¢;(z;) = 1. We have

C'H x; — ;) ,

J;ﬁz
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which implies

1
¢= Hﬂfz—% (i —wo) (@i — ) (s — i) (s — @) - (T —aN)
J#z

Subsequently we have that

=

r— g X — X1 T — Tj—1 T — Tj41 r— TN Tr—xy
,ez(x): e e =

Ti — Xo Ti —T1 Ti — Ti—1 T — Tit1 Ti — TN

a:i—xj

J;
J

Wl
s o

The polynomials ¢;(x) are called Lagrange polynomials.
If we write

::12

N

Qnii(z H (x —x;) then Q. (z:)
j=0 j:()

J#i

then we have the alternative formulas for the Lagrange polynomials and the corresponding

interpolating polynomial

N
Qn+1(2) and  Py(z) = yililz) . (6.5)

fi xTr) = 7
®) = Q@) 2

I¥"  An advantage of the interpolating polynomial written in the Lagrange form is
that there is no need for the computation of the coefficients a; as long as we have
the Lagrange basis functions evaluated at points x.

For example, if N = 1 and given the two distinct points (xg,yo) and (x1,y1), the
Lagrange polynomials are

lo(z) = 251 and 0y(z) = =10
To — T1 T3 — To
The polynomial P (z) is given by the formula
r—z rT—2x
Pi(z) =lo(x) - yo + l1(x) - y1 = Lo+ 0y
To — 1 T1 — Xo

We could work similarly to compute the quadratic polynomial P (x) with three distinct
points. However, it is easier to write a Python program to do it for us. Let us write a
Python function first to compute the N 41 Lagrange polynomials. Since each polynomial is
a product, the implementation requires a nested loop. The procedure for the computation
of the Lagrange polynomials is presented in Algorithm 17.
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Algorithm 17 Evaluation of Lagrange polynomials

Given a point z and the nodes zg, z1,..., TN
fori=0: N do
for j=0: N do

if i # j then
R
end if ’
end for
end for

Return the values of the polynomials ¢; at the point z

The previous algorithm works even if z is a vector. We implement Algorithm 17 in
the function lagrange basis. Suppose that we want to compute the values Px(zy) of the
Lagrange interpolant at m points z; for £k =0,1,2,...,m — 1. We store all these points zy,
in a one-dimensional array z. We also store the data points z; in an array called x. Then,
for each i = 0,1,2,..., N we compute the i-th Lagrange polynomial as a product of the
form

N r—T;
) = [ 2= (6.6)

=0 Ty — Ty

J#i
The amount of points x; is equal to the number of Lagrange basis functions ¢; and we store
this number in the variable n, which is practically equal to N + 1. After computing the m
values of the Lagrange polynomial ¢;(zx) for k = 0,1,...,m — 1, we store them in the i-th
row of an array called basis. In the end, each row i of the array basis will contain the m
values of the polynomial ¢;(zy).

def lagrange_basis(z, x):
# Compute the Lagrange basis 1_1(2)
# given the nodes x_7 stored in vector
n = len(x)
m = len(z)
basis = np.ones((n, m))
for i in range(mn):
for j in range(n):
if i 1= j:
basis[i,:] *= (z-x[j1)/(x[i]l-x[j]1)
return basis

The 4th line of this code defines the number of Lagrange polynomials required for the
interpolation. The 5th line defines the amount m of the points on which we want to evaluate
the interpolating polynomial. In the 6th line we reserve the memory for the n x m array
basis. Finally, using the loop of line 7 we compute the polynomials ¢; at the m points.
Using the loop of line 8 we compute the product over j. The function lagrange basis
returns an array with the values of the required basis functions ¢; at all points z.

Since the interpolating polynomial of degree N is given by the formula
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we write one more function called lagrange_interpolant that evaluates the interpolating
polynomial at the given m points stored in the array z. In this function we need the values
of y; in addition to the values xz;. It is noted that the values z; are only needed for the
computation of the Lagrange polynomials, while the values y; are only needed for the
computation of the value of the interpolant. The values y; are stored in the one-dimensional
array y. Again, since we want to compute the interpolant at m different values zj, we store
the values Py(zg) for all k in a one-dimensions array P.

def lagrange_interpolant(z, x, y):
#Compute the interpolant using Lagrange polynomials
n = len(x)
m = len(z)
P = np.zeros(m)
basis = lagrange_basis(z, x)
for i in range(n):
P += basis[i,:] * y[i]
return P

The actual computation of the values of the polynomial Py is implemented in line 8,
where y; is the y[i] and the values ¢;(z;) are the entries of the vector basis[i,:].

As an example, consider the function f(z) = % We will compute the Lagrange inter-
polating polynomial using the points zg = 1, 1 = 1.5 and xo = 4. Note that for Lagrange
interpolation there is no requirement for uniformly distributed points x;. Here, N = 2 and
therefore the unique polynomial will be quadratic. We first compute the Lagrange polyno-
mials

 (z—x1) (2 — 22) _(w—15)( —-4) 2, 11
fo(@) = (xo—zi)(azo—;g) (—15)i—-4 3% 3*tH
_ (r—zo)(x—mw2)  (x—-1)(x—4) 4 16
G@) = )@ —r)  A5-15-4) 5" -
(= 20)(2 — 1) 7(9571)(:571.5)72 1 1
fa() = (xg—xZ)(xg—xl) A Dd-1s) 1" 3 ts

Moreover, yo = f(zo) = 1, y1 = f(x1) = 2 and y» = f(z2) = ;. The interpolating
polynomial is

N

Po(@) = S uii(@) = 1 £o(@) + S00) + 366(e) = G et g
=0

The same interpolating polynomial can be computed using the naive interpolation
method but this requires the solution of a linear system with Vandermonde matrix, which
we avoid using the Lagrange polynomials.

Now we compute the interpolating polynomial using our previous functions. We compute
the Lagrange polynomials first and then the interpolating polynomial in the interval [1,4],
using 100 points z;. These points are generated by using the function linspace(l, 4,
100). Then we define the arrays x and y to interpolate, and we generate the values of the
interpolating polynomial using the function lagrange_interpolant. The results are plotted
with the help of matplotlib. We also add a legend for the first time in order to distinguish
the interpolating polynomial, the data points and the actual function.
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def f(x):
return 1.0/x
define points for creating plot
= np.linspace(1l, 4, 100)
define data points and store them in z and y
= np.array([1, 1.5, 4])
f(x)
compute Lagrange interpolant and store it to yz
yz = lagrange_interpolant(z, x, y)
# plot the results
plt.plot(z,yz,'-")
plt.plot(x,y,'o")
plt.plot(z,f(z),'-.")
plt.legend(["$P_2(x)$","data","$£(x)$"]1)
plt.xlabel('x'); plt.ylabel('y'); plt.show()

H < MW OH N R

1.0 1

0.8 1

y0.6 1

0.4

0.2 1

1.0 15 2.0 25 3.0 35 40
X
The interpolating polynomial coincides with f(x) at the points (z;, y;). However, there is
a notable difference between the graphs of the function and its interpolant. We can achieve
better approximation using interpolating polynomials of higher degree N. For example, if
we consider the interpolating polynomial P, by taking 5 points (x;,y;) the interpolating
polynomial is almost identical to the function f(x), as shown in the following figure.

1.0 1

0.9 1

0.8 1

0.7 1

0.6 1

0.5 A

0.4 A

0.3 1

1.0 15 2.0 2.5 3.0 3.5 4.0
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Taking higher degree interpolating polynomials the situation will not be always better.
A counter example is the well-known Runge’s example.

6.2.3 Failure of Lagrange interpolation

The function 1
1@ = 1355

is known as the Runge function. Surprisingly, the Lagrange interpolation fails for this func-
tion, in the sense that the interpolant cannot be as close to f(x) as we would like to be, [111].
The shape of Runge’s function is like a Gaussian bell but it decays with a polynomial rate.
We will interpolate this function in the interval [—1, 1] using 10 and 15 points. Using N = 9
we observe that the interpolating polynomial oscillates around Runge’s function. With the
hope that the approximation will be improved we take N = 15. To our surprise, we observe
that the polynomial Py, is far away from f, especially for x closer to the endpoints +1.

The explanation of this phenomenon lies in the error of polynomial interpolation. As
in the case of Taylor polynomials, the error of the Lagrange interpolation depends on the
magnitude of the IV 4 1-th derivative of f. If this derivative is large, then the interpolation
error will also be large. And in the case of Runge’s function, the magnitude of the derivatives
of f is increasing with N. This means that the higher the degree of the interpolating
polynomial, the larger the interpolation error.

A remedy to this problem is to use a non-uniform grid of nodes. A standard example of
such nodes are the Chebyshev nodes

2k +1
= _ k=0,1,....N .
2 = Cos (2(N+1)7r>7 0,1,...,

I¥"  Runge’s phenomenon demonstrates the fact that high degree polynomials are
in general not suitable for interpolation problems.

The reader who is interested in the error analysis of polynomial interpolation can proceed
with the next section. Otherwise, we consider efficient and more stable ways of computing
the interpolating polynomial in Section 6.2.5. We also discuss the interpolation with piece-
wise polynomial functions, which solves Runge’s phenomenon in Section 6.3.

6.2.4 Error analysis

Thus far, we have proved the existence of a unique interpolating polynomial as a conse-
quence of Vandermonde matrix properties. We have also seen that there are cases where
the Lagrange interpolation can fail. Here we estimate the error between the interpolating
polynomial and function f, and explain why Lagrange interpolation can fail.

We easily understand the distance between two numbers to be the absolute value of their
difference. The distance between two functions (polynomials are functions too) is harder to
conceptualize. We measure the distance between functions using appropriate norms. A norm
generalizes the notion of absolute value and is denoted by || -|| instead of |-| which we reserve
for absolute values. So the distance between two functions f and g will be the norm || f — g]|
and is a positive number (or 0 if the two functions are identically the same).

In particular, a norm is a positive function || - || : S — [0,00), where S is a space of
functions like C(a,b). A norm should also satisfy the following properties: For all f,g € S
and all a € R,
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o [IflI=0
e If | f|| = 0 then f(z) =0 for all z in the domain of f

o If +al <If1+ gl
o [lafll = lalll£]

Here we consider the || f||oc = Iilai(b‘ f(z)| which satisfies all the previous properties and is
asx

known as the L°°-norm. If we compute the L>®-norm of the difference of two functions
17 = glle = max, |£(2) — g(a)]

we practically compute the maximum vertical distance between the two functions. This
norm is also called the uniform or maximum norm.
Among other norms for functions we use very often the L2-norm

b 1/2
1]z = (/ (@) d:c> |

The last one again is a positive number and measures the square root of the area of the
function |f(z)|?. Taking again the difference of two functions ||f — g|l2 we compute the
square root of the area of the function |f(z) — g(z)|?. If the two functions are close together,
then the area of the difference squared will be small?.

We proceed now with the estimation of the interpolation error. This is practically equiv-
alent with estimating the remainder of the interpolating polynomial.

Theorem 6.2. Let N € N, f € CV*tl[a,b] and the nodes xo,...,xx € [a,b]. Then, for the
Lagrange interpolating polynomial Pn(z) of the function f(x) there is £ € (a,b) such that

SO 7
f(x) N () (N1 1) E}(x x;)  for all x € [a,b] ,
and v
[LFHD| o
_ < .
17 = Pyl < s TG = o) g
where
lglloe = max |g(x)]
Proof. For x € {xo,...,xn} the result is obvious since f(x;) — p(z;) = 0. Let z # x; and
1
et N
Onii(e) = [[(z — =) .
i=0
We define the function
- P
nt) = £(t) - Pt~ L=V g
Qn+1(2)

with ¢ € [a, b]. Obviously, h € CN*1[a,b]. For t = z; we have

h(z;) = f(z;) — Pn(z;) =0, i=0,....N,

2The absolute value in the definition of the L2-norm is required only if f is a complex function.
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and for t = x we have

f(z) — Py (x)
Qn+1(7)
This means that h(t) has at least N + 2 distinct roots in [a, b], namely, z;, for i =0,..., N

and z. According to Rolle’s Theorem 4.2, b/ has at least N + 1 roots in (a,b), and so h”
has at least n roots, e.t.c. and h(¥*1) has at least one root & € (a,b). Then, for t € [a, b]

h(z) = f(z) = Pn(z) — Qn+1(z) =0.

A = e ) — L =T vy
N+1(T
and so
0= g - LG =T v sy
Solving for f(x) — Py (z) yields

(N1 () N
AMRCIR |y PR (6.7)

T =0

for all € [a,b].
Taking the maximum of |f(z) — Px(z)| in (6.7) we see that

HN LS+ oo

— < O AL ALt

I = Prlloc < max, H(x T

which gives an upper bound for the interpolation error in the L°°-norm. O

What we have practically showed is the following: Let f(z) € CV*[a,b], then
f(x) = Py () + Ry (2)

where Py () is the interpolating polynomial and

(N+1)
R(o) = L Sova vin ¢e @,
with
N
Qni1(@) = [[(x —2:) = (@ —wo) (@ — 1) - (w —2)
=0

is the remainder. It is worth mentioning the following observations:

e For Taylor polynomials Q. 1(7) = (x—x0)V*! and the error vanishes only at the point
Zo-

e For Lagrange interpolating polynomials the error vanishes at all nodes z;, i =
0,1,...,N.

e To minimize Ry (x) requires minimizing |Q(x)| for x € [a, b].

The reason for possible bad performance of the Lagrange interpolation is the high-order
derivatives in the formula of the error Ry (). In Runge’s example the high-order derivatives
are large near the boundaries of the interval [—1,1], which results to large errors in the
approximation.
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6.2.5 Newton’s representation with divided differences

The representation of the interpolating polynomial using Lagrange polynomials is very
convenient especially for theoretical considerations. On the other hand, the computation of
Lagrange polynomials can be proved inefficient in practice. For this reason, we will present
an alternative representation of the same interpolating polynomial using Newton’s form.?

Suppose that Py(z) is the Lagrange polynomial of degree N interpolating f(x) at the
nodes g, Z1, ..., £y. Newton’s form for writting the polynomial Py is

Py(z) =ag+a1(z —x0) + as(z —xo)(x —21) + - +an(z —z0) - - (x —xN—_1) ,

where ag, a1,...,any have to be computed. Note that these coefficients are different from
the coefficients of the polynomial in the naive interpolation.
The main idea is to write

Pn(z) = Py-1(2) + gn(2) ,

where Py_j(x) is the Lagrange interpolating polynomial of degree N — 1, and gy (z) a
polynomial of degree N. Apparently, gy (z) = an(z — o) -+ - (x —2n_1). This form has the
advantage that we can add nodes without the need of computing the whole interpolating
polynomial from the beginning. Newton’s form of polynomials leads to the efficient evalua-
tion of polynomials. To see how we can evaluate these polynomials efficiently in Newton’s
form consider a polynomial of degree 3 written as

Ps(z) = ag + ar(x — x0) + ag(z — xp)(z — 1) + az(x — o) (x — x1)(z — z2)
=ag+ (x —x0){a1 + (z — x1)[a2 + az(x — z2)]} .

This can be evaluated with the following recursive relations

po(x) = az ,

p1(x) = az + (z — z2)po() ,
p2(z) = a1 + (z — x1)p1 () |
p3(x) = ao + (v — x0)p2(z) ,

and finally P3(z) = p3(z).
The recursive relation for any value of N is
po(l‘) =an ,
pk(ac) =an_j + (.’E - xN,k)pk,l(x), k=1,2,...,N .

Given the coefficients ag, a1, ..., ay the evaluation of a polynomial in its Newton’s form at
the point = can be summarized in Algorithm 18.

Algorithm 18 Evaluation of a polynomial in its Newton’s form

Given the point z and the nodes zg, z1,..., TN
Initialize p = an
for k=1:N do
p=an—i+ (2 —TN_k)p
end for
On return the variable p contains the value Py (2)

3This should not be confused with Newton’s method as it is totally irrelevant. The name comes from
the way we write the polynomial and which is due to Newton again!
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The implementation of Algorithm 18 in Python can be carried out in the following way:

def poly_evaluation(a,x,z):
#Evaluation of the polynomial with coefficients a at the points z
N = len(x) - 1 #Degree of polynomial
p = a[N]
for k in range(1,N+1):
p = alN-k] + (z - x[N-k])#*p
return p

Efficient evaluation of the coefficients

The remaining issue in Newton’s form of interpolation is to determine the coefficients a;
for+=0,1,..., N. Since the graph of the interpolation polynomial Py passes through the
data (x;,y;) we have

Yi :PN(:L‘i), i:0,17...,N .

This implies that

Yo = agp ,
y1 = ag + a1(x1 — xo) ,

Y2 = ao + a1(x2 — x0) + az(z2 — x0)(x2 — 1) ,

yn =ao +ai(zy —xo) +---+an(zny —20)(zy — 1) (&N —2N-1) ,

and in general

k-1
yk:Zai (¢ —xj), fork=0,1,...,N.
=0 j=0
Note that
k—1
Yk = Po1(zx) + ar Qi(zx) where Qu(z) = [J(x—a;) .
j=0
Solving for a; we have
Yk — Pr—1(wk)
ap = B TRUTR) 01, N .
T Qula)
Because yr = Px(x) = f(xx) we have
— Py
A 0 Rt S 0 B T N

Qr(zk) 7
More analytically, we have
ao = yo = f(zo) ,

and

a :y1—ao :yl—yo :f(fl)—f(xo)
Yo —x0 m— o T —z9
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TABLE 6.1
Divided differences tableau for the computation of the coefficients of the
Newton’s polynomial

x; f(x;) 1-st order 2-nd order 3-rd order --- N-th order
e

Ty Yo Alyy Ay,
T3 Y3 Alys A?ys Ays
TN YN Alyn A?yy Adyy ANyy
f(x2)—f(zo) _ f(=1)=f(x0)
g = Y2 —ag — a1(9C2 - CCO) _ To—Tg z1—To
(.1‘2 —330)(332 —xl) o — T1 ’

The fractions of the form W, appearing in the right-hand sides of these formulas
are called divided differences. Divided differences approximate derivatives of a function
f. In particular, a; seems to approximate the first derivative of f at some point and the
coefficient as the second derivative of f at some other point. It is very common also to denote
ar = flxo,x1,...,x] to highlight the dependence of the coefficient on the nodes x;. At this
stage, in order to simplify notation, we will denote the divided difference approximations of
the first order derivatives by Aly;, the divided difference approximation of the second order

derivatives by A2y; and that of the N-th order by ANy, and are given by the formulas

Aly, =¥ 7% 19N,
T; — X0
Ay, — Ay
A2yi:7x%—x1 , 1=2,...,N,
(2
Aty = ATy
3 l‘z—.'L'Q b AR b

AN, — ANy — ANy, i N
Yi % — T3t ) .

It is convenient to arrange all the divided differences in the columns of a tableau like the
one in Table 6.1. In such a tableau the coefficients a; are the diagonal entries A’y; shown
in boxes.

For example, consider the data

2 4 5
4 16 25

T
Yi

In this case, the interpolating polynomial is of degree at most 3 (since N = 3) and it can
be written in Newton’s form as

Pi(x) =ap+ a1(x — xo) + as(x — zo)(x — 1) + az(z — xo)(x — 1) (z — x2) .
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TABLE 6.2
Example of divided differences tableau

x; f(x;) 1-st order 2-nd order 3-rd order

4
16 5
25 6 1 [0]

T = DN =

To find the coefficients ag, a1, as,as we fill in the divided differences Table 6.2 and we
conclude that the interpolating polynomial is actually the quadratic polynomial

Py(x) =143z —1)+1(z—1)(z—2)+0(x — 1)(z — 2)(x — 4) = 2? .

Algorithm 19 Interpolating polynomial coefficients using divided differences

Given the data (z;,v;), i =0,1,...,N
for i=0: N do

a; =y = f(x;)
end for
for k=1: N do

for j=k: N do

aj = (a; — ap-1)/(z; — x-1)

end for

end for

The algorithm for the computation of the coefficients a; using divided differences is
summarized in Algorithm 19. In this algorithm we store only the diagonal entries of Ta-
ble 6.3. Initially the coefficient aq is the correct polynomial coefficient. In the next step we
compute the first order divided differences, and we store them in the entries aq,ao,...,a,
where a7 is the correct coefficient for the interpolating polynomial. We continue in the same
way modifying in each step only the coefficients that they are not correct. Assuming that
the interpolating data (z;,y;) are stored in the arrays (vectors) x and y, the implementa-
tion of this algorithm in Python can be straightforward and is presented in the function
poly_coeffs.

def poly_coeffs(x, y):
n = len(x)
a = y.copy(Q)
for k in range(1l,n):
alk:n] = (alk:n] - alk-1])/(x[k:n] - x[k-1])
return a

The interpolating polynomial in Newton’s form can be written as
N
Py)=) a;||(z—2zj).

0

I
-

=0 J

This form has been implemented in the function poly_evaluation. In order to test our
code we can try to interpolate Runge’s function to obtain the same results as before.
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def £(x):

return 1.0 / (1.0 + 25.0 * x*%*2)
z are the points we use to plot the interpolating polynomial
= np.linspace(-1, 1, 100)
= np.linspace(-1, 1, 10)
f(x)
= poly_coeffs(x, y)
Yz are the wvalues of the interpolating polynomzal at 2z
yz = poly_evaluation(a,x,z)
plt.plot(z,yz,'-")
plt.plot(x,y,'o")
plt.plot(z,f(z),'-.")
plt.legend(["$P_9(x)$","data","$£(x)$"]1)
plt.xlabel('x'); plt.ylabel('y'); plt.show()

H A< M N R
]

An advantage of Newton’s form for the interpolating polynomial is that we can add an
extra point in the interpolation data without evaluating the polynomial from the beginning.
We simply add an extra term in the polynomial formula. Moreover, the evaluation of the
polynomial is faster, which is important especially in high-order interpolation. Although
there are big advantages in the use of Newton’s form, there is no way to overcome Runge’s
problem due to the interpolation error.

6.2.6 More on divided differences

In this section we present an alternative divided differences algorithm for the computa-
tion of the coefficients of the interpolating polynomial in Newton’s form. We saw that the
interpolating polynomial Py (z) written in Newton’s form is

Pyn(z) =ag+a1(x —x0) + ag(z —xo)(x —21) + - +an(@ —x0) -+ (. —zNn_1)
=Py-1(z) +ay Qn(z) ,

where
Qn(z)=(x—x0) - (x —xN_1) .

As a consequence of (6.5), the polynomial coefficients a; can be computed using finite
differences via the formula

k
Yi
ap = —_
; QIN+1($i)
These coefficients can be written as
ao = yo = f(xo) ,
and

Yyr—ao _ Y1 = Yo f(x1) = f(20)

ay = = )
Tr1 — o Tr1 — To 1 — To
flx2)—f(zo)  f(z1)—f(zo)
as = Y2 — ap — a1($2 - -Z‘O) _ To—T0 Tr1—T0o

(SUQ 7%0)(%2 7.%1) h Xo — T
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Rearranging the fractions appeared in as we can write it as

f(@2)—f(zo) _ f(=1)—f(zo0)

a9 = Z2—%o Z1—%o
To — I
flaz)=flz) | fla)=fzo) _ flz1)=f(zo)
— To2—XQ To—XTQ r1—Xo
To — X1

Bef | ) — Sl — )

To — I (1’2 —.’Eo)(l'g —1'1)(561 —xo)
thus
flz2)=f(z1) _ f(z1)—f(=zo)
To2—T1 r1—Xxo
as =
I — o

Similarly, we can modify the rest of the formulas to obtain a new formulation for our
interpolation algorithm. Specifically, the coefficients a; can be defined as

a; = f[$0,$1,...,1'i] s
whee fl |- 11 |
L1,X2,...,L;| — J|Z0sXL1y---,L5—-1
f[x07x17"’axi]: : ZJT‘—Z‘O Sk ) x’i#x()v
K3
and
Lit1, L4255 — J|Liy Lit+1ye--3L5—1
f[xi,$i+1, e ,$j] = f[ of ot ;] _ i[ d Lan J ], €Ty 7é .Z‘j . (68)
7 %
In this notation we have that
flzil = f(zi)
flzis) = flo
flas, ziga] = M ,
Ti41 — T4
Jl@ig1, o] — floi, g
flzi, Tiv1, wiga] = i1, 2ival = Sl 2o ;
Ti42 — T4
while f[xo,z1,...,x;] is the coefficient a; of the interpolating polynomial P;. Furthermore,
flr1, 22, .., 2;] is the coefficient of the term 2*~! of the polynomial of degree less than or
equal to ¢ — 1 that interpolates f at x1,x2,...,x;.

In this book we define the divided differences with one of their properties:

Definition 6.3. For xqg < x1 < --- < xp, the divided differences of a smooth function f
are defined as

flziva, il =flzi,xi—1] . @ ;
o Cl)j*:L’i
f[xiaxﬂ»l» .- ~,$ﬂ = FU=D (2,)
G T

In this definition we have included the case z; = z;, which will be useful later for
the Hermite interpolation. There are other more general definitions but here, and at the
particular stage of this book, we focus on the computational part of this technique. Needless
to say, Newton’s form of polynomials is in general very useful for theoretical purposes as
well.



194 Interpolation and Approximation

TABLE 6.3
Divided differences tableau for the computation of the coefficients of Newton’s polynomial
Z; f(x;) 1st order 2nd order  3rd order 4th order

zo  |yo = flxo]

f[ffo,aﬁ]
1y = flzi] flzo, w1, 7]
f[$1,$2] ‘f[$0,$1,$27$3]‘
Ty y2 = flzo] flw1, 22, 23] ‘f[xovwhfﬂz,xs,%d‘
flwa, 3] flry, w2, 23, 4]
3 y2 = flrs] flw2, 23,74
f[903,$4]

ry Y3 = flzd]

It is not hard to see that the first three divided differences ag,a; and ay are given by
the formulas

f[xo] = f("EO) )
f[$07$1] = %_io[xo] ,
Fleo. ar.ag] = @) = Lol = Jleo zi)(@2 — o)

(z2 — x0) (w2 — 21)

Using this traditional notation, Newton’s form of the interpolating polynomial is written in
the form

N i—1
PN(CC):Z f[$0,$17--~,$i]H($_33j)
=0 =0

For example, if we consider the case with only 2 nodes (N = 1), the linear polynomial
interpolating the points (zg, f(z0)) and (z1, f(z1)) is

Py(z) = flzo] + flwo, z1](z — 20) -
This is the secant of f passing through the two interpolation points

f(x1) = f(20)

Py(z) = f(zo) + —
Iy o)

(x —x9) .
It is also noted that if f(x) is continuously differentiable function, then

lim flx;, zi41] = lim Fwiv) = f) = f'(x;) .
Tit1 T Ti—Tit1 Tit+1 — T4
If f(z) is polynomial of degree at most k, then flx;,...,x;41x] = 0.

Because of this new formulation it is convenient to rearrange Table 6.1 to a new Table
6.3, where the coefficients of the interpolating polynomial are the same as before but there
are differences in the other entries.

For example, if we consider the data of Table 6.2, the new divided differences tableau
is presented in Table 6.4. This is different from Table 6.1 but the interpolating polynomial
remains the same as the diagonal entries are identically the same.
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TABLE 6.4
Example of divided difference method

x; f(x;) 1st order 2nd order 3rd order

The algorithm for the computation of the coefficients of the divided difference table in
the last form can be written as follows: Since we are interested only in the computation of
the diagonal entries a;, we apply formula (6.8) directly to obtain the Algorithm 20.

Algorithm 20 Divided differences coefficients
Given the data (x;,y;), 1 =0,1,..., N
fori=0: N do

Set a; = y; = f(x4)
end for
for j=1:N do
fori=n:j5:-1do
a; = (a; — ai—1)/(Titj — )
end for
end for

The notation in the loop conditions i« = a : b : ¢ of the previous pseudo-code means
that a is the starting value, b is the stop value and c is the step. The implementation of
Algorithm (20) is straightforward and is left as an exercise for the reader.

In this notation, the polynomial Py (x) is then

I
—

i

N
PN(x):ZaZ- (x—xj) .

0

=0 i

Having developed most of the ideas of polynomial interpolation, we move on with another
interpolation method that takes into account the smoothness of f.

6.3 Hermite Interpolation

Assume that we have at our disposal in addition to data (z;,y;), for i = 0,1,..., N with
y; = f(x;), all the values of the derivative f’(z;) at the nodes z;. This means that in addition
to (z;,y;) we have at our disposal the data (z;,y;) where y; = f'(x;), for i = 0,1,...,N.
Particularly, in this case, we have 2N + 2 data that we can use to find an interpolating
polynomial of degree 2N + 1 with 2N + 2 coefficients. The new polynomial will interpolate
the values Poyy1(zs) = f(x;) and Pyy o (2;) = f'(2;) for i = 0,1,..., N. This extension of
the Lagrange interpolation that respects the derivative of the function at the nodes is called
Hermite interpolation and was introduced by Charles Hermite (1822-1901). In the sequel
we denote the Hermite interpolation polynomial by Han 41 instead of Pon 1 to distinguish
it from the Lagrange interpolant.
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6.3.1 Computation of the Hermite interpolant

In Hermite interpolation is rather convenient to write the interpolating polynomial in the

form
N

Haonii(z) = Z[az(x)f(xl) + Bilx) f' ()] - (6.9)

=0

In order for Hon 1 to interpolate the points (z;,y;) we need
ai(xj) = 5”‘, and ﬁ,(xj) =0. (610)

Furthermore, in order for the derivative of the polynomial to interpolate the data (x;,y})
we need

ai(z;) =0, and Bi(z;) =0 . (6.11)

Thus, we expect that the unique Hermite polynomial Hopy 1 (2) will satisfy the constraints
(6.10)—(6.11). In order to construct the coefficients «; and ; we make use of the usual
Lagrange polynomials

N
T —x
L) =] I
=0 T; — Ty
J#i
that satisfy ¢;(z;) = €3(z;) = &;;. The degree of the polynomial ¢;(z) is N, implying that
the degree of ¢2(x) is 2N. Thus, in order for the degree of ;(x) and S3;(z) to be 2N + 1,
we write

ai(a) =ri(@)(x),  Bi(z) = si(2)6 ()
where r;(z) and s;(z) should be both linear polynomials. Using (6.10) we have
0ij = avi(wy) = ri() 6 (x5) = r4(;)di5
and thus
Similarly, using (6.11) we have
0= aj(ay) = ri(z;)6 (x;) + 2rix)li(x) 0 (x5) = ri(w;)0i; + 2ri(w)0i;0 ()
which implies
ri(x;) = =20 (z;) (6.13)

Writing r;(z) = az + b (since it is a linear polynomial) we compute the coefficients a and b
through (6.12) and (6.13) as

a=—=20(x;), b=1+20(x;)z; .
Therefore, we obtain

ai(x) = [1 = 26)(z) (z — )]0} (z) . (6.14)
Similarly, from (6.10) we obtain s;(x;) = 0 and from (6.11) that s}(z;) = 1, which implies
immediately that

si(x) =x—xy
and thus
Bi(z) = (x — x;)3(x) . (6.15)
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~

" Given N + 1 nodes o < x1 < --- < zy and the values f(z;) and f'(z;) for
1=0,1,..., N, the Hermite interpolating polynomial is the polynomial

N

Honpa(2) =) _[oa(@) f(2s) + Bi(w) [ (22)]

i=0
where a; and (; are given in terms of the Lagrange polynomials as

ai(@) = [1 - 26(zs)(z — 2:)]F(z)  and  Bi(z) = (¢ — )6 () -

Here we present an implementation of the previous formulas. In order to compute the
polynomials ¢;(z) we use the NumPy function numpy.polyld, which given the polynomial
coefficients in decreasing powers returns a polynomial function. We then compute the first
derivative of this function with the function numpy.polyder.

def Hermite(x,y,z):
# x, y: are the interpolating data
# z: values to the interpolant
N = len(x)
p = np.polyld([0]) # dnitialize p
for i in range(N):
#derive L_k
L = np.polyld([1])
for j in range(N):
if jl!=i:
L = L*np.polyld([1.0/(x[1]1-x[j1), - x[j1/(x[i]l-x[j1)1)
#Derivative of the Lagrange polynomials
dL = np.polyder(L)
#Computation of the functions alpha
alpha = (np.polyld([1])-2*dL(x[i])*np.polyld([1,-x[i]]))*L**2
#Computation of the functions beta
beta = np.polyld([1,-x[i]])*L**2
p = p + alphaxy[i]+beta*z[i]
return p

The drawback of the Hermite interpolation is that it does not provide a solution to
Runge’s phenomenon. For example, using the previous implementation we compute the
Hermite polynomial with N = 9 for Runge’s function:

def f(x):
return 1.0/ (1+25%x**2)
def df (x):
return -2x25%x/ (1+25%x**2) *x*2

xi = np.linspace(-1,1,10)
yi = f(xi)

zi = df (xi)

x = np.linspace(-1,1,300)
y = £(x)

p = Hermite(xi,yi,zi)
vyl =p&)
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Comparing the result of the Hermite interpolation with Figure 6.2 we observe that the

Interpolation and Approzimation

.plot(x, y1, label="$H_{19}(x)$")
.plot(xi, yi, 'o', label='data')
.plot(x, y, '-.',label="$f(x)$")
.xlabel('$x$"')

.ylabel('$y$' ,rotation=0)
.x1im(-1, 1)

.legend(loc="'upper left', ncol=1)

show ()
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Hermite interpolation is worse closer to the endpoints of the interval [—1, 1].

6.3.2 Error analysis

Now that we know what the Hermite interpolating polynomial is, it is rather useful to know
its accuracy in approximating functions. The following result will appear quite useful later
for theoretical estimate of the error of a particular method of numerical integration, the
so-called Gaussian quadrature.

Interpolation of Runge's function Interpolation of Runge's function
1.0 R — Polx) 74 — Pul0
i \ ® data o data
0.8 —= flx) 6 —= fx)
0.6 1
24
Y 04 y
34
0.2 24
0.0 11
04
-0.2
T T T T T T T T T —14 T T T T T T T T T
-1.00 -0.75 -0.50 —0.25 0.00 0.25 0.50 0.75 1.00 -1.00 -0.75 -0.50 -0.25 0.00 025 0.50 0.75 1.00
X X
FIGURE 6.2

Lagrange interpolation of Runge’s function with N =9 and N = 14.
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Theorem 6.4. Let N € N, f € C?N*2[q b] . If Hony1 is the Hermite interpolant of f(x)
at the nodes xo,...,zN € [a,b], then for all x € [a,b] there is a & = £(x) € (a,b) such that

N
B f2N+2(§) )
f(l') — H2N+1(:C) = m i:O(SC — .'L'z) .
Proof. If x is one of xg,x1,...,2 N, then the result is obvious since f(x;) = Han11(z;) for
all 1.
Let = # x; and
N
Qz) = [ — i)

i=0

We define the function
— H.
ht) 1= £(2) — Haya(0) - L= Honnl®) g

Q(x)
with ¢ € [a, b]. Obviously, h € C?N*+2[a, b]. Moreover, we have
h(z;) = f(z;) — Hong1(z) =0, i=0,...,N,

and for t = x we have

= — H _ _
h(z) = f(z) an+1(T) 0() Q(r)=0
This means that h(t) satisfies
h(zo) = h(z1) = -+ = h(z;) = h(z) = h(zj41) = -+ = h(an) =
Therefore, because of Role’s Theorem 4.2, there are &y, &1, ..., &N,

<< < << < <<€ < T < <Ev<zTN,
such that
R'(&)=0, i=0,...,N.

The fact that Pyy_,(z;) = f'(2;) for i = 0,..., N implies h'(x;) = 0. Thus, the function
h' has 2N + 2 roots. Similarly, h”” has at least 2N + 1 roots, A’ has at least 2N roots and
finally for h(?N+2) we have that there is at least one ¢ € (a,b) (which obviously depends on
) such that h(2N+2)(¢) = 0. But,

h(2N+2)(t) _ f(2N+2)(t) _ f(x) - H2N+1 (1') (QN + 2)[ ,

Q(x)
and for t = & we get
— fN+2) ¢y _ f(@) — Han41(2)
0= 0@ (2N +2)! .
Solving the last equation for f(z) — Han1(2) we obtain the error formula
IN+2
f(x) = Hanqa() = (J;]\,Jr(;))!Q(x) ,

which is the desired error formula. O
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IZ"  Notice the differences between the two very similar Theorems 6.2 and 6.4. The
error still depends on high-order derivatives of f(z), but now the convergence as
N — oo is quadratic. Even if the convergence is quadratic, the presence of high-
order derivatives can lead to large errors. For this reason Hermite interpolation is
not the solution to Runge’s problem.

6.3.3 Implementation details

Given the data (z;, f(z;)) and (a;, f/(x;)) for i = 0,1,..., N, the Hermite interpolation
polynomial can be computed using divided differences and Newton’s form of polynomials.
Specifically, we can construct a table with the divided differences this time using the fact
that flzo,x0] = f'(x0), flz1,21] = f'(x1) etc. The idea is very similar to the Lagrange
interpolation. The difference is that we use the data f’(z;) and the fact that we can write
the Hermite interpolating polynomial in the form

2N+1 i—1
Hongr(x) = > fleo, 21,0z [[ (2 = 2)
i=0 j=0
where the nodes 29, 21, ..., zan+1 are defined such that zo; = 29,41 = z;, fori =0,1,..., N.

Since z9; = 22,11 = x;, for each i we have that f[zo;, 22:+1] = f'(22:;) = f'(2;). The complete
explanation of this property of the Hermite interpolating polynomial can be found in [107].

If we have for example the three triplets (z;,;,v;), for ¢ = 0,1,2, then we construct
Table 6.5 similar to Table 6.3 using the z; values instead of the x; values. It is therefore
straightforward to extend the algorithms and codes of Section 6.2.5 to compute the Hermite
interpolation polynomial, and thus we leave it as an exercise for the reader.

The Hermite interpolation can also be extended to higher order polynomials provided
data for high order derivatives of the function f. The extension of the Hermite interpolation
in the case where certain derivatives have specified values at specified points is known as
Hermite-Birkhoff interpolation, [10].

I5"  While Hermite interpolation does not solve Runge’s phenomenon, it can be more
accurate than the Lagrange interpolation. The error of the Hermite interpolation
depends on the values of high-order derivatives of f(x). Lagrange interpolation is
preferable because of its simplicity.

6.4 Spline Interpolation

One way to overcome the problems of Lagrange interpolation is by using spline interpolation.
Spline interpolation is the interpolation of data using piecewise polynomial functions instead
of one uniform polynomial. For this reason, spline interpolation is also known as piecewise-
polynomial interpolation. The root of the word spline is the same as that of the word splint,
which was originally a narrow piece of wood that could be used to join two boards. Later,
the word was used to refer to a tool consisting of a long flexible piece of metal that could be
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used to draw smooth curves by forcing the tool to pass through specified points and tracing
along the curve.

The simplest piecewise-polynomial approximation is the piecewise linear interpolation
in which we connect the set of data points

{(zo, f(x0)), (w1, f(x1)),..., (2N, flzN))},

with straight lines.

6.4.1 Continuous piecewise linear interpolation

Piecewise linear interpolation, also known as linear spline interpolation, is basically the
method we use to plot a function using the plot command of matplotlib. Instead of
sketching a graph of the actual function f(z), we first generate a grid of nodes =g, x1, ..., zN,
and then we compute the values f(xg), f(x1),..., f(xnx). In other words, we generate a set
of data points {z;, f(z;)} and we ask Python to make a plot using these points. The Python
code in such a case can be the following:

x = np.linspace(0, 2.0*np.pi, 10)

y = np.sin(x)

plt.plot(x,y,'o-")

plt.xlabel('$x$'); plt.ylabel('$y$',rotation=0); plt.show()

1.00 1

0.75 A

0.50

0.25 4

0.00 +

—0.25 A

—0.50 A

—0.75 A

—1.00 A

Python plots the function sin(z) using 10 nodes by connecting the points {z;, f(z;)} with
line segments. This piecewise linear function is in practical terms a linear interpolating
spline.

B¥"  The resulting linear interpolating spline is continuous everywhere but not dif-
ferentiable at the nodes z;. In some circumstances we define a derivative of such
piecewise polynomial function as a discontinuous function.

In the case of splines there is no interpolating polynomial. Instead, there is an interpo-
lating function, which in the case of linear splines consists of different linear polynomials
for each interval [x;, z;11]. Specifically, the line-segment that connects the points (z;, f(z;))
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and (z;41, f(x;41)) is given by the formula

si(w) = Mf(fﬂi) + ﬂf(ﬂﬁz‘ﬂ) ) (6.16)

Tit1 — T4 Tit1 — T4

for © € [z;,x;41]. It is easy to see that s;(z;) = f(x;) and s;(zi41) = f(2i41). A piecewise
linear function is assembled by linear functions s; on each interval [x;,2;41], with ¢ =
0,...,N. A piecewise linear interpolant is a piecewise linear function that interpolates points
(x4, f(24)), =0,1,..., N. This is a function such as

so(z), x € [xo,21)

s1(x), T € [r1,T
P(z) = 1() [ 1,%2)

SN—1, € [TNn_1,TN]

where s;(x) is given by the formula (6.16).

Instead of computing all the linear functions s;(z), it is more convenient to follow the
same technique we used in the case of the Lagrange interpolation and express the interpo-
lating function as a linear combination of some basis functions ¢;(z):

Pyz) =) citi(x) -
i=0

Let a =20 < 21 < 9 < --+ < 2y = b a partition of [a,b] and y; = f(z;),i=0,..., N given
points. The functions

Ty i <r<y
¢i(z) = s TiST <@ ; (6.17)
0, rel—(i1,T41)

fori=1,...,N—1,

S — y Lo S Z S x1
= T1—x -
bo(z) { O el (o) (6.18)
and .
C—IN-1
— s Zn-1<z<2an
I o 1 6.19
¢N(£C) { 0, rzel— (folny) ( )

are the basis functions of the space of piecewise linear functions in which our new inter-
polants lie. The shape of ¢;(x) is depicted in Figure 6.3. These basis functions are also
known to as hat functions because of their shape. They are also called linear B-splines.
Observe that each basis function ¢;(z) for i = 1,2,..., N — 1 is positive in only two inter-
vals [2;-1,2;] U [z, x;41] and zero anywhere else. Because of that, we say that they have
support [z;—1,2;] U [, 2;41]. The two basis functions at the boundary intervals need to
have support only one interval though. It is also important to note that the basis functions
satisfy ¢i(z;) =1 and ¢;(z;) = 0 if j # 4. For this reason, we say that the basis functions
¢;(x) are normalized.

Having defined the basis functions of the space of piecewise linear functions S;, we write
the piecewise linear interpolant as linear combination of the basis functions

N
Pyx) =Y flx:)di(x) -
i=0
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Go(z) é1(x) ¢i(2) o)

=

FIGURE 6.3
Linear spline basis functions with maximum value 1.

Since ¢;(x;) = 0if i # j and ¢;(z;) = 1 we have that P(x;) = f(x;). It is noted that P;(z)
is piecewise linear and continuous function in [a, b]. We will denote the space of continuous
piecewise linear functions by

Si={f: f € Cla,b], f is linear polynomial on each (z;,z;41), 0 <i < N —1}.

NumPy implementation

The piecewise linear interpolant can be computed easily using the function numpy.interp.
The general call of this function is

interp(x, xp, fp, left, right, period)

where
X: An array with the z values at which we evaluate the interpolant
xp:  An array with the values z;,i=0,..., N

fp:  An array with the values y; = f(2;),7=0,...,N

left: Value to return if x<xp[0]. (Optional with default value None)
right: Value to return if x>xp[-1]. (Optional with default value None)

period: The period of the x values when f is periodic. In this case, the parameters left
and right are ignored. (Optional with default value None)

The data (z;, f(z;)) or (x;,y;) must be stored in two arrays xp and £p. The points where
we evaluate the interpolant are stored in an array x. The function interp returns the values
of the interpolant at the nodes x stored in an array y.

As an example, we consider again the function f(z) = sin(x) in the interval [0, 27]. We
take N =9 points (z;, f(x;)), i =0,1,..., N and we compute the linear spline interpolant
evaluated on 50 points z;, 7 =0,1,...,49.

# define the interpolation points

xp = np.linspace(0, 2*np.pi, 10)

yp = np.sin(xp)

# define the points for ploting

x = np.linspace(0, 2#np.pi, 50)

# generate the linear spline

y = np.interp(x, xp, yp)

# plot spline vs data

plt.plot(x, y, '-x', label='$S_1(x)$"')
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plt.plot(xp, yp, 'o', label='data')
plt.xlabel('$x$')
plt.ylabel('$y$',rotation=0)
plt.legend(loc='upper right', ncol=1)

1.00 1 = 5/(x)

0.75 1 \)?X( s \XS’ data

0.50
0.25
Y 0.00{ o

—0.25

—0.75 A | | | Mxxz

—1.00 -

This figure is identical with the figure we generated by just ploting the same function
using 10 nodes. With the interpolant, of course, we are able to compute approximation to
sin(x) at any intermediate point 2 in [0, 27]. Piecewise linear interpolation solves Runge’s
phenomenon. Specifically, the interpolant consists of straight lines connecting the interpo-
lation points (z;,y;) and it cannot oscillate around Runge’s function.

6.4.2 Some theoretical considerations

In piecewise linear interpolation, the function f(z) is being interpolated by the function
Py(x) = Zil\io f(zi)pi(z) at the points (x;, f(z;)), for ¢ = 0,1,...,N. In this notation
¢i(z) is the i-th basis function of the space of piecewise linear functions S; given by the
formulas (6.17)-(6.19). Therefore, the function P; belongs to the space S, since it is a linear
combination of its basis functions. In order to see that the set {¢;} spans the space S;, we
need some elements from linear algebra.

Proposition 6.5. The functions ¢;(x), i =0,1,..., N span the space Sy

Proof. First observe that ¢; € S;. Moreover, if Zf\;o cidi(z) = 0 for all z € [a,b], then it
is true that Zio ci¢i(x;) = 0 for j = 0,1,..., N. This implies ¢; = 0. Thus, ¢;(z) are
linearly independent functions. Notice that every piecewise linear function ¢(x) € S; can
be written as

N
d(a) = cidi(x),
i=0

with ¢; = ¢;(x;), which means that the functions ¢; span the space S;, and the proof is
complete. O

6.4.3 Error analysis of piecewise linear interpolation

The question, again, is how well the piecewise linear function P, approximates f(z). In
order to make things rigorous, we consider a grid of nodes a = zp < 1 < --- < xny = b.
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The distance between two nodes z;, ;41 is denoted by h; = 2,41 —x;, fori =0,..., N — 1.
We denote by h the maximum such distance, h = max; h;. Then, the maximum distance
between f and its interpolant P; is O(h?). For this reason, we will use the L>-norm. This
result is explained in the following theorem:

Theorem 6.6. If f € C?[a,b] and given the partition a = xo < x1 < -+ < xx = b, then

If = Pillos < CR?,

where C' > 0 is a constant independent of the choice of x;.

Proof. Since we work with the maximum-norm we will search for the distance |f(z) — P;(x)|
at a point x € [a, b]. Assume that « € [x;, z;41] for some 4. Since P, is a linear polynomial in
[, z;41] that interpolates f(z) at the points x; and x;11, it coincides with the P, Lagrange
interpolant for these points. By Theorem 6.2 we have that « € [x;, ;1]

1@~ @) = T @ -z - i)

where & € (x;, 2,41). Taking absolute values on both sides of this relation we have

1
|f(z) — P(z)| = §|f”(§)| |z — 2] |2 — 2]
1
< 5 max |f7(@)] |zigr — @] |25 — i

=Ch?,

where C' = 2||f”|ls. Since the last inequality holds for all z, then we conclude that the
max |f(z) — P;(z)] satisfy the same inequality. O

The estimated constant C' in this proof is not the smallest constant we can have in
the particular estimate. We can obtain a better estimate of C' (implying smaller error) by
assuming (without loss of generality) that x is closer to x;11. In such case we have that

17(@) — Bi(@)| = 17 2 ~ a1l |2 — 2]

= Smax| /(@) | — 21 + i1 — il lo - i)

< g max | (@)1 — wia| + [zis — ziDle — il

= S max| @) l(jw — wi? + | — @] |o— i)
1 o — i ? | v — @l

<2max|f”(x)< 4+1| L +12 |>

= < max () 03

< Ch%.

Therefore, the actual constant is C' = 3| f”||oc-
We conclude that if the second derivative f”(x) is bounded, then the piecewise linear
interpolant Pj(x) converges to f(x) as h — 0 for all = € [a, b].
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6.4.4 Cubic spline interpolation

Studying the accuracy of piecewise-linear interpolation we showed that the distance between
a function f and its linear spline interpolant is O(h?) with h = max; |z,41 — z;|. However,
the piecewise linear interpolant is not differentiable. Sometimes, we require the interpolant
to be smooth, and perhaps more accurate than the piecewise linear interpolant. In such
cases we can use higher order piecewise polynomial interpolation, such as quadratic, cubic,
quartic, quintic, etc.

Because the methodology for the construction of quadratic, cubic and other higher-
order splines is the same, we study here the construction of a cubic spline. A cubic spline
is a continuous piecewise cubic interpolant. A general cubic polynomial of the form ag +
a1z + asx? + azx® involves four constants. This fact gives us flexibility to ensure that
the interpolant is continuously differentiable and it has a continuous second derivative.
The construction of cubic splines does not, however, assume that the derivatives of the
interpolant agree with those of the approximated function, even at the nodes.

Given a function f defined on [a,b] and a set of nodes a = zg < 21 < --- < xxy = b, a
cubic spline interpolant P, of f is a function equal to a different cubic polynomial S;(z) in
each interval [z;,x;11] for every i = 0,1,..., N — 1. Such a function can be expressed with
the following formula of multiple cases (piecewise function)

So(w)v S [l’o,l’l) ,
P.(z) = Si(@), T € [r1,12)
Sn_1(z), =€lrn_1,7N]-

Since we require P.(z) to be twice continuously differentiable, the cubic polynomials \S;
need to satisfy the following conditions:

(i) Si(z;) = f(x;) and Si(zi+1) = f(ai41) for each i = 0,1,..., N — 1 (interpolates the

data)
(i) Siy1(wiy1) = Si(wip1) for each i =0,1,..., N — 2 (is continuous)
(iii) Sj i (xip1) = Sj(2ig1) for each i =0,1,..., N — 2 (has continuous first derivative)

(
(iv) Si’ 1 (2ig1) = S} (2ig1) for each i = 0,1,..., N —2 (has continuous second derivative)

Unfortunately, the continuity argument can only be used for the internal nodes and
not for the boundary nodes. In order to be able to estimate all the coefficients, including
those corresponding to boundary nodes, we impose boundary conditions. The most popular
boundary conditions are the following:

a) P!(xzg) = P/(zn) = 0 (natural (or free) boundary)
Pl(xzo) = f'(x0) and P.(zn) = f'(zn) (clamped boundary)

(d) P.(xo) = P.(zn) (Periodic boundary)

When natural boundary conditions are employed, we call the interpolating spline natural
spline. The natural boundary conditions do not require any knowledge of the function f on
the boundary. On the other hand, they impose conditions on the second derivatives of the
interpolating spline at the boundary. These conditions are not essential for the shape of the
function near the boundary, however, they introduce additional error. Clamped boundary
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conditions lead to more accurate approximations because they include more information
about f(x). However, for this type of boundary condition, it is necessary to have either the
values of f'(x) at the endpoints or an accurate approximation to those values. Finally, the
“not-a-knot” condition does not imply any essential condition on the boundary, which is
ideal when there is no information regarding the behavior of f(x) at the endpoints zy and
ITN-

One of the simplest examples for understanding the procedures behind cubic spline
interpolation is the following: Assume that we want to find a natural spline that interpolates
the set of points (1,2), (2,3) and (4,6) in the interval [1,4]. In this case, N = 3 and thus
the spline consists of two (N — 1 = 2) polynomials: The first in the interval [1,2] can be
written as

So(x) = ag + ay(x — 1) + az(z — 1)* + az(x — 1),

and the other in the interval [2,4] as
Sl((ﬁ) = bo + bl((E — 2) + bg(x — 2)2 + bg((E — 2)3 .

The polynomials Sy and S; is written in such a way so as to minimize the computations
later. In principle it is not required to express the polynomials in this form.

Therefore, there are 8 constants to be determined ag, a1, as, az and by, by, b, b3. To de-
termine 8 unknowns requires 8 conditions: The first 4 conditions come from the fact that
the spline must agree with the data at the nodes. Hence, from the conditions Sp(1) = f(1),

S0(2) = f(2) = 51(2), 51(3) = f(3) we get

2=f(1)=aop, (6.20)
3=f(2)=ap+a1+az+as, (6.21)
3=1(2)=bo, (6.22)
6 = f(4) = by + 201 + 4by + 8bs (6.23)

There are 2 conditions from the continuity of spline’s first and second derivatives at the
internal nodes, (S;(2) = S1(2) and S{(2) = S7(2)):

Sp(2) = S1(2) = a1 + 2az + 3a3 = by, (6.24)
S5(2) = 57(2) = 2az + 6az = 2b, . (6.25)

The last conditions come from the natural boundary conditions:

SU(1)=0=2a3 =0, (6.26)
S(3) =0 = 2by + 6b3 =0 . (6.27)

Equations (6.20)—(6.27) form a system of 8 equations for the 8 unknown coefficients. Solving
the corresponding 8 x 8 linear system is hard without the help of a computer. We obtained
the coefficients ag = 2, a1 =0, a2 =1/3, a3 =2/3,by = 3,b1 = 1, by = —1/3 and b3 = 7/24.
So the spline function can be written as

24 i@ -1+ 2(x—1)3, forxell,2
Pc(a:)—{ 3—!—&—2)—%(3:—2)24— 72)56‘—2)3, for z € [2,4]

24

6.4.5 An algorithm for cubic splines

The steps we followed in the previous example to find the coefficients of the cubic polynomi-
als S; can be followed systematically to formulate an algorithm for computing cubic splines
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with various boundary conditions. Here we will focus on the case of clamped boundary
conditions. The algorithms for other boundary conditions can be formulated similarly with
small adaptations.

Let g < 21 < -+ < xy be a grid of an interval [a,b] and f continuously differentiable
function. We consider the problem of finding the cubic spline interpolant P.(x) so as to be a
cubic polynomial S;(x) in each interval [z;, x;41] for i = 0,1,..., N — 1. The function P.(x)
interpolates f in the sense P.(x;) = f(x;), and satisfies the clamped boundary conditions
Pl(zo) = f'(x9) and P.(zn) = f'(zn). For convenience we will denote f(x;) = y; and
P!(x;) = z;. The values z; are known as the moments of f(z), and currently are unknown.

Because P.(x) is a cubic polynomial in each interval [z;,2;1], we have that P/ (z) is
a linear polynomial in each [z;,x;41] and takes the values z; and z;11 at the endpoints z;
and x;11, respectively. Thus, for x € [z;, ;1] we have

PC//(.’E) = S;I({I,‘) = Z;:l (LC — {I?Z) + %(m'ﬂrl — .’E), S [ZCZ',LCZ'Jrl] 5 (628)
i i
where h; = x;41 — x; for i = 0,1,..., N — 1. If we integrate the formula (6.28) twice we

obtain S;(z) as

Zi Zq 4
PC(I) = Sz(:zr) = 6;;1 (CC — .Z‘i)g 6h, (IZ+1 )d + C;x + di7 €T € [Ii,"ﬂi+1} y

where ¢;, d; are integration constants. We can write the last equation in a more convenient
form as

Siw) = 2 (2 — ;)3 +

oI, = (@41 — 2)° + Ci(x — 27) + Di(zig1 — )

6h

where C; and D; are constants. We specify the constants C;, D; using the interpolation
conditions

Si(zi) =y; and  Si(ziy1) = Yiy1

and we write S;(z) in the form

i i i h; i hi
5.(0) = 22 @0+ (e —0)+ (B2 = o ) - (£ = ) (wuna), (620

for x € [x;,x;+1]. Given the moments z;, we can use (6.29) to evaluate the cubic spline
P.(x) for any x € [a,b]. For the N intervals [z, 2;11], ¢ = 0,..., N — 1 we define N cubic
polynomials Sy, S1,...Sy_1 and N + 1 unknowns zg, 21, ..., 2y to be specified.

To specify the z;’s we need to consider the continuity of S’(z) at the interior nodes x;,
1=1,..., N — 1. Specifically, we have the equations

Si_y(x;) = Si(x;), for i=1,2,...,N—1.

We compute the derivative S; using (6.29) as

Zit1 Yit1 —Yi
Pl(z) = Si(z) = 2; (x— ;) — 2h (@i — 1) + +h7 -5 =), (6.30)
for x € [x;,2;11]. This yields
h; h;
Pi(z;) = Si(z:) = B Sl b ,
and also N "
Plx;) = Sim1(2i) =~z + oz + by

6 3
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where
1

b, = E(yi+1 —Yi) -

Taking into account the continuity of P/(x) at every internal node z;, we set S;(x;) =
Si—1(z;) in the last relationships to obtain the equations for the unknown moments

hi—1 hi bi —bi—
i1+ 22 i1 =6—7T— 6.31
hifl‘i‘hiz e +hi71+hiz+1 hi—1+ h; (6.31)
fori=1,2,..., N —1. These are N —1 equations for N 4+ 1 unknowns. In order to construct

the two remaining equations required for a nonsingular system, we use the boundary con-
ditions Pl(zg) = f'(x0) and Pl(xn) = f'(xn). By taking © = 2o (and ¢ = 0) and z = zn
(and i = N — 1) in (6.30) we obtain the additional equations

b _ /
920+ 2y =600 (F0) (6.32)
ho
and b ,
on1 2w = oA f @) (6.33)
hn-1
We define
hi
U = 7,
Pt his 1,2,...,N—1,
L — hi—1
Yo hi—r+ Ry
and ug = 1 and [y = 1, and also
bi —bi—1 .
1-2677 :172,...,N_1,
! hi—1+h; !
and vy = 6%;(‘%) and vy = 6[”\”;;7{/1(“’), and ¢; =2 for i =0,1,...,N. Then we write

equations (6.31), (6.32) and (6.33) in a form of (N + 1) x (N + 1) tridiagonal system of
equations Az = v

Co Up 20 Vo

L a wm 21 U1

la C2 U2 29 Vo
- . (6.34)

IN-1 en—1 un—1 ZN-1 UN—1

In CN ZN UN

which is to be solved for z;. Note that sometimes we write A = tridiag(l, c,u) to denote
a tridiagonal matrix with sub-diagonal I = (Iy,...,Ix)?, main diagonal ¢ = (co,...,cn)T
and super-diagonal u = (ug, ...,unx_1)%.

The first and last rows of the system Az = v are the only rows to be affected by the
boundary conditions. For this reason, we only need to modify these particular rows in case
of different boundary conditions. For example, in the case of natural boundary conditions
we need to take cg = cy =1, up = Iy =0 and vg = vy =0.

The solution of a linear system with tridiagonal matrix A can be achieved efficiently
using the tridiagonal version of the LU decomposition, forward and backward substitution
Algorithms 37, 38 and 39 of Chapter 9. Because this is material we will study later, we will
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Algorithm 21 Computation of the moments for clamped cubic splines

Given the points yg, y1, - - . , yn at the nodes xg, z1, . .., zy and the boundary terms f/(z)
and f'(zp), compute the coefficients of the tridiagonal system (6.34)
fori=0: N —1do
hi =241 — x5
b; = (yi+1 - yi)/hi
end for
ug = 1, Co = 2, Vg = G(b() — f/(xo))/ho
for k=1:N—-1do
C; = 2
w; = hi/(hi—1 + h;)
li =hi—1/(hi—1 + hy)
v; = 6(b; — bi—1)/(hi—1 + hy)
end for
lN = 1, CN = 2, UN = G(bn_1 — f’(a:N))/hN_l
Form the triadiagonal matrix A = tridiag(l, ¢, u)
Solve the linear system Az = v

use the generic NumPy function solve instead. The interested reader could employ banded
matrix techniques of Section 2.3.1.

The algorithm for the computation of the moments zg, z1, ..., 2y for cubic splines with
clamped boundary conditions is summarized in Algorithm 21.

For the implementation of Algorithm 21 we will use the function diags of the module
scipy.sparse. The particular function can create a NumPy array from its diagonals. Be-
cause the result will be a sparse matrix, we use the member function todense to convert
the matrix to a usual NumPy array. We will discuss sparse matrices in Chapter 9. The rest
of the implementation is included in the function MyCubicSpline.

import numpy as np
import numpy.linalg as npl
import scipy.sparse as sSps

def MyCubicSpline(x, y, dyO, dyN):
# Returns the moments of f given the data z, vy

dy0 is the derivative at the left boundary

dyN is the derivative at the right boundary

= len(x)

= np.zeros(n); v = np.zeros(n); u =

= np.zeros(n-1); b = np.zeros(n-1); h =

np.zeros(n-1)
np.zeros(n-1)

H o B %% %

12

13

14

15

16

17

18

19

20

21

22

for i in range(n-1):

hli] = x[i+1] - x[i]

bl[i]l = (y[i+1]-y[il)/h[i]
ul0] = 1.0
v[0] = 6.0%(b[0]-dy0)/h[0]
c[0] 2.0
for i in range(l,n-1):

clil = 2.0

uli] = h[i]/(h[i-1] + h[i])
1[i-1] = hl[i-1]1/(Ch[i-1] + h[i])

v[i] = 6.0%(b[i]-b[i-1]1)/(h[i-1] + h[i])
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1[n-2] = 1.0
c[n-1] = 2.0
v[n-1] = 6.0%(b[n-2]-dyN) /h[n-2]

diagonals = [c, 1, ul

A = sps.diags(diagonals, [0, -1, 1]).todense()
z = npl.solve(A,v)

return z

To evaluate the cubic spline interpolant P.(z) at any point = given its moments z; we
can use the formula

where )
Ai = Si(a:i), Bi = S;(ZZ?Z), Cz = 55{/(562) .

The value D; can be found using the continuity of the second derivative S!(z;41) =
Si' 1(xis1). Therefore,

K2

h; h; 1
A =y, B; = —Eziﬂ - gzi + E(yi+1 - Yi),
2 1
C, ==, D = — (241 — %),
5 6h, (zit1 — zi)
which for i = 0,1,2,...,N — 1, and = € [z;,2;1+1] we can write formula (6.35) in nested

form as

Si(x) =y + (v — ;) (Bz- ¥ (2 — ) (2 + g (@ = i) (i z))) . (6.36)

The algorithm for the evaluation of P.(x) using (6.36) and the computed moments from
Algorithm 21 can be summarized in Algorithm 22. In this algorithm the loop condition
1 = a : b:c means that the value a is the starting value, b is the stop value and c is the
step.

Algorithm 22 Evaluation of the clamped cubic spline given its moments

Given the moments z1, ..., zy and a point z
Find the value of i for which x € [x;, ;1] is true
forti=N—-1:0:—-1do

if x > z; then

Break

end if
end for
h=zi41— 2
B = —hzi41/6 — hzi/3 + (Yit1 — vi) /b
Implement Formula (6.36) starting with the most inner brackets
y=2/2+ (& — i) (2it1 — 2:)/6h
y=B+ (v —z)y
y=yi+(x—x)y
Variable y contains the value of the spline evaluated at x
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The implementation of Algorithm 22 in Python can be as follows:

def EvalCubicSpline(x, y, z, xx):
# Returns the cubic spline evaluated at =z
# z = the moments of the cubic spline
# xx = the vector with values of = on which we want the cubic spline
n = len(x)
m = len(xx)
yy = np.zeros(m)
for j in range(m):
xvalue = xx[j]
# First detect the index 1
for i in range(n-2, -1, -1):
if (xvalue - x[i] >= 0.0):
break
Implement formula (6.36)
= x[i+1] - x[i]
= ~h*z[i+1]/6.0-h*z[1]/3.0+(y[i+1]-y[i])/h
tmp =z[i]/2.0+(xvalue-x[i])*(z[i+1]1-z[i])/6.0/h
tmp = B+(xvalue-x[i])*tmp
yy[j]l = y[i]l + (xvalue - x[i])*tmp
return yy

W

To test the functions MyCubicSpline and EvalCubicSpline we can use the following
script which results in the same figure as before and it is omitted.

def f(x):

return 1.0/ (1+25*x**2)
def df (x):

return -2x25%x/ (1+25%x**2) *x*2
x = np.linspace(-1,1,9)

y = £(x)

z = df (x)

xx = np.linspace(-1,1,300)
yy = f(xx)

ss = MyCubicSpline(x, y, z[0], z[-1]1)
zz=EvalCubicSpline(x, y, ss, xx)
plt.plot(xx,yy,xx,zz,X,y,'0")

We proceed with the analysis of the error for the cubic spline interpolation and other
theoretical considerations following closely the theory presented in [127].

6.4.6 Theoretical considerations and error analysis

In addition to its practical significance, Algorithm 22 provides a method to prove that there
is a unique natural cubic spline that interpolates a function f at a given set of nodes. In
particular, by showing that A in (6.34) is invertible we show that there is a unique solution
of the system Az = v for the moments z;, and thus the cubic spline is uniquely determined
(since it can be constructed from these values).
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In order to see that A is invertible, we first prove the following lemma:

Lemma 6.7. The solution of the linear system Az = v satisfies

max |z;| < max |v;] .
3 7

Proof. Let k be the index for which we have |z;| = max;|z;|. The k-th equation of the
system Az = v is then
lez—1 + cpzi + Uk2Zp+1 = Vg -
Because
h; hi—1

e d 1=tz
hi—1 + Ry an " hisi+h ]

we have that u; + [; = 1, which implies uy + I = 1. Then,

U; =

lvk| > 2|2k| — lk|2r—1] — ur|zes1]
> 2|zk| — li|ze| — ur| 2]
= (2 — lp — uk)| 2]
= |z -

On the other hand, we have that max; |v;] > |vk|, and thus max; |v;| > |zk| = max; |z
which completes the proof.

Lemma 6.7 implies that the solution of the system Az = v is unique, and thus A is
invertible. To see this assume for contradiction that A is singular. This means that there
exists z # 0 such that Az = 0. By Lemma 6.7 we have that 0 < max; |z;| < 0, which
is impossible. Therefore, there is a unique cubic spline with clamped boundary conditions
interpolating N 41 data (z;,y;), ¢ = 0,1,..., N. Similar results hold for the other boundary
conditions too. We continue with the error estimation in the case of clamped cubic spline
interpolation.

Let the function f specifying the data points y; = f(z;), ¢ = 0,1,..., N is a smooth
function in C*[a, b]. In the case of clamped spline interpolation, we can estimate the error
between the interpolant and function f which is of optimal order. First we show optimal
order approximation of the second derivatives. For this reason, we consider the system
Az = v (6.34) and we denote by z; the vector of the second derivatives of f evaluated at
the nodes x;

f" (o)
[ (1)
Zf = .
f(zN)
We also define the residual vector
r=Az—- Azy.

Recall, that the vector z contains the moments P (x;). We estimate the maximum difference
of the second derivatives at the nodes max; |P)(x;) — f”(x;)|. For convenience we introduce
the norm notation ||z — 2f[|cc = max; |z — 2zf,|, where the quantity || - [« is the usual
maximum vector norm. (We discuss matrix norms in more detail in Chapter 9). As in
Theorem 6.6, we define the grid-size h = max; h; where h; = |x;11 — x;|. Once again the
proof relies on Taylor’s expansions of function f and its derivatives.
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Proposition 6.8. Let f € C*a,b] with max, |f®* (z)] < L for some L > 0. Then the
following optimal error estimate holds

max | P/ (z;) — f" ()] < Ch*
where C' = %L.
Proof. Using the residual r = Az — Az; we obtain

ro = 20 + uoz1 — cof” (zo) — uo f" (21)
=wvg — 2f"(z0) — f"(x1) (since co =2, up =1)

_ }% (ylh_oyo . f/(ﬂﬁo)) . 2f”(1’0) . f,/(xl) .

Since x1 = xo + ho the Taylor expansion of f(z1) and f”(x1) around xq yields the existence
of & and & in [z, x1] such that

2 3
o= (£0) + 52" ) + B ) + G210 - 1a)
2
— 27" an) = (£ Gau) + hof"(a0) + B 10(60))
h

0 (4) M5 4y
S SRl TRIGSR
Taking the absolute value in the last relation we obtain |rg| < Ch?, with C = %L. Similarly,
we obtain |ry| < Ch?, since the other boundary terms are almost identical. For the internal
nodes z;, 1 =1,..., N — 1 we have

ri =0 — Lif" (@io1) —eif " (x:) — ui " (2i41)

bi —bi—1 hi—1 hi

B 6hi—1 +hi hia+h " (ziv1) = 2f"(x:) — mf"(wm)
__ 6 f@ivr) — fl@i)  fl@i) — fwiza)
~ hici+hy hi; hi 1
hi- " 1" h; /
- m‘f (wig1) = 2f"(2:) — mf (zig1) -

Since z;_1 = x; — h; and x;11 = x; + hy, Taylor’s expansions of f’ and f” around z; yields
that there are &1,&2,&3,&4 € [Ti—1,%;+1] such that

hi " h12 " hzg
= |0 (704 e + ) + e
. h? h3
—f' (i) + %f”(ﬂfi) - %f”’(%) + ;%;fm (fz))

2
2t + 1) o (1) + 1) + B 1€ )|
3

h? h3 B h3
,li(ifw@n+1;fwﬁa“;fwﬁggfw@@).
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Taking again absolute values in the previous formulas we obtain |r;| < Ch? with C = 3L.
Thus, the maximum over 7 satisfies

|7]| 0 = max |r;| < Ch? .
K2

Since A(z—zy) = r, using Lemma 6.7 we have [|2—2¢||oc < ||7| o and the result follows. [J

The previous theorem states that the second derivative of the cubic spline at the nodes
approximates the second derivative of the function f evaluated at the same nodes. Their
maximum difference is of order h%. This means that if we take h — 0 the error becomes 0.
Thus, we have convergence of the second derivatives at the nodes. Because the convergence is
quadratic (since the error is O(h?)), we say that the convergence is optimal. This is because
we expect that the approximation of a function by polynomials of degree r will result to
errors of O(h"1). In our case, the second derivative of the cubic spline is a piecewise linear
function. The error of O(h?) follows the optimal error rule. We prove next that the error
between the other derivatives are also optimal.

Theorem 6.9. Let f € C*[a,b] and max, |f(z)| < L for some L > 0. If in addition
h% <K, fori=0,1,...,N — 1, then there exists a constant C = C(k,K,L) > 0 such that

xr)— SL'S 73 =Y, L, 4,9
f Pk Ch** k=0,1,2,3

Proof. We first prove the error estimate when k& = 3. Let & € [z;,2;41] for some i =
0,1,...,N — 1. Then from (6.28) we have

["(@) = P (@) = ZHE= — (@)

hi
_ Zipr — [ (@) 2 — f7(0)
- s Y P
L @) = f/’(ﬂf)hf [f" (i) — f"(=)] )

Using Proposition 6.8 and the Taylor expansion of f” around z we conclude that there are
£1,& € |34, m41] such that

3 h% 1
[f"(x) = P (z)] < R (i1 — ) f" ()
)2 2
+ 82N (0 6) - (01— ) (@) - B ) — s (@)
3 _h* Lh?
<Ch,

where C' = 2K L. In the case k = 2, we consider € (a,b) and we choose the z;, which is
the closest node to z. For the specific node we will have |z; —z| < % From the fundamental
theorem of calculus (see Theorem 4.4) we have

T

f(@) = Pl (x) = f"(wi) — Pl (wi) +/ (f"(s) = P"(s)) ds .

Zi
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Using Proposition 6.8 we can estimate an upper bound for the error in the second derivatives
at the nodes, while the integrant at the right-hand side can be bounded using the previous
estimate to obtain

£7(@) = P@)| < |f"(2) ~ PG|+ [ 17"(9) = P2 (o) ds
) z

i

< Ch?,

< ZLh? + KLR?

where C' = %KL.

We consider now the case k = 1. Because of the boundary conditions we have that
' (xo) = Pl(zo) and f'(zy) = Pl(xn). We thus define § = z¢ and {n41 = . Since
f(zi) = Pe(a;) for all i = 0,1,..., N we can deduce from Rolle’s theorem in each interval
[€i, 2i41], ¢ = 0,1,..., N that there is a &1 € (z;,2;41) such that f'(&) = P.(&) for
1 =1,...,N. Thus, we have N + 2 points &; such that

(&) =P(&), i=0,1,..., N+1.

If now x € [a,b] we choose &; such that |x — &;| < h. Without loss of generality we assume
&; < x where the proof is the same as if x < §;. Then since

ﬂ@—aw=/ﬁﬂ@—ﬂw»@,

k3

we have .
|f'(x) = Pi(z)] < |f"(s) = P(s)| ds
&i
< Ch2|x — &
<Ch*,
with C = IKL.

Finally, in the case kK = 0 we have
f@) = Pula) = [ (7'9) = PL(s) s

and thus | f(z) — P.(z)| < Ch*, which completes the proof. O

6.4.7 B-splines

Given a set of N + 1 nodes o < 1 < --- < xy, we defined the space of continuous
piecewise linear functions S; with basis functions ¢;(z), 7 =0, 1,..., N and the linear spline
interpolant
N
Pi(z) =Y flai)ei(x) (6.37)
i=0

where ¢;(x) are the hat functions defined in (6.17)—(6.19). This representation is very con-
venient and it does not practically require to impose any boundary conditions. This idea
can be generalized for the general spline space of piecewise polynomial functions of degree
m. Let a = x9g < 1 < --- < zy = b a grid of the interval [a,b]. We define the space of
piecewise polynomial functions of degree m to be the linear space

S ={feC™ a,b]: f€Puylriziy1] for i=0,1,...,N—1}.
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The elements of S, are called splines of degree m (order m + 1). We denote the basis
functions of the space S,, by B}*(z), where m is the polynomial degree and j a counter
running over the basis functions (usually from 0 to M — 1). The basis functions B (z)
are called B-splines as an abbreviation of the phrase “basis splines”. Using the previous
notation we have that B}(z) = ¢;(x), with support [x;_1,2;] U [x;,2;1]. For the space S
we also have IV 4 1 basis functions, indicating that the dimension of the space is N + 1.
Because of these simple properties of the B-splines le- we are able to represent the linear
spline interpolant in the form (6.37).

For m > 1 the situation is more complicated compared to the case m = 1. For example,
the dimension of the space (the number of basis functions) is greater than the number of
nodes, and thus the coefficients a; in a representation of the interpolant

M—-1

Pu(x) =) a;B}"(x)

Jj=0

with M = dim(S,,), are not necessarily equal to f(x;). In general the dimension of the
space S,, is N + m. This is, briefly, because a spline is a polynomial of degree m in each of
the N intervals [z;, x;11]. Each polynomial has m + 1 coefficients and thus we have in total
N(m+1) coefficients (degrees of freedom). On the other hand, the continuity of derivatives
of order 0,...,m—1 at the N —1 internal nodes yields (N —1)m constraints. The remaining
degrees of freedom are N(m + 1) — (N — 1)m = N + m set a requirement for equal number
of basis functions.

There is a systematic way to generate the basis functions of the splines space S,,, recur-
sively, and we describe it in the sequel. For the sake of simplicity, we will do it in the case
of uniform grid using convolutions. The convolution of two functions f, g is the function
f * g defined by the integral

(Fe9)@ = [ T fwgle—y) dy .

The cardinal B-spline of degree 0 is the (characteristic) function

1, ifze[-1/2,1/2)

0, otherwise (6.38)

eolo) = {

For the notation of the cardinal splines we use the letter ¢, which is different from ¢ used
before for the basis functions of the space S;. We define the cardinal B-spline of degree m
as the convolution

m () = [po * po * o * .. x @ol(x) = [Pm—1 * Po(x) -

m—times

Thus,

oo

om(®) = [pme1 * g0l (z) = / om1(y)po(z — y) dy

S 1/2
:/ om—1(T = y)po(y) dy:/ / om-1(z —y) dy ,
—00 —-1/2

which after change of integration variable we obtain the recursive formula

z+1/2
©m(x) :/ Om—1(2) dz . (6.39)
z—1/2
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FIGURE 6.4
Cubic B-spline B? generated by convolution.

All the cardinal B-splines are symmetric about the origin. To see this take

z+1/2
(1) = / omor(2) dz
1—1/2

z—1/2
_ / o (—C) dC

+1/2

z+1/2
- / om1(C) dC

—1/2
= pm(z) .
We can compute the derivatives of cardinal B-splines recursively with the formula
d d (el
@ = g [ e b = 1) e 172)

The linear, quadratic, cubic, quartic and quintic cardinal B-splines obtained using the re-
cursive formula (6.39) are presented in Table 6.6.
We define the nodes (also known as augmented knots)

<t o<t  <tg <t <t <o,

where here we assume that ¢;,; —t; = h > 0. The B-spline of degree m centered at the
knot t; can be found after appropriate translation of the cardinal B-spline. In particular,
we define the B-spline of degree m as

x—t;
©Om h-’), m=2k+1
Brw =4 "

A k=01,2....
Pm hjfi), m = 2k

The graph of a B-spline B;’ is presented in Figure 6.4. We observe that B;-’(tj) =1,
Bi(tj—1) = B}(tj+1) = 1/4 and B}(t;—2) = B}(tj12) = 0.
The B-splines of a general set of knots can be defined recursively by the Cox and de
Boor recursion formula [31]. In particular, if - -- <t_o <t <tg <t; <ty < ---, where we
have extended the knots ¢y and ¢ to the left and right, then the recursive relation defining

the ¢-th B-spline of degree m, B[" is

)

1, ifzelt,tiv1)
0 _ ) 7y Li+1
Bi(z) = { 0, otherwise

(6.40)

T —1 tivk — T
Bf(z) = —— Bl (a) + — T BEl(e), fork=1,2,...,m,
tivk—1 — tivk — tiv1
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TABLE 6.6
Cardinal B-splines up to degree 5

(1 [2[<1/2
#o(2) _{ 0 |z >1/2

142z, —-1<x<0

v1(x) 1—2, 0<x2<1
0, otherwise
(222 +6x+3), —3/2<z<-1/2
() 3(2—2?), ~1/2<2<1/2
€Tr) =
i L(222 —6z+2), 1/2<x<3/2
0, otherwise
L@ +2)?, —2<zr< -1
3(4—6a? —32%), —-1<2<0
p3(z) =¢ 1(4—622432%), 0<z<1
12—, 1<z<2
0, otherwise
4
15 (3 +7) —3<w< -3
2= (55 — 20z — 12022 — 802 — 162%), —3 <z < -3
5 (115 — 12022 + 48z1) —t<z<i
P =9 2 (551 200 — 1200 + 8028 — 1624), << 3
115 ’ 2 = >~ 35
4
15 (5 +2) 5<z<3
0, otherwise
L(B+a), —3<r< -2
a (51 = 752 — 2102% — 1502° — 45z* — 52°), —2<x < -1
3 (33 — 3022 + 152 + 52°) -1<z<0
¢s(z) =< 35 (33 — 3022 4 152* — 5a) 0<z<1
a5 (51 + 752 — 210x% 4 1502 — 45z 4+ 52°), 1<z <2
L(3-2), 2<z<3
0, otherwise

Note that this formula works even with repeated knots. We also use knots ¢; instead of x;
because some of the B-splines will be centered around points ¢; that are outside our domain.
Contrary to the recursive formula (6.39), the Cox-de Boor formula will not necessarily
produce normalized functions, but these can be normalized later if it is required.

Assume now that we want to compute the piecewise polynomial interpolant P,,(x) such
that Py, (z;) =y; for i =0,..., N +m — 1 given the B-splines B]". It is noted that in this
case, the number of nodes must agree with the dimension of the space of splines. These
points form N + m equations with N 4+ m unknown coefficients

N+m—1
Pn(zi)= Y aiB"(zi) =y, i=0,1,2,...,N+m—1,
=0

which can be written as a system of equations in the form Aa = y, where 4;; = B ; (i—1).
Due to the fact that B (x) # 0if x € [z;, Z;1m], the system will be sparse and can be solved
easily.
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In the following code, we implement the Cox-de Boor recursive formula and we compute
the cubic B-splines of the space S3 when N = 10, thus we compute N + m = 13 B-
Splines. Aall the B-splines generated by the following code have maximum 2/3 and are not
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normalized.

# Define the B-splines using the Cox—de Boor recursive formula
def B(x, k, i, t):
if k == 0:
return 1.0 if t[i] < x <= t[i+1] else 0.0
else:
cl = (x - t[i])/(t[i+k] - t[i]) * B(x, k-1, i, t)
c2 = (t[i+k+1] - x)/(t[i+k+1] - t[i+1]) * B(x, k-1, i+1, t)
return cl + c2
# Create uniform grid of nodes in [a,b]
a=-1.0; b=1.0;
N=10
x = np.linspace(a,b,N+1)
#Compute all the cubic B-splines
m=3
# Create uniform grid of knots
t = np.zeros(N+2*m+1)
for i in range(N+2*m+1):
if i<=m:
t[i] = x[0]-(m-i)*(x[1]-x[0])
elif i>=N+m+1:
t[i] = x[NJ+(i-N-m)*(x[1]-x[0])
else:
t[i] = x[i-m]
# Plot the cubic B-splines
nn = 101
xx = np.linspace(a+l.e-10,b-1.e-10,nn)
yy = np.zeros(un)
for j in range(N+m):
for i in range (un):
yy[i1=B(xx[i], m, j, t)
plt.plot(xx,yy)
plt.xlabel('$x$'); plt.ylabel('$y$',rotation=0); plt.show()
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FIGURE 6.5
Least squares approximation of a dataset.

I¥"  The convolution formula for B-splines is related to the Cox-de Boor formula
only for uniform grids. For non-uniform grids the basis functions will not be the
same.

6.5 Method of Least Squares

We close this chapter with a different approach in approximation. Sometimes, the data
points do not follow the graph of a smooth function, or they can be very “noisy”, such as
the data depicted in Figure 6.5. In such a case we prefer to approximate the data rather
than interpolate them. The simplest approximation can be constructed using a straight line.
In general, the approximation can be constructed using any function that can approximate
the data reasonably well, and the method is known as the method of least squares. Figure
6.5 presents the situations where a dataset is quite noisy and chaotic but follows a certain
pattern. The result of the least squares approximation is the function f(z) represented by a
continuous line that approximates the data points without interpolating them. The method
for constructing such a smooth approximate function relies on the minimization of the error
between the function and data. First we present the simple case of linear least squares.

6.5.1 Linear least squares

Suppose that we need to approximate some data (xo,yo), (z1,91), .- ., (zn,yn) by a straight
line of the form
y=axr+b.

The coefficients a and b have to be determined in such a way that the graph of the line is
very close to these points.

If the point (x;,y;) lies on the graph of the line y = ax + b, then ax; + b —y; = 0.
Otherwise, the error between the point (x;,y;) and the line can be defined as |az; + b — y;|.
If this is the case for all points (z;,y;) with i = 0,1,..., N, then the total absolute error of
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all N + 1 points will be
N
Z|a$i+b—yi\ :
i=0

We want to find the values of the coefficients a and b to minimize such an error. We know
from the first derivative test of calculus that the minimum of a smooth function is among
its critical points; these can be the roots of its first derivatives. The way we defined the
error as the absolute value of a function, we cannot use the first derivative test easily. For
this reason, we will use the square of the absolute errors. This is the sum of the squared

errors
N

S(a,b) = Z(ami +b—y)?.

=0

An extremum of this function is at a point where the partial derivatives are both zero

0 0
%S(a,b) =0 and %S(a,b) =0.

These conditions lead to the following two equations

N N
2(ax; +b—y;)r; =0 and Z 2(ari +b—y;)=0.
i=0 1=0

Rearranging these equations we get the so-called normal equations

N N N
(Zx?) ot (z) b3 i
1=0 1=0 1=0
N N
(Zm)a—F(N—I—l) bzz%-,
1=0 1=0

where we used the fact that Zilioi = N + 1. System (6.41) is a 2 x 2 system of linear
equations with unknowns the coefficients a and b. Denoting

(6.41)

N N N N

2

P:E Zi, q:E Yi, T:E YiZi, SZE i,
i=0 i=0 i=0 i=0

we write the system (6.41) in matrix-vector form as

s D a\ _(r
p N+1)\b) \q)°
Using Cramer’s rule (of Section 2.2.11) to solve it we compute the determinant

_ s p _ 2
D-det(p N+1>—(N+1)s p°,

and then the solution becomes

1 r D _ . _ 1 S TY gy —
a—Ddet<q N+1)—[(N+1)r pql/D  and b—Ddet< q)—[sq pr|/D .

p

Given the data points (z;,y;) fori = 0,1,..., N, we can express the previous process known
as linear least squares (also known as linear regression) in the simple Algorithm 23.
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Algorithm 23 Linear least squares method
N N N N
Set p =31 oTi, 4 =2 ;L0 Yir T = Do YiTi, S = 2,5, D= (N +1)s — p?
Compute a = [(N + 1)r — pq]/D
Compute b = [sq — pr]/D

Here is a simple implementation of a function that given the data x and y and a set of
points stored in the variable xx returns the points yy such that yy=a*xx+b.

def linear_least_squares(x, y, xx):

# returns the vector yy with the linear least squares

# approzimation of the input data (z,y)
N = len(x)

= np.sum(x)

= np.sum(y)

= np.sum(np.multiply(x,y))

np.sum(np.square(x))

= (N+1)*xs-p**2

= [(N+1)*r - p*ql/D

= [sxq - p*r]/D

yy = a*xx + b

return yy

oM On K 0T
I

In order to test our code we generate some random data aligned with the line y = 2z +1.
To generate a random vector with ten entries we use the NumPy function random.rand.

x = np.linspace(-1,2,10)

y = 2.0%x+1.0+np.random.rand(10)

xx = np.linspace(-1,2,20)

yy = linear_least_squares(x, y, Xx)
plt.plot(xx,yy,'-',x,y,'0")
plt.xlabel ('$x$"')
plt.ylabel('$y$',rotation=0)
plt.show()

04 / | | | | |

-1.0 -0.5 0.0 0.5 1.0 1.5 2.0
X

Printing the variables a and b you will observe that the resulting linear least squares ap-
proximation can be different from the line y = 2x + 1. This is because the points have been
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perturbed randomly and thus a different line minimizes the squared distance between the
points and the line.

6.5.2 Polynomial fit

The linear least squares method can generate approximations to data aligned with a straight
line. Usually, we observe this by plotting the data points in a graph. If our intuition says that
the data points (x;,y;) are aligned with a non-linear curve, then we need to use a different
method. Eventually, the method of linear least squares can be generalized to polynomials
of degree m

P (z) = Z apzh .
k=0

The way to derive a linear system of equations with the unknown polynomial coefficients
follows the exact same methodology we used to derive the 2 x 2 linear system in the case
of linear least squares problem. For example, we define the error function

N N
S(ao, -y am) =Y [Pn@:) = vil> =D [(ao + arw; + -+ + amal) — i)
=0 =0

=0

m 2
Zakﬂc? _yi‘| .

k=0

The critical points of the error function S can be found by estimating the roots of the partial
derivatives

S(ag,a1,...,a4m,m) =0, for ¢=0,1,...,m.

da;
These equations can be written as

8 N m
—S(ag,a1,...,am) =2 akxf—yi =0,
Ay =23 (5

8 N m
—9 R ,...,m:2 k*z i:Oa
D0, (ag, a1 Q) ; (; arx; —y ) T

a N m
a—S(ao,al,...,am) :22 <Zak$§—yi> 31‘12 =0 R

a2 ‘

=0 \k=0

9 N m
%S(ao,mw--,am) ZQZ (Zakmfyz') " =0.

The resulting linear system is of order m+ 1. Specifically, the coefficients a;, j =0,1,...,m
can be found by solving the linear system

Az=0,

where z = (ag,ay,...,am)7,

N X Za? o Zar o
POETEEED DF D DA D AT
A= . . . ) . and b= .

Sart Sap Satt o S STy
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The solution of this linear system is not trivial, but in our implementation we solve it using
the function numpy.linalg.solve(A,b). The implementation of this method can be the
following

def poly_least_squares(x, y, xx, m):
# Computes the least squares approxzimation of degree m
# for the data points (z,y) evaluated at zx
= len(x)
np.zeros((m+1,m+1))
np.zeros (m+1)
= np.zeros (2*m+1)
Assembly of A and b
for i in range(N):
temp = y[il]
for j in range(m+1):
b[j] = b[j] + temp
temp = temp*x[i]
temp = 1.0
for j in range(2*m+1):
s[j] = s[j] + temp
temp = temp#*x[i]
for i in range(m+1):
for j in range(m+1):
Ali,j] = s[i+j]
z = np.linalg.solve(A,b)
# Evaluation of the polynomial at the nodes zx
p = z[m]
for j in range(m):
p = p*xx+z[m-j-1]
return p

0 T =
Il

We test our code by generating some random data aligned with the line y = 222 + 1. Check
that the least squares approximation is a polynomial close to y = 22 + 1.

x = np.linspace(-1,2,10)

y = 2.0*np.square(x)+1.0+np.random.rand(10)

xx = np.linspace(-1,2,20)

yy = poly_least_squares(x, y, xx, 2)
plt.plot(xx,yy,'-',x,y,'0")

plt.xlabel('$x$'); plt.ylabel('$y$',rotation=0); plt.show()
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6.5.3 Non-polynomial fit

Sometimes, the data follow a law that isn’t necessarily close to a polynomial. For example,
their values might decay exponentially fast. This means that we would prefer to find a
function of the form

fla) = AeP®

to approximate our data. This problem can be transformed to a linear one by using the
points (z;,Ilny;) instead of (x;,y;). In order to see that, consider the function

F(z)=Inf(z) =InA+ Bz,
for which we need to minimize the residuals
R, =lny, — F(z;) =Iny; — In A+ Bx;) .

Setting z; = Iny; the least squares problem is now the problem of minimization of the

function
N

S(a, b) = Z(CI,SL‘Z‘ +b— Zi)g 5
i=0
with a = B and b = In A.
As an example we consider a dataset aligned with the line y = 3¢2%.

x = np.linspace(0,2,10)

y = 3.0*np.exp(2.0%x)+0.1*np.random.rand(10)
z = np.log(y)

xx = np.linspace(0,2,20)

zz = linear_least_squares(x, z, xx)

yy = np.exp(zz)

plt.plot(xx,yy,'-',x,y,'0")
plt.xlabel('$x$')
plt.ylabel('$y$',rotation=0)

plt.show()
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NumPy implementation

The least squares method is implemented in Python with the function numpy.polyfit
that the error function S(ag, a1, ..., a,) and returns the coefficients of the approximating
polynomial. Then the function numpy.polyld can be used to obtain the polynomial as a
callable function capable to be evaluated at any point x. The basic call of the function
polyfit is

polyfit(x, y, deg, rcond, full, w, cov)

where

X: The z-coordinates of the dataset we want to approximate
y: The y-coordinates of the dataset we want to approximate
deg: The degree of the fitting polynomial

rcond: It is called relative condition number of the fit. Singular values smaller than this
number, relative to the largest singular value (eigenvalues of the matrix AT A) will
be ignored. For more information please see Chapter 10. (Optional with default value
rcond=None)

full: This is a boolean variable that determines the return value. When it is False the
function returns only the coefficients of the polynomial. When it is True the function
returns diagnostic information. (Optional with default value full=False

w: Is an array with the weights to apply to the y-coordinates of the sample points.
(Optional with default value w=None)

cov: Is a boolean variables that returns an estimate of the covariance matrix of the ap-
proximation for statistical analysis. (Optional with default values cov=False)

The function polyfit returns an array p with the coefficients of the polynomial start-
ing with the highest coefficient. Other returning variables are the residuals, rank,
singular _values and rcond that are returned only if the parameter full=True. We do
not present the use of these parameters here as they require knowledge of more advanced
techniques of numerical analysis that we haven’t discussed yet. One can return to the details
of this function after studying the material of Chapter 10.
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In order to compute the values of a polynomial at various values x we can use the function
numpy . polyild. The general call of this function is polyld(p, r, variable) where p can
be the output polynomial coefficients of the function polyfit, r is a boolean variable related
with the computations of the roots of the polynomial, and variable is a string used when
printing the polynomial p, and its default value is None.

An example of usage of the functions polyfit and polyld is listed below, where we
consider the case y = 2z + 1 again.

x = np.linspace(-1,2,10)

y = 2.0#%np.square(x)+1.0+np.random.rand(10)

xx = np.linspace(-1,2,20)

yy = np.polyfit(x, y, 2)

zz = np.polyld(yy)

plt.plot(xx,zz(xx),'-',x,y,'0")

plt.xlabel('$x$'); plt.ylabel('$y$',rotation=0); plt.show()

The specific code returns very similar results to our code for linear least squares approxi-
mations.

We will revisit the topic of the least squares problem later in this book when we explore
relevant methods and present theoretical developments of approximation theory in Chapter
10.

6.6 The Module scipy.interpolate

SciPy provides the module interpolate with the implementation of several algorithms for
interpolation problems. Here we present relevant routines for Lagrange and spline interpo-
lation and their extensions in two dimensions, as well as an application in image processing.

6.6.1 Lagrange interpolation

The Lagrange interpolation is implemented in the function scipy.interpolate.lagrange.
The lagrange function computes the Lagrange interpolation polynomial of the given data
(x4,9;), for i = 0,1,..., N. The general call of this function is lagrange(x,w) where x
is an array containing the values x; (the array x in our code) and w an array with the
corresponding values y; (the array y in our code). The function lagrange returns the
polynomial Py as a function which can be evaluated at any point z.

import scipy.interpolate as spi

def £(x):
return 1.0 / (1.0 + 25.0 * x**2)
# We evaluate the interpolant at the points z
z = numpy.linspace(-1, 1, 100)
# We use the data x,y
X = numpy.linspace(-1, 1, 10)
y = £(x)
# We compute the Lagrange polynomial p
p = spi.lagrange(x, y)



12

13

14

15

16

17

230 Interpolation and Approximation

# We compare the graphs of the data and the interpolant
plt.plot(z,p(z),'-")

plt.plot(x,y,'o")

plt.plot(z,f(z),'-.")
plt.legend(["$P_9(z)$","data","$£(z)$"1)
plt.xlabel('x'); plt.ylabel('y'); plt.show()

The results again will be the same as before and are omitted. The only important fact
to note here is that using SciPy we can compute the interpolating polynomial with only
one line of code.

6.6.2 Cubic spline interpolation

The cubic spline interpolant can be computed in Python with the function CubicSpline of
the module scipy.interpolate. For example, if we want to interpolate the points (z;,y;)
stored in the variables x and y, then we can simple call the function

cs = CubicSpline(x, y)

where the cs is the cubic spline function evaluated with “not-a-knot” boundary conditions,
the default boundary conditions. We can evaluate the cubic spline at any point (or array)
xx by typing cs(xx). We can also compute the derivatives of the cubic spline using cs (xx,
1), es(xx, 2), cs(xx, 3) for the first, second and third order derivatives respectively. The
general call of the function CubicSpline is the following:

CubicSpline(x, y, axis, bc_type, extrapolate)

where here
X: An array with the values x;, 1 =0,..., N
y: An array with the values y;, i =0,..., N

axis: Axis along which y is assumed to be varying (if there are more than one indices).
(Optional with default value 0)

bc_type: Can be one of the following options:
e ’not-a-knot’,
e ’periodic’,
e ’clamped’,
e ’natural’.
It can also be a 2-tuple such as bc_type=((order,value), (order,value)) where

the first argument order is the order of the derivative at the boundary, and the
second argument is its value. (Optional with default value >not-a-not’)

extrapolate: A boolean variable that determines whether to extrapolate to points outside
the interval [zg, xn]. It can also take the values ’periodic’ or None. (Optional with
default value None)
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Here is an example where we interpolate the function f(z) = sin(x) using 10 points in
[0, 27]. In this code we compute the cubic spline along with its derivatives and we plot the
results.

x = np.linspace(0.0, 2.0*np.pi, 10); y = np.sin(x)

cs = spi.CubicSpline(x, y)

xx = np.arange(0.0, 2*np.pi, 0.1)

plt.plot(x, y, 'o', label='data')

plt.plot(xx, cs(xx), label="$S$")

plt.plot(xx, cs(xx, 1), label="$S'$")

plt.plot(xx, cs(xx, 2), label="$S''$")

plt.plot(xx, cs(xx, 3), label="$S'''$")

plt.x1im(0, 2.0*np.pi); plt.legend(loc='lower left', ncol=2)
plt.xlabel('$x$'); plt.ylabel('$y$',rotation=0); plt.show()

1.0 4

0.5 A

Y 0.0

—0.51

-1.0 A

Observe that the third derivative of the cubic spline is a piecewise constant function but it
was plotted as a piecewise linear function.

We already mentioned that the function CubicSpline returns a function as an object.
The specific object (class) called PPoly is accompanied by additional methods. For example,
if we store a cubic spline in a variable cs as before, then we can get its derivative as a new
function using the method cs.derivative(nu), where nu is the order of the derivative.
This method returns just a piecewise polynomial object (PPoly). Similarly, one can obtain
an antiderivative using the method cs.antiderivative(nu). We can compute a definite
integral of a cubic spline over an interval [a,b] just by typing cs.integrate(a,b). The
function integrate can also has an additional argument extrapolation (which is None by
default) with which we can specify whether to extrapolate the spline or not similarly to the
function call CubicSpline.

Runge’s example revisited
As we saw before, the Lagrange interpolation fails to accurately approximate Runge’s func-
tion
flz) = b
142522

We try again Runge’s example using cubic spline interpolation.
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def f(x):

return 1.0 / (1.0 + 25.0 * x*%*2)
num_points = 10
x = np.linspace(-1, 1, num_points)
y = £(x)
cs = spi.CubicSpline(x, y)
xx = np.linspace(-1, 1, 100)
plt.plot(x, y, 'o', label='data')
plt.plot(xx, f(xx), label='true')
plt.plot(xx, cs(xx), label='Spline')
plt.xlim(-1, 1)
plt.legend(loc="'upper left', ncol=1)
plt.xlabel('$x$'); plt.ylabel('$y$',rotation=0); plt.show()

101 e data
true

—— Spline
0.8 1 P

0.6 1

0.4 1

0.2 1

0.0 1 T T T T T T T
-1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.00
X

This time the cubic spline approximates Runge’s function without problems. We encourage
the reader to experiment with the specific example and try Runge’s example with more and
less nodes, and compare with analogous results using Lagrange interpolation.

6.6.3 Computations with B-splines

We can compute the B-spline representation of an interpolant in Python using the function
splrep of the module scipy.interpolate. The general call of the function splrep is the
following:

splrep(x, y, w, xb, xe, k, task, s, t,full_output, per, quite)

where here
X: An array with the values x;, 1 =0,..., N
y:  An array with the values y;, i =0,..., N

W A rank-1 array of weights with the same length as x and y for least squares fit.
(Optional with default value None)

xb, xe: Floating point numbers that determine the endpoints of the interpolation interval.
(Optional with default values ’None”)
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k:  The degree of the spline. (Optional with default value 3)

task: A value between 1 for a subsequent call of the function with a new value of the
smoothing factor s, 0 for evaluations of the spline coefficients using the specified
smoothing factor s and —1 for weighted least squares approximation. (Optional with
default value 0)

s: A smoothing factor. (Optional with default value None)
t:  The nodes needed for task=-1. (Optional with default value None)

full output: If non-zero, then the function returns optional output. (Optional with de-
fault value 0)

per: If non-zero then the data points are considered periodic. (Optional with default value
0)

quite: A non-zero value suppress messages. (Optional with default value 1)

The function returns a tuple tck=(t,c,k) where t is a vector with nodes, ¢ a vector with
the spline coefficients a;, and k the degree of the spline. Optional arguments returned such
as fp with the weighted sum of squared residuals of the spline approximation, ier as a flag
of convergence, and msg a message corresponding to the ier flag.

After computing the spline coefficients a; into the array ¢ we can evaluate the spline func-
tion at any point z we want using the function splev of the module scipy.interpolate.
The general call of the function splev is the following:

splev(x, tck, der, ext)

where
X: An array with the points x at which we need the values of the spline
tck: The tuple tck received in the output of splrep.

der: The order of the derivative to be computed less than or equal to k. (Optional with
default value 0)

ext: Controls the value returned for elements of x not in the interval defined by the node
sequence. (Optional with default values *0?)

The function returns the values of the spline y.
As an example we consider again the Runge function and the following code:

def f(x):
return 1.0/ (1+25*x**2)
x = np.linspace(-1.0, 1.0, 10)
y = £(x)
spl = spi.splrep(x, y)
z = np.linspace(-1.0, 1.0, 200)
yz = spi.splev(z, spl)
yyz = £(2)
print (spl[2])
plt.plot(x, y, 'o', label='data')
plt.plot(z, yyz, label='true')
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plt.plot(z, yz, label='Spline')
plt.xlim(-1, 1)
plt.legend(loc='upper left', ncol=1)
plt.xlabel('$x$')
plt.ylabel('$y$',rotation=0)
plt.show()

The result of this code is identical with the results obtained in Section 6.6.2. By printing
also the value spl[2] we verify that the degree of the spline is 3.

6.6.4 General purpose interpolation and the function interpid

There is a general purpose Python function that can be used with various different methods
of interpolation. This is the function interpld of the module scipy.interpolate. The
general call of the function interpid is

interpld(x, y, kind, axis, copy, bounds_error, fill_value, assume_sorted)

where
X: A one-dimensional array with the values z;
y:  An n-dimensional array with length equal to the length of x containing the data y;

kind: String specifying the kind of interpolation and it takes values linear, nearest,
nearest-up, zero, slinear, quadratic, cubic, previous, and next. (Optional with
default value ’linear’)

axis: Specifies the axis of y along which to interpolate. (Optional with default value -1)

copy: Is a boolean variable which specifies if the variables x,y will be copied internally or
not. (Optional with default value True)

bounds_error: Is a boolean variable which should be True when we use the function for ex-
trapolation to compute data outside the region defined by the data (z;,y;). (Optional
with default value None)

f£ill_value: This is the value to be used for points outside the interpolation domain. It can
also take the value "extrapolate". If this is None then nearest-neighbor extrapolation
is used. (Optional with default value NaN)

assume_sorted: It determines whether the values of x are sorted or not. If they are not
sorted (False) then the algorithm will sort them first. (Optional with default value
False)

The interpid function returns a class that can be used as an interpolation function for com-
putations. As a simple example we consider again the interpolation of a data set produced
using Runge’s function in [—1, 1].

def f(x):
return 1.0/ (1+25%x**2)
x = np.linspace(-1,1,10)
f(x)
p = spi.interpld(x, y, kind = 'cubic' )

<
]
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z = np.linspace(-1,1,100)

plt.plot(x, y, 'o', label='data')

plt.plot(z, f(z), label='true')

plt.plot(z, p(z), label='interpolant')

plt.xlim(-1, 1)

plt.legend(loc="'upper left', ncol=1)

plt.xlabel('$x$'); plt.ylabel('$y$',rotation=0); plt.show()
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Using cubic spline interpolation with the function intrpld we obtain the same results
as in Section 6.6.2. We let the interested reader to experiment with the different kinds of
interpolation methods offered with the function interpid.

6.6.5 Interpolation in two dimensions

Two-dimensional interpolation is the interpolation of data points (x;,y;,2;) for i =
0,1,...,N by a polynomial z = P(z,y) in two dimensions. Suppose that there is a function
f such that z; = f(a;,y;) for alli =0,1,..., N. This case is more complicated compared to
the one-dimensional problem as the data points (x;,y;) can be scattered randomly in the
xy-plane forming a non-uniform and unstructured grid of points. It is often the case that
these data points can form a triangular grid like the one in Figure 6.6.

For the sake of simplicity, we consider only rectangular domains [a, b] X [¢,d] and rect-
angular grids. Such grids consist of points (z;,y;), ¢ = 0,1,...,N, j = 0,1,..., M with
Tiy1 = x; + Az for ¢ =0,1,...,N —1 and y;41 = y; + Ay for j =0,1,...,M — 1. An
example of a rectangular grid is depicted in Figure 6.6. For any of the previous grids we can
apply Lagrange as well as Spline interpolation. We define the Lagrange polynomials for a
rectangular grid as

N
li(z) = H m—xk) for ¢=0,1,...,N,
i b T — Tk
#i,k=0
and
M
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FIGURE 6.6
Examples of planar grids: unstructured triangular grid (left) versus structured rectangular
grid (right).

The Lagrange interpolant of the data (z;,y;, (2, y;)) is the function

N M -
=50 Flany) () (y) -

i=0 j=0

Bivariate spline functions can be defined as tensor products of one-dimensional splines. Let
¢;(x) and ¢;(y) be the spine basis functions in = and y coordinates, respectively. Then, the
spline interpolant is the function

N M
chz,jd)z ) )

i=0 j=0

where of course ¢; ; are equal to f(z;,y;) only if the q_Sj and ¢_>j are linear B-splines, and
N, M are the dimensions of the corresponding one-dimensional spline spaces. For more
information about tensor product of splines, we refer to [117].

The module scipy.interpolate has the function interp2d which can interpolate data
points (z;,y;, z;) using spline interpolation in two dimensions. This function is a generaliza-
tion of interpld and its general call is the following:

interp2d(x, y, z, kind, copy, bounds_error, fill_value)

where

x,y,2z: Arrays of values for the data points (z;,y;, 2;). In general, these arrays can be 1D
with the values (z;,y;, 2;)

kind: String specifying the kind of spline interpolation. It takes values linear, cubic and
quintic. (Optional with default value *linear”’)

copy: Is a boolean variable which specifies whether the variables x,y,z will be copied
internally or not. (Optional with default value True)

bounds_error: Is a boolean variable which should be True when we use the function for
extrapolation purposes. (Optional with default value *False?)

fill value: Is the value to be used for points outside the interpolation domain. If this
is None, then nearest-neighbor extrapolation is used. (Optional with default value
None)
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The function returns a class that can be used as a spline function for computations. The
minimum number of data points required for the spline interpolation is (k +1)? with k& = 1
for linear, k = 3 for cubic and k = 5 for quintic interpolation. Alternatives to the function
interp2d are the functions RectBivariateSpline for splines on rectangular grids and
BivariateSpline.

As an example we consider the interpolation of the Gaussian function f(z,y) =
e~ (@*+v") | First we plot the particular function on the rectangular domain [—2,2] x [—2, 2]
using the method plot_surface of MatPlotLib. The function plot_surface requires the
transformation of the arrays x and y into two-dimensional rectangular grid arrays on which
Z;; = f(Xi;,Yi;). We generate the one-dimensional grids using the function arange as ex-
plained in Section 1.4.2. Given the one-dimensional grids stored in the array x and y we
generate the two-dimensional representations using the NumPy function meshgrid as X, Y
= np. meshgrid(x,y). Then we can generate the surface z = f(z,y) using the function
plot_surface(X,Y,Z,cmap) where Z=f(X,Y) and cmap defines the colormap we want to
use. Executing the following code we observe that this function is like a Gaussian bell that
decreases exponentially fast to 0 as # and y move away from the origin.

def f(x,y):
z = np.exp (- (x**2+y**2))
return z
# Spectify that the graph is three-dimensional
fig = plt.figure()
ax = plt.axes(projection='3d"')
Generate the data
= np.arange(-2, 2, 0.1)
np.arange(-2, 2, 0.1)
X, Y = np.meshgrid(x, y)
z = £(X,Y)
# Plot the surface.
surf = ax.plot_surface(X, Y, Z, cmap='viridis')
plt.show()

<MW

For the purposes of this example, we assume that we know the values of the function f
on a sparse 10 x 10 grid of points of the domain [—2, 2] x [—2, 2]. We interpolate the coarse
10 x 10 data in a dense 100 x 100 grid using the function interp2d. We will plot the original
and interpolated data side by side. In the following code, we use the function subplots to
plot two graphs side by side and also the function pcolormesh to plot the projection of the
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surface generated by the data on the xy-plane. The function subplots create a grid of plots
with nrows rows and ncols columns. It also returns a figure fig and a class axes which
determines the location of figures in the grid.

#define the function f
def f(x,y):

z = np.exp (- (x**2+y*%2))

return z
generate one—-dimensional grids
= np.linspace(-2, 2, 10)
= x.copy(Q
f(x,y)
generate two-dimensional grid arrays

Y = np.meshgrid(x, y)
= £(X,Y)
interpolate the coarse data
z2 = spi.interp2d(x, y, Z, kind='cubic')
# evaluated the interpolant on dense grid
xx = np.linspace(-2, 2, 100)
yy = np.linspace(-2, 2, 100)
XX, YY = np.meshgrid(xx, yy)
ZZ = z2(xx,yy)
# plot the original and interpolated data
fig, axes = plt.subplots(nrows=1, ncols=2)
axes[0] .pcolormesh(X, Y, Z)
axes[1] .pcolormesh (XX, YY, ZZ)
plt.show()

-

H N Mo N< Ko

We observe that interpolating coarse data to dense data using cubic spline interpolation
we obtain a smooth result. This has an immediate consequence in image processing which
we present in the next section.

6.6.6 Application in image processing

Among the straightforward applications of interpolation from known data to unknown there
are many applications in practical problems and especially in computer graphics and image
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processing. Here we present an application in image processing. Specifically, we show how
we can improve the resolution of an image using spline interpolation.

Suppose that we have a digital photograph stored in our computer as a digital color
image. A digital color image is an arranged set of pixels. Each pixel has each own color
which can be represented by its values of the intensity of the basic colors red, green and
blue (RGB). The color of each pixel is defined by a tuple of the form (R, G, B) where R
stands for Red, G for Green and B for Blue. The colors can take values from 0 to 255 and
usually are integer values. The value 0 indicates the complete absence of a specific color.
For example, the blue color in the RGB scale will be (0, 0, 255).

In this application we read a low resolution digital photograph of Lenna*. We assume
that this photograph is stored in the file Lenna. jpg. In Python we can read an image using
the command imread of the module imageio. The imread function in the following code
reads the digital image stored in the file Lenna. jpg and stores it into the rectangular array
lenna. Then we normalize its values and we store it in the array photol. Practically, the
matrix is a rectangular array with values the intensity of red, green and blue colors on each
cell. In order to improve the resolution of this image, we will consider a denser grid (larger
matrix) with the interpolated red, green and blue intensities.

After we have loaded the image in the computer memory, we print the shape of the array
lenna. This matrix is 128 x 128 x 3. This means that the picture consists of 128 x 128 pixels,
with RGB values stored in three slices of the matrix photol. Since we are working with
functions, we consider the domain [0, 128] x [0, 128] and the grids in « and y axes with space
Az = Ay = 1. For the interpolation we generate a denser grid with Az = Ay = 0.1. We
can display the photo using the three dimensional array photol and the command imshow
of MatPlotLib.

After we separate the three colors using three different arrays, we interpolate the red,
green, blue intensities using the function interp2d over a dense grid. We store the interpo-
lated values in the arrays better_red, better_green and better_blue. We combine these
arrays into a single array called photo2. The code of this application follows:

import matplotlib.pyplot as plt
import imageio

import numpy as np

import scipy.interpolate as spi

# read the picture from file lena.jpg
lenna = imageio.imread("Lenna. jpg");
print (lenna.shape)

# scale the wvalues to be between 0.0 and 1.0
photol = lenna.copy()/255.0

# get the intensity of red, green, blue
red = photoll[:,:,0]

green = photoll[:,:,1]

blue = photoll[:,:,2]

n = len(red)

# generate x and y coordinates

X = np.arange(0.0,n,1.0)

4Lenna is a standard test image used in computer science to demonstrate image processing techniques
since 1973. It is a picture of the Swedish model Lena Forsén, shot by photographer Dwin Hooker.
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y = x.copy()

# interpolated the red, green and blue intensities
better_red = spi.interp2d(x,y,red,kind="'cubic')
better_green = spi.interp2d(x,y,green,kind='cubic')
better_blue = spi.interp2d(x,y,blue,kind="'cubic')

# generate dense zxz and yy coordinates

xx = np.arange(0.0,128.0,0.1)

yy = xx.copy()

row=len(xx)

col=len(yy)

# create array photo2 for the high-resolution picture
photo2 = np.zeros((row, col, 3))

# interpolate the data

photo2[:,:,0] = better_red(xx,yy)

photo2[:,:,1] = better_green(xx,yy)

photo2[:,:,2] = better_blue(xx,yy)

f, axs = plt.subplots(l,2,figsize=(15,15))
axs[0] . imshow (photo1l)

axs[1].imshow(photo2)

# choose a square of your chotice such as [50,80]z[50,80]
zooml = photol[50:80,50:80,:]

zoom2 = photo2[500:801,500:801, :]

# compare the different data

f, axs = plt.subplots(l,2,figsize=(15,15))
axs[0] . imshow(zoom1)

axs[1] . imshow(zoom?2)

plt.show()
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Magnifying the two images around the region [50,80] x [50,80] of the original image
we observe that using interpolation we have improved the original resolution by smoothing
out rough edges. It is noted that cubic splines smooth out oscillations and increase the
regularity of the interpolating data (see Exercise 9 for a proof of this property). For this
reason, using cubic splines especially in image processing we can obtain smoother images
compared to the original one.

6.7 Further Reading

The theory of interpolation and least squares approximation is covered in all classic text-
books [25, 70, 76, 22, 26, 7, 108, 116]. In this book, we followed [127] in the development
of the theory of splines. Specialized books on interpolation are, among many, the following
[107, 31, 117, 118] while a practical introduction to two-dimensional interpolation can be
found in [119]. A dedicated book to least squares problems is the book [12].



Chapter Highlights

e Interpolation is the procedure of finding a function (usually a polynomial or a
piecewise polynomial function) with graph passing through a given set of
points.

e Given N + 1 points (x;,y;) the Lagrange interpolation is the set of methods for
determining the unique polynomial Py (z) of degree N such that Py (z;) = y;.

e The Lagrange interpolating polynomial can be written as

N
Py(z) =) wyili(x)
=0

where ¢;(x) are the Lagrange polynomial basis functions.

e An efficient way for the computation and evaluation of the Lagrange
interpolation is via Newton’s form for a representation of an interpolating
polynomial.

e Lagrange interpolation fails when the magnitude of high-order derivatives is
large. An example of such failure is Runge’s function.

e If in addition to the interpolation data y; = Py (x;) we have the values of the
first derivative, then Lagrange interpolation is generalized to the Hermite
interpolation.

e Hermite interpolation might be more accurate compared to Lagrange
interpolation, but it cannot solve the problem with Runge’s function.

o Piecewise polynomial interpolation is the solution to Runge’s problem.

e Spline is a piecewise polynomial function. A linear spline is a piecewise linear
function and thus not differentiable at the nodes. A cubic spline is a piecewise
cubic function, which is twice continuously differentiable.

e B-splines can be computed using recursive algorithms. One such algorithm is
the Cox-de Boor algorithm.

e Cubic spline interpolation requires knowledge of the behavior of the
interpolating polynomial at the boundary.

e Cubic splines are characterized by a smoothing property. For this reason, cubic
splines are used in image processing.

e When the data points are too “noisy” we approximate them by a function or a
polynomial without requiring interpolation.

e One such method is the method of least squares, which is based on the
minimization of the error function

N
S=>lyi— P(z:)*.
i=0
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Exercises
1. Given the data f(0) =1, f(1) =3 and f(3) =5:

(a)

(b)
()

Approximate the value f(2) using an appropriate interpolating polynomial written
in Lagrange’s form.

Approximate the same value using Newton’s divided difference formula.

Construct interpolating cubic spline and approximate the value f(2).

2. Let x;, ¢ = 1,2,...,n + 1 different nodes and let y; € R, i = 1,2,...,n + 1. The
interpolating polynomial is written in Newton’s form as:

pr(x) =a1 +as(x —x1) +az(x —x1)(x —x2) + -+ anp1(x —x1) - (& — Tpy1),

where the coefficients a;, ¢ = 1,...,n+1 can be computed using the following algorithm:

Algorithm 24 Newton’s polynomial

a; =Yy, t=1,2,...,n+1
fork=2:n+1do
fori=1:k—1do

ar = (ar — a;) /(v — )

end for
end for

If the coefficients a;, ¢ = 1,...,n + 1 are known, then the value of the interpolating
polynomial at the point z can be computed using Horner’s formula:

Algorithm 25 Horner’s formula

S = Qp+1

fori=n:-1:1do
s=a;+ (z —x;)s

end for

pu(z) = s

(a)

Write Python functions coefs and evalp implementing the previously described
algorithms for the coefficients of the interpolating polynomial and its evaluation
at values z using Horner’s formula. Write a function newtinterp with input ar-
guments (z,y,z), where (z;,y;), ¢ = 1,...,n + 1, the interpolation data points
and z = [z1,..., 2] the vector with the m points at which we want to evaluate
the interpolating polynomial. This will compute the coefficients of the interpolating
polynomial a; using your function coefs and will return the values u; = p,(2;),
1=1,2,...,m using your function evalp.

Consider the function f(z) = sinx, « € [0,27], and a uniform partition of [0, 27]
with 6 points x;, ¢ = 1,...,6. Using your function newtinterp.m compute the
interpolating polynomial ps, that interpolates function f at the nodes z;, at 101
equidistributed points z; € [0, 27].

Verify your results and compare them with those obtained by using the Python
functions polyfit, polyval and CubicSpline.
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3. Consider the following data:

t 1991 1996 2001 2006 2011 2016
y; 3,516,000 3,762,300 3,916,200 4,209,100 4,399,400 4,747,200

where y; is the population of New Zealand in the year ;.
(a) Complete the divided difference tableau and compute by hand the Newton’s form
of the interpolating polynomial of the given data.

(b) Using the function newtinterp of Problem 2, compute the interpolating polynomial
p € P5, that interpolates the values (¢;, y;).

Compare the numerical solution with your theoretical computations.
Estimate the population of New Zealand for all the years between 1991 until 2016.
Compare the results using the appropriate Python function with a cubic spline.

Using your interpolating polynomial find an approximation of the population of
New Zealand for the years 2018 and 2034.

(g) Repeat the computations with integer values ¢; and y; instead of floats. What do
you observe?

1
<z <l

-
1@) = o5 71 S

(a) Using your function newtinterp compute the interpolating polynomial p € P,,
which interpolates the points (x;, f(x;)), i = 1,2,..., N + 1 of a uniform partition
of [-1,1] for N = 5,10,20,100. Let z;, i = 1,2,...,201, equidistributed points of
[—1,1]. Plot your interpolants and comment on the results.

(b) Compute the values of the interpolating polynomial p(z;) and compare the results
with the Python cubic spline function. Comment on the accuracy of the two meth-
ods.

5. Consider the polynomial f(z) = 2%+ 2% in the interval [—2, 2]. Using five equidistributed
nodes in [—2,2]:

(a) Compute the Lagrange interpolating polynomial.
ompute the cubic spline interpolant with natural boundary conditions.
b) C te the cubic spline int lant with natural bound diti
(¢) Compute the cubic spline interpolant with clamped boundary conditions.
)

(d) Sketch the graphs of the function and the three approximating functions and com-
pare the results.

6. Consider the function 0.1]
0, z e (0,1,
)= { (@—1)% we(1,2].
(a) Find the coeflicients a,b, ¢, d in the following piecewise and continuously differen-
tiable polynomial function

_fo, z€[0,1],
p@) = { a+blz—1)+clx—1)2+dxz—-1)2 =ze€(1,2].
in order to interpolate the function f such as
p(0) = f(0), p'(0) = f'(0), p(1) = £(1), p(2) = f(2), P'(2) = f'(2) .
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(b) Compute the cubic spline interpolant with clamped boundary conditions at the
nodes {0, 1,2}.

(¢) Modify the definition of the Hermite interpolating polynomial to interpolate the
specific function f at the same nodes.

(d) Sketch the graphs of the function f and its approximations.
7. Consider the function f(z) = cos(kmz) for = € [0,1] and k € N.
(a) Estimate the maximum norm of the error in the Lagrange interpolation for uniform
grid of N nodes.

(b) What is the relationship between k and N so as the error converges to 0 while
k,N — oo?

(¢) Estimate the maximum norm of the error of the linear spline interpolant for the
same grid.

(d) Find again the relationship between k and N so as the error converges to 0 while
k,N — oo.

(e) In the case where k = 500, which method would you prefer to use for the interpo-
lation problem in order to get an error less than 10~2?

8. A F1 car is racing in the Albert Park Circuit for the Australian Grand Prix. The particu-
lar circuit has length 5.303 km. The lap times in minutes:seconds and the corresponding
recorded speeds in km/h are given in the following table:

Time (minutes : seconds) 0:0.000 1:30.245 1:25.533 1:20.259 1:22.453
Lap 0 4 8 12 16
Speed (km/h) 212 236 255 224 240

(a) Use Lagrange interpolation to predict the location of the car when ¢t = 3 : 50.000.
(b) Repeat the calculation using Hermite interpolation.

(¢) Use the derivative of the Hermite interpolant to estimate whether the car ever
exceeds the speed of 255 km/h.

(d) Predict the maximum speed of the car.

9. Let f € C?[a,b] and P.(x) the cubic spline interpolant with clamped boundary conditions
of the function f at the nodes x;, i =0,1,..., N of [a,b].

(a) Prove that
b
[ @) - ey e d =0
(b) Prove that

/a (P dr < / () d

(c) Explain the geometric interpretation of the previous results and explain why it is
called the cubic spline smoothness theorem.

10. Consider the following dataset:

z; 00 01 02 03 04 05 0.6
yi 28 29 27 24 23 21 18
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(a) Compute a piecewise linear interpolant for the points (x;,y;) using appropriate
Python function.

(b) Compute the linear least squares approximation of the same set of points using
appropriate Python function.

(c) Sketch the graph of the dataset and the approximations and comment on the results.
11. Consider the (nonlinear) function f(z) = +/z in [0, 1].

(a) Generalize the linear least squares method to approximate data that follow the
nonlinear rule f(x).

(b) Write Python function to implement the specific nonlinear least squares method.

(c) Generate a set of points (x;,;), ¢ = 0,1,...,9 using random perturbations of the
points (z;, f(z;)), 4 =0,1,...,9 and test your computer code.

12. Consider the function f(z) = 1/(z% + 1) in the interval [0, 1].

(a) Compute the Lagrange interpolant Ps(x) on a uniform grid with 3 nodes without
the help of Python.

(b) Compute the linear spline (piecewise linear interpolant) S;(x) using the same grid.

(¢) Approximate the integrals like

/Olf(:c) dx%/lpz(x) dx |

0

/Olf(m) dm/olsl(x) da |

(d) Which method gives more accurate results?

and

13. Consider the function f(z) = 1/(z% + 2) in the interval [—10, 10].
(a) Use Lagrange interpolation to compute the values f(0) and f(9.76) using
10,11,20,21,100 and 101 nodes.

(b) Use linear and cubic spline interpolation to approximate the same value and using
the same grids.

(¢) Compare your results with results obtained using the Python function interpid.
14. Consider the function f(z,y) = 1/(2% +y? + 1) in the interval [-5, 5] x [-5, 5].
(a) Write a Python program to implement the two-dimensional Lagrange interpolation
using rectangular grids as described in Section 6.6.5.

se your code to compute the Lagrange interpolant and estimate the values ,0),
b) U d he L i 1 d esti h 1 f(0,0
f(4.76,0) and f(4.76,4,76) using 100 and 101 nodes.

(¢) Compare your results with results obtained using the Python function interp2d
using linear, cubic and quintic spline interpolation.

(d) Use appropriate functions from the module MatPlotLib to present the results.
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Numerical Integration

Integrals of functions often appear in applications as well as in various computations. For
example, the energy of a system is usually expressed as an integral. The issue is that most
integrals do not have closed form solutions. For instance, the integral

b
/ vV 1+ cos?(x) dx

is a case where its computation is extremely hard if not impossible. In such cases we need
automated methods to approximate integrals. In this chapter, we discuss numerical methods
for the approximation of definite integrals of single-variable functions. Numerical integra-
tion is also known as quadrature and the approximate formulas for the integrals are called
quadrature rules.

7.1 Introduction to Numerical Quadrature and Midpoint Rule

Quadrature is based on the approximation of an integral

b
1) = / f(z) dz |

by a finite sum Iy of the form

In[f] = Zwif(zz‘) :

The constants w; are called quadrature weights while the z;’s are the quadrature points or
nodes. Usually, a quadrature rule is specified by the points z; and a particular set of weights
w;. Ideally, we would like the quadrature to converge to the exact integral as the number
of quadrature points tends to infinity

lim In[f] = I[f] .

N—o00

The roots of numerical integration can be found in the definition of definite integral:
Given a continuous function f(z) and a partition of the interval [a,b] with {z;}¥§! such
that a = zg < 1 < -+ < xy4+1 = b we choose z; € [z;,2;41] for i = 0,1,..., N. Then, we
define the Riemann integral as

N

b
[ #a@) de = Jim 3 @i sz

=0
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:

Tp=a
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FIGURE 7.1
The midpoint rule.

Choosing a large value of N we approximate the integral with a finite sum such as

N

b
| @) dom Y (min = f(a)

=0

This definition suggests that the weights are w; = x;41 — x; and the nodes z;, and leads to
a number of quadrature rules based on how we choose the values z; € [z;, z;11].

The simplest of all quadrature rules is the midpoint rule with one interval [a, b] = [z, z1].
We take the point zg to be the midpoint zy = %“’ This quadrature rule approximates the
area prescribed by the graph of f, the lines x = a, x = b and the z-axis with the area of the
parallelogram with sides zyp and x; — zg. This is depicted in Figure 7.1. The approximate
formula of an integral I[f] is given by

I1f] ~ Tolf] = wof (z0) = (b— a)f ( : b) .

When we use only one interval, N = 1, the error between the exact value of the integral
and its approximation can be significantly large, especially when the interval [a, 8] is large.
For this reason, we divide the interval [a,b] into N subintervals of the form [x;,z;41] for
i =20,1,...,N, such that « = 2o < 21 < --- < xny41 = b. For the sake of simplicity we
assume that the intervals [x;,x;y1] have uniform length h = ;41 — x;. The integral I[f]

can be written as N
b Tip1
1fl= | f(@)do= fa) dz .
[r@a=y [

We now apply the midpoint rule to the smaller intervals [x;, z;41]. We choose z; to be the
midpoint of the interval [x;,z;y1], that is

T+ Tip1

—

Zi =

The application of midpoint rule in each of these intervals gives

/mi+1 f(@) de = (ziy1 — ;) f (3%2%) =hf <55z+233z+1) ’

i
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which leads to the composite midpoint rule

N N

This suggests that given a subdivision a = 29 < 1 < -+ < &y 41 = b of [a, b], the weights of
the midpoint rule are w; = (x;41 — ;) = h and the quadrature nodes are z; = (x; +x;41)/2.

I¥"  When we divide an interval of integration [a, b] into subintervals [z;,x;+1] and
we apply a quadrature rule on each subinterval, the resulting quadrature rule is
called composite rule.

In order to illustrate the use of the midpoint rule for the approximation of integrals we
consider the integral

2
/ sin(z) dz = [~ cos(z)]2" =0,
0
and we apply the midpoint rule with 10 quadrature nodes in the following Python code:

= lambda x: np.sin(x)

= 10 # intervals

0.0; b= 2.0*np.pi; h=(b-a)/N
= np.linspace(a, b, N+1)

= (x[1:] + x[:-11) / 2.0

= h*np.ones_like(z)

quad = np.inner(w, £(z))

print ('Result =', quad)

= N X p = H
I

Result = -2.7755575615628914e-16

Line 4 contains the definition of a partition of [a, b], line 5 the definition of the quadrature
nodes using the midpoints of each interval [z;, x;11], and line 6 the definition of the weights
w;. The operation z; = (z;+1 + ;)/2 could have been introduced in a for loop but we used
the vectorized form z=(x[1:]1+x[:-1])/2.0 instead. An alternative way to vectorize this
operation is by using the indices explicitly using the command z=(x[1:N]+x[0:N-1])/2.0.
Note that the midpoint rule has been used widely in many situations due to its simplicity. We
continue with two different classes of quadrature rules, namely the Newton-Cotes and the
Gaussian quadrature rules. These are among the most sophisticated classes of quadrature
and are the most popular in practice. These methods have been introduced by Sir Isaac
Newton (1642-1726), Roger Cotes (1682-1716) and Johann Carl Friedrich Gauss (1777—
1855), respectively (since the integrand is a polynomial, see Figure 7.2).

7.2 Newton-Cotes Quadrature Rules

Newton-Cotes rules are based on the approximation of the integrant f(«) by an interpolating
polynomial. The integral of f is then approximated by the integral of the interpolating
polynomial, which we can compute exactly.
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FIGURE 7.2
Ilustration of the interpolating polynomial at the quadrature nodes z;.

Using N + 1 equally-spaced points a = zg < 21 < ... < xny = b, the quadrature nodes
are defined as z; = x; for ¢ = 0,1,..., N. This situation is depicted in Figure 7.2. We
evaluate f(z) at these points and take the interpolating polynomial

N N
Py(e) = 3 F)t@) where (@) =[] 2.
i=0 i=0"" !

JFi

The quadrature formula for Iy [f], which approximates I[f], is defined as

b b N N b N
i) = [ Pu@) do= [ 3 fGtie) dx—zlﬂzi) [ i) dx] =S wif(z) |
@ ¢ =0 i=0 @ i=0

where the weights are given as
b
wi:/ i(z) de, i=0,1,...,N .
The general Newton-Cotes quadrature rule has the form
N
In[f] = szf(zz) . (7.1)
i=0

A classical example for numerical quadrature is the trapezoidal rule. In the trapezoidal
rule only two quadrature nodes are needed. These are the endpoints of the interval [a, b],
zo0 = xo = a and z; = 21 = b, and the linear interpolant P (z).

IZ"  Newton-Cotes quadrature rules are based on the idea of approximating an in-
tegral of a function f(x) by the integral of an interpolating polynomial of f(x).
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y = f(x) fla)

T

f(a)

Ty =a h

FIGURE 7.3
The trapezoidal rule.

7.2.1 Trapezoidal rule

The trapezoidal rule uses linear polynomials (i.e. N = 1) to approximate the function f(x).
For N =1 we have
T — I r—>b T — xg r—a

ﬁo(m)zxo_mlz— - and El(x)zixo_xlzih ,

where h = b — a is the length of the interval [a, b]. In this case, we have

b 1P 1 )
woz/aKo(m)dxzﬁ/a(:c—b)dx:2h(bfa) =5

and
1 1

b b
w1:/ l1(x) d:c:ﬁ/(xfa) da::%(bfa)zzg.

Substitution of the weights w; into the formula (7.1) yealds

h

nif] =3 [f(a) + 10) - (72)

After approximating the function f(z) with a linear interpolant, the integral is approximated
by the area enclosed inside the trapezium formed by the linear interpolant, and the lines
y =0,z =aand z = b (see Figure 7.3). Recall that the area of a trapezium is given by the
formula Area = [(large base) 4 (small base)| x @. This is the same with formula (7.2).

IF"  The trapezoidal rule requires only two quadrature nodes and approximates the
actual integral by the area of the trapezium bounded by the straight line joining the
two endpoints, the x-axis and the lines x = a and z = b.

7.2.2 Error estimate of the trapezoidal rule

To find out the accuracy of the trapezoidal rule, we define the error between the exact and
approximate values of an integral as

E\[f]=1[f] = Lf] -
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The subscript 1 indicates that we use only one interval to approximate the integral, viz.
[a, b]. Using the formulas for I[f] and I[f] we have

b b b
am:nﬂ—Mﬂa/ﬂmmﬁjﬁﬂ@mzjhﬂm—am>m7

where P is the first order Lagrange interpolating polynomial of (a, f(a)) and (b, f(b)). From
the formula of the interpolation error (6.7) we have that

1
2!

f(@) = Pi(x)

for some & € (29, 1) = (a,b). Thus,

(= zo)(z —21) ,

b b
Bilf) = 5 [ - ao)a—20s"©) do = 17©) [ - a)e—b) ds
1 1
= - (7.3)
Taking the absolute value of the error E;[f] we obtain
Bl = | 50— P70 = 150 - Ir(©) < on

where & = b — a and C = & max |f”(£)| .
The shaded area in Figure 7.3 represents the area of the trapezium. We observe that
when the length of the interval [a,b] is large (for example if A > 1) then the interpolation

error can be quite large since it is proportional to the length h3.

I¥"  Integrating in large intervals [a, b] with h = b — a > 1 requires composite rules
for high accuracy. Composite rules rely on the use of a grid of points a = zg < 1 <
.-+ < xn = b to define a partition of [a, b].

7.2.3 Composite trapezoidal rule

To increase the accuracy in computations we use the composite trapezoidal rule. Consider
a uniform partition of [a, b] with nodes 29 = a < x1 < --- < xy = b. We integrate using the

property
b N-1 Ti41
/ f(x) dz = Z/ f(z) do .
a i=0 Y Ti

To derive the composite trapezoidal rule, we apply the trapezoidal rule in each interval
[, 2i41]. In particular, we have

/z ) dr

k3

| S

Lf(zs) + f(@it)]

where h = ;41 — x;, for i = 0,1,2,..., N — 1. Hence, the composite trapezoidal rule can
be written as

2

—1
IN[f] = g

[f(z:i) + f(@it1)]

o
~—~

=

=~
=

[f(x0) +2f(w1) +2f(z2) +--- +2f(zn-1) + f(zN)] -

w\bﬁ
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FIGURE 7.4
The composite trapezoidal rule.

Figure 7.4 shows the approximation of the integral with the composite trapezoidal rule. The
composite trapezoidal rule can be viewed as the exact integration of the piecewise linear
interpolant of f(x) at the nodes z;, ¢ =0,1,...,N.

Implementation of the composite trapezoidal rule in Python is easy as well. The follow-
ing Python function computes an approximation of the integral of f from a to b using N
subintervals.

def trapezoidal(f, a, b, N):

# Composite trapezoidal rTule with N subintervals
= np.linspace(a, b, N+1)
= f(x)
= (b - a)/N
First add the internal nodes
sum = 0.0
for i in range(1,N):

sum += 2.0*y[i]
# Add the two boundary nodes
sum = 0.5*h*(f(a) + sum + £(b))
return sum

W B M

In the function trapezoidal we first define the N 41 quadrature nodes in the variable x.
We compute the interpolation points y=f (x) and we define a stepsize h. Then we compute
the sum over all the internal nodes in a for loop. The command of line 11 computes the
result taking into account the contribution of the boundary nodes. It is left as an exercise
for the reader to replace the for loop of the previous code using the NumPy function sum.

To test the function trapezoidal we estimate the integral

/2
/ sin(z) de =1 .
0

For testing purposes we use N = 10 subintervals.
f = lambda x: np.sin(x)

trapezoidal(f, 0.0, np.pi/2.0, 10)

0.9979429863543572

We observe that the result is correct up to two decimal digits or in other words the
error is O(1072). This is because h = 27/10 < C - 10~ for some constant C' > 0. On the
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other hand, the error of the composite trapezoidal rule is expected to be O(h?). The error
is estimated analytically in the next section.

IZ" The composite trapezoidal rule is more efficient than the standard trapezoidal
rule in large intervals, and can be used even for general functions f.

7.2.4 Error estimate of the composite trapezoidal rule

Denote h = x; 41 — x;. Then the truncation error E;[f] in each interval [x;,z;11] is given by
the formula (7.3) as

h3
Eilf] = —155"(&)

with & € (x;,2;4+1). The truncation error of a composite rule is the sum of the individual
truncation errors of the simple rule applied in each interval [x;, z;41]

N-1 3 N1
Ei[f] = T > &) - (7.5)
i=0 =0

Applying the intermediate value theorem to the second derivative and the fact that

N—
min f"(z) < Ll Z f(&) < max f"(z),

a<lz<b N a<z<b

[}

we conclude that there is a £ € (a,b) such that

1 N—-1
=5 2 ")

=0
Thus,
N1 b—a
F1(6) = NF"(&) = 2 1€
=0
From (7.5) we obtain
b— a)h?
Bl = -0 e < o

where h = x; 1 — x;. This means that the error Ex[f] — 0 as N — oo, and the error of the
composite trapezoidal rule is O(h?). Thus, the numerical approximation converges to the
exact value of the integral as N — oo,

lim Iyf] = I[f]

N —oo

7.2.5 Simpson’s rule

Simpson’s rule (named after Thomas Simpson (1710-1761) and also known as the 1/3 rule)
is a Newton-Cotes rule for the quadratic interpolation polynomial Pa(x). So for Simpson’s
rule we have to use 3 nodes and N = 2.
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We take g = a, ©1 = (a +b)/2 and x5 = b, and also z; = x; for i = 0,1, 2. The length
of each interval [z;,x;11] is h = (b— a)/2. The quadratic Lagrange basis functions given by
the formula (6.6) are

(x — x1)(x — x2) C h() = (z —xo)(x — x3) () = (z —zo)(w —21)
(zo — @1) (w0 — @2) (21 — @o) (21 — @2) (z2 — @o) (2 — 21)
The integration of these functions is easier if we introduce a variable £ = z — z; with origin
at z1. In the new variable, the coordinates of the nodes are £y = —h, £, = 0 and & = h.
The quadrature weights become

b h
wl:/ 4i(x) dm:/ £;(&) d¢, for i=0,1,2.
a —h

Specifically, we have

go(ﬂ?) =

_ M E-0E-n 1 " h
w= [ S = [, € o =5
M EHmE=h) 1" 4h
o= [ e = g [ e =

and

ot Erm)E—0), 1 [ L
w= [ Ry = e (€ o= g

Thus, Simpson’s rule for the approximation of an integral is

Bifl = gwm) ~ s [r@+ar () )

Similarly to the trapezoidal rule, Simpson’s rule can be inaccurate if the length A of the
interval [a,b] is large. For this reason, we consider the composite Simpson’s rule by di-
viding the interval [a, b] into smaller intervals and applying Simpson’s rule in each of the
subintervals.

7.2.6 Composite Simpson’s rule

Let N = 2m be an even number. We define h = (b — a)/N and z; = a + ih for i =

0,1,...,N. Because Simpson’s rule has three nodes, we consider the intervals [zaf, Z2g+2]
for k=0,1,..., 7 — 1. Then the integral I[f] can be written as
b N/2 1 x2k+2
[ #a) ds /
a o

We apply Simpson’s rule in the intervals [xo, J:Q], [€2,24], ..., [TN_2,2N] to Obtain

/%%+2 f(z) dz =~ g [f(zar) +4f (vapg1) + fw2rg2)] -

2k
The composite Simpson’s rule is given by the sum
N/2—1

INfl= Y 5 ) + 47 ake) + Fwansa)]

k=0

[f(zo) +4f(w1) +2f(v2) +4f(x3) + -+ 2f(xn—2) +4f(xN-1) + f(zN)] -

w| =
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[ IZ"  Note that the composite Simpson’s rule requires N = 2m to be an even number.

The implementation of Simpson’s rule in Python is very similar to the implementation
of the trapezoidal rule. The difference is that the values of the integrant evaluated at the
internal quadrature nodes z; for i = 1,2,... N — 1 are multiplied by 2 when 7 is odd and
by 4 when i is even. For this reason, an implementation of the composite Simpson rule
could compute the two sums in two different for loops. In our implementation we avoid
the use of for loops and we just use a vectorized algorithm. In particular we store all the
values f(z;) in a vector s. We then multiply first all the entries by 2 except for the first
and the last entries (line 6). Then we multiply all the even entries again by 2 so as to form
the coefficients 4 (line 7). Finally we compute the sum and we multiply by h/3 in the last
command of the code.

def Simpson(f, a, b, N):
# Composite Simpson rule with N subintervals
h = (b - a)/float(N)
x=np.linspace(a, b, N + 1)
s = £f(x)
s[1:N]=2*s[1:N]
s[1:N:2]=2xs[1:N:2]
return h/3.0*np.sum(s)

Testing the code for the same integral as in the case of the trapezoidal rule

/2
/ sin(z) de =1,
0

using N = 10 intervals we observe that Simpson’s method is more accurate compared to
the trapezoidal rule.

f = lambda x: np.sin(x)

Simpson(f, 0.0, np.pi/2.0, 10)

1.0000033922209004

The result is correct with 5 decimal digits indicating that the composite Simpson rule
is accurate with error of order h*.

7.2.7 Error of Simpson’s rule

Similar to the trapezoidal rule error, the error of Simpson’s rule will be

b
Eolf] = / f(2) - Py(a)] de

where P, is the unique interpolating polynomial of the function f(x) at the nodes zy = a,
x1 and xo = b. Thus,

Balfl =3 [ w=a) (s- 55) 0-0) £00e(a) do.
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where due to the continuity of the function f*(z) we have

a+b

b 2
Balf) =~ 530 9) [ @-a) (2= “52) (-a) o,
with &; € (a,b). Thus, if f € C*[a,b], there is a £ € (a,b) such that
_(b—a)®

E = (4) )
2] =~ 5 ge 17O
Working similarly for the composite Simpson’s rule we obtain
/ f(z)dx — In[f]
_ 24 180 {(:Bz — o) f(4)(£0) + (x4 — x2) f(4)(§1) o+ (zy — $N—2)5f(4)(£1\r/2_1)}
N/2 1 94}, N/2-1
W) = (2 @) (¢
T20180 180 Z F&) = — 5159 (31 Z !
h4 N/2 1
= _ (4) _ (4)
1w Z FDE) = 1 b a) D (E)

with & € (xok, Tagt2), for £ =0,1,...,N/2 — 1. The existence of £ € (a,b) for which

N/2 1

(4) Z f(4)

is guaranteed by the intermediate value theorem and the assumption f € C*[a, b]. Therefore,
for all f € C*[a,b] there is a £ € (a,b) such that

_l)—7ah4f(4) (&) .

En[f] = 180

BE”  Simpson’s rule is fifth order accurate while its composite rule is fourth order.
Interestingly we have gained two orders of accuracy from Trapezoidal rule by in-
creasing the degree of the polynomial only by one degree!

7.2.8 Degree of exactness

The degree of exactness of a quadrature rule In[f] is the largest degree of polynomial for
which the quadrature rule can integrate without making any error. In other words the degree
of exactness is the integer n such that the quadrature error E[xk] =0forall k=0,1,...,n
and E[z""1] # 0. Since the integral is a linear operator we conclude that a quadrature rule
of degree of exactness n can integrate exactly (up to the machine precision) polynomials of
maximum degree n.

Obviously the trapezoidal rule has degree of exactness 1. Although Simpson’s rule was
designed to be exact for polynomials of degree 2, it happens to be exact also for polynomials
of degree 3. In order to see this, we compute the errors

- /abf(x) da — b_Ta (f(a) +4f (“;b) +f(b)) ,
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for f(x) =1,x,22 and z:

El=(-a) - %1 +4+1)=0,
E[x]:%[xQ]Z—bga (a+4“;b+b) :%(beaQ)fW:O,
Ble?) = 3t - 150 (a5 1)
- l(bea3)f —%(a? + ab+ b?)
:%(bg’—a?’—(a2b+ab2+b3—a3—a2b—ab2))
:()7
Ela?%) = i[x‘*]g— bg“ (a3+4(“+8b>3 +b3>
:%(b‘i—a‘l)— bga <a3+a3+3a3b;r3ab2+b3 —|—b3)
:%(b‘ifa‘*)f bgag(aua%mb%b%
=0.

The conclusion is implied by the fact that E[1] = E[z] = E[2?] = E[z3] = 0 while E[z?] =
(a —)°/120 # 0. Thus, the degree of exactness for Simpson’s rule is 3.

IZ"  The knowledge of the degree of exactness of a quadrature rule helps in choosing
appropriate quadrature for the exact computation of integrals involving polynomials.

7.3 (Gaussian Quadrature Rules

Various Newton-Cotes formulas have been derived by integrating interpolating polynomials.
The error term in the interpolating polynomial of degree N involves the (N + 1)-th order
derivative of the function being approximated. So simple Newton-Cotes formulas with N +1
nodes are expected to be exact for polynomials of degree at least N.

In this section we study Gaussian quadrature rules. Gaussian rules have been designed
to be simple and integrate exactly polynomials of degree greater than N. The key ingredient
in Gaussian quadrature is the choice of the quadrature nodes, which are not equally spaced
and do not include the end-points of the integration interval. In the approximation of an
integral using the general quadrature formula

b N
/ f@) dz = > wif(z) (7.6)
a =0

the nodes zg, 21,...,2y in the interval [a,b] and coefficients wq, w1, ..., wy, need to be
chosen appropriately. This means that a quadrature rule can be defined by determining
these 2(IN + 1) parameters. The coefficients wg, w1, ..., wy in the approximation formula
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(7.6) can take any value, and the nodes zp, z1, ..., 2y are restricted only by the fact that
they must lie in the interval of integration [a,b]. We will determine all these parameters
such that the resulting method integrates exactly polynomials of degree 2/N + 1. The space
of polynomials of degree 2N + 1 can be generated by the 2(N + 1) monomials x?, for
i=0,1,...,2N 41, and this fact will help us to determine the 2(N + 1) parameters of the
quadrature.

7.3.1 Choice of nodes and weights

For simplicity and convenience we will consider the interval [a,b] = [—1,1]. Suppose that
we want to approximate the integral
1
IRCES
-1

using formula (7.6) for N = 1. In this case, we need to determine the weights wp, w1, and
the nodes zp, z1 so that the integration formula wo f(zo) + w1 f(21) is exact whenever f(x)
is a polynomial of degree 2N +1=2-1+41 = 3 or less. This means that we need

1
/_ @) do = wof(z0) +wn f 1) (7.7)

for polynomial functions
f(x) = ag + a1z + aga® + agz®

for some constants ag, a1, as and az. Due to the linearity of the integral we have
/(a0+a1m+a2x2+a3x3) dgc:ao/l dm+a1/x dw—i—ag/mQ dx—i-ag/x?’ dz .

Thus, it suffices to show that the quadrature rule is exact when f(x) is 1, x, 22 and 3.
Then the formula will be exact for any linear combination of these monomials. Applying
the quadrature formula (7.7) to these monomials we observe that the parameters wq, wi,
2z, and z; satisfy the equations

1
w0-1+w1-1=/ de =2,
-1

1
wo-zo+w1-z1:/ rdr=0,

—1

1 2
wo-zg—kwyzf: 1:2dx=f,
1 3
1
w0~zg’+w1'zi’:/ 2® dr=0.
—1

Solving the above system of four equations with four unknowns, we find the unique solution

V3 V3

wyp=1, w; =1, z():—?, and zlz?.

Substituting into the integral formula (7.7), we obtain the quadrature formula

! V3 V3
/ﬂf(x) dmf<3>+f<3> .
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By construction, this quadrature rule is exact for polynomials of degree at most 3 and thus
it has degree of exactness 3.

The question now is whether there is a generic way to determine the nodes and weights of
the Gaussian quadrature for any value of N. In fact, there are many ways to determine the
parameters of Gaussian quadrature. In the next section we present one such method based
on the Legendre polynomials. Because of its construction this quadrature rule is known to
as the Gauss-Legendre quadrature.

7.3.2 (Gauss-Legendre quadrature rules

In this section, we present how to find simple quadrature formulas that integrate exactly
polynomials of degree 2N + 1. In particular, we consider a special class of methods based on
the Legendre polynomials. Legendre polynomials are named after Adrian-Marie Legendre
(1752-1833) and are solutions to Legendre’s differential equation

d

. (1-— mQ)%Pn(a:) +nn+1)P,(z) =0,

and they form a basis for the set of polynomials of degree 2N + 1
{Po(x), Pi(x),...,P(x),...} .
Legendre polynomials can also be defined recursively by the formula
(n+1)Poyi(x) = 2n+ DazPy(x) —nPp_q1(z) forn=1,2,...,

with Py(z) = 1 and P;(z) = 2. Their most important property is that they are “orthogonal”
in the sense that
2

2n+1

mn »

/_ 11 Pon(2) P() do =

where
1, ifm=n

5m"_{ 0, ifm=#n ~’

denotes the Kronecker delta.
The first five normalized Legendre polynomials are

1
Py(z) =1, Pi(z)==1z, Py(z)=2a— 3

Py(x) = 2% — gx, and  Py(z) =2 — -2+ — .

The roots of these polynomials are distinct and lie in the interval (—1,1). Moreover, they
are symmetric around the origin. In our case, the roots of the (N + 1)-th degree Legen-
dre polynomial are taken to be the nodes zg, 21, ..., 2y and these produce the quadrature
formula that is exact for any polynomial of degree at most 2V + 1.

If 29, 21, ..., 2N are the roots of the (N + 1)-th Legendre polynomial Py1(x), then the
weights w; for ¢ =0,1,..., N are defined by

QLRI
w; = L dx . (7.8)
/1].1_‘[21‘_/2]'

Jj#i
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We first show that using these nodes and weights for the Gaussian quadrature the formula

N
=0

is exact for polynomials of degree 2N + 1. This fact is summarized in the following theorem:

Theorem 7.1. For any polynomial P(x) of degree at most 2N + 1, we have

1 N
/ P(z) doe = ZwiP(zi) ,
-1 i=0

where z; are the roots of the (N + 1)-th Legendre polynomial and the weights w; are given
by (7.8).

Proof. Initially we prove this result for polynomials P(x) of degree less than or equal to
N. The Lagrange polynomial that interpolates the polynomial P(x) at the nodes z;, i =

0,1,...,Nis
N
P =3 Plaite) = T 222G

=0 J=0
J#i

This representation of the polynomial P(z) using Lagrange polynomial basis functions
is exact due to the uniqueness of the interpolating polynomial. Integrating the last formula
yields

1 1 N 1 N
Z T — Zj
/P(w)dm:/ ZHZ JPZZ do =) / HZV?ZJ_ dz| P(z)
-1 i=0 i=0 ~* i=0 -1 ;-1 ~ J
J#i J#i
N
=0

Hence the quadrature is exact for polynomials of degree less than or equal to V.

For polynomials P(x) of degree at least N + 1 but less than or equal to 2N + 1, the long
division of P(z) by the (N + 1)-th Legendre polynomial Py.1(x) will have quotient Q(z)
and residual R(z) of degree less than or equal to N. This long division can be written as

P(z) = Q(x)Pnyyi1(x) + R(x) ,

and implies that if z; is a root of Py11(z), then P(z;) = R(2;). Since the degree of the poly-
nomial Q(x) is less than N +1, then the orthogonality property of the Legendre polynomials
implies

/ Qe)Pxsa(o) do =0,

which means that the integral of P(x) depends only on the residual R(x). On the other
hand, since R(z) is a polynomial of degree less than or equal to N, we have

i N
/ R(z) dx = ZwiR(zi)
-1 i=0
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TABLE 7.1
Gaussian nodes and weights for N =0,1,2,3,4

N Z Wi
0 0 2
1 +4/3 1
2 e
0 :
2 omfi-nfi e
A =
4 0 358
+14/5 -2/ 32241370
STCEENEIES

So we conclude that

1

1 1 N
Pa) dz = / Q(2) Py 11 (z) + R(z)] dz = / R(z) dv =3 wiR(z)
1 i=0

which shows that the Gauss-Legendre quadrature is exact for polynomials of degree at most
2N + 1. O

In order to implement the Gauss-Legendre quadrature we need to know the roots of the
Legendre polynomials and the respective weights. These nodes and weights are not easy to
be determined analytically. Table 7.1 presents the nodes and weights of Gauss-Legendre qu-

adrature for N = 1,2,3 and 4. For large values of N we usually employ numerical methods
for their computation.

7.3.3 Gaussian quadrature on general intervals

While we developed the Gaussian quadrature in the interval [—1, 1], it is usually required to

approximate integrals over general intervals [a, b]. This can be done by changing the variable
of integration x. Specifically, the general integral

/abf(:v) dx

can be transformed into an integral over [—1, 1] by utilizing the change of variables

2r—a—0b . b—a a+b
t=———— orequivalently x= t+
b—a 2 2




10

11

12
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This change of variable transforms the original integral into

b ! b—a a+b b—a
dr = . dt .
/af(x)x/_lf(2t+2) 2

Approximating the last integral using the Gaussian quadrature gives

b . N .
/a F@) do~ QG;wzf (b2“t+“;rb> . (7.9)

BE"  To derive composite Gaussian quadrature formulas we divide the interval [a, b]
into sub-intervals [x;,z;11] and we apply Gaussian quadrature in each subinterval.

It is worth mentioning that the midpoint rule can be derived as the Gauss-Legendre rule
with N = 0. This is a direct consequence of (7.9) for N = 0, and with values wy = 2 and
xo = 0 from the Table 7.1.

An implementation of a Gauss-Legendre quadrature rule with N = 2 can be the follow-
ing:

def GaussLegendre3(f, a, b):
# Implementation of Gauss—-Legendre quadrature with
# 3 nodes in general interval |a,D]
N =2
# define quadrature weights and nodes
w = np.array([5.0/9.0, 8.0/9.0, 5.0/9.0])
z = np.array([-np.sqrt(3.0/5.0), 0.0, np.sqrt(3.0/5.0)]1)
# amplement formula (7.9)
cl = (b-a)/2.0
c2 = (atb)/2.0
s = cl#np.inner(w, f( cl*z + c2 ))
return s

In order to test this function we consider the approximation of the integral

1
/ e’ cosz dx
-1

using Gauss-Legendre quadrature with N = 3. Doing the computations analytically we have

1
/ e® cosx dx =~ 0.5e0 74596692 ¢05(0.774596692) + 0.8 cos0
-1

+ 0.5 70774596692 ¢05(_ (). 774596692)
= 1.9333904 .

One can evaluate the exact value of the previous integral using integration by parts. In
particular, its exact value is [(1+€2) sin(1) — (1—e?) cos(1)]/2e ~ 1.9334214. So the absolute
error of the Gauss-Legendre quadrature in this case is about 3.2 x 10~°. Using our function
we get the following result:
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f = lambda x: 0.5*np.exp(x/2.0)*np.cos(x/2.0)
GaussLegendre3(f, -2.0, 2.0)

1.9333904692642978

This result agrees with our theoretical computation. If we need to use more nodes and
especially if N > 4, then we need to approximate the quadrature nodes and weights using
appropriate computational techniques. For example, the quadrature nodes can be approxi-
mated using Newton’s method applied to the Legendre polynomials, while the computation
of the quadrature weights can be implemented using the composite trapezoidal or Simpson
rule.

Approximations of the Gauss-Legendre quadrature nodes and weights can be obtained
in Python using the function leggauss of the module numpy.polynomial.lagendre. The
simple call leggauss(degree) will return two one-dimensional arrays x and y containing
the nodes and weights for the Gauss-Legendre quadrature with N points, respectively. The
parameter degree should be equal to N + 1.

7.3.4 Error analysis of the GGaussian quadrature

The orthogonality property of Legendre polynomials was found to be very useful in the con-
struction of a Gaussian quadrature rule. Here we consider general orthogonal polynomials
of degree at most N + 1 (instead of the Legendre polynomials) and a Gaussian quadrature
rule with N + 1 nodes. In what follows, we estimate the error between the actual integral
and the result of the quadrature. In general, we can derive Gaussian quadrature rules us-
ing any kind of orthogonal polynomials, and thus the proof here applies to every Gaussian
quadrature rule.

Theorem 7.2. Consider a function f € C*N*2[a,b] and the quadrature nodes zg, 21, . . ., 2N
in [a,b]. Then for the Gaussian quadrature rule

the following error estimate holds true:

1] - Inlf] = L0 /cf

2N + 2
where v
Q(Z‘) = H(l‘ - ZZ) )
i=0
and ¢ € (a,b).

Proof. In this proof we will make use of the Hermite interpolation polynomial Hopn 1. From
Theorem 6.4 we know that the error between f(z) and its Hermite interpolant Hopn 1 ()
at the nodes zg, z1,..., 2N 18

FENHR(E(x))

(2N + 2)! Q) -

f(z) — Hania(z) =
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Since the Gaussian quadrature with NV + 1 nodes is exact for polynomials of degree at most
2N + 1, then

b
/ Honi1 do = In[Hony1] = IN[f] -

The last equality is a consequence of the fact the f(z;) = Han1(2;) since Han 41 interpo-
lates f at z;.
Integrating the error formula between f and Han41 we have that

b b (2N +2) b
/a f(@) da;—IN[f]:/u [ (2) — How ) d;v:M/a Q@) da |

The last equality follows from the mean value theorem of integral calculus (Theorem 4.6),
and the proof is complete. O

This theorem ensures the convergence of the Gaussian quadrature to the correct integral,
in the sense that

b
Jim vl = [ fw) do

It also indicates that the error in the Gaussian quadrature is proportional to [(2N +2)!] 71,
which can be remarkably small.

Remark 7.3. All the analysis and the derivations of this chapter can be generalized to the
case of weighted integrals of the form

/ " @) () da

which can be found in various applications.

7.4 The Module scipy.integrate

Each of the quadrature rules we have discussed so far is implemented in the module
scipy.integrate.

7.4.1 Trapezoidal rule

The composite trapezoidal rule is implemented in the module scipy.integrate with the
function trapezoid. The general call of the function trapezoid is the following:

trapezoid(y, x, dx, axis)

where
y:  An array with the values y; = f(x;),i=0,...,N
x:  An array with the nodes x;, i = 0,..., N. (Optional with default value None)

dx: Spacing of quadrature nodes along axis of y only when x=None. (Optional with default
value 1.0)

axis: Axis along which to integrate. (Optional with default value -1)
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For example, we show here the use of the function trapezoid for the integral

w/2
/ sin(z) dx .
0

After we create a grid of N+1 points x; and the values f(x;) we call the function trapezoid
in its simplest form.

from scipy.integrate import trapezoid
f = lambda x: np.sin(x)

x = np.linspace(0.0, np.pi/2.0, 11)

y = £(x)

print( trapezoid(y,x) )

0.9979429863543573

Observe that the command linspace generates 11 quadrature nodes which means that
N =10, and the result is identical with our implementation.

7.4.2 Simpson’s rule

Composite Simpson’s rule is implemented in the module scipy. integrate with the function
simpson. This function’s general call is almost the same with that of the function trapezoid
with the difference that in this case, we need to specify how to treat the case, where N is
odd number. The general call of the function simpson is the following:

simpson(y, x, dx, axis, even)

where
y:  An array with the values y; = f(x;),i=0,...,N
X: An array with the nodes z;, i =0, ..., N. (Optional with default value None)

dx: Spacing of quadrature nodes along axis of y only when x=None. (Optional with default
value 1)

axis: Axis along which to integrate. (Optional with default value -1)

even: A string that specifies how to treat the case if N is not even. It can take the value
’first’ to use Simpson’s rule for the first N — 2 intervals and the trapezoidal rule
on the last interval, and ’last’ so as to use trapezoidal rule on the first interval
and Simpson’s rule for the rest of the intervals, and avg to return the average of the
previous two case. (Optional with default value ’avg?)

For example, we present here the use of the function simpson using the same integral

as before
71'/2
/ sin(x) dx .
0

After we create a grid of odd number of points z; (N even) and the values f(x;), we call
the function simpson in its simplest form.
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from scipy.integrate import simpson
f = lambda x: np.sin(x)

x = np.linspace(0.0, np.pi/2.0, 11)
y = £(x)

print( simpson(y,x) )

1.0000033922209006

The result is identical with our implementation, and the accuracy is better than the accuracy
of the trapezoidal rule with the same number of quadrature nodes.

7.4.3 Gaussian quadrature

A Gaussian quadrature rule is implemented in SciPy in the function fixed_quad of the
module scipy.integrate. The general call of the function fixed_quad is

fixed_quad(func,a,b,args,n)

where func is the integrant, a and b are the integration limits, args is an optional argument
with default value None containing additional arguments needed in the function func, if
any. Finally, the argument n is again optional with default value 5 and is the order of
the quadrature rule (i.e. n= N + 1). The previous example can be implemented using the
function fixed_quad in the following way:

from scipy.integrate import fixed_quad
f = lambda x: 0.5*np.exp(x/2.0)*np.cos(x/2.0)
print( fixed_quad(f,-2.0,2.0,n=3) )

(1.9333904692642971, None)

We observe that the function returns the approximate value of the integral (which agrees
with our previous computations) and also a second result (None) which consists of statistical
information if there are any.

SciPy has also general purpose routines that can control the error, such as the functions
quads and quadrature. The function quadrature is an adaptive Gaussian quadrature rule.
The basic call of the function quadrature is

quadrature (func,a,b,args,tol,rtol ,maxiter,vec_func,miniter)

where
func: Is the name of the function f(z)
a and b: The end-points of the interval [a, b]

args: Additional arguments and parameters for the functions f. (Optional with default
value args=())

xtol and rtol: The absolute and relevant error tolerances for the termination of the
method. (Options with default value for both tolerances 1.49e — 8)

maxiter: The maximum order of Gaussian quadrature. (Optional with default value
maxiter=50)
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O_ff?()) C f(x) C f(zN)

FIGURE 7.5
Object moves under the influence of the force f(z).

vec_funct: Boolean variable which is True or False if func is a multivariable function.
(Optional with default value vec_func=True)

miniter: Is the minimum order of the Gaussian quadrature. (Optional with default value
is miniter)

The function quadrature returns the approximation of the integral and the difference
between the last two estimates. For example, the approximation of the integral

1
/ e® cosx dr
1

from scipy.integrate import quadrature
f = lambda x: 0.5*np.exp(x/2.0)*np.cos(x/2.0)
print ( quadrature(f,-2.0,2.0,tol=1.e-15,maxiter=100) )

can be done using the following code

(1.933421496299271, 9.692333602373537e-10)
We observe that the last two estimates of the integral differ by an amount of O(10719).

BF"  Adaptive quadrature rules are useful in cases where the integrant function con-
sists of different scales or varies irregularly in different areas of the integration in-
terval.

The module scipy.integrate also contains general purpose functions for the evalua-
tion of definite integrals in one, two and general multiple dimensions. The functions quad,
dblquad, tplquad and nquad can be used for the computation of integrals with one, two,
three or multiple variables respectively.

7.4.4 Application in classical mechanics

Work in physics measures the energy transfer during the motion of an object under the
influence of external force and it is measured in Joules (J) (1 Joule = 1 Newton - meter).
For example, the object in Figure 7.5 changes location = due to a force f(x). The work done
by the force f(x) to move the object from the location zq to zx is

TN
W = / flz) dx |
o
and is practically the area enclosed by the graph of the function f(z), the z-axis and the

lines © = xp and z = x. Assume that N = 14. We measure the force applied to the object
of Figure 7.5 at the locations zg,x1,...,z15 and we report its magnitude in Table 7.2.
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TABLE 7.2
The magnitude of the force f(x;) measured in Newtons at the locations z;, i =
0,1,...,15 measured in meters

i 00 01 02 03 04 05 06 07 08 09 10 11 12 13 14
f(z;) 0.0 045 145 23 31 31 31 25 11 11 1.1 0.8 0.6 0.3 0.0

The most straightforward way to estimate the work done by such a force is by ap-
proximating the work integral using the composite trapezoidal rule. Here, we employ the
function trapezoid of the module scipy.integrate with quadrature nodes the values z;
for i =0,1,...,15.

from scipy.integrate import trapezoid
import numpy as np

x = np.arange(0.0,1.5,0.1)

y = np.array([0.0, 0.45, 1.45, 2.3, 3.1
2By Lolly doily i, ©.&

print( trapezoid(y,x) )

2.1

Using the previous code we obtained the result which is 2.1 J. If we want to use different
quadrature nodes, then we must first interpolate the data, and then integrate the inter-
polant. If for example we take the cubic spline interpolant, then we could use Gaussian
quadrature such as the formula (7.7) in each interval. Because the interpolant is a cubic
polynomial in each interval, the result of Gaussian quadrature with at least two nodes will
contain only the interpolation error.

7.5 Further Reading

Numerical quadrature is a topic contained in every textbook related to numerical analysis
[25, 70, 76, 22, 26, 7, 127, 108]. Specialized books on numerical integration includes the
classical book by Davis and Rabinowitz [30], and other more recent books such as [14, 38].
A specialized book on Gaussian quadrature is [131]. Modern computer codes for adaptive
quadrature rules are usually based on the techniques described in [101]. An interesting
book, especially for postgraduate students, is that by Stewart [124], which is structured in
individual lectures.



Chapter Highlights

e Quadrature or numerical integration is the approximation of integrals by finite

sums of the form
b N
/ f(z) dz =~ sz’f(zi) )
@ i=0

where z; are called quadrature nodes and w; weights.

e The simplest quadrature rule is the midpoint method with N =0, w; = b —a
and z; = (a +b)/2.

e Composite quadrature rules are obtained if we divide the integration domain
into multiple subintervals and apply the respective quadrature rule in each of
these subintervals.

e The weights and nodes of the composite midpoint rule given a grid
a=x9<x1 <--<xy=>bare defined as z; = (x; + x;41)/2 and
wW; = Tiy1 — T;, respectively.

e Newton-Cotes quadrature rules come from the integration of an interpolating
polynomial of f at the N + 1 nodes x;, ¢ =0,1,...,N. When N =1 the
method is called trapezoidal rule, and when N = 2 Simpson’s rule.

e The error of the trapezoidal rule is O(h?) and the respective error of Simpson’s
rule is O(h®) with h = b — a. The composite rules have errors of order one less
than the simple rules.

e The estimation of the discretization error in a numerical method can provide a
proof of its convergence.

e Composite Simpson’s rule requires N = 2m to be even number.

e The degree of exactness is the largest degree of polynomial for which the
quadrature rule can integrate exactly.

e The degree of exactness of Newton-Cotes rules with NV + 1 nodes is at least N.

e Gaussian quadrature rules with NV 4 1 nodes have degree of exactness 2N + 1,
and error O([(2N + 2)!]71).

e Gauss-Legendre rule employs the N + 1 zeros of the (N + 1)-th Legendre
polynomial zg, 21, ..., zx as nodes and weights given by the formula (7.8).

e The midpoint rule can be considered as a Gauss-Legendre rule with N = 0.
Thus, it has degree of exactness 1.

e Usually the nodes and weights of Gauss-Legendre rule are computed
numerically.

e The module scipy.integrate contains the implementation of all classical
quadrature rules as well as general purpose automatic integration routines.
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Exercises

1. Consider the integrals

1 1 etl 4
I =/ z? de, I :/ z2e " dr, and I3 :/ dz .
0 0 e zlnzx

(a) Compute approximations (without the help of Python) of the following integrals
using the Midpoint, Trapezoidal and Simpson rules.

(b) Compute the exact values of the integral I, Iy and I3.

(¢) In each case estimate the errors between your approximations and the exact values,
and compare with the formula of Section 7.2.2.

(d) Verify the results using appropriate Python functions.

2. Consider the integral
b
1= [ @) do.

(a) Using Lagrange polynomial interpolation on appropriate grids derive the follow-
ing Newton-Cotes-type quadrature rules known to as Adams-Bashforth-Moulton
quadrature formulas:

h

Ql[f]:ﬂ

[55f(a) — 59f(a — h) + 37f(a — 2k) — 9f(a — 3h)] ,

Qalf) = o= [97(a+ h) +197(a) ~ 57(a ~ h) + fla — 20)]

(b) Write Python programs to implement the quadrature rules @; and Q-.
(c) Estimate experimentally the degree of exactness of these formulas.

(d) Describe their advantages and disadvantages compared to other Newton-Cotes
methods.

(e) Use these formulas to estimate the integrals of Problem 1.

3. Write a Python function with name midpointquad and arguments as in the following
code to implement the composite midpoint rule:

def midpointquad(func, a, b, n):

# quad = midpointquad(func, a, b, n)
# comments

return quad

where func indicates the name of a function, a and b are the lower and upper limits of
integration, and n is the number of points (not the number of intervals).

. . . . . 1

(a) Debug your m1dp01nT:quad routine by computing the integral fo 2z dx = 1. Even

if you use only one interval (n=2) you should get the exact answer because the
midpoint rule integrates linear functions exactly.
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(b) Use your midpoint routine to estimate the integral of Runge’s function, f(x) =
1/(1 + 2?%) over the interval [—5,5]. The exact answer is 2arctan(5). Fill in the
following table, using scientific notation for the error values so you can see the

pattern.
n h Midpoint Result Error
11 1.0
101 0.1
1001  0.01
10001 0.001

(c) Estimate experimentally the order of accuracy (an integer power of k). This can be
done by the errors and the values of h of the previous question.

(d) Study the degree of exactness of the midpoint rule by computing the integrals of
the following polynomials using the single interval [0,1] and n = 2.

func Midpoint Result Error
1
2x
32
4q3

(e) For some methods, but not all, the degree of exactness is one less than the order of
accuracy. Is that the case for the midpoint rule?

4. Tmplement the trapezoidal and Simpson’s rules and repeat the study of the previous
problem.

5. Implement the Gauss-Legendre Quadrature rule with N nodes. For the computation of
the quadrature nodes and weights of the Gauss-Legendre quadrature rule use the Python
function leggauss of the module numpy.polynomial.legendre.

(a) Debug your function by showing that its exactness is at least 1 for N = 1 using the
integral fol 2x dzx = 1.
(b) Fill in the following table by computing with your code the integrals over [0, 1] of
the indicated integrands.
f Error for N =2 FError for N =3
R
423
5
625
725
Degree

(c) Compute accuracy estimates of the integral of Runge’s function in the interval
[—5,5]. Recall that the exact answer is 2arctan(5). Fill in the following table with
the computed errors:

N  Gauss-Legendre Result Error
3
7
11
15

6. Consider the (rectangular) quadrature rule defined for any f € C|a, b] by
I[f] = (b—a)f(a),
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with error

b
Em=/ﬂ@M—WL

(a) Prove that the quadrature rule I[f] integrates exactly polynomials of degree 0. In
other words prove that E[p] = 0 for all p € Py.

(b) Prove that for f € C'[a,b] there is a £ € (a, b) such that

(c) Let N € N, h = (b—a)/N and z; = a+ih,i = 0,1,..., N. Prove that for f € C'[a, b]
there is a £ € (a,b) such that

b = b—a
[ @ de= Y sw) =25 hs1©)
a i=0

7. Let f € C'[a,b]. Consider the quadrature rule

with error

Em=/ﬂ@M—WL

(a) Prove that the quadrature rule I[f] integrates exactly polynomials of degree less
than or equal to 1. In other words prove that E[p] = 0 for all p € P;.

(b) Prove that for f € C?[a,b] there is a £ € (a,b) such that

(b—a)’

L)

E[f] =

(c) f NeN,h=(b—a)/N and x; = a+ih,i=0,1,...,N. Prove that for f € C?[a, b
there is a £ € (a,b) such that

‘ﬁﬂ@m—%fhﬂm+§fmﬂ=%fﬁﬂ©-
a i=0

8. Consider a function f on [a,b] and a partition {zg,x1,z2} such that xg = a, z1 =a+h
and zo = b with h = (b — a)/3. We approximate the integral

b
[ @ do,
using the quadrature rule defined by

9

I[f] = th(%) + th(lﬂz) .

(a) Find the degree of exactness of I[f].
(b) Apply this formula to estimate the integral

1
/ z2e % dx .
0
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(¢) Estimate the error between the numerical and the exact solution and compare with
Simpson’s rule.

9. Consider f € C'[a,b] and a uniform grid of nodes x;,i = 0, 1,..., N. Define the composite
quadrature rule

bﬂﬂ=hl;ﬂm%+§if®0+;f®m 1P an) - @)

with h = (b— a)/N.

(a) Derive a quadrature rule with one interval which applied to each interval [z;, ;1
leads to the composite rule In[f].

(b) Prove that for f € C*[a,b] there is £ € (a,b) such that

b —a
[ fa) do = Inif) = 2SO

10. Gaussian quadrature can be used to approximate integrals of functions that suffer from
singularities at the endpoints of the integration domain. Verify that Gaussian quadrature
can compute the following singular integrals

2

1 log(1—= T
(a) Jy =BG do =~
2

1 1o T T
(b) Jy 222 do = —75

1 1o 22 T
(c) Jo EGT du =~

—

b
2

11. A car is traveling on a straight road for 20sec with speeds recorded at the time instances
to,t1,...,ty as in the following table:

t; 00 45 6.1 84 100 12.7 153 172 18.8 20.0
v(t;) 0.0 120 31.3 55.1 51.0 452 232 126 5.8 0.0

The speeds v(t;) are in km/h while the times ¢; in seconds.

(a) Determine the distance covered by the car using the data of the previous table.
(b) Determine the average speed of the car.

(¢) Compute a cubic spline interpolant and use it to find the total distance covered by
the car. Employ adaptive quadrature.
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8

Numerical Differentiation and Applications to
Difterential Equations

There are many numerical methods as well as applications that rely on the approxima-
tion of derivatives. For example, the Secant method required the approximation of the first
derivative for the approximation of roots of functions. Approximation of derivatives is of
significant importance also for the derivation of efficient methods for the numerical solution
of differential equations. In this chapter, we turn our attention to the numerical approxima-
tion of derivatives in a systematic way. We also discuss applications of the approximation
of solutions of ordinary differential equations. We close this chapter with an application in
epidemiology.

8.1 Numerical Differentiation

Recall that the derivative can be defined by any of the following limits

f/(ifo) — lim flz) — f(xO) ’

T—To Tr — X

f(xo+h) = fxo)

f'(@o) = lim h ’
f’(xo) _ }Ll_% f(xO) — i(ﬂfo — h’) )

Using these limits we can obtain even more formulas for the first derivative. For example,
adding the last two limits and dividing by 2 we obtain the formula

h) — —h
F(z9) = lim f(zo + )th(xo )

The derivative f'(zq) is the slope of the tangent line of f(z) passing through the point
(zo, f(z0)). Each limit in the previous definitions of the first derivative is the limit of the
slope of a secant as h — 0. Since the derivative f/(z() is a limit of approximating secant
slopes, a first way to find an approximation for f’(x¢) is to choose a small value for the
parameter h and evaluate the fraction without the limit for the particular value of h.

8.1.1 First-order accurate finite difference approximations

In the formula
F'(w0) = lim f(xo+h) — f(zo0)

h—0 h ’
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FIGURE 8.1
Finite difference approximations of the first derivative.

we take h to be sufficiently small that zg + h ~ xy. For such h we expect that

(o) e TN = T00)

This difference quotient is known to as the forward finite difference approximation of the
derivative f'(xz() and is denoted by

f(zo+h) = f(zo)
o )

This is the slope of the secant crossing the graph of f at the points (xg, f(z0)) and (2o +
h, f(zg + h)) and is presented in Figure 8.1.

For example, consider the function f(x) = xsin(z) and assume that we want to find an
approximation of the derivative f’(7/2). The derivative of f(x) is f/(z) = sin(x) + x cos(x),
and thus f'(7/2) = 1. We approximate this derivative using the formula (8.1) with h = 0.01
and xog = 7/2. This can be implemented in Python in the following way:

Dy f(xo) =

(8.1)

def f(x):
y = x*np.sin(x)
return y
x0 = np.pi/2
h=0.01

# approzimation of the dertvative using (8.1)
derivative = ( £(x0+h) - £(x0) ) / h
print('df(x) =',derivative, 'Error =',np.abs(derivative-1.0))

df (x) = 0.992096084232319 Error = 0.007903915767681013

Our first observation is that the discretization error should be O(h): Using h = 0.01 we
obtain an approximation of the derivative with two decimal digits correct f’(zp) = 0.99.
This is an indication of first order convergence rate. By taking smaller values of A we can
achieve better accuracy.

Similarly, fixing 0 < h < 1 in the limit

f'(z) = lim
=
we obtain the finite difference approximation

f(xo) — fzo — h)
- .

f'(wo) =
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This approximation is called backward difference approximation and it is denoted by

fl@o) = fwo—h)

Dy f(wo) = h

(8.2)

This formula can be implemented with the following simple code

x0 = np.pi/2

h =0.01

# approzimation of the dertvative using (8.2)

derivative = ( £(x0) - £(x0-h) ) / h

print('df(x) =',derivative, 'Error =',np.abs(derivative-1.0))

df (x) = 1.0078039166010244 Error = 0.007803916601024419
This result has the same accuracy as the forward finite difference approximation indicating

that the backward finite difference approximation is again first-order accurate.

8.1.2 Second-order accurate finite difference approximations

Consider the following formulas for the first derivative

f’(l‘o) _ %E}% f(xo + h}i - f(xo) and f/(l“o) _ %IL% f(xo) - £($0 — h) .

Adding these two expression we get

f(zo+h)— f(zo —h)

/ T
24/ (o) = iy ] ,
and dividing by 2 yields
h) — —h
f/(xO) = lim f(fEO + ) f(l'() ) )

h—0 2h

Taking 0 < h < 1 we obtain the central finite difference approximation

f(zo +h) — f(zo — h)
2h '

f'(xo) =~
This approximation of the first derivative will be denoted by

f(zo+h) — flzo — h) .

Dc.f(x(]) = 2%h

An implementation of the central finite difference approximation in Python for the same
f as before can be the following

x0 = np.pi/2

h =0.01

derivative = (f(x0+h) - f(x0-h))/(2.0%h)

print('df(x) =',derivative, 'Error =',np.abs(derivative-1.0))

df (x) = 0.9999500004166717 Error = 4.999958332829735e-05



278 Numerical Differentiation and Applications to Differential Equations

Observe here that contrary to the forward and backward finite differences, the central
finite difference approximation is more accurate; the error is O(h?) since it has four digits
correct.

IF"  Forward and backward differences to the first derivative are first-order accurate,
while the central difference approximation has order of accuracy 2.

8.1.3 Error estimation

In order to derive finite difference formulas in rigorous way and at the same time estimate
their accuracy! we use Taylor polynomials.

Forward finite difference approximation

Suppose that f has bounded second derivative and 0 < h < 1 is fixed. We consider the
first-order Taylor expansion

h2
(o +h) = flao) + hf'(wo) + 51 f"(e)
where ¢ € (29,29 + h). Solving for the first derivative we obtain

f/(xo) _ f(x0+h})L_f('r0) + gf//(c) ]

Let |f”(¢)] < 2C for some constant C' > 0, then

() = IO ZI @) 4 (83

Discarding the terms of O(h) we obtain the forward difference approximation

Rearranging (8.3) we deduce that there is a constant C' > 0 such that

|f'(z0) — Dy f(xo)] < Ch .

This means that the forward finite difference formula has first-order convergence rate O(h),
and if we take the limit A~ — 0, then the approximation Dy f(xo) — f’(zo) linearly.

Backward finite difference approximation

Similarly, for the derivation of the backward finite difference formula and the estimation of
its convergence rate we consider the Taylor polynomial

h2
f(xo —h) = f(xo) — hf'(x0) + gf"(c) )

INumerical accuracy and convergence rate are equivalent notions.
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where ¢ € (g — h,zg). Solving again for the first derivative we obtain

) = L@ 1) B

or in other words

f'(z0) = Dy f(x0) +O(h) .
This means that

|f'(z0) = Dy f(x0)| < Ch,

for some C > 0, and thus the convergence is linear in this case as well.

Central finite difference approximation

In order to derive a second-order finite difference approximation to f’(xg) we consider the
following second-order Taylor expansions

h2 h3
f(zo+h) = f(xo) + hf'(x0) + gf”(xO) + gfm(cl) )
and
h2
f(zo —h) = f(xo) — hf'(x0) + gf/’(xo) T "(c2)

where c1, ¢o in the intervals (xo, zo+h) and (zo — h, zo), respectively. We can now eliminate
the second derivatives by subtracting the two Taylor polynomials to obtain

3
Pl + R) — Flwo — h) = 20 (ao) + o (7" (e1) + " (e2) -

Solving for the first derivative we obtain

f/(xo) _ f(xO + h)2_hf(330 - h) + %(fm(cl) + fm(CQ)) ]

Let |f"'(z)| < 3C/2 for some positive constant C' > 0 and for all = in the domain of f.

Then,

flzo+h) — flzo —h)
2h

f(wo) = +O(h?) .

This means that absolute error is
|f'(z0) — Def (w0)| < Ch?,

for some C > 0, and the convergence is quadratic.

8.1.4 Approximation of second-order derivatives

In order to approximate high-order derivatives by finite differences, we follow the exact
same procedure as in the case of first derivatives. Suppose that we want to approximate the
second derivative f”(zq). We consider the following third-order Taylor polynomials

h2 h3 h4
f(xo +h) = f(zo) + hf'(z0) + if”(%) + gf”/(x) + Ef@)(cl) ;

and
h3

///( h (4)
- ? .'I}) + If (62) )

F(o — h) = f(z0) — hf'(wo) + o f"(x0)
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where ¢, ¢o in the intervals (g, 2o + h) and (zg — h, z¢). Since we want to find the second
derivative, we add these Taylor expansions to simplify the first and third derivatives

h4
Flao+h) + flao = h) = 2f (wo) + 2 f"(w0) + 57 (FP (e1) + fP(c2)) -
Solving the last relationship for f”(zg) we have

Xz — x o — 2
(o) = LI =20 00)  J0 1) I o ey) 4 p9 e

Let | £ (z)| < 12C for some constant C' > 0. Thus,

(o) = f(xo+h) — 2f}(§0) + f(xo — h) +O(h?) .

The particular finite difference approximation is denoted by D? and

f(zo+h) —2f(xo) + f(wo — h)
h2 ’

D? f(xo) =
We conclude that there is C > 0 such that
|f" (z0) — D*f(x)| < Ch? ,

and thus D?f(z0) is 2nd order accurate.
As an example we consider the function f(x) = zsin(x) and z¢ = 7/2. Now f"(z) =
2 cos(z) — xsin(z) which implies f”(7/2) = —m/2. An implementation in Python could be

x0 = np.pi/2

h =0.01

d2f = (£(x0+h) - 2.0%f(x0) + £(x0-h))/(h**2)

print('d2f(x) =',derivative2, 'Error =',np.abs(d2f-(-np.pi/2)))

d2f (x) = -1.5707832368705432 Error = 1.3089924353337778e-05

In this example we see once again that the practice can verify the theory since for
h = 0.01 we get an error of O(h?).

IF"  TFinite difference approximations of any order and for any derivative can be
obtained using appropriate combinations of Taylor expansions.

8.1.5 Richardson’s extrapolation

We can derive high-order, accurate approximations of the derivatives using high-order Taylor
polynomials, like in the case of central finite difference formula for the first derivative.
On the other hand, there is a general methodology that can improve the accuracy of an
approximation. This methodology is known to as the Richardson extrapolation.
Assume that we want to compute a quantity D and d(h) is an approximation of D with
error E(h),
D =d(h)+ E(h) .
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The error function is expected to be E(h) = Ch? for some power p. For example, if D =
' (xo) and d(h) = (f(zo + h) — f(z0))/h, then E(h) = Ch for some constant C'.

The idea of Richardson’s extrapolation is based on the elimination of the error E(h) by
taking two different values of the parameter h, namely h; and he. Then we have

D =d(hy) + ChY ,
and
D =d(he) + ChY |

where we included the error terms to obtain the exact value of the quantity D. Eliminating
the constant C' we obtain a new formula for the quantity D

hi1/h2)Pd(h2) — d(h1)

N
D=y 1

which is exact, and if we take for simplicity ha = h;/2 we obtain

~ 2d(hy/2) — d(hy)
D= 9 — 1 .

In the case of forward finite differences with p =1, hy = h and hy = h/2 we have

f(xzo+h/2) — f(z0)
h/2 !

d(h)2) =

and therefore

2f@m+h/®—f@m)_(ﬂszU—f@o)
W2 h

D = f'(zo) ~ 51

_ 4f(@o+h/2) — fzo + h) — 3f(x0)
h :

Implementing the Richardson extrapolation for the forward difference approximation of
the first derivative in Python we can estimate the error of the new method.

x0 = np.pi/2

h = 0.01

dl = (£(x0+h) - £(x0))/h

d2 = (£(x0+h/2.0) - £(x0))/(h/2.0)

derivative = 2.0*d2-d1

print('df(x) =',derivative, 'Error =',np.abs(derivative-1.0))

df (x) = 1.000024950548184 Error = 2.4950548183966248e-05

We observe that the result has been improved, and practically we approximated the
derivative with second-order accuracy. On the other hand, we didn’t obtain the exact value
of the derivative. The reason is that the error F(h) is not exactly Ch? but |E(h)| < ChP.
More precisely, the error is E(h) = ¢y h? + cohPT! + - - .. Richardson’s extrapolation method
eliminates only the error term ¢y h? while the rest of the terms remain intact. For this reason,
the error after proceeding with Richardson’s extrapolation is expected to be O(h?*1). To
verify the inequality in the error formula, estimate numerically the error of the forward,
backward and central finite differences for the function f(x) = sin(z) and z = 7.
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" Richardson extrapolation can improve the accuracy of numerical methods. We
saw how we can improve finite difference formulas but one can repeat the same
procedure to improve quadrature formulas too. The resulting quadrature formulas
are called Romberg integration formulas.

8.2 Applications to Ordinary Differential Equations

In this section we introduce fundamental techniques for the numerical approximation of
solutions of ordinary differential equations. Ordinary differential equations are equations
where the unknowns are functions and the equations themselves contain derivatives of the
unknown functions. One idea is to employ finite difference methods to transform differential
equations into algebraic equations which can be solved numerically.

8.2.1 First-order ordinary differential equations

Because this section serves as an introduction to the numerical solution of differential equa-
tions we consider only first-order scalar differential equations posed in a finite interval.
Moreover, we consider initial values of the unknown quantities that serve as current states
of the problem described by the differential equation. This is because differential equations
are the manifestation of deterministic problems and, given the current state of a physical
system, we should be able to determine uniquely any future state of the system by solv-
ing the corresponding differential equations. An ordinary differential equation along with
appropriate initial values is called initial value problem.

A general initial value problem for first-order ordinary differential equations can be
written as

Sult) = Tt y). a<t<h yla) =y, (3.4)

where the independent variable is denoted by ¢ since it usually represents time. It is reason-
able to assume that we know the initial value? of the unknown quantity y(¢) at the present
time y(a) = yo, and that we want to predict its value in latter time.

B5"  The major difficulty in solving ordinary differential equations is the presence of
the derivative of the unknown function. We will try to eliminate this derivative, and
approximate the continuous problem with a discrete.

The function f(¢,y) is a function of two independent variables and is very important
for the solution of the problem. The regularity of this function specifies the solvability and
usefulness of the initial value problem. Specifically, it is meaningful to solve initial value
problems that have a unique solution, in the interval [a, b]. If the initial value problem has
no solution, then there is no point in searching for approximate solutions; or if the solution
is not unique, then we will not be able to speak with great certainty about any future
prediction. For problems with a unique solution given some initial data we say that are
well-posed in the Hadamard sense or that respect Newton’s principle of determinacy.

2This can be an actual measurement.
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We know from the theory of ordinary differential equations that if f(¢,y) is continuous,
f € C([a,b] x R) and satisfies a Lipschitz condition in terms of y uniformly in ¢, then for
any given initial value yy € R the initial value problem (8.4) has a unique solution.

The Lipschitz condition is perhaps something that can generate some difficulties if you
are not familiar with the definition. In Section 4.2 we saw that a function f satisfies a
Lipschitz conditions if there is a constant L > 0 such that for all ¢ € [a,b] and y1,y2 € R
then | f(t,y1) — f(¢t,y2)| < L|y1 — yo|. This condition is satisfied by differentiable functions

with bounded derivative. For example, any function f(¢,y) with ’a% f(t, y)‘ < M satisfies a
Lipschitz condition with L = M. In this book, we will consider smooth enough functions
such that the respective initial value problem can be solved uniquely, and the focus will be

on the numerical discretization of the differential equations. For more information on the
theory of ordinary differential equations, we refer to [11].

8.2.2 Euler method

The Euler method is perhaps the simplest numerical method for the solution of initial value
problems of first-order ordinary differential equations studied by Leonard Euler (1707-1783).
Assume that we are looking for approximations to the solution y(t) of the initial-value
problem

Sult) = F(ty(0), a<t<b yla) =y

The function y(t) is a differentiable function, obviously, since the differential equation in-
volves its first derivative. This means that y(¢) is smooth and is defined for all values of
t € [a,b]. To simplify the problem, we try to find approximations to y(¢) not for every value
of t € [a,b] but for a finite (discrete) set of nodes tg,t1,...,¢x in the interval [a,b]. These
nodes are known as grid points or mesh points. Once the approximate solution is obtained
at the grid points, we can estimate the solution at any node other than ¢; via interpolation.

Setup of a uniform mesh

We first make the assumption that the grid points a = tg < t; < - -+ < ty = b are distributed
uniformly throughout the interval [a,b]. This condition is ensured by choosing a positive
integer N and selecting the common distance between the nodes to be
b—a
N

This distance is called stepsize or timestep. The grid points then can be given by the formula

b=

=tliy1— 1t .

ti=a+1i-h, foreachi=0,1,2,...,N .

Discretization of the differential equation

The main difficulty when solving differential equations is that these equations contain deriva-
tives of the unknown function y(t). In the particular case of a first-order differential equation
we only have a first derivative. For example, let’s say that we take the differential equation
at the node t;,

Sylts) = f(ty(t) (53

We simplify the problem by substituting the derivative dy(t;)/dt with an approximation at
t; using forward finite differences
LR y(tiv1) —y(t:)  y(tiv1) —y(t:)

A h
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Substituting the previous approximation of the derivative into the differential equation (8.5)
leads to the algebraic approximation

M ~ f(ts, y(t)) .

For i = 0 we have that y(t1) = yo + hf(to,yo). Let us denote

y1 = yo + hf(to,yo) ,

so we have y(t1) ~ y; and

Y1 — Yo
= f(t .
A f( o,yo)

We will denote the approximation of the value y(t;) by y; =~ y(¢;). Suppose that we have
computed the approximation y; for some ¢ > 0. The next step is to find the new approxi-
mation y;+1 ~ y(t;+1). The previous approximations suggest that the ordinary differential
equation at t = t; can be approximated by the finite difference formula

P — f(tiy) - (8.6)

Thus, the solution at the next step y(¢;+1) &~ y;+1 can be obtained by solving (8.6) with
respect to y;41

yi+l:yi+hf(tiayi)7 fOI‘i:Oala"'aN_17

. (8.7)
Yo = given .

This forms an algorithm for the approximations y; = y(¢;), i = 1,2,..., N. Given now the
initial condition y(tg) = yo, we can compute the approximation of y(¢1)

y(t1) = y1 = yo + hf(to,vo) ,
and then given y; we can compute the approximation of y(tz)

y(te) = y2 =y1 + hf(ti,v1) ,
and so on. In this way we compute the approximations yg,y1,...,yn at the grid points
to,t1,...,tn, respectively. This method of finding approximations to the solution y(t) using

the formula y;41 = y; + hf(t;,y:) is known to as the Euler method.

As an example, we apply Euler’s method to approximate the solution of the initial value
problem

Y=y, 0<t<2, y0)=1,

at ¢ = 2 with stepsize h = 0.5. In this problem f(¢,y) = y. When the function f does not
depend explicitly on t, like this case here, we say that the ordinary differential equation
is autonomous. Euler’s method for the specific initial value problem is written as y;41 =
yi + hf(ti,yi) = yi + hy; or better y;11 = 1.5y; for i = 0,1,... N with N =2/0.5 = 4. So,
given the initial condition y(0) = yg = 1 we have

y(0.5) = y; = 1.5yp =1.5-1 = 1.5, y(1) = yo = 1.5y = 2.25
y(1.5) = y3 = 1.5y, = 3.375, y(2) = y4 = 1.5y3 = 5.0625 .

It is easy to verify that the exact solution to this problem is y(¢) = e’. So the exact solution
at t = 2 is y(2) & 7.389 while the value we found using Euler’s method is 5.0625. Our
approximation obviously is not accurate but this is the tribute we pay for using such a
large stepsize h = 0.5. With the help of a computer we can take much smaller stepsize h
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and obtain more accurate approximations. We proceed with an implementation of FEuler’s
method. We define the function £ (t,y) for the function f(¢,y) and also the function euler
that implements Euler’s method with input arguments the time instances ¢;, i = 0,1,..., N
in a vector t, the function f and the initial condition y0. The function euler returns the
solution vector y with the approximation of the solution at the time instances t;.

def f(t, y):
return y
def euler(t, f, yO):
n = len(t)
y = np.zeros(n)
h = (¢[-11-t[0])/(n-1)
y[0]1=y0
for i in range(n-1):
y[i+1] = y[il+h*£(t[i], y[il)
return y
a=20.0; b=2.0; N=20
t = np.linspace(a, b, N+1)
yo = 1.0
y = euler(t,f,y0)
# Plot the results
fig = plt.figure()
axes = fig.add_subplot(1l, 1, 1)
axes.plot(t, y, '-o', label="Euler")
axes.plot(t, np.exp(t), '-d', label="Exact solution")
axes.set_xlabel("t"); axes.set_ylabel("y"); axes.legend(loc=2); plt.show()

—o— Euler
7 A Exact solution

A
—

000 025 050 075 100 125 150 175 2.0
t

In this code we took N = 20 nodes. We observe that the value y(2) is approximated
better now with the value yo0 = 6.7275. By taking N = 200 we obtain even better results.
In the graph produced by MatPlotLib we observe that the error in the approximations of
y; increases with the time ¢;. There is a simple explanation behind this phenomenon which
we explain below.

To interpret Euler’s method geometrically note that for the first step

Y1 =yo + hy'(to) ,
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FIGURE 8.2
Computation of the approximations y; on the tangent lines to y(¢;) translated to the points

(ts, ya)-

since f(to,y0) = f(to,y(to)) = ¥'(to). This means that y; lies on the tangent line of y at to.
Continuing like that, the value y; 1 lies on the tangent line at ¢; but translated to the point
(t;,y;). And so, the distance between y; and y(¢;4+1) is increasing with ¢ as it is depicted in
Figure 8.2.

8.2.3 Alternative derivation and error estimates

Following the same methodology for the derivation of Euler’s method as in the derivation
of finite difference approximations of derivatives, we estimate the error and also show the
convergence of the numerical solution as the stepsize h tends to 0.

Suppose that y(t) is the unique solution of the initial-value problem

%y(t) = f(tvy)v a<t< ba y(a) =Yo -
Moreover, assume that y € C2[a,b]. Then the Taylor expansion of the solution y(t;41)
around ¢; for each ¢ =0,1,2,...,N — 1 is
(tig1 —ti)?
Y(tivr1) = y(t) + (tivr — t)y' () + %y”(@) )

for some &; € (t;,t;+1). Because h = ;11 — t;, we have

ltisn) = (e + by () + /(80 (35)

Discarding the residual of Taylor’s polynomial and denoting the approximation y; ~ y(t;)
we define

yz+1:y2+hf(tz7y2) fOI'i:071,...7N—1 ) (89)

where yg is the given initial value y(tp).
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Local truncation error (or one-step error)

Local truncation error is the error in the computation of the numerical solution y;41 at
t;+1 as if the solution at the previous step t; was known and equal to the exact solution
y; = y(t;). We denote the local truncation error of the i-th step with ;.

Suppose that y(t;) is given, then the approximation of y(t;+1) by y;+1 with Euler’s
method is

The local truncation error is defined as

7 = y(tiv1) — Yir1 (8.11)

where y;11 is defined recursively by (8.9). Substituting (8.10) into (8.11) we obtain the
expression for the local truncation error

Ti = y(tiv1) — [y(t) + b f(ti,y(ta))] -
Let |y"(t)] < M for all ¢ € [a,b]. The Taylor expansion of y(t;+1) = y(t; + h) around ¢;
implies
/ h2 1 ! h2 11
7 = y(ti) +hy'(t) + Sy (&) — ly(ta) + hy' ()] = 47 (&)

where &; € (t;,t;+1). Taking absolute values on both sides of the last relation, and using the
bound |y"(¢)| < M for t € [a,b] we obtain

|Ti| < Mh?/2 .

This means that the local truncation error is of order h?, which seems very satisfactory at
first glance. On the other hand, we always compute the solution at ¢;; using an approxi-
mation y; rather than the exact solution y(t;) (except for ¢ = 0). Thus, the actual error at
every step will be larger as it accumulates local errors from the previous steps. The actual
error is called global error.

Global error estimation

In order to find an estimate of the global error we need two lemmata. The first lemma
expresses the fact that the exponential growth is larger than the polynomial one.

Lemma 8.1. For all x > —1 and any positive integer m, we have:
0<(1+a)"<e™.

x

Proof. Using Taylor’s expansion (see Section 4.3.2) with f(z) = e*, ¢ =0and n = 1 we

have i
e’ = 1+x—|—§x2ef ,

where ¢ is between x and 0. Thus,
1 2 ¢ T
O§1+x§1+x+§w et =e",
and because 1 + x > 0, we obtain

0<(142)" < ()™ =e™".
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The second lemma is actually a summation formula of a geometric sum. The global error
is practically a geometric sum formed by the local errors. For this reason, we use the next
summation formula to find the global error in closed form.

Lemma 8.2 (Geometric sum). The following summation formula holds for any i € N and
s e R: _
* ) 1-(1 i+1 1 i+l _q
S (1o L0 DT (g1
1-(1+s) s

§=0
Proof. Let r =1+ s, then we have
S=14r+r+...+r",
which after multiplication with r gives
S-r=r4+r>4+. . Frtt,
Subtracting the previous expressions we have
S-T—SZTi+1—1,

and solving for S we obtain the summation formula

rtl -1 (1+4s)t -1
S= = .
r—1 s

We are ready now to prove a global error estimate.

Theorem 8.3 (Error estimate for Euler’s method). Suppose that f(t,y) is continuous and
satisfies a Lipschitz condition with Lipschitz constant L on

D={(t,y)a<t<b and —oco<y<oo}.
Moreover, assume that there is a constant M > 0 such that
ly"(t)| < M, forall tE€a,b],
where y(t) denotes the unique solution of the initial-value problem
y' =fty), a<t<bdb yla)=yo .

Let yo,y1, - -.,Yyn be the approximations obtained by Euler’s method for some integer N > 0.
Then for each i =0,1,2,..., N — 1,

[y(tiv1) — yig1] < ST |:6L(t7,+1 a) _q

Proof. We will estimate the difference |y(¢;+1) — yi+1|- Taking Taylor’s expansion to y(t;11)
we have that for : =0,1,2,..., N — 1,

2
(tisn) = o) + b S y(t) + 5 y(€)

where & € (t;,t;4+1). On the other hand, Euler’s method gives

Yie1r = Yi +h- f(ti, vi) -
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Subtracting the last two equations we have
h2
Y(tiv1) — yir1 = y(t:) —yi + b [f(tiy(t) — f(tiyi)] + ?y”(&) :
Taking absolute values on both sides yields
2

h
[Y(tiv1) — yiral < |y(ts) —wil +h- |f(t, y(ts) — f(ta, ya)| + ?ly”(&)\ .

Since f satisfies a Lipschitz condition in the second variable with constant L, and |y” ()| <
M we have
h2M

2

[y(tiv1) — Yiyr] < (14 RL)|y(t;) — yil +
h2M
2

< (1+AL)?|y(ti—1) — yi—1| + (L+ (1 + L))

h2

2

< (L+AL)™ y(0) —yo| + (14 (1 + L) + (1 +hL)> + ...+ (1 + hL)")

(14 hL)y™ —1h2M
hL 2

Using Lemma 8.1 (and in particular the inequality (14 hL)* < e"L%) we have

i31) — s < LI
y i+1 y1+1 — hL 2 *

Since ti+1 = a+ (i + 1)h, we have that h(i+1) = t;+1 — a and thus, the last inequality can
be written as

hM o
|y(ti+1) - yi+1‘ < ﬁ e(tz+1 a)L 1:| ’

for each 1 = 0,1,2,..., N — 1, which is the desired estimate. O

In order to find the error estimate in the previous theorem, we assumed that the solution
y(t) has bounded second derivative |y”(t)| < M. In fact this is not unreasonable. Since y
is a solution of a differential equation, we can estimate the second derivative by taking the
first derivative on both sides of the differential equation y' = f(¢,y) to obtain

= ) = SO = f S (8.12)

One of the main reasons for studying the error estimates is to have a theoretical jus-
tification for the convergence of the numerical solution to the exact solution. This means
that when the discretization parameter h tends to zero, then the numerical solution tends
to the exact solution. The error estimate also provides with information about the speed of
convergence. The speed of convergence (like in Newton’s method and so forth) is described
again by the rate of convergence. In Theorem 8.3 we proved that |y(¢;) — ;| < Ch for some
constant C' (independent of h). This implies that the numerical solution converges to the
exact solution since

Lim ly(ti) — yil < lim Ch =0,

and that the convergence is linear. In principle, we cannot be excited about a method that
converges linearly. A higher-order alternative shall be derived in the following section.
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8.2.4 Implicit variants of Euler’s method

Given the approximation y;, we can compute the approximation y;,1 using Euler’s method
explicitly by the formula y;+1 = y; + hf(t;, y;). For this reason, Euler’s method is charac-
terized as explicit®. In general, numerical methods of the form y; 1 = F(y;) for i = 0,1, ...
are called explicit. Numerical methods that require the solution of a system of the form
Yir1 = F(yir1), for i =0,1,... are called implicit methods. Implicit methods perform bet-
ter than the explicit ones, especially when the solution of the differential equation varies
rapidly in small periods of time. Problems with such behavior of their solution are called
stiff- An example of implicit method is the implicit Euler method. The implicit Euler method
can be derived from the differential equation

Y (tiv1) = f(tivr, y(tiva))

using the backward finite difference approximation to the first derivative?

y(tiv1) — y(t:)
R

This leads to the definition of the implicit Euler method

Y (tiy1) =

yi+1:yi+hf(tiayi+l) fOI"L':O,].,...,Nf]. ,

. (8.13)
Yo = given .

If f(¢,y) is a nonlinear function in terms of y, then we cannot solve explicitly the recursive
relation of (8.13) with respect to y;41. Equation (8.13) can be seen as a fixed point equation
Yir1 = F(yix1), where techniques of Chapter 5 can be applied. We are able to solve the
problem explicitly in the special case where the function f(t,y) is linear in terms of y.

For example, if y = y, the implicit Euler method is

Yir1 = Yi + hyiv1

which after solving for y;11 gives the explicit solution

1
] =7 Y | = 71727"'7N'
Yitr =7V =0

Another implicit Euler-type method is the trapezoidal method. Also known as the Crank-
Nicolson method, the implicit trapezoidal method can be derived as follows: First integrate
the differential equation y'(t) = f(¢,y(¢t)) on the interval [¢;,t;11] to obtain

Y(tip) = y(ts) + / T fyy) dt (8.14)

7

We then use the trapezoidal quadrature rule (see Section 7.2.1) to approximate the integral
on the right-hand side of (8.14). This approximation yields the formula

h
Yir1 =¥i T 5 Lt yi) + f(tivn yirn)]
where again y;y; is an approximation of y(¢;+1). The trapezoidal method stands between
the explicit and implicit Euler’s methods, and has order of convergence O(h?), while the
implicit Euler method has O(h).

3The explicit Euler method is also known to as the forward Euler method.
4The implicit Euler method is also known to as the backward Euler method.
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8.2.5 Improved Euler method

The improved Euler method, is also known as Heun’s method (named after Karl Heun 1859—
1929). It can be seen as an extension of Euler’s method to achieve second-order convergence
rate. To make this somewhat clearer, we first present the improved Euler method. Given the
initial value problem y’' = f(¢,y) with y(0) = yo, and the mesh yo < y1 < -+ < yn, then the
approximations y; of the values y(¢;) with the improved Euler method can be determined
using the formulas

Uiv1 = ¥i + hf(ti,yi)
3 ) fori=0,1,...,N—1.
Yit1 = Yi + B} (f(tssys) + f(tiv1, Tivr))

The first step of the improved Euler method is Euler’s method and serves as an intermediate

stage to obtain an initial approximation of the solution. The second step uses the approxi-

mation g;4+1 in the trapezoidal rule to obtain an improved approximation y;,1 explicitly.
The derivation of the improved Euler method might sound impossible at first glance.

The truth is that it can be derived using Taylor’s expansions (like what we did so far to

eliminate derivatives), and also the estimate (8.12) for the second derivative, y” = fi+ fy- f.
Consider the general first-order ordinary differential equation

y'(t) = fty@)
and the Taylor expansion

e+ h) = (o) + hy' (1) + (1) + 000

The first derivative in this expansion can be replaced by the right-hand side of the differential
equation, and the second derivative is obtained by (8.12). Therefore, the Taylor expansion
becomes

Y+ 1) = o)+ B (E9) + o o) + £y (E ) 0)] + O0F)
= y(0) + 2 () L)+ BA(t) + Rfy (6 ) F(E)] + O)

Recalling the multivariate Taylor expansion

f(t+h’y+k) :f(t,y)+hft(t7y)+fy(t7y)k+'-~ )

we see that the quantity in the square brackets can be interpreted as

flt+h,y+hf(t,y) = ft,y) +hfi(t,y) + hfy(t.y) f(t,y) + O(h?) .

Therefore, we get
h h 3
If we take t = ¢; and discard the high-order terms, then we get
h h
Yi+1 = Yi + §f(ti,yz‘) + §f(ti+17yi +hf(ti,yi)) - (8.15)
Setting §;11 = yi + hf(t;,y;) we have

h h .
Yi+1 = Yi T §f(ti7 i) + §f(ti+1, Uit1) -



10

11

12

13

14

15

16

17

18

19

20

21

22

292 Numerical Differentiation and Applications to Differential Equations

An alternative way to formulate the improved Euler method is by setting k1 = f(¢;, y:)
and ky = f(t; + h, y; + hk1). Then for given yo = y(to), the formula (8.15) can be written as

1 1
yi+1:yi+h(2k‘1+2k‘2> fori=0,1,...,

where
kl = f(tuyz) )
ky = f(ti + h,y; + hky) .

The values k1 and ko are called intermediate stages. In order to compute the solution ;1
we need to compute first the two intermediate stages k1 and ks. The improved Euler method
is a particular example of a class of numerical methods known as Runge-Kutta methods.
From the previous derivation we see that the local error is O(h?). Thus, the global error
is expected to be O(h?). We proceed now with the implementation of the numerical method
and a computational demonstration of its accuracy. In the following implementation, we
modify the function euler by adding the new intermediate step ;41 in the variable z.

def £(t, y):
return y
def improved_euler(t, f, y0):
n = len(t)
y = np.zeros(n)
h = (¢[-11-t[0])/(n-1)
y[0]1=yO
for i in range(n-1):
k1 = £(c[i], y[il)
k2 = f(t[i+1], y[i]l + hx*kl)
yl[i+1] = y[i]l + 0.5*%h*(k1+k2)
return y
a=0.0; b=2.0; N=10
t = np.linspace(a, b, N+1)
yo = 1.0
y = improved_euler(t, f, y0)
# Plot the results
fig = plt.figure()
axes = fig.add_subplot(1l, 1, 1)
axes.plot(t, y, '-o', label="Improved Euler")
axes.plot(t, np.exp(t), '-d', label="Exact solution")
axes.set_xlabel("t"); axes.set_ylabel("y"); axes.legend(loc=2); plt.show()
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—8— Improved Euler »
Iy Exact solution /

19 &

0.00 0.25 0.50 0.75 100 125 150 175 2.00
t

In this code we used only 10 nodes for the computations (stepsize h = 0.2) and we observe
in the output plot that the exact and numerical solution almost coincide. This is the benefit
of using high-order methods as we achieve faster convergence and the required stepsize can
be taken large.

I¥" The higher the order of convergence of a numerical method, the faster the
method converges. This leads to better approximations with larger stepsizes. We say
that such methods are efficient.

8.2.6 The notion of stability

When it comes to the use of numerical methods for the approximation of solutions of
differential equations one common problem is the choice of the stepsize h. In principle,
we want to take h as large as possible without having any discount in the accuracy of
the solution. By taking h quite large sometimes can lead to unpleasant surprises®. In such
situations, we need to take the value of h smaller and try again. There is a question that
arises whether or not we can have an indication of how small we can take the stepsize h
before we start spending time trying to solve our problem.
Let’s see first a problematic situation. Consider the very simple ordinary differential
equation
y'(t) = Ay(t), A<0,
At

with initial condition y(0) = 1. The exact solution of this problem is the function y(t) = e*.
Let’s try using our code, the case with A = —10 and with N = 5. In this case, the stepsize
h = 0.4 which is large.

def f(t, y):
return -10.0x*y

a=0.0; b=2.0; N=5

h = (b-a)/N

t = np.linspace(a, b, N+1)
yo = 1.0

y = euler(t, £, y0)
# Plot the results

5The numerical solution converges as h — 0. If b > 0 is large enough the error might be surprisingly
large
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plt.figure()

= fig.add_subplot(l, 1, 1)

1

.plot(t, y, '-o',

label="Euler")

.plot(t, np.exp(-10*t), '-d', label="Exact solution")
.set_xlabel("t"); axes.set_ylabel("y"); axes.legend(loc=2); plt.show()
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We observe that by taking h = 0.4 the Euler method diverges from the exact solution
of the problem. More precisely, we observe that the solution grows with time instead of
converging to 0 as it should. By taking h = 0.1 (N = 20) we see in the graph that the
numerical solution converges to 0 very quickly. Not that we should be totally happy about
this result, but at least the solution seems to converge. Taking even smaller values of h we
observe convergence eventually.
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t

To understand why this is happening, we apply Euler’s method to the equation y/(t) =
Ay(t) for A < 0. This gives ynt+1 = Yn + hAy,, or even better

Ynt+1 = (1 + hA)yna

n=0,1,2,...,

and yo=1.

It can easily be seen that the previous recursive sequence can be expressed explicitly as

Yn = (1 + h)‘)n

, n=0,1,....
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So, we have that
|yn| — 0, if[14+hA <1,
lyn| = 1, if [I+hA=1,
lyn] = 00, |14+ hA|>1.

Therefore, for stability we need |1 + hA| < 1. Solving this inequality for hX yields
—2 < hA < 2. Since h > 0 and A < 0, we need hA € (—2,0) or else h < —2/\ for stability.
In our previous example where A = —10 this means h < 0.2 and this explains the unwanted
behavior for h = 0.4 > 0.2.

BE”  Stability depends always on the initial-value problem. An unconditionally stable
method has no restrictions in the choice of the stepsize h. If conditions apply in the
stepsize in order to achieve meaningful solutions, then we say that the method has
stability restrictions.

Applying the implicit Euler method to the same problem, we have that

yn+1:yn+h)\yn+17 n=20,12,..., and y0:1
which yields
Yn+1 = %7 n=20,1,2,..., and yo=1.
This recursive relation leads to the analytical formula of the numerical solution
= 0,1,2
n=-——"H—-— n=0,1,2,....
= Ay

For A < 0 the quantity 1 — hA > 1. Therefore, |y,| — 0 for all values of h. This means
that the implicit Euler method is unconditionally stable. Such methods, without stability
limitations on h, are called A-stable methods. Usually, implicit methods are A-stable.

8.3 Runge-Kutta Methods

So far, we have studied numerical methods for the solution of ordinary differential equations
as a consequence of the approximation of the first derivative with finite differences. This
lead us to the formulation of a method that belongs in, perhaps, the most important class of
numerical methods for ordinary differential equations, the so-called Runge-Kutta methods.
Runge-Kutta methods where first introduced by Carl Runge (1856-1927) and Martin Kutta
(1867-1944), while the more recent contributions of John Butcher evolved these methods in
their current form. Runge-Kutta methods can be derived following many different method-
ologies and also by approximating integrals with numerical quadrature. As an introduction
to this topic, we present briefly explicit, implicit and adaptive Runge-Kutta methods.

8.3.1 Explicit Runge-Kutta methods

Consider the initial value problem in the interval [0, T

y'(t) = f(t,yt), te(0,T],
y(0) = o ,
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and a uniform partition 0 = tp < t1 < -+ < ty = T of the interval [0,7] with stepsize
h =T/N. The improved Euler method, described by the formula

1 1 .
yi+1:y1‘+h *k1+*k2 y Z:O,].,...,
2 2
where
kl = f(twyl) 3
ko = f(ti + h,yi + hk1) .
is a specific example of a general class of methods known to as Runge-Kutta methods.
Runge-Kutta methods for the numerical solution of ordinary differential equations usually

consist of multiple stages k;. For example, the most commonly used Runge-Kutta method
with four stages can be described as follows,

1 1 1 1
ot =i+ b 2ky + ko4 ~ks+ kg ), i=0,1,....N—1,
Yitr1 = Yi + (61+32+33+64> 1=0

where
kl = f(tzay’b) )
h k1
kQ—f(tz+2ayl+2) )
h ko
kS—f(tz+27yz+2> )

ka= f(ti +h,yi +k3) .

This method is known to as the classical, explicit four-stage and fourth order Runge-Kutta
method. It is called explicit because the computation of any intermediate stage k; requires
the knowledge of previous stages only. (Otherwise the method is called implicit.) It is a
four-stage method because it consists of four intermediate stages k;, for i = 1,2,3,4, and
fourth-order because the global error can be proved to be |y(t;) — y;| = O(h*).

All Runge-Kutta methods can be formulated in the same way. The general explicit
Runge-Kutta method with s intermediate stages is the following:

S
yi+1:yi+hzbjkj7 i=0,1,...,

j=1
where

ki = f(ti, vi) »

ko = f(ti + c2h,yi + h(az1k1)) ,

ks = f(t; + csh,y; + h(az1ky + aszkz)) ,

ks = f(ti + csh,yi + h(asikr + asoko + -+ + as s—1ks—1)) ,
for appropriate coefficients a;;, b;, ¢;, for ¢, = 1,2,...,s. The choice of these parameters
determine uniquely the Runge-Kutta method. Note that in the previous definition ¢; = 0
and a;; = 0 for all j > 4. Thus, the parameters a;;, b; and ¢; form the lower triangular
matrix

0 0 0
a1 0 0

A= |az a3 ;
: 0
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TABLE 8.1
Butcher tableau for the general explicit Runge-
Kutta method with s stages

0
C2 | a21
c| A c3 | G31 a3z
b
Cs | As1 Qg2 " Oss—1
by by -+ bs_1 b
and the vectors
0
by .
by 2
b=| . and c=|¢3
b )
S CS

As we will see later, A is a lower triangular matrix only for explicit Runge-Kutta methods,
where the computation of each new step requires only the knowledge of the previous steps.
We usually do not write the 0’s in the upper triangular part of matrix A but we leave their
places empty. In principle, any consistent Runge-Kutta method must satisfy the condition

i—1
Eaijzci for i=23,...,s.
=1

This information is usually incorporated in a table known as Butcher tableau, which is
described in Table 8.1.

Interpreting the previous tables, if we want to compute the solution y; 11 ~ y(t;11) given
the solution y; &~ y(¢;) using an explicit Runge-Kutta method with s intermediate stages
we need first to compute the intermediate stages

-1
ko= f | ti+tch, yithd anki |, (=125, (8.16)

Jj=1

and then the approximation of the solution at ¢ = ¢;41 given by

yier =vyi+hY bikj, i=0,1,.... (8.17)
j=1
The computation of k; in (8.16) requires all the intermediate stages ki, ka, ..., ke—1.

B5" The computation of an intermediate stage k;, of any explicit Runge-Kutta
method with s stages requires the knowledge of the previous stages k; for j < £.
Thus, in the worst case scenario, in order to compute the intermediate stages we
need to solve a linear system. If the matrix A in the Butcher tableau consists of one
diagonal only, then the linear system can be solved in a trivial way as the resulting
equations will be decoupled.
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TABLE 8.2
Butcher tableau for the Euler
method
010
1
TABLE 8.3

Butcher tableau for the improved
Euler method

0
11
172 1/2
TABLE 8.4

Butcher tableau for second-
order methods with two stages

0
(0% «
[1-1/2a 12

Examples of explicit Runge-Kutta methods

The first example is the Euler method which can be described by the tableau in Table 8.2.
According to the general formulas (8.16)—(8.21) the Euler method is the following 1-stage
Runge-Kutta method

kl = f(tiayi)7
Yit1 = Yi + hkq,

A second example is the improved Euler method with two stages. The method as it was
described in Section 8.2.5 is the following two-stage method

kl = f(tivyi)a
kQ = f(tl + hu Yi + hkl)a

1 1
Yirl =Yi +h <2k1 + 2k2> ,

i=0,1,2,... . (8.18)

i=0,1,2,..., (8.19)

and thus the corresponding Butcher tableau is given in Table 8.3. The improved Euler
method is not the only second-order Runge-Kutta method with two stages. All methods
described by the tableau of Table 8.4 are also second-order accurate.

The last example we provide in Table 8.5 is the classical four-stage, fourth-order Runge-
Kutta method, which is perhaps the most popular explicit Runge-Kutta method.

8.3.2 Implicit and diagonally implicit Runge-Kutta methods

As previously discussed, the matrix A is strictly lower triangular for all explicit Runge-
Kutta methods. One result of this property is that the computation of an intermediate
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TABLE 8.5
Butcher tableau classical four-stage
fourth-order Runge-Kutta method

0
1/2 ] 1/2
/2] 0 1/2

10 o0 1
[1/6 1/3 1/3 1/6

TABLE 8.6
Butcher tableau for the general Runge-Kutta
method with s stages

1| ail a2 -+ Qis
C2 | a21 a1 - Q2
c| A
o’ :
Cs as1 A g2 . Ass
| by by .- by

stage requires only the knowledge of the previous intermediates stages. On the other hand,
the most general Runge-Kutta method is described by the tableau of Table 8.6 with full
matrix A.

This tableau corresponds to the general implicit Runge-Kutta method with s stages

ke=f | t; + coh, yi—i—hZag,jkj , £=1,2,...,s, (8.20)

Jj=1

and the corresponding formula for the approximate solution at t = t; 41

S
yirr =vi+hY bikj, i=0,1,.... (8.21)

j=1

It is easy to see that for the computation of the stage k, the knowledge of all the previous
and the future stages is required. This formulates an s-dimensional nonlinear system of
equations which can be solved using Newton’s or any other fixed point method. If A is
lower triangular but with non-zero diagonal entries, then the method is called diagonally
implicit Runge-Kutta method (DIRK). A DIRK method does not require the solution of a
nonlinear system but only scalar nonlinear equations for the computation of each stage k.

Examples of implicit Runge-Kutta methods

The simplest implicit Runge-Kutta method is the implicit Euler method, which is described
by the tableau of Table 8.7. Although it is implicit method, it can be seen also as diagonally
implicit since there is only one stage. This unique intermediate stage is

ki = f(ti + h,yi + hk1) (8.22)
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TABLE 8.7
Butcher tableau for the im-
plicit Euler method

111
1
TABLE 8.8

Butcher tableau for the two-stage, fourth-order
Gauss-Legendre Runge-Kutta method

1 1 1 1 1
37 5V3 i T5V3
1 1 1 1 1
1tV i+ i
[543V b

which is a nonlinear equation formulated directly as a fixed point equation with fixed point
the unknown intermediate stage k;. For the computation of the unknown k; we can intro-
duce the iteration

k§p+1):f(ti+h7yi+hk§p))7 p=012...,

with a given initial guess kgo). The value of the initial guess kgo) could be the value f(¢;,y;),
which is the intermediate stage of the Euler method. After computing the intermediate
stage k1, we compute the actual approximation of the solution

Yit1 =Y + hki . (8.23)

This main step of the implicit Euler method is the same as the main step of the explicit
Euler method but they differ in the value of k.

Other very important implicit Runge-Kutta methods are the so-called Gauss-Legendre
methods which can be derived using Gaussian quadrature. Among the many advantages
of Gauss-Legendre Runge-Kutta methods is their accuracy of s-stage methods, which is
2s. Thus, we can achieve fourth order accuracy by using only two stages. The two-stage,
fourth-order Gauss-Legendre Runge-Kutta method is given by the Butcher tableau of Table
8.8.

Formulating the intermediate stages using the Table 8.8 we observe that the equations
for k1 and ko are

ky = f(ti 4+ cih, yi + h(ai1ky + aioks)) |

8.24
ky = f(ti + c2h, yi + h(aziki + axzks)) , (8:24)

and they form a nonlinear system of two equations with two unknowns (k1, k2). The methods
of Section 5.5.6 can be applied for the solution of this system, or the following simple fixed
point iteration also known to as the Gauss-Seidel method for nonlinear systems: Given the

initial guesses k§0), kéo), we approximate the values of k; and ko by the iterations
K = £t + erh, yi + h(aak? + ak$)),

p=0,1,2,... . (8.25)
EPYY = [t + coh, yi + hlan kP + agk))),

Because of its simplicity, the specific iterative method can converge very slowly or it may not
converge at all. In case of divergence, the use of Newton-type methods can be unavoidable.
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Using the approximations of k; and ks the main step of the two-stage, fourth-order Runge-
Kutta method is then
Yitr1 = Y; + h(blkl + b2k2) y (826)

which has not practical implications in its computation.

8.3.3 Adaptive Runge-Kutta methods

So far, we have considered uniform partition of the temporal interval of numerical integration
using fixed h = (b —a)/N = t;11 — t; for all i = 0,1,.... On the other hand, especially in
cases where the time integration of a differential equation is time-consuming, it would have
been preferable to consider a variable stepsize so as to improve the speed of the computations
without compromising their accuracy. Here, we present a technique of using explicit Runge-
Kutta methods with variable stepsize h;. One can use also implicit Runge-Kutta methods
in a similar manner. The technique is based on the application of two different Runge-Kutta
methods. For economy, we choose methods with the same matrix A and vector ¢ in their
Butcher tableaux, while we keep the vector b different. In principle, we use Runge-Kutta
methods with different order of accuracy. The idea is to pretend that the solution of the high-
order method y; is very accurate (like being exact) and compare it with the one obtained
using the low-order method y;. If the error between the two approximations y; and y; of the
same solution at t; is greater than a prescribed tolerance, then we repeat the computation
of the specific step with smaller h. Consider two s-stage Runge-Kutta methods, let’s say,

given by the tableaux
c|l A d c| A
an .
bT ( b*)T

Usually, we write the two Runge-Kutta methods in a combined Tableau as in Table 8.9.
Since the matrices A and ¢ are common for both methods, the intermediate stages are
the same, and they are computed once for both methods using the formula (8.16)

—1
ko= f|titeh, yi+hY ank; |, £=12..s. (8.27)
j=1

Because the vectors b and b* are different, the two methods will result in two different
approximations to the solution

ie1 =yi+hy bik; and yl, =y, +h > bik; . (8.28)

j=1 j=1
The absolute error between the two solutions is then

S

e = lyis1 —yial = h|> (b —b5)k;| (8.29)

Jj=1

If the error e; is greater than a prescribed tolerance, then we repeat the computation for
the step i by using stepsize h equal to the half of the previous stepsize.

The algorithm for a general adaptive Runge-Kutta method with s stages is summarized
in Algorithm 26. In that algorithm, we assume that we want to solve the problem ¢y’ = f(¢,y)
in the temporal interval [a,b] with y(a) = yo. We assume also that A, ¢, b and b* of the
Runge-Kutta method are all given.



302 Numerical Differentiation and Applications to Differential Equations

TABLE 8.9
Butcher tableau for the general explicit adaptive Runge-
Kutta with s stages

C2 | 21
C3 | a31 a3s2

Cs | As1 As2  *°° Ogs5—1
by by .- bs_1 b
* * * *
bl b2 e bs—l bs

Algorithm 26 Adaptive Runge-Kutta method
Initialize the stepsize h < b — a and time t; = 0
Set y(a) = yo
while ¢; < b do

error =1
while error > TOL do
Set h = h/2
for/=1:sdo
Compute the intermediate stages

-1
kl = f t; + Clh7 Y; + hZAljkj
j=1

end for
Compute

Yi+1 = Yi +thjkj and  y; :yi—f—th;k:j ,

J=1 Jj=1

Compute the error = |yiy1 — Y4 1|
end while
Set tl‘ = ti + h
end while

The simplest example of an adaptive Runge-Kutta method is the combination of the
Euler and improved Euler methods given by the tableau in Table 8.10. In this case, the
Euler method is of order 1 while the improved Euler method of order 2, and that is why we
call it RK12.

The most popular adaptive Runge-Kutta method is the Runge-Kutta-Fehlberg method
of order 5 given by the Table 8.11 This method was introduced by Erwin Fehlberg (1911-
1990) and is of order 5 since one of the methods is of order 4 and the other of order 5. This
particular method is referred to as RK45, and can be found implemented in every scientific
package dedicated to the numerical solution of ordinary differential equations, including
SciPy.
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TABLE 8.10
Butcher tableau for the adaptive
Runge-Kutta 12 method

0
1] 1
12 1/2
1 0

TABLE 8.11
Butcher tableau for the RK45, Runge-Kutta-Fehlberg method of order 5
0
1/4 1/4
3/8 3/32 9/32
12/13 | 1932/2197 —7200/2197 7296/2197
1 439/216 -8 3680/513  —845/4104
1/2 —8/27 2 —3544/2565 1859/4104 —11/40
16/135 0 6656/12825  28561/56430 —9/50  2/55
25/216 0 1408/2565 2197/4104 -1/5 0
TABLE 8.12
Butcher tableau for the RK Radau IIA method of
order 5
2_ V6| 1 7v6 37 _ 169v6 _ 2 | V6
5 10 45 360 225 1800 225 75
V6 7 V6 V6 V6
240 | 5+t Bt e ms %
4 V6 4 V6 1
1 5~ 36 51 36 9
4 6 4, V6
5 36 51 36 5

8.4 The Module scipy.integrate Again

Several functions for the numerical solution of general initial value problems of ordinary
differential equations are available in scipy.integrate module of SciPy. Specifically, among
the many solvers of the module integrate one can find the explicit Runge-Kutta-Fehlberg
methods 23 and 45 implemented in the functions RK23 and RK45, and the implicit Radau
ITA method of order 5 with the tableau as in Table 8.12, implemented in the function
Radau. In general, Radau methods with s stages have order of convergence 2s — 1 and are
very effective when applied to stiff equations. All these methods can also be called via the

function solve_ivp which we present next.

8.4.1 Generic integration of initial value problems

We present here the generic function solve_ivp for the numerical solution of initial-value
problems of ordinary differential equations. This function is designed to integrate numeri-
cally initial value problems of scalar and systems of ordinary differential equations of the
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form

y/(t) = f(t’y)v te (avb] >
y(a) =yo -

The general call of this function is the following:

solve_ivp(fun, t_span, yO, method, t_eval, args, options)

where the variables hidden in the options parameter can be ignored as all of them are
optional and can be used in sophisticated problems. The most useful parameters for the
purposes of this book are the following:

fun: Is the name of the function f(¢,y)

t_span: The end-points of the interval [a,b]. Is a tuple (t0,tf) defining the (temporal)
interval of integration (to,ts). The solver starts with t=t0 and ends with the compu-
tation of the solution at t=tf

yO: Is the initial condition which can be an one-dimensional array

method: Is the preferred numerical method. It can take the values RK45, RK23, DOP853 and
for stiff problems suggested values are Radau, BDF and LSODA. (Optional with default
value method=RK45)

t_eval: An array with values of the times ¢; on which we want the solution to be computed.
(Optional with default value t_eval=None)

args: If the function f has additional arguments such as f(¢,y,a,b,c), then we pass the
extra arguments in the tuple args=(a, b, c). (Optional with default value args=None)

The additional options are summarized below:

dense_output: Is a boolean variable to specify whether to compute a continuous solution
or not. (Optional with default value dense_output=False)

vectorized: Is a boolean variable that specifies if the function fun is implemented in a
vectorized fashion. (Optional with default value vectorized=False)

first_step: Is a float that specifies initial stepsize h. (Optional with default value first_-
step=None)

max_step: Is a float that specifies the maximum allowed stepsize. (Optional with default
value max_step=np.inf)

rtol and atol: Are floats or arrays specifying the relative and absolute tolerances. (Op-
tional with default values rtol=1.e-3 and atol=1.e-6)

jac: Is the Jacobian matrix necessary for the methods Radau, BDF and LSODA. When None
then appropriate finite difference approximation is considered. (Optional with default
value jac=None)

jac_sparsity: Is an array_like variable or a sparse matrix or None. This variable specifies
a sparsity structure of the n x n Jacobian matrix for a finite difference approximation.
If None then the Jacobian matrix is considered dense. Sparse matrix usually has more
zero than non-zero entries. This variable is not supported by the LSODA method.
(Optional with default value jac_sparsity=None).



10

11

12

13

14

The Module scipy.integrate Again 305

1lband and uband: These are integer variables specifying the bandwidth of the Jacobian for
the LSODA method. If None then the matrix is considered full. (Optional with default
value None)

min step: Is a float specifying the minimum allowed stepsize for the LSODA method. (Op-
tional with default value 0)

And the function returns a class with the members the following variables:
t: Is an array containing the times at which the solution is computed
y: Is an array with the values of the approximated solution at t

sol: Is an instance of a class containing the solution as in the previous argument unless
the argument dense_output was set to False where the return value is None

t_events: Contains for each event type a list of arrays at which an event of that type event
was detected. It is None if the a events was None

t_events: A list of arrays (or None) containing for each value of t_events, the correspond-
ing values of the solution. None is returned if the value of events is None

nfev: The number of evaluations of the right-hand side
njev: The number of evaluations of the Jacobian
nlu: The number of the LU decompositions required

status: Is —1 if the integration failed, 0 if the solver successfully computed the solution
for the prescribed time interval, and 1 if a termination event occurred

message: Is a string with a description of the termination reason
success: Is a boolean variable which is True if the status is greater or equal to zero

In order to demonstrate the usage of the function solve_ivp we consider again the initial
value problem
y/(t) =y(t), te€(0,2],
y(0)=1,
and we approximate its solution using the method RK45. For accurate results we consider
the tolerance rtol=1.e-6.

from scipy.integrate import solve_ivp

def f(t, y):
return y
a=0.0; b=2.0
tspan = [a, b]
y0 = [1.0]
sol = solve_ivp(f, tspan, yO, 'RK45', rtol=1.e-6)
# Plot the results
fig = plt.figure()
axes = fig.add_subplot(l, 1, 1)
axes.plot(sol.t, sol.y[0], '-o', label="RK45")
axes.plot(sol.t, np.exp(sol.t), '-d', label="Exact solution")
axes.set_xlabel("t"); axes.set_ylabel("y"); axes.legend(loc=2); plt.show()
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—e— RK45 »
1 Exact solution
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In order to plot the solution obtained by the function solve_ivp, we use the member
sol.y[0]. The [0] is necessary since the variable y is at least a two-dimensional array but
we need to plot only a one-dimensional array. The numerical and exact solutions agree as
expected and it is impossible to observe differences within the scale of the specific graph.

8.4.2 Systems of ordinary differential equations

All the aforementioned numerical methods can be generalized for systems of ordinary differ-
ential equations in a straightforward manner. For simplicity, consider the following coupled
system with two equations and two unknowns y;(t) and ya(?)

vy (t) = f1(t, y1(t), y2(1))
ys(t) = falt,yu(t), y2(t)

with initial conditions y;(a) = 9 and y2(a) = 39. The system (8.30), like any other system
of ordinary differential equations, can be written in vector form

y'(t)=f(tyt), te(at],
y(a) =yo ,

t € (a,b], (8.30)

(8.31)

where yo = (y{,99),

wor= (00) gt = (om0

The application of the numerical methods to (8.31) follows the same formalism as in the case
of scalar equations. For example, given a uniform, temporal grida =t) <t; <--- <ty =0
the recursive algorithm of Euler’s method for system (8.31) is
i1 =Y +h flt,y;), 1=0,1,...,.N—-1,
Vit =Y f(tyi) (8.32)
Yo = given ,

which is the same as the algorithm (8.7) with the difference that here instead of computing
scalar variables we compute vectors y; = (yi,y%) for the approximations yi ~ y(t;) and
ys ~ ya2(t;). One may want to write Euler’s method without using vectors. In such case
Euler’s method is written as

y§+1 = yi + hfl(tlvyiay%) )
yot = ys + hfati vl vh) (8.33)

0,0 _ .
Y1,Yo = glven .
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In each step, each equation of (8.33) provides with a new approximation for each of the two
variables y1, y2 separately, while the vector form (8.32) will provide a vector containing the
same approximations of yi, yo.

The function solve_ivp as one may observe from its description it can solve also systems
of ordinary differential equations. For more information, we refer the interested reader to
more specialized books on the subject. Some of them are listed in the further reading section.

8.4.3 Application in epidemiology

As an application of the previous derivations we present a mathematical model that de-
scribes to some extend the spread of an infectious disease such as the common flu or the
virus COVID-19 (SARS-CoV-2) in a population of N individuals. The particular model
consists of three ordinary differential equations and is known as compartmental model in
epidemiology, because the population is assigned to compartments with labels. In the simple
case we study here, we consider three compartments with labels S, I and R representing
the number of Susceptible, Infectious and Recovered parts of the population. This model is
called STR model to emphasize the three different compartments.

In the STR model, ¢ is the elapsed time in days, S(¢) is the number of susceptible indi-
viduals, I(¢) is the number of infectious individuals that can infect susceptible individuals,
and R(t) is the number of recovered individuals that they are either immunized or deceased.
For sure the recovered population cannot get infected again. When, the susceptible individ-
uals S(¢) come in contact with an infectious individual, then they become infectious. In our
simple example, we assume that the population remains constant, which can be translated
in mathematical language into

S(t) + I(t) + R(t) = constant = N .

If 8 is the average number of contacts per person per time, then the transition rate
between susceptible S and infectious [ individuals is expressed as

B

/—77
5= N

ST .

The transition rate between infectious I and immunized R individuals is assumed to be
proportional to the number of infectious individuals, and in particular

R =~I,

where v = 1/D where D is the average time period in which an individual is infectious.
The requirement of the constancy of the population S + I + R = N leads to the law

S'+I'+R =0,
which gives us the third ordinary differential equation

g
I'==SI—~I.
N ,-y

Defining the solution vector y(t) = (S(t), (), R(t))T, we write the STR model as a
system

&8,
y = f(t,y) where f(ty)=|LSI—I] . (8.34)

vI
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Recovered

FIGURE 8.3
Schematic representation of the simplest SITR model.

The relation between the unknowns S, I and R is depicted schematically in Figure 8.3.

Note that the third equation is not necessary for the computation of the quantities S
and I as the first two equations are not coupled with the third. The reason for keeping it
into the equations is for simplicity, because otherwise we would need to solve this equation
separately after the computation of the unknowns S and I.

The system (8.34) is nonlinear, and in order to solve it we will use the function solve_-
ivp of the module scipy.integrate. To test our code we consider the population of an
isolated country with N = 4,000, 000, and an infectious disease that is characterized by the
parameters § = 0.350 and v = 0.035. As initial conditions to our initial-value problem we
consider S(0) = N — 1, I(0) = 1 and R(0) = 0, in the sense that initially there is one case
of an infection in the whole population.

# Define the right-hand side and input parameters
def f(t, y, beta, gamma, N):
z = np.zeros(3)
z[0]=-beta/N * y[0] * y[1]
z[1]= beta/N * y[0] * y[1] - gamma * y[1]
z[2]= gamma * y[1]
return z
beta = 0.35; gamma = 0.035
N = 4.e+6; a = 0.0; b = 200.0; tspan = [a, Db]
y0 = [N-1, 1, 0]
argsl=(beta, gamma, N)
# Solve the ODE
soll = solve_ivp(f, tspan, yO, 'RK45', args=argsl, rtol=1.e-6)
# Plot the results
fig = plt.figure()
axes = fig.add_subplot(l, 1, 1)
axes.plot(soll.t, soll.y[0], label="S(t)")
axes.plot(soll.t, soll.y[1], label="I(t)")
axes.plot(soll.t, soll.y[2], label="R(t)")
axes.set_xlabel("t"); axes.set_ylabel("y"); axes.legend(loc=1); plt.show()
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Using the simplified STR model (8.34), and with the particular parameters, we can
predict that the population will be immunized by the disease in less than a year. Additional
parameters and factors must be considered for accurate predictions. An improvement of the
STR model known as STRD model is presented in the exercises.

8.5 Further Reading

The approximation of derivatives with finite differences is covered by almost all classic
textbooks in numerical analysis [25, 70, 76, 22, 26, 7, 108, 127]. A list of specialized books
on finite differences and on the numerical solution of differential equations includes the
following [44, 19, 121, 51, 36, 71, 55, 56, 54, 114, 83, 2, 82, 39]. An introduction to the
mathematical modeling of infectious diseases can be found in [15, 61].



Chapter Highlights

e First derivatives can be approximated using forward, backward and central
finite differences.

e The forward and backward finite differences are first-order accurate with error
O(h). The central finite difference approximation of the first derivative is
second-order accurate with error O(h?).

e Finite difference formulas can be obtained using Taylor expansions of functions
around appropriately chosen points.

e We can approximate second-order derivatives with finite differences such as

f”(xO) ~ f($0 + h) - 2,];5;50) + f(.’IJO — h) 7

which is second-order accurate with error O(h?).

e Given an approximation formula that depends on h, one can obtain improved
approximations using Richardson’s extrapolation.

e Given an initial value problem y'(t) = f(¢,y(t)), t € (a,b] with initial condition
y(a) = yo, & numerical approximation y; ~ y(t;) at the nodes
a=ty <ty <--- <ty =>b with uniform distance h = ¢;.1 — t; can be
computed using Euler’s method

yz-'rl:yl_'_hf(tuyl)a Z:07177]\7_1

e The local truncation error is defined as the error between the approximate
solution ;1 and the exact solution of the differential equation y(t;+1) when
y; = y(t;) is exact.

e The global error is the error between the numerical solution y;4; and the exact
solution y(t;+1).

e The local error in Euler’s method is O(h?) while the global error is O(h).

e More sophisticated methods such as Runge-Kutta methods can result in more
accurate numerical approximations of ordinary differential equations.

e If the solution of the differential equation varies rapidly, then the system is
characterized as stiff.

e We usually solve stiff ordinary differential equations using implicit numerical
methods.

e Mathematical modeling of infectious diseases relies on ordinary differential
equations. The STR model is a simple compartmental model that describes the
spread of an infectious disease.

e An SITR model divides the population in three compartments, Susceptible (.5),
Infectious (I) and Recovered (R) individuals and is a coupled system of three
first order ordinary differential equations.
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Exercises
1. Consider a smooth function f(z) defined on R and zy € R.

(a) Using appropriate Taylor expansions of the function f and a parameter h, find a
finite difference approximation of the first derivative f’(z¢) in the form

f(xo —2h) —8f(xo — h) + 8f(xo + h) + f(xo + 2h)
12h

f(wo) =

(b) Determine the order of accuracy of your finite difference approximation.
2. Consider a smooth function f(z) defined on R and z( € R.

(a) Using appropriate Taylor expansions of the function f and a parameter h, find a
finite difference approximation of the first derivative f’(x¢) in the form

_ 3f(zo) —4f(zo —h) + f(xo — 2h)
- 2h

f'(20)

(b) Determine the order of accuracy of your finite difference approximation.
(c¢) Derive the same formula using Richardson’s extrapolation method and the backward
finite difference approximation of first order.

3. Consider a smooth function f(z) defined on R and z( € R.

(a) Using appropriate Taylor expansions of the function f and a parameter h, find a
finite difference approximation of the first derivative f’(x¢) in the form

_ —3f(zo) +4f(xo + h) — f(zo + 2h)

f'(wo) = 2 '

(b) Determine the order of accuracy of your finite difference approximation.
(c¢) Derive the same formula using Richardson’s extrapolation method and the forward
finite difference approximation of first order.

4. Consider the function f(x) = sin(mz) and the values h = 0.2, 0.1, 0.05, 0.01, 0.005, 0.001,
0.0005, 0.0001.

(a) Write a Python program to approximate the derivative f'(zg) for zp = 0.4 with
central, forward and backward differences for all values of the parameter h.

(b) In addition to the previous approximations consider the finite difference approxi-
mation
f(zo — 2h) — 8f(xog — h) + 8f(xo + h) — f(xo + 2h)
12h ’

Dy f(z0) =

(c) Let p be the convergence rate of such that |D,f(zg) — f/'(xz0)| < ChP. Estimate
numerically the convergence rate p for each of the previous finite difference ap-
proximations: Consider a given function f(z) and values h = hq,ha,...h, with
hiy1 < h;. Compute the approximation D,f(x) of the derivative f’(x) and then
compute the error E; = |f’(x) — Dy f(x)| for each h;. This error must be E; = Ch.
Dividing the values F; and E;;; we compute the fraction

Ei/Eit1 = (hi/hiz1)?
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and then with the help of logarithms we solve for p to obtain

p = 08(Ei/ Ei1)
log(hi/hiy1)
Estimate the convergence rate p with g = 0.4 and zg = 1.0.

(d) Repeat the previous question to estimate the convergence rate of the forward, back-
ward and central finite differences.

(e) What do you observe?

5. Repeat the procedure of the previous question to approximate the second derivative of
the function f(x) = sin(wz) at xo = 0.4 using the finite difference approximation

f(zo+h) —2f(x0) + f(wo — h)
h2 '

f" (o) ~

6. Consider a finite difference approximation of the first derivative f’(zg) of the form
(o) = a f(xo) +b f(xo+ h)+c f(xo+2h),

for a small value of h. We say that a finite difference formula is exact for polynomials
p(x) for degree r if the previous approximation is exact

p'(x0) = a p(xo) + b p(xo + h) + ¢ p(xo + 2h) .

(a) Show that the previous finite difference approximation is exact for quadratic poly-
nomials if and only if it is exact for the monomials 1, z and 22.

(b) Find the values a, b and ¢ so that the specific finite difference approximation is exact
for quadratic polynomials.

7. In this problem you will practice complex number arithmetic in Python. Consider a real
function f € C3[a,b] and assume that we want to approximate the derivative f’(zo)
with high accuracy. For this reason, we consider the small step parameter h; = 107* for
i=1,2,...,300.

(a) Given 0 < h < 1 define an approximation of the first derivative to be

Im|[f(xg +ih
Dif(fL'O) _ [f( }(L) )] 7
where i denotes the imaginary unit, and Im is the imaginary part of a complex
number. Prove that there is a £ € [a, b] such that for z( € [a, ]

SIGIN

|f'(z0) — Dif(x0)| < G

(b) Write a Python function to implement the approximate formula D;f of the first
derivative.

(¢) Consider the function

ea:

)= ——
J(@) sin® 2 + cos3
and its derivative f’(x). Compute the approximations of f/(1.5) for all values of
h=h;,i=1,2,...,300 and plot a graph of the error as a function of h. Determine

what is the optimal value h; which can be used in this method.
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(d) For the same values of h, compute the central approximation of the derivative D, f
and compare the errors. Determine again what is the optimal value h; that can be
used in the central difference formula.

(e) Explain the differences between the two methods, and also the various phenomena
you observe.

[The approximation of the derivative in this problem is known to as the complex-step
derivative approximation. For more information, we refer to the publications [123, 85]]

8. Write the composite trapezoidal rule for the integration of a function f(z) over an interval
[a,b] as

Ilf] = In[f]1 + EN[f],

where I[f] is the exact value of the integral, Iv[f] is the quadrature rule and En|[f] is
the error given by the formula

(b — a)h?

Enlf] = =2 1"(€)

where h = (b—a)/N.

(a) Using Richardson’s extrapolation consider two values Ny and Ns such that Ny =
2N, and eliminate the error to obtain the Romberg’s quadrature formula

4 1

I[.ﬂ :g-[Nz[f]_g-[Nl[f] .

(b) Implement this improved quadrature formula in a Python function and test your
code using the integral

1
/ e dr = /7/2 .
0

(c) Estimate by numerical means the order of convergence of Romberg’s quadrature
formula.

9. This exercise is based on the work [52]. Let x, h € R, and
h
oo)= [ tr(e+ o) de.
—h
with f € C*z — h,z + h].
(a) Using Simpson’s rule show that
" h
/ () db = S[-hf(e — h)+ hf (@ + B)] + O(R?)
—h
(b) Using the central finite difference approximation formula

show that .
3
/ ~
(@)~ 5 /htf(x+t) dt |

and estimate the error in the approximation.
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(c) Write a Python code to approximate the function g(z) for x € [—1,1] when f(z) =

e®’

(d) Show that

implementing the previous approximations.

h 1
/tf(t—l—x)dt:hQ/ uf(hu+x) du .

—h —1

(e) Use Gauss-Legendre quadrature to approximate the same function g(z) as before.

10. Consider the initial value problem

4 = a
(s o=t

(a) Prove that the initial value problem with f(¢,y) = y and yo = 1 admits the exact
solution y(t) = e'.

(b) Write a function Euler implementing Euler’s method to solve the specific initial-
value problem. The function should require as input the function f, the endpoints
a and b, the initial condition y9 and the temporal stepsize At. It will return the
approximation of the solution at the points of the temporal partition in a vector y.

(¢) Write similar functions to implement the improved and implicit Euler methods.

(d) Estimate the convergence rates of these methods experimentally. For this reason,
consider different values N; and stepsize h = hy, ho, ..., h, with h;;1 < h;, such
that h; = (b — a)/N;. Compute the solution at ¢y, = b for all values of h; and also
the errors F; = |yn, — y(tn,)|- Estimate the convergence rate using the formula

p= IOg(EZ/EZ+1)
log(hi/hit1)

11. For the initial value problem (8.35) consider a uniform grid a =ty <t; < --- <ty =b
with h = t;11—t;, and the trapezoidal method for the computation of the approximations

yi = y(t:):

h .
7[f(ti+17yi+l)+f(tiayi)]> 7’:0317"'7]\[_1'

Yi+1 = Yi + B

(a) Implement this method in Python to solve the problem with f(¢,y) = y in [0, 2]
and yo = 1.

(b) Estimate experimentally the convergence rate of the specific numerical method.

(¢) Formulate the trapezoidal method as a Runge-Kutta method.

(d) Study the stability of the trapezoidal method and compare with that of implicit
Euler’s method.

(e) Devise an algorithm using Newton’s method for the solution of the resulting non-
linear equation in the trapezoidal method and compare with the improved Euler
(Heun) method.

12. Consider the initial value problem for the following system of ordinary differential equa-

tions
) = —ya(t)
y/l() y2(t) £>0.,
ya(t) = (t) ,

given that y1(0) =1, y2(0) =0.
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(a) Show that the following conservation of energy holds
(1 (1)) + (y2(t)2 =1, forall t>0.

(b) Write the approximations (yi,y%), i = 1,2,... of (explicit) Euler’s method and
show that (yi)% + (y4)% — oo as i — c0.

(c) Show that the analogous approximations (y%,44) of the trapezoidal method (of the
Exercise 11) with constant stepsize h respects the conservation of energy (y)? +
(y&)? = 1 for all + > 1. This is an example of a symplectic method that preserves
quadratic invariants.

(d) What is the conservation properties of implicit Euler’s method for the same prob-
lem?

e) Use the function solve_ivp to solve the particular system experimenting with the
p P Y P g
available methods for non-stiff problems. In all cases comment on the conservation
properties of these methods.

13. A metallic rod of length L = 1 m is heated by a heating source located at its center of

gravity. The endpoints of the rod are kept at 0°C. If u(x) denotes the temperature of
the rod at location x, then it satisfies the ordinary differential equation

—u"(z) + u(z) = (47* + 1) sin(272) ,

which accompanied with the boundary conditions

forms a two-point boundary-value problem.

(a) To find approximations to this problem first consider a uniform grid of the interval
[0,1] of points x;41 = x; +hfori=0,1,..., N —1 with 2o = 0 and h = 1/N. Then
using the second order formula for the second derivative

w(xi—1) — 2u(z;) + u(xisr)
h? ’

u' (x;) ~

and given that u(zg) = u(xy) = 0 derive a linear systems of equations Au = b

where .
u= (U Uy -+ Un-1)

for the approximation U; ~ u(x;).

(b) Write a Python function to solve this problem and perform experiments with various
values of N.

(¢) Verify that the function u(z) = sin(27x) satisfies the two-point boundary value
problem.
(d) Compute maximum error between the numerical and analytical solution at the
nodes x; such as
En = U; — I -
N OISH%)%\A i — u(zi)]

(e) Estimate the convergence rate and show that Ey < Ch? for some constant C' > 0
independent of h.
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14. A significant drawback of the simple STR model is that we consider the deceased individ-
uals as recovered. An extension of SIR model that distinguishes the two cases is called
STRD model and includes an additional compartment D for the deceased individuals.
The STRD system reads

B
/ PR —
§ = -+IS
=215 a1
= ISl —ul, (8.36)
R =~I,
D'=ul,

where 3,7, i are the infection, recovered and deceased rates, respectively.

(a) Write a computer code in Python that solves system (8.36).
(b) Using 8 = 0.35, v = 0.035 and p = 0.1 and the initial conditions

(S,I,R,D) = (N,1,0,0) ,

solve system (8.36) and predict the death rate of the diseased in a population of
N = 4,000,000 individuals.

(¢) Try different parameters 8 and p to minimize the death rate.
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9

Numerical Linear Algebra

Numerical linear algebra is the branch of numerical analysis that focuses on the development
of methods and algorithms for solving problems with matrices such as the solution of linear
systems. It is perhaps the most useful branch of numerical analysis since the solution of
linear systems is a major issue in most engineering applications. It is remarkable that even
the solution of nonlinear systems of equations may require the solution of linear systems.
For example, as we saw in Section 5.5.6, Newton’s method for nonlinear systems requires
the solution of a linear system of equations at every iteration. In this chapter, we will limit
the presentation to some direct and iterative methods for the numerical solution of linear
systems. We start with the most popular and basic method, the Gaussian elimination.

9.1 Numerical Solution of Linear Systems

A general system of linear equations (simultaneous equations) can be expressed as

a1 1+ a2+ -+ a1 Ty = by,

a1 T1 + a2 Ty + -+ - + G2n Ty = by,

an1x1+an2x2+"'+annzn:bn .

The constant coeflicients a;; for each 7,5 = 1,2,...,n, and b; for each j = 1,2,...,n of this
system are assumed to be given, and we need to find the unknowns x1, zs, . . ., x,,. Computer
languages, though, have not been equipped with structures to store a linear system other
than matrices and vectors. Fortunately, a linear system can be expressed in matrix-vector
form Axz = b where

ailr a1z - Qin
a1 G2 - A2p
A - . . . 9
apl  An2 crr Gpn
is the coefficient matrix, « = (xl Ty - xn)T is the solution of the linear system, and
T, . .
the vector b = (b1 by - bn) is the right-hand side.

In order to develop a numerical method to solve linear systems we must first revise the
method of Gaussian! elimination. Gaussian elimination (also known as forward elimination
or row reduction) is a direct method used to transform a linear system into an upper triangu-
lar system, in the sense that the resulting coefficient matrix A is upper triangular. A direct

IThe Gaussian elimination method is named after the German mathematician and physicist Johann Carl
Friedrich Gauss (1777-1855)
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method is a numerical method to compute the exact solution (not an approximation like
Newton’s method) when exact arithmetic is being used. On the contrary, iterative methods
(such as Newton’s method) generate an approximation to the solution of the linear system.

Performing Gaussian elimination to a linear system Ax = b with a non-singular matrix
A, (det(A) # 0), we transform the system into a new system Uz = ¢ where

Uil Uiz o Ulp
0 woe -+ ugg
U - . . . ’
0 0 - Upn
with u;; #0fori=1,2,...,n. The new system Uz = ¢ apparently has the same solution as

the system Ax = b regardless that U is not the same as A. It is noted that the right-hand
side b is also transformed in a new right-hand side c. In the end, we can solve the system
Ux = c easily using backward substitution. The best way to understand this method is
with an example, but first we present the methodology in its full generality. Therefore, we
first describe the steps of the Gaussian elimination applied to the following linear system
of equations

Ey: anzit+anrat--+anr, =01,

Ey:  agi a1+ agxy+ -+ an Ty = by,

En: anlxl+an2x2+"'+ann:€n:bna

where we denote the i-th equation by E; for simplicity.

Gaussian elimination is based on three linear operations that lead to equivalent systems
of equations, in the sense that the resulting system has the same solution as the original
one. We call these operations basic. These basic operations are the following:

e We can multiply any equation with a non-zero number. For example, equation F; can
be multiplied by any non-zero constant A\ with the resulting equation used in place of
E;. This operation is denoted (AE;) — (E;).

e We can add a multiple of one equation to another equation. For example, equation E;
can be multiplied with any constant A and added to equation F;. This operation is
denoted (E; + AE;) — (E;).

e We can swap two equations. For example, equation I; and E; can exchange places in
the system. This operation is denoted (E;) <> (Ej;).

We use the basic operations to eliminate columns and transform the coefficients of the
low-trangular part of the original system into zeros. In particular, we use these operations
to eliminate all the entries a;; with j < 4, i.e. all the entries under the main diagonal of
the corresponding coefficient matrix. For example, in order to eliminate the entry as; we
need to multiply the first equation with agq/a1; and subtract the result from the second
equation. The resulting equation replaces the second equation Fs and we say that we have
eliminated the entry ao;. This operation is expressed as

(B2 — (ag1/a11) Er) — (E2) .
For example, consider the linear system

E1 : r1 +xo = 2 5
E2 : 2$1 —+x9 —Ir3 = 2 ,
E3 : 31’1 —T2 —T3 = 1.
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First we use equation E; to eliminate the unknown x; from equations E5 and E3 by per-
forming the basic operations

(E2 — 2E1) — (EQ) s

(Eg — 3E1) — (Eg) .
The first operation eliminates the unknown x; from equation E5, and the second from
equation Fs3. This step will eliminate only the coefficients of the unknown x; stored in the
first column of the coefficient matrix A. This leads to the equivalent new system

E1 I +9 = 2
By : —T9 —x3 = —2 (9.1)
E3 : 74132 —Tr3 = -5

After eliminating the first column we do not use E; again to avoid destroying what we
have achieved so far. Subsequently, F> is used to eliminate the unknown x5 from FEj3 by
performing the basic operation

(B3 —4E2) — (E3) ,

to obtain the equivalent system

E1 X “+x9 = 2
E2 : —T2 —X3 = —2 (92)
Es: 3ry = 3

After applying the permitted linear transformations, the new system is in the form of an
upper triangular system. The later system of equations is written in triangular (or reduced)
form and can be solved for the unknowns by a backward substitution process: We solve the
equation Fj3 for x3 dividing by 3 to obtain 3 = 1. Then we substitute the solution x3 =1
into F5 and we solve for x5 to obtain x5 = 1. We substitute the values of x5 and x3 into E;
and solve for z; = 1. The solution vector we found is the vector

1
z= |1
1

By performing all the previous linear transformations to the original linear system we didn’t
alter the unknowns x;, and the solution we found is the correct one.

IZ"  Observe that each entry of the right-hand side of the previous linear system is
the sum of the coefficients of the corresponding equation. Such a linear system has
solution 1 for each unknown. To see this consider its matrix-vector form and think
of the multiplication Ax with x a vector full of ones.

The same linear transformations, and therefore Gaussian elimination, can be applied to
the coefficient matrix A and the right hand side b of the linear system. This is important
because the implementation of any linear algebra algorithm in any programming language
will involve matrices and not linear equations. For theoretical purposes, and when we work
with pen and paper, we usually combine the coefficient matrix A and right-hand side b
together into the augmented matrix (A|b). This is done by merging the right-hand side to
a new (n + 1)-th column in the matrix A separated with a vertical line. For example, the
augmented matrix of the previous linear system is the matrix

1 1 012
App) = |2 1 -1|2
3 -1 —-1|1
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When we apply the linear transformations to the augmented matrix, we use the rows of the
augmented matrix instead of equations. For this reason, we call the basic operations of the
Gaussian elimination row operations. If the i-th row of the augmented matrix is denoted by
R;, then the basic row operations to eliminate the first column in the previous example will
be

(R2 — 2R1) — (RQ) y

(Rg — 3R1) — (Rg) .

The resulting augmented matrix (with eliminated first column) will contain the coefficients
of the reduced linear system (9.1)

1 1 0 2
0 -1 —-1|-2
0 -4 —-1|-5

The corresponding row operations for eliminating the second column of the new augmented
matrix will be

(Rs —4Rg) — (R3) ,

and the reduced augmented matrix that describes system (9.2) will be

1 1 0 2
0 -1 —-1|-2

We can denote the last matrix by (Ul|c) to indicate that A and b have been transformed
to an upper triangular matrix U and new right-hand side vector c.

Now we need to perform back substitution to the (transformed) upper triangular system
Ux = c to compute the unknown values x;. This can be done by writing the system Ux = ¢
in equations form

r1 +xo = 2
—x2 —X3 = -2
3:173 = 3

and then first solve the last equation x3 which gives 3 = 1. Solving the second equation
for x4 using x3 = 1 we obtain x5 = 1 and finally solving the first equations for x; we obtain
I = 1.

9.1.1 Algorithm for the naive Gaussian elimination

Suppose that we store the coefficients of a linear system into a matrix A and vector b. The
previous elimination procedure can be formulated in the following steps: For eliminating
the k-th column for kK = 1,...,n — 1 (the n-th column is used to compute z,, and is not
eliminated) we define the multipliers

Ak .
miy = — for i=k+1,...,n,
Ak
and we perform the substitutions
aijeaijfmikakj, j:k,...,n,

for i=k+1,...,n,
b; < b; — mixbx,

where we modify the entries of A instead of using a new matrix U, and the same with vector
¢, which is stored in vector b. This can save memory space, especially when the matrices are



Numerical Solution of Linear Systems 321

large. These steps are summarized using vectorized format in Algorithm 27. The multipliers
m;x in Algorithm 27 are stored in a matrix M. This is not necessary though and one can
use a simple variable to store the individual multipliers locally in memory unless they are
required for later use. We will see that these multipliers can play an important role in
computations.

Algorithm 27 Naive Gaussian elimination
Given the arrays A and b the solution « replaces b
fork=1:n—-1do
fori=k+1:ndo
M (i, k) = A(i, k)] A(k, k)
A(ik:n)=A(i,k:n)— M(i,k)- A(k,k :n)
b(i) =b(i) — M (i, k) - b(k)
end for
end for

In order to formulate the backward substitution for upper triangular systems, we write
the reduced system Ux = ¢ in equations form

a1121 + a12%2 + -+ a1 T + -+ ATy = b1,
Ak k Tk + Ok k+1Tk+1 + =+ Qpn Ty = by,

ATy = by .

The back substitution can be performed first by solving the last equation of the reduced

system for z,
by,

Ty = 5
Apn

and then by computing the rest of the unknowns in a for loop using the formula

1 n
xk:T bk}_ Zaijj for I{j:n—l,'ﬁ,_2,...,1.
kk j=k+1

The last formula can be derived by solving the k-th equation for zj. For the computation
of x;, we only used the value by for the current k. Since we do not use previous values by_1,
then we can replace them with the values x; for memory economy. Taking into account this
observation we summarize the backward substitution in Algorithm 28.

Algorithm 28 Backward substitution for solving upper triangular systems
Given an upper triangular array A, the right-hand side b is replaced by the solution x
b(n) = b(n)/A(n,n)
fork=n—-1:1:-1do
b(k) = (b(k) — A(k,k+1:n)-bk+1:n))/ Ak, k)
end for
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IZ" We use backward substitution to solve upper triangular systems. The corre-
sponding algorithm for lower triangular systems is called forward substitution. The
forward substitution algorithm is presented in detail in Algorithm 30.

We combine Algorithms 27 and 28 in a Python function Gauss_elimination. Note that
algorithms are usually presented with natural indices while the implementation takes into
account the Python indexing conventions. Taking as input the arrays A and b, the function
Gauss_elimination returns the solution of the corresponding linear system stored in the
variable b.

def Gauss_elimination(A,b):
n = len(b)
# Gaussian elimination
for k in range(n-1):
for i in range(k+1,n):
if A[k,k]'=0.0:
mik=A[1i,k]/A[k,k]
Ali,k+1:n] = A[i,k+1:n] - mik * A[k,k+1:n]
bli]l = bl[i]l - mik * b[k]
# backward substitution
for k in range(n-1,-1,-1):
blk] = (b[k]-np.dot(Al[k,k+1:n],b[k+1:n]))/A[k,k]
return b

We test our code in solving the linear system Aa = b of the previous section. Because the
function Gauss_elimination alters the arrays A and b we call it with arguments A.copy ()
and b.copy(), respectively. This will leave the arrays A and b unaltered for further use,
while inside the function new unrelated copies will be modified. In other situations we would
prefer to overate A and b for memory economy.

A = np.array([[ 1., 1., 0.],
[2.,1.,-1.1,
[3.,-1.,-1.11)
b = np.array([ 2., 2., 1.]1)
x = Gauss_elimination( A.copy(), b.copy() )
print(x)

[1. 1. 1.]

It is worth mentioning that there are variants of Gaussian elimination for banded or
tridiagonal systems. An example of a tridiagonal algorithm can be found in the exercises.

Operations count

In Algorithm 27 we first compute the multipliers. Every time we compute a multiplier we
perform one division, and thus in total we need

n—1

S (n—k) :nfk = 7"(”2_ D
k=1

k=1
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TABLE 9.1
Operations count for the Gaussian elimination and back substitution

Gaussian elimination Multiplications Additions Divisions
n(n—1)

Multipliers S n_1
Elimination of A ”("_1)6(2”—1) "(n—1)6(2"—1)
Elimination of b @ %
Back Substitution @ n(n;l) .
Total "(”*1§(”+4) n(n71)6(2n+5) o — 1
divisions. Because the denominator axx is common in n — k multipliers for k =1,...,n—1,

it is faster to first compute the ratios 1/agx and then multiply them with a;;. Thus, we can
have (n — 1) divisions and n(n — 1)/2 multiplications.
The second stage of the elimination algorithm requires

ity , 2, nah-1)@2n-1)
(Tl - k) = k® = )

multiplications and the same amount of additions/subtractions. This is because of the three
nested loops. The computations of the right-hand sides b; are included in two nested loops.
Therefore, we require

n—1 n—1

Y-k = po =l

k=1 k=1 2
multiplications and the same amount of additions (subtractions), as in the case of the
computation of multipliers.

The last stage of Gaussian elimination consists of the back substitution Algorithm 28,
which has two nested loops. The total number of multiplications is n(n — 1)/2 with n
divisions and n(n — 1)/2 subtractions. In the divisions we include also the computations of
the value b,,, which is outside of the for loop.

The total number of the operations required by the Gaussian elimination and back
substitution is summarized in Table 9.1.

7

¥ The total number of operations for a dense n x n matrix is O(n?). From these
operations O(n?) operations is the back substitution indicating that the most signif-
icant load is on the elimination process. Cramer’s rule for the solution of the same
linear system would require O((n + 1)!) operations. Therefore, Gaussian elimination
is considered one of the most efficient algorithms for the solution of general linear
systems.

9.1.2 LU factorization

Assume that we want to solve n linear systems with multiple right hand sides b but the
same matrix A. This situation is not rare. If we knew the various vectors b a priori, then we
could adjust the Algorithms 27 and 28 to perform elimination and back substitution with
matrix b instead of vector. But in the case where the various vectors b are not known from
the beginning, then we need to perform Gauss elimination on matrix A multiple times.
This doesn’t sound really efficient! We will spend O(n?) operations every time we call the
elimination function to perform the same thing. For this reason, we usually use the so-called
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LU factorization (or decomposition). In general, factorizations of matrices help improving
the efficiency of algorithms as well as to understand matrix properties.

The LU factorization is an algorithm that factorizes a matrix A into a product of two
matrices using the elimination procedure. In particular, the result of the LU factorization
is a lower triangular matrix L and an upper triangular matrix U such that A = LU. In the
LU factorization the matrix U is the usual upper triangular matrix we receive as output
of the Gauss elimination, and L is lower triangular with the multipliers m; in its entries.
Below we show how we factorize A into a product LU.

To construct the LU factorization algorithm, we express every step k =1,...,n — 1 of
the elimination algorithm as

aE?H):agf)—mikagy, for i=k,....,n, j=k+1,....;n,

where the multipliers m;, are defined as

o
mip = £ for i=k+1,...,n,
k)
kk
and we do not compute the right-hand side entries b;. Here al(.jl.)
triangular matrix U via

= a;;. We define the upper

i for i=1,...,n and j=i,...,n,

and zero elsewhere. This is the usual upper triangular matrix we construct with Gauss
elimination. The lower triangular matrix L is used to store the multipliers m; in its lower
triangular part

1 0 0 e 0 0

mo1 1 0 tee 0 0

L= |ms1 mzp 1 - 0 0
Mp1 Mp2 Mp3 - Mpnp-1 1

The matrices L and U defined via the elimination process form a multiplicative factorization
of A= LU.

BE"  Performing the steps of Gaussian elimination we can derive the LU factorization
of a matrix A. Matrix L is a lower triangular matrix with 1 in the principal diagonal
and the multipliers stored in its lower triangular part l;; = m;; for j =1,...,n -1
and : = j+1,...,n. Matrix U is the usual upper triangular matrix resulting in the
Gaussian elimination. A lower (or upper) triangular matrix with ones in the main
diagonal is called unit lower (or upper) triangular matrix.

Now that we know how to write A as a product LU, we repeat the method of solving
a linear system of the form Ax = b given its LU factorization:

e Suppose that the factorization A = LU, where L and U are given lower and upper
triangular matrices, respectively.

e We can solve the system Ax = b for & as many times as we want by using the following
two steps:

— Set y = Ux and solve the lower triangular system Ly = b for y using forward
substitution. Since L is triangular, determining y requires only O(n?) operations.
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— Once y is known, solve the upper triangular system Ux = y using back substitu-
tion. This requires only an additional O(n?) operations to determine the solution
x.

e The number of operations needed to solve the system Ax = b using its LU factorization?
is reduced from O(n3) to O(n?).

For example, let us compute the LU factorization for the matrix A and solve the linear
system Ax = b where

1 1 0 2
A=12 1 -1 and b= |2
3 -1 -1 1

The Gaussian elimination consists of the row operations

(R2 — 2R1) — (Rg),
(Rg — 3R1) — (Rg), (Rg — 4R2) — (R3) .

The multipliers m;; are stored in a matrix L, which combined with the upper triangular
matrix U produced by the Gaussian elimination comprise the LU factorization of A with

1 00 1 1 0
L=12 10 and U=|0 -1 -1
3 4 1 0o 0 3
For economy in computer memory we can store matrices L and U in the entries of

matrix A excluding the main diagonal of matrix L which has only 1. For example, we can
store the previous matrices L and U in A as

1 1 0
A=(LU)=[2 -1 -1
3 4 3

To find the solution of the original system Ax = b, we first use forward substitution to
solve the system Ly = b

21 0| (] =12
3 4 1) \y; 1

Solving the first row for y; and then moving to the second row for y» and so on we have

y1:27
2y1+y2=2$y2:2—2y1:—2,
3y +dy2+y3=1=ys=1-3y1 —4y2 =3 .

Finally, we solve system Ux = y for the solution x. The system Ux = y can be written as

1 1 0 1 2
0 -1 -1 T | = | -2
0 O 3 T3 3

Using backward substitution we obtain x3 =1, zo = 1 and 7 = 1.

20f course to obtain the LU factorization it requires O(n3) operations but we do it only once and for
all right-hand sides b.
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LU factorization expressed with matrices

If we use the previous algorithm with input

1 1 0
A=1[2 1 -1]|,
3 -1 -1
this gives
1 0 0 1 1 0
L=12 10 and U=[0 -1 -1
3 41 0 0 3

We show how to express the LU factorization using matrices. We start with the elimination
of the first column. We store the multipliers with minus sign in its first column of a matrix
M, with 1 in the main diagonal and 0 elsewhere

1 00
M, =1-2 10
-3 0 1

Then the product M7 A describes the elimination of the first column

1 4 0
MA=|0 -1 -1
0 -4 -1

Likewise, we store the multipliers we used to eliminate the second column in a matrix My

1 0 0
M,=10 1 0
0 -4 1

Then the matrix My(M;A) describes the elimination of the second column of the matrix
M A, which is the second stage of the Gaussian elimination with

1 1 0
My(M;A)= (0 -1 -1
0 0 3

Now is obvious that U = MyM, A and L = (MyM,)~' = M;'M;"'. That is

M =

W DN =

00 10
1 0| and My;'=1[0 1
0 1 0 4

and therefore

Taking this into consideration we have the following theorem:

Theorem 9.1 (Existence and uniqueness of LU factorization). If an upper triangular
matriz U can be found by Gaussian elimination from a matriz A without encountering
zero diagonal elements, then A has a unique LU factorization A = LU, where L is a low
triangular matriz with ones in the main diagonal.
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Proof. The Gaussian elimination is expressed as
U=M, M, ,---MA,

where M is lower triangular matrix with ones in its main diagonal for all i =1,...,n — 1.
All these matrices M; are invertible since all their diagonal entries of M; are nonzero, and
thus det(M;) = 1. Therefore, the matrix A can be written as

A=M;'M;'-- M, " U=LU,

which shows the existence of LU decomposition. To prove that this is unique, we assume
that there are two different LU decompositions of A

A =LU; = LU, .

Separating the lower and upper triangular matrices we have that Ly 'L, = UU 1 Since
the left-hand side is lower triangular and the right-hand side upper triangular (see Sections
2.2.8 and 2.2.9), we conclude that both products are equal to a diagonal matrix, let’s say D.
Moreover, the matrix D must be the n x n identity matrix I because the product L3 'Ly
must have all the entries of the main diagonal equal to 1. We conclude that

Ly'L, =U,U ' =1,
or equivalently that Ly = Ly and U; = Us. O

While this procedure can be generalized for any matrix A, apart from theoretical pur-
poses it serves no other purpose, and thus we move on with the implementation of the LU
factorization algorithm.

9.1.3 Implementation of LU factorization

The implementation of the LU factorization follows the same steps with the Gaussian
elimination of Algorithm 27 and is summarized in Algorithm 29.

Algorithm 29 LU factorization of a matrix A
fork=1:n—1do
fori=k+1:ndo
if A(k, k) # 0 then
mi = A, k) Ak, k)
A(i,k:n)=A(i,k:n) —my - A(k,k :n)
A(i, k) = ML
end if
end for
end for

During the elimination process the upper triangular matrix U replaces the upper trian-
gular part of A, while the multipliers are stored in the lower triangular part. Specifically, in
the following implementation of the LU factorization we receive in the output the matrix

Uil Uiz U1
A=(LU)=|la1 w2 wu2s
l31 32 uss



© ®w N o

10

328 Numerical Linear Algebra

This matrix contains the upper triangular matrix U and the lower triangular matrix L but
not the principal diagonal of L, which we know anyway that consists of ones.
The implementation of Algorithm 29 in Python could be the following;:

def LU(A):
# LU factorization of matriz A
n = len(A)
for k in range(n-1):
for i in range(k+1l,n):
if Alk,k] !'= 0.0:
mik = A[i,k]/A[k,k]
Ali,k+1:n] = A[i,k+1:n] - mik*A[k,k+1:n]
Ali,k] = mik
return A

Solving linear systems with LU factorization

We continue with the implementation of the algorithm for the solution of a linear system
Ax = b given the LU factorization of A. As we discussed before, in order to solve a system
Ax = b given that A = LU, we set Ux = y. Then, we first solve the system Ly = b
and then the system Ux = y. The solution of the system Ux = vy is solved with backward
substitution (Algorithm 28).

The system Ly = b can be solved easily using forward substitution. We first write the
system Ly = b in the form of equations

l11yr = b1,
lo1y1 + lagys = b,

s + leoya + - + Lo k—1Y—1 + Lok = i,

lnlyl + ln2y2 +---+ ln7k71yk71 +--+ ln,nflynfl + lnnyn = bn )
Solving the k-th equation for y; yields the formula of forward substitution:

k—1

Yk = bk:_zlkjyj Jlek, k=1,2,....,n.
j=1

The algorithm for the forward substitution for a general lower triangular matrix L is
summarized in Algorithm 30.

Algorithm 30 Forward substitution for solving lower triangular systems
Given the lower triangular array L, the right-hand side b of the system Ly = b the
solution y replaces b
b(1) =b(1)/L(1,1)
for k=2:ndo
b(k)=(b(k) — L(k,1:k—1)-b(1:k—1)) /] L(k,k)
end for
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In practical implementations matrix L is stored in the lower triangular part of A, while
U in the upper triangular part of A. The diagonal entries Iy of L can be ignored because
they are all 1. A code for the solution of the system Ly = b is the following:

def solveLU(A,b):
# Solution of the linear system LUz=d
# matriz A contains the LU factorization of A
n = len(A)
# Solve the low triangular system Ly=b, note that L_i% = 1.0
for k in range(1l,n):
blk] = blk] - np.dot(A[k,0:k],b[0:k])
# Solve the upper triangular system Uz=b
b[n-1] = b[n-1]/A[n-1,n-1]
for k in range(n-2,-1,-1):
b[k] = (b[k] - np.dot(A[k,k+1:n],b[k+1:n]))/Alk,k]
return b

In the next piece of code we use the above functions to generate the LU factorization of
the matrix

1 1 0
A=[2 1 -1,
3 -1 -1

and then solve two systems with different right-hand sides by = (2,2,1)7 and by = (4,4,2)7.
This is done by performing the LU factorization once and then forward and backward
substitutions twice for the solution of the two systems LUx = b; and LUx = bs.

A = np.array([[ 1., 1., 0.7,
[2., 1.,-1.],
[3.,-1.,-1.11)
bl = np.array([ 2., 2., 1.1)
b2 = np.array([ 4., 4., 2.1)
# Perform LU factortization once
A = LUCA)
# Solve the first system using forward/backward substitution
x1 = solveLU(A,bl)
print(x1)
#Solve the second system using forward/backward substitution
x2 = solveLU(A,b2)
print(x2)

9.2 Pivoting Strategies

In the previous discussions we assumed that the diagonal entries a,(!z) in the elimination of A

are not zero. Thus, we were able to compute the multipliers without issues. These diagonal
entries are called pivots and play an important role in achieving stable and accurate results
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in Gaussian elimination. There are cases where the naive Gaussian elimination fails because
A is nearly singular (nearly non-invertible with a tiny determinant) or A is such that
floating point arithmetic leads to wrong solutions®. For example consider a linear system
with one of the matrices

0 1 10717 1
Al = (1 1> or A2 = ( 1 1>

In the case of A; since a;; = 0 we cannot perform even the first step of the Gaussian
elimination. In the second case, let us try to solve using our Gauss_elimination function
the system Asx = b with b = (1,2)”. The specific system has exact solution x ~ (1,1),
but our code returns x=[0., 1.], which contains a huge error of O(1).

A

np.array([[ 1.e-17, 1.],
[1., 1.1

b = np.array([ 1., 2.])

Gauss_elimination(A,b)

X =
print (x)
(0. 1.1

To correct these problems we change the order of the equations. In the case of the
system Asx = b instead of solving the original system we can solve the system where the
first equation becomes second, and the second first

(o 1) ()= ()

A = np.array([[ 1., 1.7,

[ 1.e-17, 1.11)
b = np.array([ 2., 1.1)
x = Gauss_elimination(A,b)
print (x)
[1. 1.]

Observe that after changing the order of the rows in the matrix As and vector b the solution
is more accurate. This is the way to solve systems with matrix A; as well. This technique
is called pivoting and is described briefly in the next section.

BE”  (Gaussian elimination is an unstable algorithm in the sense that small perturba-
tion of the data (entries of A or b) can lead to a totally different solution. Thus, it
is very dangerous to perform the naive Gaussian elimination algorithm when we use
computers because of errors due to finite precision arithmetic. On the other hand,
the forward and backward substitution algorithms are stable [64].

3For more information see [42].
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9.2.1 Gaussian elimination with partial pivoting

The simplest pivoting strategy at stage k of the Gaussian elimination is to select the entry
of the k-th column of the augmented matrix with the largest absolute value below the main
diagonal (let’s say p-th row), and swap rows k and p. This can be described algorithmically
as: At stage k of the outer loop of the Gaussian elimination

e We determine the smallest p > k such that

lapk| = max ai|

e Interchange rows k and p
(Br) < (Rp)

No interchange of columns is used in this case. This is the reason that the specific pivoting
strategy is called partial pivoting. There is a column pivoting strategy where we proceed as
in the row pivoting but interchanging columns instead.

A Python code in vector form for swapping rows fast can be implemented as follows,

def rowSwap(v,i,j):
if len(v.shape) == 1:
v[il,v[j] = v[j],v[i]
else:

vIl[i,j1,:1 = v[[j,i],:]

A modification of the Gaussian elimination with partial pivoting in Python can be the
following:

def pGauss_elimination(A,b,tol=1.0e-15):
n = len(b)
for k in range(n-1):
# swap rows 1if necessary
p = np.argmax(np.abs(A[k:n,k])) + k
if np.abs(A[p,k]) < tol:
error.err('singular matrix has been detected')
if p != k:
rowSwap (b, k,p)
rowSwap (A,k,p)
# perform Gauss elimination
for i in range(k+1l,n):
if Aflk,k] != 0.0:
mik = A[i,k]/Alk,k]
Ali,k+1:n] = A[i,k+1:n] - mik*A[k,k+1:n]
b[i] = b[i] - mik*b[k]
# check 1f the matriz s singular
if np.abs(A[n-1,n-1]) < tol:
error.err('singular matrix has been detected')
# perform backward substitution
b[n-1] = b[n-1]1/A[n-1,n-1]
for k in range(n-2,-1,-1):
b[k] = (b[k] -np.dot(Al[k,k+1:n],blk+1:n]))/Alk,k]
return b
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Note that the previous algorithm uses a tolerance tol to detect tiny entries on the main
diagonal. Now using the Gaussian elimination with partial pivoting to the system Ai;x = b
with b = (1,2)7 we get

A = np.array([[ 0., 1.1,

[ 1., 1.11)
b = np.array([ 1., 2.])
x = pGauss_elimination(A,b)

print(x)

[1. 1.]

This is the correct answer, and the row interchange happened automatically inside the
function pGauss_elimination.

Scaled partial pivoting

In addition to partial pivoting there is a scaled partial pivoting (or scaled-column pivoting)
algorithm. Scaled partial pivoting is needed when equations and unknowns are scaled dif-
ferently. An example is the previous system with matrix As. In this case, you may select
row pivots relative to the scale factors:

e Before factorization select scale factors

S; = max |a;; 1=1,...,n
(3 1§j§n‘”|’ ) ’

o At stage i of the factorization, select p such that

Apk ik
——| = max |—
Sp k<i<n| $;
e Interchange rows k and p
(Br) < (Rp).

We leave the implementation of this as an exercise to the reader. This can also be found
in the book [78]. In addition to partial pivoting, the complete pivoting technique can be
considered as the ultimate pivoting technique.

Complete pivoting

Complete pivoting is a more exhaustive procedure and less common than partial pivoting,
in which the largest entry of the entire unreduced matrix is transferred into a pivoting
position. In this case, we perform interchanges in columns and rows during the elimination
process. This can be described briefly by the following steps: Choose row r and column ¢

as follows:
e Find r, ¢ such as
larc| = max |ag]
i<k, <n

e Interchange rows i and r and columns ¢ and ¢

I5"  Complete pivoting technique is avoided in practice because it can slow down
the elimination process. On the other hand, partial pivoting is so common that it is
a default procedure in Gaussian elimination and LU factorization.
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9.2.2 LU factorization with pivoting

Further to the failure of Gaussian elimination due to problematic pivots, LU factorization
fails in the same way due to its equivalence with the Gaussian elimination. For this reason,
we incorporate partial pivoting in the LU factorization too. First we define permutation
matrices to express row (or column) interchanges. A permutation matrix P is an identity
matrix with its rows or columns interchanged. Multiplication of a matrix A with a permu-
tation matrix P is equivalent with interchanging rows (or columns) of A. For example, if
we want to interchange rows 1 and 3 of a matrix

ailr a2 ai3
A= |aa ax a3 s

azr asz2 ass

then we can multiply A with the permutation matrix
0 0 1
P=|0 1 0],
1 0 0

obtained from the identity matrix by swapping the first and third rows. This is

0 0 1 a1 a2 a3 az1 asz ass
PA=(0 1 0 az1 G2 a3 | = | as1 aze as3
100 asy azz ass a1 a2 ais

IF" A permutation matrix is a row-permutation of the identity matrix, and P~ =
PT.

The Gaussian elimination algorithm was modified appropriately (with minor changes)
to accomodate pivoting techniques. Based on the following theorem we can do the same
with the LU factorization.

Theorem 9.2. For any n x n matrix A of rank n, there is a reordering of rows such that
PA=LU ,
where P is a permutation matriz that reorders the rows of A.

We demonstrate the LU factorization with partial pivoting for the matrix

3 17 10
A=(2 4 =2
6 18 —12

As it is required by the partial pivoting technique, we choose for the first step the entry of
the first column with the largest magnitude. We thus need to swap rows 1 and 3 since the
entry with the maximum magnitude in first column is the entry 6. This row interchange
can be represented by the matrix

o = O
O O
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Thus, we eliminate initially the first column of matrix

0 01 3 17 10 6 18 —12
PA=10 1012 4 -2]|=12 4 =-2],
1 00 6 18 —12 3 17 10

using the row operations (Ry — 1/3 R1) — (R2) and (R3 — 1/2 R;) — (R3) to obtain the
reduced matrix A = M, P, A where

6 18 —12 1 00
AD =10 -2 2 and M;=|-1/3 1 0
0 8 16 -1/2 0 1

Next, we need to eliminate the second column of this matrix, but using partial pivoting we
perform the interchange of rows 2 and 3 described by the permutation matrix

0
0
1

O = O

We perform the elimination of the second column of the matrix

0 0 6 18 —12
1 0 8 16 ,
0 0o -2 2

using the row operation (R3 + 1/4 Ry) — (Rj3) to obtain at the end of the procedure
A® = M, P, A where

6 18 —12 1 0 0
AP =0 8 16 and Mo,=[0 1 0
0 0 6 0 1/4 1

If we write M = MyPo M, Py, then U = A® = M A and the LU factorization with
partial pivoting returns the matrices

1 0 0 6 18 —12
L=|1/2 1 0 and U=(0 8 16
1/3 —-1/4 1 0 O 6
Taking
0 0 1
P=PP =1 0 0],
01 0
we have the factorization PA = LU
0 0 1 3 17 10 1 0 0 6 18 —12
1 00 2 4 =21|=11/2 1 0 0 8 16
01 0 6 18 —12 1/3 —-1/4 1 0 O 6

In general, L contains the permutations of the rows and is the matrix
L=PM, 1P, ]\/—’21321\41131)71 ;

where
P=P, - PP .
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I¥" The matrices L and U in the PA = LU factorization with pivoting are not
the same as in the A = LU factorization without pivoting.

It is important to keep a record of the row interchanges in order to formulate the
permutation matrix P. The permutation matrix P is sparse and it is not good practice
to store its zero entries. In practice we store only the interchanges using a vector perm.
Initially, the vector perm is (0,1,2,...,n)7 (in Python indices). Whenever two rows are
interchanged, the corresponding interchange is also carried out in the vector perm. Thus,
the vector perm contains the order in which the original rows have been rearranged. This
information is passed on to the solution phase (solvelU), by rearranging the entries of the
constant vector in the same order before proceeding to forward and backward substitutions.

The algorithm of the LU factorization with partial pivoting is summarized in Algorithm
31

Algorithm 31 LU factorization with partial pivoting
Given the array A
fork=1:n—1do
Find p such that |A(p, k)| = maxg<p<n |A(k : 0, k)|
Swap rows A(k,:) < A(p,:)
Swap rows perm(k) <> perm(p)
fori=k+1:ndo
if A(i,k) # 0 then
Al k+1:n)=A(,k+1,n) —my - Ak, k+1:n)
A(i7 k) = Mk
end if
end for
end for

The implementation of the LU factorization with partial pivoting in Python is the same
as the Gaussian elimination with partial pivoting with the only difference that we keep a
record of the permutations.

def LUpivot(A,tol=1.0e-15):
n = len(A)
# define permutation vector
perm = np.array(range(n))
for k in range(O,n-1):
# perform row interchange if necessary
p = np.argmax(np.abs(A[k:n,k])) + k
if np.abs(A[p,k]) < tol:
error.err('singular matrix has been detected')
if p != k:
swapRows (A,k,p)
swapRows (perm, k,p)
# perform Gauss elimination
for i in range(k+1,n):
if A[i,k] != 0.0:
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mik = A[i,k]/Alk,k]
A[i,k+1:n] = A[i,k+1:n] - mik*A[k,k+1:n]
Ali,k] = mik

return A, perm

In order to solve a linear system Ax = b using LU factorization with partial pivoting,
we multiply both sides of the system with P to obtain LUx = Pb since PA = LU. Then
we perform the usual steps of forward and backward substitution to the vector Pb instead
of b. The implementation could be the following:

def solveLUpivot(A,b,perm):

n = len(A)
# Store right-hand side in solution vector
x = b.copy()

for i in range(n):
x[i]=b[perm[i]]
# Forward-backward substitution
for k in range(l,n):
x[k] = x[k] - np.dot(A[k,0:k],x[0:k])
x[n-1] = x[n-1]1/A[n-1,n-1]
for k in range(n-2,-1,-1):
x[k] = (x[k] - np.dot(A[k,k+1:n],x[k+1:n]))/Alk,k]
return x

Testing these programs using the system Ax = b with

3 17 10 30
A=(2 4 =2 and b=1|4] ,
6 18 —12 12

we have:

A = np.array([[ 3., 17., 10.],
[ 2., 4.,-2.],
[ 6.,18.,-12.11)
b = np.array([ 30., 4., 12.])
[A,perm] = LUPivot(A)
x = solveLUpivot(A,b,perm)
print (x)

(1. 1. 1.]

In order to verify the result we perform some extra computations to retrieve the matrices
P, L and U from the output of our functions.

# construct lower triangular matriz L
L = np.tril(A,-1)+np.eye(3)

# construct upper triangular matriz U
U = np.triu(d)

# construct permutation matriz P

P = np.eye(3)

P = P[perm,:]
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print('P='); print(P)
print('L="); print(L)
print('U='); print(U)

P=
[[0. 0. 1.]
[1. 0. 0.]
[0. 1. 0.]]
L=
[[ 1. 0. 0. ]
[ 0.5 1. .
[ 0.33333333 -0.25 1. 11
U=

[[ 6. 18. -12.]
[ 0. 8. 16.]
[ o. 0. 6.]1]

Observe that the output agrees with the example presented above.

9.3 Condition Number of a Matrix

We saw that Gaussian elimination can be unstable for some linear systems due to finite
precision arithmetic. It would have been very useful if we had a tool to detect matrices that
can lead to failure of Gaussian elimination. The sensitivity on matrices to small errors can
be expressed with the condition number of a matrix. We first define rigorously the notion
of norm to compare vectors and matrices.

9.3.1 Vector and matrix norms

A vector norm is a function that maps vectors to positive real numbers. A norm of a vector
x usually is denoted by ||z||, and it can be interpreted as the length of . Formally, a vector
norm is the mapping || - || : R”(or C") — R and satisfies the following properties:

1. |lz]| >0,z e R, (Jz|| =0 < = =0)
2. le+yl <l +lyl, =,y € R™ (Triangle inequality)
3. |lax|| = |a|||z|| for a € R, z € R"
The most common norms are the £1-norm, f-norm and ¢,,-norm defined as

x|l = |z1| + - + |2nl, (¢1-norm)

|zl = \/|$1|2 + -+ |xnl?, (f2-norm)

|Z]l 0o = max |z;], (£so-norm)
1<i<n

where the absolute value is used when the vectors have complex entries (z; € C).
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FIGURE 9.1
Measuring distances in Manhattan.

Sometimes, we find it useful to use the more general norm (¢,-norm)

n 1/p
], = <Z 'rip> , p>1,
=1

which for p = 00 is ||@||« = lim ||x|/,. The ||z||2 is usually referred to as the Euclidean
p—00

norm.

To understand the difference between the various norms we present in Figure 9.1 a top
view of a hypothetical city, let’s say Manhattan with the squares representing buildings.
Suppose that we want to move from point A to point B. The distance between A and B
is measured by the f2-norm ||z||2 and is the modulus of the vector & depicted with broken
line. This distance though is not an accurate estimate of the distance we need to cover. On
the contrary, the distance we need to travel is the distance from A to C' and from C to
B. This distance is the ¢;-norm ||z||; = |z1| + |z2|. So norms measure distances in various
topologies. Distances measured with different norms have the same order of magnitude and
thus the choice of a norm will depend on the application®.

Norms estimate also distances between vectors by their difference ||a@ — b||. This is very
useful computation as, for example, in the computation of an approximation & of a vector
x, the norm of their difference || — &|| or even the normalized quotient | — Z||/||x| gives
us information about the error or the relative error.

Some vector norms are related to the inner product between vectors. The inner (or dot)
product of two vectors is defined as the product of a row with a column vector =7 - y.
(Sometimes we will omit the dot in the notation like we do in matrix multiplication.) In
linear algebra we usually consider vectors as column vectors. So the inner product of the
vectors @,y € R" is the sum of the products of their entries

al -y = Zn:wy :
1=1

In this book, the inner product will be denoted by (x,y) = =T - y to emphasize the rela-
tionship between x and y. It is easy to see that

al -z = (z,@) = |3

4In finite-dimensional spaces.
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which implies
lzllz = v{z, z) .

If the vectors & and y are complex, then the definition of the transpose requires to take the
complex conjugates of the entries of the respective vector. In particular, the inner product

is defined as N
i=1

Perhaps, the most useful inequality between norms and inner products is the Cauchy-
Schwarz inequality®

{9l < llll2 [[yll2

which holds true for any two complex vectors & and y. More precisely, we have the following
theorem:

Theorem 9.3 (Cauchy-Schwarz inequality). Any vectors x,y € C" satisfy the inequality

{2, y)| < [[=2 [yl -

Proof. Obviously, for © = 0 or y = 0 the Cauchy-Schwarz inequality holds as an equality
(0 = 0). For non-zero vectors x and y we see that for all § € R we have

0< Y (Olail + |yil)® = 6% |ail® +20 ) [aillyal + Y Il - (9-3)
i=1 i=1 i=1

i=1

The right hand side of this inequality is a quadratic polynomial for 6. The coefficient of the
quadratic term 6? is positive since

n
Z |.’,EZ|2 >0.
i=1

Since the quadratic polynomial in (9.3) is always positive, its discriminant D must be D < 0.
Using this observation, we have

0> D=4 (f]xinyioz 4 (Zm) (Zm) |

i=1

(Bn) = (G (o)

Taking square root on both sides of this inequality and using the triangle inequality |z+y| <

|z| + |y| we have
n n 1/2 n 1/2
S s(w) (Dyﬁ) ,
=1 =1 =1

which is the Cauchy-Schwarz inequality [(z,y)| < ||z|2]|y]2- O

which gives

5 Also called Cauchy-Schwarz-Bunyakovsky inequality named after Baron Augustin-Louis Cauchy (1789
1857), Karl Hermann Amandus Schwarz (1843-1921) and Viktor Yakovlevich Bunyakovsky (1804-1889).
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‘We mentioned the triangle inequality for the absolute value of the sum of two numbers
|z+y| < |x|+|y|. The exact same inequality holds for vectors and norms and it is the second
property in the definition of a norm. It is left to the reader to verify that all the previously
mentioned norms satisfy the norm properties 1-3. We only show here the triangle inequality
for the Euclidean norm

&+ yll2 < [lz]l2 + [yl -

To see why this is true, we write the norm of the sum as an inner product
e +yll5 = (@ +y.z+y),
and analyze the inner product as

|z +yll5 = (x+y,z+y)
=(z,z) +(z,y) + (y,z) + (y,9)
= [l]|3 + 2(z, y) + [lyl3
<lzl|3 + 2ll(2llyll2 + lyll5
= (lzll2 + lyll2)* -
Thus,
2+ yl3 < (22 + [lyll2)* -

After taking the square root in the last inequality we obtain the triangle inequality || +
Yl < 2 + [yl

In analogy to vector norms we define matrix norms || - || : R™™ — R as a mapping that
satisfies the following properties

A >0, AeR™", (Al =0< A=0)

A+ Bl <Al +[B], A, B € R™"

lcA|l = |c]||A]|| for c € R, A € R™"

IAB| < [|A[ [|B], A, B € R™"

and again, matrix norms determine the size of a matrix.
Note that the triangle inequality of matrix norms is inherited from vector norms. It is
not hard to see that

Al = 1Bl < A= B| <Al +[BI

For example, the right inequality follows directly from the triangle inequality of || Al =
|A— B+ B|| < ||[A— B| + |B]. While the left, again as a consequence of triangle
inequality, can be derived from ||A — B|| = ||[A+ (=B)|| < ||A|| + || — B|| = ||A]| + || B

The most commonly used matrix norms are those induced by vector norms. Such norms
are called natural norms and are defined as

A A
lA]| = max | A=] = max{ H sr:||, T # 0} .

270 || |

Since || Al is the maximum of all quantities | Ax||/||x|| for all & # 0, it is implied that

|A| > lA=] forallz #0.

]
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Thus, for & # 0 and any square matrix A we have
[Az| < [|Alll=] .
It is noted that the definition of matrix norm includes complex vectors € C". Alsoifx =0

the last inequality holds as equality. The most important matrix norms are the following:

.....

|All2 = \/m, (¢o-norm)

n

H‘1||00 =  max E |aij|7 (@OO—HOI‘IH)
i=1,...,n < 1
j=

|AllF = ZZMUP, (Frobenius norm)

j=11i=1

The norm ||AllF is called the Frobenius norm of A and is named after the German
mathematician Ferdinand Georg Frobenius (1849-1917). In the definition of the norm || A||2,
the p(A) denotes the spectral radius of A, which is the maximum in magnitude eigenvalue
of A

p(A) = max{|A, [Aaf, ..., |Ak[}

with det(A — \I) = 0.

9.3.2 Theoretical properties of matrix norms

Here we present a few theoretical properties of matrix norms. Their proofs require some
advanced knowledge of linear algebra, and for the sake of completeness are included here.

In general, any two matrix or vector norms || - ||; and || - ||2 are equivalent, in the sense
that there are constact Cy,Cs > 0 such that Cy[| - || < || |1 < Cs]| - ||2. Also all natural
norms are related to the spectral radius. More precisely there is no way a matrix norm can
become smaller than the spectral radius of A:

Theorem 9.4. For any natural matriz norm || - || and n X n complex matriz A we have

p(A) < [|All.

Proof. Let A € C be an eigenvalue of the matrix A, and « # 0 the corresponding eigen-
vector. This means that Ax = Ax. Taking the norm of both sides of the last relation we
get

[Az| = (| z] .

Since || - || is assumed to be natural, we have ||Az| < ||Al|||z|, and thus
Az = [[Az|| < [|Al[jz] -
But ||Ax|| = |\|||z|| from the norm properties, and so
[Alll2]] < [ Alffl]} -

Since ||z|| > 0 we simplify the last inequality into |A| < ||A|| and since A was arbitrary, this
holds for the maximum absolute value of eigenvalues p(A) < || A||. O

The inverse inequality is not true, but what one can prove is that the spectral radius of
a matrix can be an estimate of its norm:
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Theorem 9.5. For any n x n (complex) matric A and for all € > 0, there is a natural
norm || - || such that | Al < p(A) + €.

Proof. The proof requires the Jordan normal form® of matrix A. So let A = PJP~!, with
J = diag(Jy, Jo, ..., Jp) the Jordan normal form of A. We define the matrix

J=D'JD,

where D = diag(1,¢,€2,...,€"1). The matrix J has the exact same structure as J with
blocks

Ai e 0 -~ 0 O

0 N € -+ 0 0

Ji=|t oo |
0 0 0 --- X\ €
0O 0 0 --- 0 X\

for all the ¢ blocks. Thus, [T ]|lso < |Ni| 4+ ¢, and thus ||J]|e < p(J) + €. From the definitions
of J and J we have

J=D'JD=D'P'APD = (PD) 'A(PD)=T'AT,

where T = PD. Since D = diag(1,e,...,e" 1), the columns of T are the columns of P

multiplied with 1,¢,...,e" 1.
Let ||A| be the matrix norm of A defined using the vector norm ||| = ||T~'@||s. Then
Al = | Az|
GC” H H 1
= max 1T ' Az| 0
2eCh, [T 12 =1
= max |IT'AT(T ') || oo
T 1zeCn, | T el o=1
= a J(T 'z
T*lmGC"rfﬁTX*12|\oc:1 1€ e
= |l
<p(A)+e,
which completes the proof. O

Finally, we present a theorem of John von Neumann (1903-1957), which we will find
useful in estimates and proofs later in this book.

Theorem 9.6 (Neumann). If for an n x n complez matrix A and for any natural norm is
|A]| < 1, then:

(i) The matriz I — A is invertible, which means that the inverse (I — A)~! exists, and
() wrpay < 10— A)7H < =y

Proof. We prove the first part of the theorem using a contradiction. If I — A wasn’t invertible,
then the linear system (I — A)x = 0 would have a solution x # 0. For that  we would also
have * = Ax. Taking norms on both sides of x = Ax we have ||| = [|Ax| < | All||z]|.
Since © # 0 we have that ||z| > 0, and thus we have ||A| > 1, which is a contradiction
since we assumed that ||A|| < 1. Hence, the matrix I — A is invertible.

6 A discussion of the Jordan normal form can be found in Chapter 12 and in the Appendix.
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In order to prove the second part of the theorem we make use of part (i). Since the
matrix I — A is invertible we have

I=I-A)'"I-A)=IT-A)'-T-A'A.
Taking norms on both sides of the previous relation we have
1= |I|=[(I-A)""~I-A)7"A]. (9-4)
On the other hand we have that
I =A== Al <1 -A)~ — (T - A) A
< T =AM+ 1T = A7HAll
or better
(T = A)7HA-JAD < (=A™ =T - AT A < [[(T - A7+ Al -

Hence,
L< (I =AY +|A]) ,

which gives
1

T A] <[(I—-A)7". (9.5)

From (9.4) we also have

> I-A)7 =T -Aa)7 A
> (I =A)7 =T —A)~ Al
> (T =AM - ]lAl)
which gives (since ||A|| < 1)

1
< T-A)Y. (9.6)
g <l A
Combining (9.5) and (9.6) we have that

1 1
T -A)TY
T yay < < T

which completes the proof. O

After having a deep insight of matrix and vector norms, we continue with the condition
number of a matrix. The condition number gives us an estimate of how close a matrix is to
be singular by numerical means.

9.3.3 Condition number

For any natural norm, the condition number of A is the number
cond(A) = [|A] - A7 .
Suppose that we want to solve a system

Az =b. (9.7)
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To see how this number can determine the sensitivity of the solution  on A we make the
following three assumptions: (i) We store A in memory using exact arithmetic; (ii) We store
b with finite precision as b* = b + db instead of b, where db is the error-vector; (iii) We
execute the Gaussian elimination with exact arithmetic.

Because of the error in the storage of vector b, we compute the solution «* = x + d=
instead of & by solving exactly the system

Az* =b". (9.8)
Subtracting systems (9.7) and (9.8) we get the equation for the error dx
A dx = b,

which implies
dx=A"1'6b.

Taking norms in the last equation we obtain
x| < [|A"] [|6B]] - (9.9)

Since b = Az, taking norms on both sides and using the definition of matrix norm we
obtain ||b|| < [|A||||lz]|, which is equivalent to

]|
| = : (9.10)
[|All

Dividing (9.9) by (9.10) we obtain the formula for the relative error

— < ||A|l - ||A _— .

Equivalently, we write the formula of the relative error as

|00

[[0||
——— < cond(A) ,
b

]|~

where cond(A) = ||A]| - |A~Y| is the condition number of A.

Since the relative error ||[dx||/||z|| is proportional to the condition number, we conclude
that matrices with large condition number might lead to a solution with large relative error.
In such cases we definitely need to use Gaussian elimination with pivoting.

Since I = A - A™!, by taking any natural matrix norm we have

1=|I] = |AA™"| < | AfA7"],

which yields
cond(A) > 1.

This means that the best matrix for Gaussian elimination is the one with cond(A) = 1. The
condition number of the identity matrix I is cond(I) = 1. Some times we write cond,(A) =
1Al 1A

The condition number can be computed numerically using NumPy and the function
cond of the module 1inalg. The general call of the function cond is
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cond (A,p)

where A is the matrix we search for its condition number and p corresponds to the £,-norm.
By default p=None for computations with the f3-norm. Other values can be ’fro’ for the
Frobenious, inf for the infinity, 1 for the ¢;-norm and 2 for the /5 norm. NumPy defines also
the norms -inf, -1 and -2, which we will not use here but the interested reader can look
them up in the NumPy online reference for more information. The function cond returns
the condition of matrix A. Here we consider a very simple example demonstration of the use
of the function cond.

from numpy.linalg import cond

A = np.array([[1, O, -1], [0, 1, 0], [1, O, 111)
cond (A)

cond(A, np.inf)

cond (A, 1)

cond (A, 2)

142135623730951

1
2.
2
1

s oo n

142135623730951

The specific condition number is not large. An ill-conditioned matrix usually has con-
dition number greater than 100. An example of ill-conditioned matrices are the so-called
Hilbert matrices with entries

0 = 1
Vo1
Trying for example the 3 x 3 matrix
1 1/2 1/3
A=11/2 1/3 1/4]| ,
1/3 1/4 1/5

we compute condy(A) a2 524. Such matrices occur in least square problems (polynomial
regression) of Section 6.5.

9.4 Other Matrix Computations

The Gaussian elimination and LU factorization are very useful algorithms, not only for
the solution of linear systems. We can employ these methods to perform other difficult
computations such as the computation of inverse or determinant of a matrix. The compu-
tation of a determinant using the definition is extremely expensive. So expensive that it
is almost impossible to compute the determinant of an 100 x 100 matrix into reasonable
timeframes. This fact makes methods such as Cramer’s rule useless for the solution of large
linear systems.
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9.4.1 Computation of inverse matrix

If A=! is the inverse of an n x n matrix A, then AA™! = A= A = I. We denote by
x; the i-th column of A~! and by b; the i-th column of the identity matrix I, i.e. b; =
(0,0,...,1,...,0)T. Observe that

Therefore, by solving the system Ax; = b; for ; we compute the i-th column of A~!.
This means that in order to compute all the columns of A~! we need to solve n linear
systems. In practice, we compute the inverse matrix of A applying Gaussian elimination to
the augmented matrix

(Al ,

and backward substitution n times; or we compute the LU factorization once and apply
Forward and Backward Substitution n times.
For example, in order to find the inverse of the matrix

1 2 -1
A=12 1 0 ,
-1 1 2
we consider the augmented matrix
1 2 —-1({1 0 O
A= 2 1 0[O0 1 O
-1 1 210 0 1
First, performing (Re — 2R;) — (R2) and (Rs + Ry) — (R3) we get
1 2 -1 1 0 0
0 -3 21-2 1 0 ,
0 3 1 1 0 1

which after the operation (Rs + R2) — (R3) gives the reduced form
2 -1 1 0 0

1
0 -3 21-2 1 0
0 0 31-1 1 1

Backward substitution is performed on each of the three augmented matrices
1 2 -1 1 1 2 —-110 1 2 —-110
0o -3 2|-2], 0o -3 2|1 |, 0 -3 2|0 ,
0o 0 3|-1 0 0 3|1 0o 0 3|1

to obtain the solutions

—2/9 5/9 ~1/9
bi=1|4/9 |, bo=|(-1/9]|, b3=[ 2/9
~1/3 1/3 1/3
The matrix A1 is
_2 5 _1
9 9 9
Al_p=| & 1 2
RO
3 3 3

The numerical computation of the inverse of a matrix in NumPy can be done using the
function inv of the module 1inalg. For example
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import numpy.linalg as npl

A = np.array([[1., 2.1, [3., 4.11)
ainv = npl.inv(A)

print (Ainv)

print(np.dot(A, Ainv))

[[-2. 1.1
[ 1.5 -0.5]]

[[1.00000000e+00 1.11022302e-16]
[0.00000000e+00 1.00000000e+00]]

9.4.2 Computation of determinants

The computation of the determinant of an n x n matrix A using the methodology with the
cofactors and the minors (see Section 2.2.10) requires O(n!) floating point operations. Such
a computation is perhaps impossible for large values of n. We bypass this obstacle with the
help of LU factorization.

Assume that the LU factorization of the matrix A is given in the form PA = LU. Then

det(A) = det(P~ ') det(L) det(U) .

Any permutation matrix P factors as a product of S row-interchanging elementary per-
mutation matrices P;, each having determinant —1, and thus det(P~') = (—1)°. The
determinants det(L) = [, l;; and det(U) = [[;-, wi; since L and U are lower triangular
and upper triangular, respectively. For the proofs of all these properties, we refer to basic
linear algebra books such as [105]. Therefore,

det(A) = (-1)° (H lii) <H Uu) )
i=1 i=1
where S is the number of row interchanges. Because the matrix L has only 1 in its main

diagonal

l“‘:1.
1

n

2

We conclude that the determinant det(A) can be computed with the product

i=1

In Section 9.2.2 we saw that the LU factorization of the matrix

3 17 10
A=12 4 =2 |,
6 18 —12
is the following
0 01 3 17 10 1 0 0\ /6 18 -—12
100 2 4 =2]=(1/2 1 0 0 8 16
01 0 6 18 —12 1/3 -1/4 1 0 0 6

In this case, S = 2 and thus, the determinant of the matrix A is det(A4) = 6x8x 6 = 288. In
Python we can compute the determinant of a matrix using the function det of the module
numpy.linalg.
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9.5 Symmetric Matrices

It happens very often in applications that the matrix A is symmetric. If A is symmetric,
then we can store half of A, i.e. only its lower triangular part, and save computer memory. If
in addition A is positive definite, then we could make the LU factorization faster and stable.
In particular, if A is symmetric and positive definite, then there is a factorization of the
form HH?”. This factorization is called Cholesky decomposition named after André-Louis
Cholesky (1875-1918). Recall that a matrix A is positive definite if

T Ax >0,

for all n-dimensional vectors x # 0.

As we saw in Section 2.3.2, the process of verifying the positive definiteness of A can
be very difficult. There are a few, helpful facts in the verification process. First of all, a
symmetric matrix A is positive definite if and only if the Gaussian elimination without
row interchanges can be performed on the linear system Ax = b with all pivot elements
positive. The computations involving a positive definite matrix A are stable with respect to
the growth factor of round-off errors. Moreover, any symmetric matrix A is positive definite
if and only if A can be written in the form HH”, where H is lower triangular with non-
zero diagonal entries. But first let’s see the result of the LU decomposition of symmetric
matrices.

9.5.1 LDLT factorization

The LDLT factorization of a matrix A can be carried out if A is symmetric and has an
ordinary LU factorization A = LU, with L unit lower triangular, and is the decomposition
of A into a product LDLT where D is diagonal”. First we extract the main diagonal of U
and we write U = DU; where U; is unit upper triangular. As a result, we write the LU
decomposition of A as A = LDU,. This is known as Crout decomposition named after
Prescott Durand Crout (1907-1984). Due to the symmetry of A, we have that U; = LT
which makes the LDL” factorization a special case of Crout decomposition. To see this, we
start with
LU=A=A"=(U)" =U0"L".

Since L is unit lower triangular, it is invertible, and we can write U = L~'UTLT. Then
U(LT)"! = L7'UT. However, since the product of lower triangular matrices is lower
triangular and the product of upper triangular matrices is upper triangular, the right side
of this equation is lower triangular and the left side is upper triangular (see Section 2.2.8).
Thus, both sides must be equal to a diagonal matrix, say, D. The equation U(LT)~! = D
implies
U=DL",
and thus
A=LU=LDL" .

For example, let

— N W
— N W W
— N NN
—_ = =

7If A is complex Hermitian, then the particular factorization is written as A = LDLH
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The LU factorization of A will be

=LU .

I
WS [N [ [0 =
V== O O
— O O O
O O O
O Oklw W
O Wb~ N
DO Q0 [ = =

W = O

Extracting the diagonal entries from U and place them into a diagonal matrix D yields

4 0 0 0\ /1 2 %%
02 0 0|0 1 3 3
— 4 3 — T
U—()og o]lo o 1% =DL".
000 3/\0 0 01

Clearly we have A = LDLT.

9.5.2 Cholesky factorization

If A is symmetric and positive definite, then we can write A in the form
A=HHT

where H is lower triangular matrix (without necessarily ones in the main diagonal). This
is the Cholesky factorization of symmetric and positive definite matrix.

We can acquire the Cholesky factorization from the LDLT factorization of A. First,
write A = LDL”. The diagonal matrix D can be written as a product of diagonal matrices
D = D'/2D'/? where

D'? = diag(v/d11, v/d22, .., V/dun) -
Then, we have
A= LD1/2D1/2LT — LDl/Q(LDl/Q)T .

By setting H = LD'/? we obtain the Cholesky factorization A = HH7. The positivity of
the diagonal entries of D is guaranteed by the positivity of A (see Section 2.3.2).
For a 3 x 3 matrix A we have

aiy a2 G13 hit 0 0 hi1 hor  hzi
az1 azx a3 | = [ hor ho O 0  hoy hao
asy azz2 Q33 hs1  haa hss 0 0  hss3

After performing the multiplication on the right-hand side we get

a1l a2 ais h% hitho1 hithsi
az1 az2 a3z | = | hitha h3, + h3, ho1hs1 + hashsa
as1 asy Gs3 hi1hsi  hoihgi + hashss  h3; + h3y + h3,

Using matrix equality, and solving for hi1, ho1, h3y using the first row, for hos, h3o using
the second and for hsz using the third we obtain

hi1 = Va1
ha1 = a21/h11
hg1 = az1/hi1

hoo = y/ag2 — h3;
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hag = (a32 - h21h31)/h22
and finally

_ 2 2
h3z = 4/az3 — h31 - h32

Following the same procedure for an n x n matrix we obtain a reduction algorithm: If

_(hi1 O (a1 a
H‘(ﬁ H) A‘(aT A)’

then writing HH? = A leads to

hi1 = Vvail ,
HH" = A— hh" .

The last equation implies that for i =1,2,...,n

i—1 i—1
h,’i = Qi; — Z hfk and hﬂ = (aji — Z hikhjk> /hjj for j =1+ 1, Lo,
k=1 k=1

This procedure is summarized in Algorithm 32.

Algorithm 32 Cholesky factorization of symmetric and positive definite matrix A
fort=1:ndo
H{(i,i) = | A(i,i) - Y2 H2(i,k)
for j=i+1:ndo
H{(j,i) = (A1) = i, HG. R HGR) ) /H(,0)
end for
end for

For example, let

4 -1 1
A=|-1 425 275
1 275 35

Following the Algorithm 32 or alternatively solving the equations A = HH7T we obtain

hin = Vai = Vi=2,

ho1 = ag1/h11 = —1/2=—-0.5,

h31 = asi/h1y =1/2=0.5,

hos = y/ags — h3; = V425 -025=V4=2,

has = (azs — hovhst)/has = (2.5 +0.25)/2 = 1.5

has = \/ass — h3; —h3, =+35—-025—-225=1.
Thus, A has the Cholesky factorization

2 0 0 2 —05 05
A=HH"=|(-05 2 0 0 2 15
05 15 1 0 0 1
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Solving linear systems using Cholesky factorization

After having a symmetric and positive definite matrix A factorized in HHT, we can employ
forward and backward substitution to solve any linear system of the form Ax = b. We first
solve the system Hy = b and then the system H7ax = b. This is exactly what we did in
the LU factorization, with the only difference that instead of U we will have here H”, and
in the forward substitution we need to divide by the diagonal entries h;;.

Here we present an implementation of Cholesky factorization algorithm with forward
and backward substitution.

def Cholesky(A):

n = len(A)
for i in range(n):
try:

A[i,il=np.sqrt(A[i,i] - np.dot(A[i,0:i],A[i,0:1]))
except ValueError:
error.err('Matrix is not positive definite')
for j in range(i+l,n):
Alj,il = (A[j,il-np.dot(A[j,0:i]1,A[i,0:i1))/A[1i,i]
for k in range(1,n):
A[0:k,k]=0.0
return A
def solveCholesky(H,Db):
n = len(b)
# Solve Hy=b
for k in range(n):
b[k] = (b[k] - np.dot(H[k,0:k],b[0:k]))/H[k,k]
# Solve H'T = =y
for k in range(n-1,-1,-1):
blk] = (b[k] - np.dot(H[k+1:n,k],blk+1:n]))/H[k,k]
return b

Trying our code with the matrix

4 -1 1
A=|-1 425 275] ,
1 275 35

and to the linear system Az = b with b = (4,6,7.25)7 we get the right answer, as expected.

A = np.array([[4.0, -1.0, 1.0],
[-1.0, 4.25, 2.75],
[1.0, 2.75, 3.511)

H = Cholesky(A)

print (H)

b = np.array([4.0, 6.0, 7.25])
x = solveCholesky(H,b)
print(x)

([ 2. 0. 0.1

[-0.5 2. 0. ]

[0.5 1.5 1. 1]

[1. 1. 1.]
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We close with the remark that the Cholesky factorization algorithm is always stable. It
also requires O(n3/3) floating point operations. Taking into consideration the stability of
the forward and backward substitution algorithms, Cholesky factorization leads to a safe
method for the numerical solution of linear systems with symmetric and positive definite
matrices.

IF"  Cholesky factorization A = HH7T works for symmetric and positive definite
matrices. The failure of this method is a proof that a matrix A is not positive definite,
and can be used as a test of positive definiteness. To check if a matrix is symmetric
is usually an easy task, for example, by checking whether A = AT or not.

9.6 The Module scipy.linalg Again

We have already discussed several functions for solving linear systems using the module
scipy.linalg in Chapter 2. Here we discuss the implementations of the LU, LDLT and
Cholesky factorizations in SciPy.

9.6.1 LU factorization

The easiest way to obtain the LU factorization of a matrix A is by using its SciPy imple-
mentation, which is the function scipy.linalg.lu. The general call of the function 1lu is

1lu(a, permute_1, overwrite_a, check_finite)

where here
Is the matrix A and is the only argument required to obtain its LU factorization

permute_1: Is a boolean variable in order to perform the multiplication PL. (Optional with
default value False)

overwrite_a: Is a boolean variable in order to overwrite A with the matrices L and U.

(Optional with default value False)

check_finite: Is a boolean variable in order to check that the input matrix contains only
finite numbers. (Optional with default value True)

The output of the function lu is the three matrix P, L and U as it is shown in the following
example:

import scipy.linalg as spl

A = np.array([[ 3., 17., 10.],
[ 2., 4.,-2.],
[ 6.,18.,-12.11)

(P,L,U) = spl.lu(hA)

print (P)

print (L)

print (U)
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[[0. 1. 0.]

[0. 0. 1.]

[1. 0. 0.]]

[[ 1. 0. 0. ]
[ 0.5 1. .

[ 0.33333333 -0.25 1. 11
[[ 6. 18. -12.]

[ 0. 8. 16.]

[ 0. 0. 86.11]

A similar function of the module scipy.linalg is the function lu_factor. This func-
tion’s general call is:

lu_factor(a, overwrite_a, check_finite)

with arguments as described in 1u function reference. The difference here is that the function
returns the LU factorization in one matrix 1u like our function LUpivot and the permutation
matrix perm. The advantage of using the lu_factor instead of the function 1lu is that one
can use its output to solve a linear system Az = b using the scipy.linalg function lu_-
solve. The general call of the 1lu_solve function is

lu_solve(lu_and_piv, b, trans, overwrite_b, check_finite)

with input arguments
lu_and_piv: The tuple (lu, piv) received in the output of lu_factor.
b:  The right-hand side b of the linear system Ax = b.

trans: An integer in the set {0,1,2}. For 0 the function solves the system Ax = b, for 1 the
system ATz = b and for 2 the system Afx = b. (Optional with default value 0)

overwrite_b: Is a boolean variable in order to overwrite b with the solution x. (Optional
with default value False)

check_finite: Is a boolean variable in order to check that the input matrix contains only
finite numbers. (Optional with default value True)

The function lu_solve returns only the solution x.
As an example, we consider again in the following code the system Ax = b with

3 17 10 30
A=12 4 =2 and b= | 4
6 18 —12 12

A = np.array([[ 3., 17., 10.],
[ 2., 4.,-2.7,
[ 6.,18.,-12.11)
b = np.array([30., 4., 12.])
(LU,P) = spl.lu_factor(A)
x = spl.lu_solve((LU,P),Db)
print (x)

[1. 1. 1.]



10

11

354 Numerical Linear Algebra

9.6.2 Cholesky factorization

There are two implementations of the Cholesky factorization in Python. One is in module
numpy . linalg and the other in scipy.linalg. Both functions have the same name, which is
cholesky and require as input a symmetric and positive definite matrix A, while they return
the lower triangular matrix H. The SciPy version accepts some other optional arguments
and returns either the lower triangular matrix H or the upper triangular matrix H”. Here
we present the usage of the NumPy version of Cholesky factorization for the same, simple
example we discussed in our implementation.

Having the Cholesky factorization A = HHT, it is easy to solve any system of the form
Az =b. Since HH "z = b we set y = H” x, so we solve for y the system Hy = b first,
and then the system H”x = y for . In order to solve the triangular systems Hy = b
and H'x = y we can use the function solve triangular of scipy.linalg (see Section
2.3.3). Utilizing this function for the lower triangular matrix H we need to use the option
lower=True. In this way we can solve the system of the previous example using Python
with the following commands:

A = np.array([[4.0, -1.0, 1.0],

[-1.0, 4.25, 2.75],

[1.0, 2.75, 3.511)
b = np.array([4.0, 6.0, 7.25])
H = spl.cholesky(A)
print (H)
# We use the option lower=True since H is lower triangular matriz
y = spl.solve_triangular(H, b, lower=True)
# We use the option trans=1 to solve the system H Tz=y
x = spl.solve_triangular(H, y, trans=1, lower=True)
print(x)

L

O ON
= N O
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[
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[1. 1. 1.1

In SciPy one can also find an implementation of Cholesky algorithm for banded ma-
trices. This algorithm is discussed in the Exercises with some detail. Moreover, there is
the function cho_factor which can be used in combination with the function cho_solve
to solve linear systems. One can obtain first the cholesky factorization using the command
c=cho_factor(A) and then obtain the solution by writing x=cho_solve(c,b). The tupple
¢ contains a triangular matrix and a boolean variable that specifies whether the output
matrix is lower or upper triangular.

Similarly, the LDLT factorization can also be obtained using pivoting techniques. This
is implemented in the module scipy.linalg in the function 1d1. This can take as input
a symmetric matrix A to return the arrays lu, d and perm, where lu is the (possibly)
permuted upper LT or lower triangular L matrix, d is the diagonal matrix D and perm
is the permutation matrix used during the factorization algorithm. We continue with a
different class of numerical methods for the numerical solution of large and sparse systems

of linear equations known to as iterative methods.
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9.7 Iterative Methods

In previous sections we studied direct methods for dense linear systems. Direct methods
find the exact solution when exact arithmetic is being used. In this section we discuss
iterative methods for the numerical solution of sparse linear systems. These methods are
used to compute an approximation to the unknown solution in a finite number of iterations.
Iterative methods must converge to the exact solution in the limit of infinite iterations. The
philosophy of these methods is exactly the same as the methods we studied for the solution
of nonlinear equations. Like in Newton’s methods, we start with an initial guess of the
solution and the method estimates an approximation in a few iterations. Iterative methods
perform better for large and sparse matrices. Direct methods are more often preferable for
small and dense matrices. Also, direct methods can be our choice when it is hard to achieve
convergence with iterative methods due to matrix properties.

But let’s see first how we can derive iterative methods for linear systems. Perhaps the
easiest way is to start with a system Ax = b and write it as a fixed point equation in the
form

zr=xz—Arx+b=(I-A)x+b.
The iteration &*+1) = (I — A)z®) + b along with an initial guess 2(°) define a sequence of
approximations ), k = 0,1, 2, .. .. The superscript index in the notation *) indicates the

iteration, while the i-th entry of the vector (*) is denoted by mgk). This iterative method,

perhaps the simplest of all, works well only in a few cases, unfortunately. For this reason,
other methods have been derived based on a more sophisticated methodology.

9.7.1 Derivation of iterative methods

Let
Ax =0, (9.11)

be a linear system of equations with large and sparse matrix A. In order to derive an iterative
method, and with the experience we have from fixed point methods, we will rewrite system
(9.11) in the form = = G(z). Then the implied iterative method will z(**1) = G(x*)),
with (® an initial guess. To construct G, we first split A into

A=M-N, (9.12)

where M and N can be anything leading to an efficient method. (Our first example can be
seen as the method with M = I and N = —I — A). We will discuss examples of M and
N later in this chapter but for the moment we consider general M and N, with invertible
M. After splitting A = M — N we write the system Ax = b as

(M—-—N)x=b andthen Mx=Nx+b.
With the assumption that M is invertible, we write the last equation as
x=Tx+c,

where

T=M'N and ec=M"'b.

In other words, we transformed the equation Ax = b into the fixed point equation & =
Tx + c. We define the fixed point iteration in the same manner as in Chapter 5 to be

e+ — Te® 4o
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or more generally
Mz = N2®) 4 p . (9.13)

The reason for keeping the equation in the form (9.13) is because, sometimes, it is easier to
extract the equations from the matrix form without using the inverse M 1.

I¥"  Note that the index of the iteration k is a superscript *) instead of subscript
xy. This is because x is now a vector.

9.7.2 Classical iterative methods — Jacobi and Gauss-Seidel methods

Three classical iterative methods are the Jacobi, Gauss-Seidel and Successive-Over-
Relaxation (SOR) methods. The last one is treated in the Exercises. The classical iterative
methods are based on the splitting

A=D-L-U,

where D is diagonal, L lower triangular and U upper triangular matrices such that

a;, 0 - 0 0O 0. 0
p_ |0 @ " 0 L L= | . ,
0
0 T 0 Ann —Qnl T —ap.n—1 0

and

0 —az -+ —ai,

U—
: . v —Gp—1n

The matrices L and U have nothing in common with the LU factorization. They are usually
denoted by the same letters because they are lower and upper triangular matrices.
The Jacobi method

The Jacobi method is the simplest iterative method. We choose for the splitting of A =
M — N the matrices
M=D ad N=L+U.

Then the fixed point method Mxz*+1) = Nz(®) 4+ b is written as
Dz* D) = (L + U)z™ + b .

The choice of the matrix M = D is not by chance of course. Since our method relies on
the inversion of M, we prefer M to be easily invertible, and there is no matrix more easily
invertible than a diagonal matrix. After inverting the diagonal matrix D, we have the Jacobi
method written in vector form

2 ) = D YL+ )™ + Db, k=0,1,2,... . (9.14)
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Writing each equation of the Jacobi iteration (9.14) explicitly, we have for each entry of
(1) that

n
Z‘Z(»k—H) = bz — Zauav;k) /aii, 1= 1, e, (915)
j=1
i
From (9.15) we immediately deduce that we need a;; # 0, for ¢ = 1,2,...,n. If A is
nonsingular but one of the values a;; is 0, then reordering of the equations can be performed
so that no a;; is zero.

We start iterating using an initial guess (?). This can be any arbitrarily chosen vector.
The question is when we should stop iterating, as we cannot wait to reach the exact solution
in the limit £ — oco. In the case of iterative methods for scalar equations, we could terminate
the iterations when the difference of two successive approximations |21 — x| become less
than a prescribed tolerance. In the case of systems where (*) are vectors we need to use
norms in order to compute the difference of two successive approximations. So we can record
the quantity ||x®*+1) — £(®)|| for some vector-norm || - || or even better use the normalized
error

) — =1
[l ’

and compare with a prescribed tolerance.

The speed of convergence cannot be determined a priori, but we can increase it by
rearranging the equations of the system. Rearranging the equations of a system can be
described by a transformation of matrices M, IN and vector b. We can increase the speed
of the Jacobi method by rearranging the matrix M = D so that the diagonal entries a;;
are large. The technique of modifying the matrix M in order to improve the speed of
convergence is called preconditioning.

The implementation of the Jacobi method in Python can be straightforward using either
(9.14) or (9.15). In order to compute each entry xEkH) from (9.15) we only need the previous
iteration xf;k) for the same index i. If we had a high-performance computer with multiple
processors, then we could compute each entry in parallel. Perhaps, the Jacobi method is
the simplest example of a numerical method that can be parallelized trivially.

Here we present an implementation of the Jacobi method using the matrix-vector form
(9.14).

def jacobi(A, b, x, tol = 1.e-5, maxit = 100):
d = np.copy(np.diag(A))
np.fill_diagonal(A,0.0)
err = 1.0
iters = 0
while (err > tol and iters < maxit):

iters += 1

xnew = (b - np.dot(A,x)) / d

err = npl.norm(xnew-x,np.inf)

X = np.copy(xnew)
print('iterations required for convergence:', iters)
return Xx

The function jacobi takes as input the matrix A, vector b and initial guess x along with
the tolerance tol and the maximum number of iterations maxit that we allow to happen.
In the end, the function returns the approximation x and prints the number of iterations
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required by the Jacobi method to meet the stopping criteria. In order to compute the norm

of the difference of two successive approximations, we use the module numpy.linalg and

the function norm. Here we use the |- || but one can use any norm due to their equivalence.
We test the code for a system Ax = b with matrix

A=|-1 3 -1,

and vector b = (1,8, —5)7, which has exact solution = = (2,3, —1)7. As initial guess we
take the vector (®) = (0,0,0)7.

A = np.array([[2.0, -1.0, 0.0],
[-1.0, 3.0, -1.0],
[0.0, -1.0, 2.011)
b = np.array([1.0, 8.0, -5.0])

x = np.zeros(3)
X = jacobi(A, b, x, 1.e-5, 100)
print(x)

iterations required for convergence: 24
[ 1.99999906 2.99999435 -1.00000094]

We observe that the solution is correct within the tolerance 1075 and the solution has
at least 5 correct digits.

The Gauss-Seidel method

We continue with the second classical iterative method, the Gauss-Seidel method. The
Gauss-Seidel method uses the same splitting for the matrix A= M — N =D — L - U as
the Jacobi method, but instead of choosing M to be diagonal we choose M to be the lower
triangular matrix M = D — L. Therefore, N is the upper triangular matrix N = U. The
fixed point equation then becomes

(D-Lx=Ux+b,
and the Gauss-Seidel iteration is defined as
(D - L)z**Y =uz® +b, k=0,1,2,... . (9.16)

In order to solve for the next iteration x**t1) given the approximation x*) we either need
to invert a lower triangular matrix or perform the forward substitution. After the inversion
of the matrix D — L, the k + 1 iteration can be written in the form

2 — (D — L)_lU:l:(k) +D-L)'p. (9.17)

Performing forward substitution to the system (9.16) we obtain

i—1 n
I P I S /a i=1,....n. (9.18)
j=1 j=it1

Gauss-Seidel and Jacobi methods have many similarities, and big differences as well. The
Gauss-Seidel method requires that a; # 0, for each i = 1,2,...,n. Also, the speed of
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propagation depends on the magnitude of these values. In Gauss-Seidel method all the
most recent available coordinates contribute in acquiring the next coordinate in the vector
x*+1D  while in Jacobi method only the coordinates of the previous steps are used. So
in order to compute xEkH) we need to use all the previously computed values 2+ for
j=1,2,...,i— 1. Commenting finally on the speed of convergence of the Gauss-Seidel
method we note that it is expected in general to converge faster than the Jacobi method.
The implementation of the Gauss-Seidel method in matrix-vector format is straightfor-
ward. In order to extract from A the matrix M = D — L we use the NumPy function tril,
which extracts the lower triangular part of a matrix including its main diagonal. The matrix
M is inverted and using (9.17) we compute the new approximation from the previous one.

def gauss_seidel(A, b, x, tol = 1.e-5, maxit = 100):
n = len(b)
err = 1.0
iters = 0
# Inittalize the solution with the initial guess
xnew = np.zeros_like(x)
# Extract the lower triangular part of A
M = np.tril(A)
# Construct the upper triangular part of A
U=A-M
while (err > tol and iters < maxit):
iters += 1
# Compute the new approximation
xnew = np.dot(upl.inv(M), b - np.dot(U, x))
# Estimate convergence
err = npl.norm(xnew-x,np.inf)
X = np.copy(xnew)
print('iterations required for convergence:', iters)
return x

Testing the code for the same system as we did in the case of the Jacobi method we
compute the same solution.

A = np.array([[2.0, -1.0, 0.0],
[-1.0, 3.0, -1.0],
[0.0, -1.0, 2.011)

b = np.array([1.0, 8.0, -5.0])

x = np.zeros(3)

x = gauss_seidel(A, b, x, 1.e-5, 100)

print(x)

iterations required for convergence: 11
[ 1.99999577 2.99999718 -1.00000141]

What we observe though is that the Gauss-Seidel method converges in less iterations than
the Jacobi method. Gauss-Seidel required only 11 iterations, which compared with the 24
iterations of the Jacobi method is a significant improvement. It is important to note that
the inversion of the matrix M is a drawback of the previous implementation since inverting
matrices is a slow procedure. An alternative, and perhaps more efficient implementation of
the Gauss-Seidel method, can be based on formula (9.18). Here, the two sums in (9.18) are
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stored in the variables s1 and s2 and under the assumption a;; # 0 the new iteration is
computed via (9.18).

def gauss_seidel(A, b, x, tol = 1.e-5, maxit = 100):
n = len(b)
err = 1.0
iters = 0
xnew = np.zeros_like(x)
while (err > tol and iters < maxit):
iters += 1
for i in range(n):
sl = np.dot(A[i, :i], xnewl[:i])
s2 = np.dot(A[i, i + 1:1, x[i + 1:])
xnewl[i] = (b[i] - s1 - s2) / A[i, il
err = npl.norm(xnew-x,np.inf)
X = np.copy(xnew)
print('iterations required for convergence', iters)
return x

The results obtained using the last function are identically the same as before. It is
noted that NumPy arrays are mutable. For this reason, it is required to copy the parts of
an array to a different one in order to extract the upper and lower triangular parts of A.

The convergence of these two classical methods is the subject of the next section.

9.7.3 Convergence of iterative methods

So far, we derived iterative methods of the form
Mz = N2® + b, k=0,1,2,...,
that converge to the solution of the system
Mx=Nxz—+b.
Subtracting these two equations we get the relationship

Mz — g) = N(z® — )

)

or better
e* D _ g = Gx® — ),

where

G=M"'N.

The matrix G is called the iteration matrix.
If |G|| < 1 for any natural norm || - ||, then the error converges to 0. In order to see this
consider the error

2 — =GtV —2)=G*x* Y —x)=--. =Gz —x) .

This yields [|2®) — || < |G*| ||z(® — z|. The convergence of the error ||z — x| — 0
as k — 00 is equivalent with the fact that |G*|| — 0 as k — 0 for any natural norm. This
can happen if |G| < 1 since then |GF|| < ||G||* — 0. This is also equivalent to p(G) < 1
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where p(G) is the spectral radius of G. To see this assume that p(G) < 1. Recall that from
Theorem 9.5 we have ||G|| < p(G) + € for all € > 0. If we choose € = (1 — p(G))/2, then,

|Gl < (@) + = p(G)/2+1/2< 1,

since p(G) < 1. Inversely, if |G| < 1, then the inequality p(G) < |G| of Theorem 9.4
implies that p(G) < 1.

In order for the Jacobi and Gauss-Seidel methods to converge, it can be shown that
A must be strictly row diagonally dominant matriz. A matrix A is strictly row diagonally
dominant if the values of the diagonal entries are greater than the sum of the off-diagonal
entries in the same row. This means

j=1
J#i

For example, the matrix that we used to test our code
A=|-1 3 -1

is strictly diagonally dominant, and therefore both classical iterative methods converge.

In what follows, we assume that A is strictly row diagonally dominant, and we prove
the convergence of the Jacobi and Gauss-Seidel iteration. If the inequality in (9.19) is not
strict, then A is just called row diagonally dominant.

Convergence of the Jacobi iteration

Denoting the iteration matrix for the Jacobi method by G; = D~1(L + U), we observe
that

0 —ai2/ain -+ —aip/an

—as1/azs 0 - —agn /a2
Gy = "
_anl/ann _anZ/ann Tt 0

However, we have

n
im1. ji |Gij
”GJHoo—maXZ _ i = axw 1,
boimt i ’ |aii]
J#i

where the last inequality follows from the fact that A is strictly diagonally dominant matrix
and the inequality (9.19). Therefore, the Jacobi iteration is convergent.
Convergence of the Gauss-Seidel iteration

Denote the Gauss-Seidel iteration matrix by Ggs = (D — L)~'U. Let X be an eigenvalue
of Ggg with corresponding eigenvector « such that Ggsx = Ax. Substituting Ggg in the
last equation we obtain (D — L)~"'Ux = Az which implies that

Ux = (D - L)\x ,

and thus

n i
- E aijﬂij:)\é Qi Ty, i:l,...,n,
j=1

j=i+1
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or more conveniently

i—1 n
)\aiixi =-A E A;5T5 — E AijTj, 1= 17 PN [
j=1

j=it1

If xy, is the entry of & with the largest magnitude, which is equal to 1, then taking absolute
values in the previous relation we have

k—1 n
Mlagrl <IN lars] -l + > larg] - ;] -
Jj=1 j=k+1
Solving for |A| we obtain
n
|)\‘ < Zj:k)-‘rl ‘a’kj|

k—1 :
lakk| — Zj:l ||
Since A is strictly row diagonally dominant we have

n

lark] > laxg]

j=1
i

which can be written equivalently

k—1 n
lark] =D lag| > > Jaxg] -
=1

j=k+1

We conclude that |A| < 1 and since A was an arbitrary eigenvalue of Ggg we have that the
spectral radius p(Ggg) < 1. Therefore, after the discussion of Section 9.7.3 we conclude
that the Gauss-Seidel iteration converges.

BZ" The classical iterative methods converge when the matrix A is also strictly
column diagonally dominant. They also converge when A is symmetric and positive
definite. For more general matrices we usually use other more sophisticated methods.

9.7.4 Sparse matrices in Python and the module scipy.sparse

Often in applications the resulting matrices are sparse. A matrix is sparse if it has most of
its entries zero. An example of a sparse matrix is the tridiagonal matrix

2 -1 0 - 0
-1 2 -1 0
0 -1 2 -1
0 0o -1 2

Large and sparse matrices can be stored much easier than dense matrices. This can be done
by storing only the non-zero entries in special data structures. We discussed the case of
band matrices in Section 2.3.1. Here we continue the discussion for more general sparse
matrices. SciPy provides tools to handle sparse matrices with the module sparse. There
are seven different types of sparse matrix storage schemes available in Python, which are
listed below:
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bsr_matrix: Block Sparse Row matrix

coomatrix: Coordinate format matrix
cscmatrix: Compressed sparse column matrix
csrmatrix: Compressed sparse row matrix
diamatrix: Sparse matrix with diagonal storage
dok_matrix: Dictionary of keys based sparse matrix
1il matrix: Row-based linked list sparse matrix

We will not analyze all these formats here, but we suggest the interested reader to search
online for more information.

Here is an example of sparse storage using the coo_matrix format. The non-zero entries
ai; # 0 are stored in a one-dimensional array, while the corresponding indices 7, j are stored
in two different arrays. Consider the tridiagonal matrix

2 -1 0 0

S:—12—10

We can store this matrix in sparse format using the following commands:

from scipy import sparse
A = np.array([[ 2.0,-1.0, 0.0, 0.0],
[-1.0, 2.0,-1.0, 0.0],

[ 0.0,-1.0, 2.0,-1.0],
[ 0.0, 0.0,-1.0, 2.011)
S = sparse.coo_matrix(S)
print(S)
(0, 0) 2.0
(0, 1) -1.0
(1, 0) -1.0
(1, 1) 2.0
(1, 2) -1.0
(2, 1) -1.0
(2, 2) 2.0
(2, 3) -1.0
(3, 2) -1.0
(3, 3) 2.0

Python stores in S only the non-zero entries and their indices. In order to extract the
non-zero entries and their indices in separate arrays we can use the function £ind ().

(I,3,V)=sparse.find(S)
print(I,J,V)
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The coordinate representation of sparse matrices is easy and convenient. We can refer
to each non-zero entry a;; by writing V[I[i-11,J[j-11].

Compressed Sparse Row format

A more sophisticated and very popular sparse storage format that also leads to efficient im-
plementations of sparse matrix computations is the Compressed Sparse Row (CSR) format,
[77]. In CSR format, all the non-zero entries of an n x m matrix A are stored row-wise in
an array A.data while the indices are not stored as coordinates but in an implicit way:

First we define the array A.indptr with length equal to n+1. Its entries serve as counters
to non-zero entries of A. Specifically, starting from 0, the i entry of this array is equal to
the number of the non-zero entries encountered up to the i-1 row of A. Consequently, the
difference A.indptr[i+1]-A.indptr[i] is equal to the number of non-zero entries in the
row i. For example, consider the matrix

10 20 0 0 O O
0 30 0 40 0 O
0 0 50 60 70 O
0o 0 0 0 0 80

A:

with 8 non-zero entries. The CSR format is the following

A.data = [10 20 30 40 50 60 70 80]

A.indptr = [0 2 4 7 8]

Moreover, we define the array A.indices of size equal to the size of A.data. The entries
of A.indices specify the columns where the corresponding entries of A.data are located.
The column indices of row i of A are stored in A.indices[A.indptr[i]:A.indptr[i+1]].
Their corresponding values are kept in A.data[A.indptr[i]:A.indptr[i+1]].

A.indices = [0 1 1 3 2 3 4 5]

This means for example that the first row (i=0) has

A.indptr[1]-A.indptr[0]=2-0=2
nonzero entries and these are located at the columns

A.indices[0]=0 and A.indices[1]=1
and these are
A.datal0]=10 and A.data[1]=20.

The second row (i=1) has

A.indptr[2]-A.indptr[1]=4-2=2
non-zero entries located at the columns

A.indices[2]=1 and A.indices[3]=3
and these are
A.data[2]=30 and A.data[3]=40.

The third row (i=2) has

A.indptr[3]-A.indptr[2]=7-4=3
non-zero entries located at the columns

A.indices[4]=2, A.indices[5]=3 and A.indices[6]=4
and these are
A.data[4]=50, A.data[5]=60 and A.data[6]=70.

Finally, the fourth row (i=3) has

A.indptr[4]-A.indptr[3]=8-7=1
non-zero entries located at the column

A.indices[7]=5

and this is A.data[7]=80.
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In Python we can get the CSR format easily using the sparse.csr_matrix function as
it is demonstrated in the following example.

import numpy as np

A = np.array([[10, 20, O, O, O, O],
[ o, 30, 0, 40, 0, 0],
[o, o0, 50, 60, 70, O],
Lo, o, o, 0, 0, 8011
S = sparse.csr_matrix(A)

print(S.datal:])
print(S.indptr[:])
print(S.indices[:1)

[10 20 30 40 50 60 70 80]
[02478]
[01132345]

It is noted that in addition to the CSR format, there is also the Compressed Sparse
Column (CSC) format, which does exactly the same job with the CSR but for the columns
of the sparse matrix. It happens that Python implementations work faster with the CSC
format than the CSR.

9.7.5 Sparse Gauss-Seidel implementation

We remind that the Gauss-Seidel method for the approximation of the solution of the
system Az = b is defined by the iteration z("*" = Gz™ + ¢ where G = (D — L)~'U
and ¢ = (D — L)~ 'b.

We first present a naive implementation of the method for sparse matrices, where we
just store the matrix A into the CSR sparse format in Python. We consider the matrix
A = tridiag(—1,2, —1), which can be written analytically

and the vector b = (1,0,0,1). Then the system Az = b has the unique solution & =
(1,1,1,1). We get the CSR format of A as before.

A = np.array([[ 2.0,-1.0, 0.0, 0.0],
[-1.0, 2.0,-1.0, 0.0],
[0.0,-1.0, 2.0,-1.0],
[0.0, 0.0,-1.0, 2.011)

S = sparse.csr_matrix(A)

x = np.ones(4)

b = S.dot(x)

In this code we create the right-hand side using the command b = S.dot(x) which
performs sparse matrix vector multiplication. This multiplication takes into account the
sparsity of A and is faster than the full matrix multiplication. In the following code, we
present an implementation of the Gauss-Seidel method for sparse matrices.
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def sp_gauss_seidel(S, b, x, tol = 1.e-5, maxit = 100):

n = len(b)

xnew = np.zeros_like(x) # create new vector
D = sparse.spdiags(S, O, n, n, format = 'csc')
L = sparse.tril(S, 0, format = 'csc')

U = sparse.triu(S, 1, format = 'csc')

G = -(sparse.linalg.inv(L)) .dot (U)

c = (sparse.linalg.inv(L)).dot(Db)

iters = 0

err = 1.0

while (err > tol and iters < maxit):

iters += 1

xnew = G*x + C

err = npl.norm(xnew-x, np.inf)

X = Xnew
print('iterations required for convergence:', iters)
return x

In the previous implementation we formed the iterations using the default sparse matrix
multiplication. For example, we compute the matrix G just by multiplying the inverse of
the sparse matrix D — L which we store in the array L with the sparse matrix U, which is
stored in the array U, by using the command G = -(sparse.linalg.inv(L)) .dot (U). Sim-
ilarly, we compute the vector ¢ with the command ¢ = (sparse.linalg.inv(L)).dot(b).
Basically, this is the main ingredient for efficient implementation of iterative methods: The
multiplication of two matrices and the matrix vector multiplication. Finally, we test our
code taking as initial guess the vector z(®) = (0,0,0,0)7.

x = np.zeros(len(b))
X, niters = sp_gauss_seidel(S, b, x, tol = 1.e-5, maxit = 100)
print (x)

iterations required for convergence: 27
[0.99998763 0.9999838 0.9999869 0.99999345]
Avoiding inverse matrix

A sophisticated implementation of Gauss-Seidel method should avoid the computation of
the inverse of D — L, and make use of the indices of the non-zero entries only. In order to
implement the Gauss-Seidel method efficiently, we consider writing the method in vector
format: Let A; be the i-th row of A. The two sums in the formula

i—1 n
E+1 k+1 k
.Z'E ) = bz — Zaijx§- ) — Z (Lij.’lﬁ;- ) /aii 5
j=1 j=i+1
can be represented as the regular vector product of A; with the vector

2k — (m§k+1), e ,xz(-]flrl)7 0, xg_]f_)l, e 7x£f))T .

Subsequently, the Gauss-Seidel iteration takes the form

I’EkJrl) = (bl — Alz(k)> /a“‘ .
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The implementation of this technique can be the following:

def sp_gauss_seidel(S, b, x, tol = 1.e-5, maxit = 100):
n = len(b)
err = 1.0
iters = 0
D = S.diagonal()
xnew = np.zeros_like(x)
while (err > tol and iters < maxit):
iters += 1
for i in range(n):
rowstart = S.indptr[i]
rowend = S.indptr[i+1]
z = np.copy (x)
z[:i] = xnew[:i]
z[1]=0.0
s = np.dot(S.data[rowstart:rowend], z[S.indices[rowstart:rowend]])
xnew[i] = (b[i] - s) / D[i]
err = np.linalg.norm(xnew-x,np.inf)
X = np.copy(xnew)
print('iterations required for convergence:', iters)
return x

Testing the code using the same matrices as before we get

A = np.array([[ 2.0,-1.0, 0.0, 0.0],
[-1.0, 2.0,-1.0, 0.0],
[0.0,-1.0, 2.0,-1.0],
[ 0.0, 0.0,-1.0, 2.011)

S = sparse.coo_matrix(A)

X = np.ones(4)

S = S.tocsr()

b = S.dot (x)

x = np.zeros(len(b))

x = sp_gauss_seidel(S, b, x, tol = 1.e-5, maxit = 100)

print(x)

iterations required for convergence: 27
[0.99998763 0.9999838 0.9999869 0.99999345]

We observe that the more sophisticated implementation gives exactly the same results
as before. The difference is based on the speed only, and the reason for presenting it here is
for pedagogical reasons as Python offers ready-to-use sparse solvers as we shall see later.

9.7.6 Sparse linear systems and the module scipy.sparce

SciPy offers an efficient sparse matrix multiplication. In order to construct a sparse linear
system with exact solution & = (1,1,1,1)7 we consider first transforming the matrix A into
CSC or CSR format. Then we can solve the system of equations Sx = b given that S is
in sparse format using the function spsolve of scipy.sparse.linalg. The simplest use of
the function spsolve requires the sparse matrix S and the right-hand side vector b, while
the general call is
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spsolve(A, b, permc_spec, use_umfpack)

where

A: Is an array or sparse matrix that will be converted into CSC or CSR format. The
algorithm behind spsolve is faster when matrix A is given in CSC format.

b:  The right-hand side b of the linear system Ax = b.

permc_spec: Is a string variable that specifies how to permute the columns of the coefficient
matrix for sparsity preservation. It can take the values NATURAL for natural ordering;
MMD_ATA for minimum degree ordering on A7 A; MMD_AT _PLUS_A for minimum degree
ordering on the structure of AT + A; and COLAMD, which is an approximate minimum
degree column ordering [45] (Optional with default value COLAMD)

use_umfpack: A boolean variable determining whether to use the umfpack for the solution
of the system. Umfpack is a widely used library for the numerical solution of linear
systems written in C programming language. (Optional with default value True)

The function returns just the solution vector x. In the following example, we demonstrate
the simplest use of the function spsolve.

from scipy import sparse
from scipy.sparse import linalg
import numpy as np

A = np.array([[ 2.0,-1.0, 0.0, O
[-1.0, 2.0,-1.0, 0.0],
[0.0,-1.0 0,-1
0,-1.0, 2
S= sparse.csc_matrix(A)
x = np.ones(4)

b = S.dot(x)

x = linalg.spsolve(S,b)
print (x)

[1. 1. 1. 1.]

Sometimes, it is useful to know where the non-zero entries are located in a sparse matrix
A and if they follow a certain pattern. We can visualize the non-zero structure of a matrix
using the MatPlotLib function spy of the module matplotlib.pyplot, and inspect the
pattern of a matrix. For example, we can see the tridiagonal structure of the previous
matrix with the following commands:

plt.spy(8)
plt.show()
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We proceed now with a more precise definition of sparsity. Let N be the total number
of entries of a matrix A. If N, is the number of zero entries, then we define the sparsity
index of A to be the number

N,
I, =—.
N
Obviously, I € [0,1]. A dense matrix will have sparsity index closer to 1, while the smaller
the number I is, the sparser the matrix A is. The sparsest matrix will be the zero matrix
with I, = 0.

In Python, we can find the number of non-zero entries of an array A using the function
count_non-zero(A) of NumPy. Similarly, the SciPy method S.count_non-zero() returns
the number of the non-zero entries of a sparse matrix in CSR format. The last command
is equivalent to count_non-zero(S.toarray()) command. In general we can return to a
dense format (or NumPy array) either by using the method toarray() or the method
todense (). The first command returns an array while the former returns a matrix. For
example, we can find the non-zero entries of the previous matrix S as follows.

A

np.array([[ 2.0,-1.0, 0. .0],
[-1.0, 2.0, .01,
.0 .01,
0 .011)

[0.0,-1

[ 0.0, 0.
S = sparse.csr_matrix(A)
print (S.count_non-zero())
print (np.count_non-zero(S.toarray()))

B

-
oo oo
N —~ o O

=il

The result is in both cases 10 as it is expected. Since the sparsity index requires the
number of zero entries N,, we can compute the sparsity index of S using the formula

Is = 1.0-S.count_non-zero() /np.size(S.toarray())

which returns 0.375.

9.7.7 Application in electric circuits

Here we study simple electric circuits consisting of closed connections of batteries, resistors
and wires. The presence of a battery in a circuit generates a flow of electrons current. The
current flows out of the positive terminal of the battery and flows back into the negative
terminal. In the battery representation (see Table 9.2) the positive terminal is the longer
vertical bar.



370 Numerical Linear Algebra

TABLE 9.2
Basic elements of an electrical circuit.
battery resistor
—|— AN
!
I
s
Iy
— Vi— Ry
P
Da
NV
Ry
(a) First law: Iy —Io — I3 =0 (b) Second law: Vi — Vo — V3 =0

FIGURE 9.2
Kirchhoff’s laws.

Other devices that are connected to the batteries, such as motors, lightbulbs and heating
coils, generate an opposing force to the flow. For this reason, we call them resistances. The
resistance is a measure of that opposing force.

An electric current is denoted by I and is measured in Amperes (A), a resistance by R
and is measured in Ohms (€2) and an electrical potential difference (voltage) by V and is
measured in Volts (V). These three quantities are related with Ohm’s law which determines
the amount of power need to make the current flow through a resistor. This fundamental
law of electricity states that the voltage drop V across a resistor Ris V =1 - R.

In addition to Ohm’s law, for any electric circuit we have two more conservation laws
known as Kirchhoff’s laws. The first law, which is called current law, states that the sum of
the currents flowing into a node is equal to the sum of the currents flowing out of the same
node. An example of the current law is presented in Figure 9.2 where a current [; is split
into I and I3 at the particular node with I; = I + I3.

The second law states that the sum of the voltage drops around any circuit is equal
to the total voltage around the circuit. This means that the directed sum of the voltages
(potential differences) around a closed loop should be zero. In Figure 9.2, the voltage of the
battery V7 should be equal to the sum of the voltages of the two resistors Vo + V3. Due to
Ohm’s law Vo = I - Ry and V5 = I - Ry. Thus, we have that V3 =1 (Ry + Ra).

To demonstrate the application of linear systems to electric circuits we compute all the
electric currents running through the circuit shown in Figure 9.3. This particular circuit
consists of three loops (indicated in the figure with an arc) and four junctions (indicated in
the figure with a dot).

Using Kirchhoff’s first law at the three junctions Ei, Fo, E3, we obtain the following
three equations:

E1 : I() —,[1 —I4 0 ,
E2 : Il —12 —I3 0 5
E3 : 13 —|—I4 —15 = 0.
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FIGURE 9.3

An electric circuit.

Applying Kirchhoff’s voltage law
lowing three equations:

E4I

E5I
E6Z

For the 6 unknowns I;, ¢ =0,1,...,

form the system Ax = b with

1 -1 0 0
o 1 -1 -1
0 0 0 1
A= 0 0 0 0
0 2 0 2
0 0 1 -2

at the three closed loops Ey4, Fs5, Fg, we obtain the fol-

I, +2I; = 10,
o, +2I; —I, = 0,
I, —2I; —2I; = 0.

5 we obtained 6 equations. Our choice of six equations

~1 0 Iy 0
0 0 I 0

1 -1 | o

1 2 7|1 and b= 6
1 0 I 0

0 -2 I 0

where A is sparse with more than half of its entries zero. With the help of the function

spsolve we compute the solution & = (7, 3, 4,

—1,4,3). Similarly, we could use the function

solve of numpy.linalg to solve the system Ax = b and obtain the same result.

A = np.array([[ 1.0,-1.0, 0.0, 0.0,-1.0, 0.0],
[0.0, 1.0,-1.0,-1.0, 0.0, 0.0],
[o0.0, 0.0, 0.0, 1.0, 1.0,-1.0],
[o0.0, 0.0, 0.0, 0.0, 1.0, 2.0],
[0.0, 2.0, 0.0, 2.0,-1.0, 0.0],
(0.0, 0.0, 1.0,-2.0, 0.0,-2.011)

b = np.array([0, 0, O, 10, 0, 0])

S = sparse.csc_matrix(A)

I = linalg.spsolve(S,Db)

print('I =", I)

I=[7. 3. 4. -1. 4. 3.]
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9.8 Further Reading

Methods of numerical linear algebra are covered in all classical textbooks of numerical
analysis and computational mathematics due to their significance in natural sciences.
Specialized book with algorithms focusing more on direct methods but with all the de-
tails, intuition and modern techniques is the book [48]. It is noted that the style of
some of the algorithms and methods presented in our book have been influenced sub-
stantially by [48]. A list of books covering extensively topics of numerical linear algebra
includes [135, 29, 45, 24, 8, 32, 69, 37, 35]. Books with focus on iterative methods include
[112, 137, 142, 75, 53, 96, 77]. There are also important books on numerical algorithms
designed for high-performance computing [47].



Chapter Highlights

e There are two basic groups of numerical methods aiming to solve systems of
linear equations, namely direct and iterative methods. Direct methods are
usually more efficient for solving systems represented by dense matrices,
contrary to iterative methods which are ideal for large and sparse matrices.

e The most general direct method is the Gaussian elimination, which is applied
in matrix form using row operations.

e Gaussian elimination leads to the LU factorization of a matrix A.

e The LU factorization of A is a product of a lower triangular matrix L with ones
in the main diagonal and an upper triangular matrix U such that A = LU.

e Having the A = LU factorization we can solve the system Ax = b by
considering the system LUx = b. We first solve the system Ly = b for y
(forward substitution) and then we solve for & the system Uz = y (backward
substitution).

e Floating point arithmetic can lead to failure of Gaussian elimination and thus
to the LU factorization. A remedy for this problem is the interchange of rows
(or columns, or both) using pivoting techniques. The interchange in rows of A
can be represented by a permutation matrix P and the LU factorization can be
written as PA = LU.

e The matrices L and U in the PA = LU factorization with pivoting are not
the same as in the A = LU factorization without pivoting.

e Solving a system Ax = b with LU factorization and pivoting leads to the
solution of the equivalent system P Ax = Pb. Then we solve the system
LUx = Pb as before.

e The sensitivity of a matrix A to small perturbations can be determined with
the help of the condition number defined as cond(A) = ||[A~Y|| || A].

e The LU factorization of a matrix A can be used to compute efficaciously its
inverse A~! matrix and its determinant det(A).

e The LU factorization of a symmetric matrix leads to the LDL” factorization,
where U = DL™.

e Symmetric and positive definite matrices can be written in the form
A = HHT” where H is a lower triangular matrix. This factorization of a
matrix A is known as Cholesky factorization.

e Cholesky factorization can be used as a test for positive definiteness of matrices.

e Two classical iterative methods for the solution of large, sparse systems of
equations are the Jacobi and Gauss-Seidel methods with similar properties and
implementation. Gauss-Seidel converges faster than Jacobi but Jacobi can be
implemented in parallel computers in a trivial way.
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Exercises

1. Consider the matrices

5 1 0 4 -1 -1 0 1 0 2 1
-1 4 0 -1 0 4 8 10
A= _01 _21 _21 Bl 0 a4l T2 s o o
0 -1 -1 4 1 10 22 42

(a) Use Gaussian elimination to solve the systems
Axr=a, Bx=0b, Cx=c,

where

a=(2,1,07, b=(6,1,1,1)T, c=(4,22,61,75)7 .
(b) Determine the LU factorization of A, B, C.
(¢) Use the LU factorization to solve the systems Az = a, Bx = b and Cx = c.

2. Consider the matrix

0o 1 2
A=|2 -2 1
5 3 1

(a) Compute the LU factorization of A using partial pivoting.
(b) Compute the determinant det(A) using the fact that PA = LU.
¢) Compute the inverse of A using the PA = LU factorization of A.
g

3. Consider the matrix

1 0 2 1
0 4 8 10
A= 2 8 29 22
1 10 22 42

(a) Compute the LDLT factorization of A.
(b) Prove that A is positive definite matrix.
(¢) Compute the Cholesky factorization of A.

4. Consider a real n x n symmetric and positive definite matrix A.

(a) Prove that the matrix aA + BzzT is symmetric and positive definite for all a > 0,
B8 >0and z € R™.

(b) Using the previous result, prove that the matrix

a+sg B - B
g atp - B
B = : : . : ’

is symmetric and positive definite.
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(¢) Prove that the matrix

C:

—_ =W
—_ L =
L =

is symmetric and positive definite.
(d) Compute the Cholesky factorization of C.

5. Let || - || be a norm in R™ and A invertible n X n matrix. Prove the following;:
(a) f Az =b, (A+5A)(z+dx) =band |A~!|| |§A| <1, then A+ §A is invertible
and

[6xf| _  cond(A4) [5A]
[ = 1= [lAH] [[6A] [Al

(b) If Az = b, (A + 5A)(z + dz) = b+ db and |[A~1| [6A| < 1, then A + 5A is

invertible and
[6z]| _  cond(A) {MI . ||5b} .
|| = 1—[[A- [ [l0A[] L Al ~ [0l

6. Let n = 1000. Construct in Python the n x n banded matrix A

A = pentadiag(1, —4,6,—4,1) .

The specific matrix is a symmetric, banded, matrix consisting of 5 diagonals. The main
diagonal consists of 6 only while the other four diagonals have —4 and 1, respectively.
This matrix has lower and upper bandwidth p = 2, which means that it has two non-
zero diagonals above and two below the main diagonals. The total number of non-zero
diagonals is 2-p+ 1 =5.

Taking advantage of the properties of this matrix we can extend the Cholesky fac-
torization algorithm for banded matrices. Given a symmetric, positive definite matrix
A € R™" with bandwidth p, the following Algorithm 33 computes a lower triangu-
lar matrix H with lower bandwidth p such that A = HH?T. For all i > j, H(i,j)
overwrites A(i, 7).

To solve a system Ax = b with banded, symmetric and positive definite matrix A we
modify the forward and backward substitution algorithms appropriately to Algorithms
34 and 35.

Algorithm 33 Band Cholesky
for j=1:ndo
for k =max(1,j—p):j—1do
A =min(k + p,n)
A NG) = A Aj) — AGLR) - AG A k)
end for
A =min(j + p,n)
end for

(a) Compute the number of non-zero entries of A
(b) Prove that A is positive definite.

(c¢) Use the function cholesky implementing Algorithm 32 to find the Cholesky factor-
ization of A.
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Algorithm 34 Forward Substitution

for j=1:ndo

b(j) = b(j)/ A7)

b(j+ 1:min(j + p,n)) = b(j + 1 : min(j + p,n)) = AGj +1: min(j + p,n), ) - b(5)
end for

Algorithm 35 Backward Substitution

for j=n:—-1:1do

b(j) = b(j)/A(j, 5)

blnax(1, = p) 1 = 1) = blmax(1,j =p) 4 = 1) = Aljmax(l,d =p) 5 =1)7 - b0
end for

(d)

—
—

Write a function bandcholesky implementing the banded Cholesky factorization
given by Algorithm 33. Use your function to factorize the matrix A.

) Compare your functions with Python function numpy.linalg.cholesky.

) Write functions solve and bandsolve to solve the linear system Ax = b with

n
bi = E aij .
J=1

To verify the accuracy of the results, compute the norm of the error || —||2 where &
is the numerical solution and x the exact solution with z; = 1 foralli =1,2,...,n.

Improve your code by using symmetric band storage. Specifically, taking advantage
of the symmetry and the banded structure of A, store the main diagonal and all
the left diagonals in the rows of a new p X n (dense) matrix A, using the formula:

For example, when n = 5 and p = 2 the matrix A is being stored in the 3 x 5 matrix
Abt

a1 ai2 a3

Ga21 Ag22 Q23 G24 a1l ag2 G33 Q44 0As5
A= |a3 azx ass as4 ass |, Ap= a2 a3 a3 asq *
Q42 Q43 Q44 Q45 a31 A42 @53 * *

as53 Aas54 G55

For more information about the specific band-storage format see Section 2.3.1.

Explore the options of the function cholesky_banded of the module scipy.linalg
and use it to get the Cholesky factorization of the particular matrix A. Compare
with the previous results.

Compare the efficiency of all these methods. Among other indicators present the
CPU time required for each implementation. For more information on how to mea-
sure the performance of your code see Section 2.2.7.

7. Consider the linear system Ax = b with

2 -1 0 3
A=[-1 2 -1 and b=|-5
0o -1 2 5



(a) Show that the sequences of approximations generated by the Jacobi and Gauss-
Seidel methods converge to the exact solution.

b) Use the functions jacobi and gauss_seidel of Section 9.7.2 to solve the linear
J g
system Ax = b and compare the results. As initial guess for the solution of the
system consider the vector (®) = (1,1, 1)7.

(c¢) Use the function sp_gauss_seidel of Section 9.7.5 to solve the linear system Ax = b
using the same initial guess of the solution as before.

d) Write a new function sp_jacobi implementing the Jacobi method for matrices
pP-J
stored is CSR format and solve the linear system Ax = b using the same initial
guess of the solution as before. Compare the results with the previous methods.

8. Let n = 1000. Consider the linear system Axz = b with
b; = Z ag
j=1

and the n x n matrix A = pentadiag(1, —4,6, —4,1).

(a) Show that A is row diagonally dominant matrix.

(b) Store matrix A is dense format and use the naive Jacobi and Gauss-Seidel methods
to solve the linear system Ax = b.

(c) Store matrix A in CSR format.
(d) Solve the linear system using the function spsolve of module scipy.linalg.
(e) Compare the results in terms of efficiency and performance. For this reason, use the

norm of your preference.

9. (Successive Over-Relaxation) In order to improve the Jacobi and Gauss-Seidel meth-
ods for the numerical solution of a system Ax = b we consider an extrapolation
(relaxation) technique. Let w € R. Then the system Ax = b is written in the follow-
ing way:

Az =b
wAzx = wb
w(D—-L—-U)x=uwb
(D—-D+wD —wL —wU)x =wb
(D-(1-w)D —wL —wU)x =wb
We define the iteration
(D —wL)z®* ) = [(1 —w)D + wU]z™ + wb .
The last method is written:

:B(k+1) :L"wm(k)+cw7 k:07172’...,

where £, = (D —wL) (1 — w)D + wU] and ¢, = w(D — wL)~!. This method is
known as the Successive Over-Relaxation (SOR) method and it is known to converge
to general matrices as long as w € (0, 2). Evaluating the SOR method yields that each
entry of ¥tV is given by the formula

i—1 n
$5k+1) = (1 - w)xl('k) +w | b — Z aingkJrl) — Z aijx;k) /am t1=1,....,n.
j=1 j=i+1
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(a) Write a Python function implementing efficiently the SOR method for general w €
(0,2). Then solve the linear system with the same matrix A as before for various
values of w. Try to implement the SOR method for sparse matrices using the csr
format.

(b) Consider the optimal value wy to be the value of w for which the SOR method
converges with the least iterations. Find an approximation of the optimal value of
the relaxation parameter wy € (0,2) by solving the system Ax = b for the values
w; =0.1,0.2,...,1.9.

(¢) Compare the convergence of the three methods (Jacobi, Gauss-Seidel and SOR with
the optimal w).

10. (Sherman-Morrison-Woodbury algorithm for banded matrices) Consider an n X n ma-
trix A with entries a;; # 0 only when

e i<npandj>n—ng+1,or
e i>n—ni+1and j<nyg,or
o |i—jl<nag

where 2n, + 1+ 2n < n ar}d ne < ng. Let A bq an n X n invertible matrix and
u,v € R" vectors such that A = A + uv? and vT A~ 1u # 1.

(a) Show that A is invertible and

A=A oA u)(vTATY
where
_ 1
11— vTA- 1y

This is the Sherman-Morrison-Woodbury formula which provides a fast and memory

efficient way to compute the inverse of A = A — uv”.

(b) Let b € R™. Show that the linear system AZ = b can be solved using the Sherman-
Morrison-Woodbury algorithm [73]

(0%

Algorithm 36 Sherman-Morrison-Woodbury algorithm

Solve the system Ax = b

Solve the system Ay = u

Solve the system ATz = v
Compute a = 1/(1 — vTy)
Compute 3 = zTb

Compute the solution x = & + afy

(c) Show that the complexity of Algorithm 36 is O(n?).

(d) Write a function with input a matrix A, the parameters n, and ny and the vector
b. This function should generate appropriate vectors w, v and matrix A. Then the
function will compute approximate solution & of the system Ax = b implementing
Algorithm 36. The function should also estimate the accuracy of the solution by
computing appropriate norm of the residual vector r = Ax — b.

(e) Test your code for the system of Exercise 10 of Chapter 2.

(f) Compute the LU factorization of A and solve the system Az = b using forward
and backward substitution. Compare the speed of the two methods.

378



11. Consider the n x n tridiagonal matrix

where a;, b;, ¢; € R for all 4.

(a) Assume that A is invertible and has the LU-factorization A = LU with

dy 0 1 e 0
Co d2 1 ()

Cn—1 dn—l 1 €n—1
0 Cn, dy, 0 1

Verify that d; = a1, by = dy - €1, and in general dy = ay — ¢k - ex—1 and by = d, - ek.

(b) Using the previous observations devise the Algorithm 37 for the computation of the
LU-factorization of the tridiagonal matrix A.

Algorithm 37 LU-factorization for tridiagonal matrices
Given the three diagonals a, b, ¢ of A
The algorithm returns the diagonals d and e
Set dl = ax
Set e = b1 /d1
fork=2:n-1do
dy = ag — ci - ep—1
€ = bk/dk
end for
dp = an —Cp - €n_1

(c¢) Prove that if |ai| > |b1], |an| > |cn| and |ak| > |bk| + |ck|, for k =2,...,n — 1 then
the matrix A is invertible. [Hint: Use mathematical induction to show that dj, # 0
for all k =1,2,...,n, and that |eg] <1 for k=1,2,...,n—1]

(d) Adapt the forward and backward substitution Algorithms 30 and 28 for the solution
of the tridiagonal system Ax = f. [Hint: See Algorithms 38 and 39]

Algorithm 38 Forward substitution for tridiagonal matrices
Given the two diagonals ¢ and d of the matrix L and the right-hand side
the algorithm solves the system Ly = f
Set, Yy = fl/dl
for k=2:ndo
Yk = (fx — ¢k - ye—1)/dk
end for

379



Algorithm 39 Backward substitution for tridiagonal matrices
Given the diagonal e of the matrix U and the right-hand side y
the algorithm solves the system Ux =y
Set z,, = yn
fork=n—-1:1:-1do

T =Yk — €k - Tk—1
end for

(e) Implement the new algorithms in Python where the input will be the three diagonals
of A let’s say a, b and c.

(f) Test your code for the system with A = tridiag(—1, 3, —1) and exact solution z; = 1
fori=1,2,...,n.

12. Consider the electric circuit depicted in Figure 9.4.
(a) Analyze the particular circuit using Kirchhoff’s laws, and form a linear system with
8 equations and 8 unknowns.

(b) Solve the linear system using dense matrix techniques. Verify that your solution
satisfies all the equations derived from Kirchhoff’s laws.

(c) Solve the linear system using sparse matrix techniques and absolute error tolerance
1076.

(d) Compare the speed of the two numerical methods and say which one is faster.

(e) Compute the difference of the two solutions and describe their accuracy.

—20V

FIGURE 9.4
An electric circuit.
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10

Best Approximations

In this chapter, we discuss rigorously the notion of best approximation, and in particular
best approximation of vectors, matrices and functions. This is a more advanced topic com-
pared to previous topics as it introduces some abstract notions. On the other hand, the
discussion is just as important as the previous chapters. We develop the Singular Value
Decomposition (SVD) of a matrix A and compute its best approximation. The SVD is
used extensively in statistics, data science and machine learning, and also in engineering.
We also present the Gram-Schmidt orthonormalization process and the QR factorization,
which are necessary tools for the development of the SVD. In QR factorization, ) is an or-
thogonal matrix and R is an upper triangular. We close this chapter with an application in
image compression, where the compressed image is basically its best approximation. First,
we review the properties of vector spaces.

10.1 Vector Spaces, Norms and Approximations

In Chapter 6 we introduced the notion of approximation of functions by polynomials via
interpolation. To measure the distance between a function and its interpolating polynomial
we introduced the notion of norm. Later in Chapter 9 we introduced norms for vectors and
matrices and we measured the accuracy of approximations. Norms can measure distances
between exact and numerical approximations, but what is the best approximation of a
solution and how can I compute it? In this section we answer to this question by studying
best approximations in abstract vector spaces.

10.1.1 Vector spaces

For the moment we will take the objects to be in a specific linear, real vector space. A set X
of elements u, v, w, ... is called vector space (over R or C) with the operations of addition
and scalar multiplication if:

(a) For every pair of elements u,v € X, their sum u + v is an element of X
(b) For every number A and every uw € X the product Au is an element of X

(¢) For all u,v,w € X and for numbers \, i, the operations of addition and scalar multi-
plication have the following properties:
(i) u+v=v+u
(i) (u+v)+w=u+ (v+w)
(iil) u+0=u
(iv) lru=u-1=u
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(V) Alpu) = (Ap)u
(vi) A4 p)u =Au+ pu
(vil) Mu+v) = u+ .

Vector spaces (sometimes called linear spaces) consist of objects that we call vectors or
elements. These elements can be anything from functions to arrays. For example w and v
can be any two continuous functions in the space X = Cfa,b]. We know that the linear
combination of two continuous functions is continuous. On the other hand w and v can be
real n-dimensional vectors, or even m x n matrices. If X is a vector space, then any subset
Y C X that is also a vector space is called subspace of X.

We discuss the notion of linear dependence and independence. The elements
Uy, Us,...,u, of a vector space X are called linearly dependent if there are constants
A1, A2, ..., A, not all zero such that

AUl + Aous + -+ Au, =0 .

On the other hand, their linear combination is zero only when \; =0 foralli =1,... n,
in which case the n vectors are called linearly independent. This means that for linearly
independent vectors wy, us, ..., u,, we have that

Aug + Aoug + -+ Au, =0

only when \{ =Xy =--- =X, =0.

Importance of linear independence

Consider n linearly independent column vectors uy, us,...,u, of R™ and an n X n matrix
A with columns the vectors u;. Expressing matrix multiplication as Ax = uiz1 + usxo +
-+« + upx, implies that the system Ax = 0 has only the solution & = 0, which means that
A is invertible. If the columns of an n X n matrix A are not linearly independent, then A
will not be invertible since the system Ax = 0 will have in addition to the solution & = 0
another solution! = # 0.

[ BE"  Matrices with linear independent columns or rows are invertible.

Consider an m xn matrix A with r linearly independent columns. The number of linearly
independent columns of A is called the rank of A and is denoted as rank(A). It happens
that the number of linear independent columns and rows of a matrix will be always the
same. Moreover, r cannot exceed the minimum dimension of A, i.e. if m < n, then r < m,
while if n < m, then r < n. A matrix A is called full-rank if rank(A) = min{m,n}.

10.1.2 Inner products and norms

The next step towards understanding the best approximation of elements of vector spaces
is to define inner products and introduce some geometry. Inner product is a map or bilinear
form (-,-) : X x X — R and is a real number. For example, if u = (uy,us)” and v = (v, v9)7
are two vectors of R2, then we define the inner product of w and v as

(u, v) =u-v=uTv=uv +us .

IThe system Ax = 0 is characterized by the non-uniqueness of its solutions.
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The inner product can also be defined as a map onto C but for the purposes of this book
we focus on real vector spaces with real inner products.
The inner product must satisfy the following properties for all u, v, w € X:

(i

(ii

u,u) >0 forallu#0
u,v) = (v, u)

(iii) (aw,v) = (u,av) = a{u,v) for any a € R

) (
) (
) (
(iv) (u+wv,w) = (u,w) + (v, w).
If we work with complex inner product instead of real, then the property (ii) can be replaced
by (u,v) = (v, u), while in (iii) we can take a € C.

If u = f and v = g functions of the vector space C|a, b], we can define an inner product
of Cla,b] to be the integral

(f.9) = / f(x) glx) de | (10.1)

for any f,g € Cla,b]. This is one of the most commonly used inner products between
functions. We saw this before when we discussed the definition of norms of functions in
Chapter 6.

A vector space equipped with inner product is called inner product space. We will
denote the general inner product space by X. An inner product enhances a vector space
with geometry and things can be visualized. This is mainly because the inner product leads
to the notion of orthogonality. It doesn’t really matter what the objects in the space are,
we can always think of them as points in general spaces. Now that we have in our arsenal
inner products, we define again the norm | - || : X — [0, +00) as

lu| = V{(u,u), foranyuweX .

The norm of u determines the magnitude of w. The magnitude of w is practically its distance
from the origin 0. So if we want to study the distance between two objects u and v, then
it suffices to study the norm ||u — v||. This will give us the magnitude of the error between
u and v.

If u = (uy,u2)T is a real vector, then ||u|| = \/u? + uZ, which is exactly the well-known
modulus of vectors. Let’s discuss the norm of a function w = f. Since || f|| = v/(f, f), using
the inner product (10.1) we have

b
1]l = / f2(x) da |

This is the norm || - ||2 of Chapter 6.

In any case, we need to measure the accuracy of our approximations, so we need to
define the best approximation in a formal way. Let’s say we have our general vector space
X and its subspace Y as shown in Figure 10.1. We will define the best approximation of a
solution u € X to be the closest to u element of Y. So the best approximation will always
depend on the choice of the subspace Y.

For practical reasons think of X as a very complicated space with many elements (di-
mensions), while Y is a low-dimensional space. One such example is the infinite dimensional
space X = C(a,b) of continuous functions and the two-dimensional space of linear polyno-
mials Y = P;. Our object w lives in X and we search for its best approximation v € Y.
Obviously, we don’t want to find the best approximation in a totally irrelevant space, and
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FIGURE 10.1
The space X and its subspace Y.

that is why we choose Y to be a subspace of X. On the other hand, we could have cho-
sen a more complicated subspace but we need to be very careful so as everything make
sense. Figure 10.1 shows a sketch of a space X and its subspace Y. We repeat that the best
approximation of u will be the element v € Y, which is the closest to w.

Before we proceed with a definition of the best approximation, we revise the notion of
orthogonality in analogy to what we know in geometry. Two objects u, v of a vector space
X are orthogonal if and only if (u,v) = 0.

ulv < (u,v)=0
The Pythagoras theorem states that for any two orthogonal elements u and v we have
lu+v]|* = [|ul* + [v]* . (10.2)
This is true because )
lu +o|* = (u+v,u+v)
= (u,u) + 2{u, v) + (v,v)
= [lul® + 2{u, v) + [|lv|* ,

and since (u,v) = 0, then we have the result. Note that the relationship ||u + v||? =
lw|? +2(u, v) + ||v]|? generalizes the identity (a+b)? = a? +2ab+ b? in the case of vectors.

10.1.3 Best approximations

The best approximation of an object is very similar to an orthogonal projection. The formal
definition of the best approximation is the following:

Definition 10.1. Letuw € X and Y C X. The best approzimation of w in'Y is the element
v €Y such that
lu—v| < [lu—w|,

forallweY.

With this definition of the best approximation we can explore the geometry of an inner
product space. We know from geometry that the shortest distance between a point and
a line in a space is the vertical distance. In Figure 10.2, the space X = R? and Y is a
straight line. The best approximation of w € X in Y C X is the element v € Y such as
lu—v| < ||lu—w| forallw e Y.
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FIGURE 10.2
Practical representation of best approximation and the orthogonal projection.

The element v is practically the orthogonal projection of w onto Y. In Figure 10.2, the
vector u — v connecting u and v is orthogonal to the line connecting 0 and w (all vector
spaces contain 0). Since orthogonal vectors have zero inner product, we have that

(u—v,w)y=0.

We therefore conclude that for v in an inner product space X, its best approximation v in
the subspace Y is the orthogonal projection defined as

(u,w) = (v,w) forall weY.
The fact that v is the closest to u element of Y can be expressed by the inequality
lu—v| <||lu—w| forall weY.

This is described formally with the following theorem:

Theorem 10.2. Let Y be a subspace of an inner product space X and u € X. A vector
v €Y is the best approximation of w if and only if

(v,w) = (u,w), foralweY . (10.3)
Proof. If (10.3) is true, then it suffices to prove that
[u—v|| <|lu—-w|, foralweY .

From (10.3) we have
(u—v,w)y=0, forallweY

and since v € Y we can take w = v and thus
(u—v,v)=0.
Subtracting the last two relations we obtain

(u—v,v—w)=0.
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This means that the vectors 4 — v and v — w are orthogonal, and thus from Pythagoras’
theorem we have

lu — w? = [|(w = v) + (v = w)|* = Ju—o|* +[Jv - w|]* > u-v|?,

since ||v — w||?> > 0. Thus, v is the best approximation of u in Y.

On the other hand, if v is the best approximation of w in Y, we can prove (10.3) using a
contradiction. We assume that there is w € Y, w # 0, such that (u — v, w) # 0. We define
the function ¢ : R — R with

$(@) = u— (v +zw)|* .
For this function ¢(x) with x € R we have that
o(x) = (u—v —zw,u —v —zw) = |u—v||> - 2u—v,wz + 2%|w|?,

which is a quadratic polynomial in z. Its minimum can be achieved at the point x =
(u — v, w)/||wl|, and thus

min §(z) = ¢ <<”1|’|“’>) < 6(0) = |[u— ],

zeR ||w
which is a contradiction since v is the best approximation. Thus, (u — v, w) = 0. O

All the above apply to vectors, matrices and functions by using appropriate inner prod-
ucts and norms. The inner product is not always necessary to define the best approximation,
as the norm suffices by itself. The importance of the inner product is the geometry induced
by it, so we can visualize the orthogonality of the projections.

10.2 Linear Least Squares

In Chapter 6 we studied the problem of least squares where in order to approximate a
set of data (x;,;), ¢ = 0,...,N by a function f(z) that depends on the parameters aj;,
1 =20,...,m, we used the parameters a; to minimize the error

N
S(aos - am) = > |y — flai)l .
=0

When we chose the function f(z) to be linear, and in particular of the form f(z) = apz+ay,
the problem was reduced in finding the coefficients a¢ and a; such that the error

N
2
S(ag,a1) = E lyi — aowi — as1]”
i=0
becomes minimum.

Considering the notation for the matrix

o 1

I 1

A= . ,

TN 1
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and the vectors
Yo

Y1
T = (a()) and b= . ,
aq :

YN

we can write the linear least squares problem in the equivalent form

N
S(ag,a1) =Y |bi — aow; — a1 [* = [|b — Az .
=0

This problem is a special case of the more general linear least squares problem: If A is
an m X n matrix and b an m-dimensional vector, then the linear least squares solution x*
is the n-dimensional vector that minimizes the error function ||b — Az||2. In this sense, the
linear least squares approximation is a best approximation. Note that in linear least squares
problem m > n.

The least squares problem can also be understood as a special case of the general opti-
mization problem of finding «* that minimizes a function F'(a). We usually call the solution
x* optimal solution or minimizer and we write * = argminF (x). The optimal solution of
the linear least squares problem is the * = argminF (z) where F(z) = ||b — Ax|3.

10.2.1 Theoretical properties of linear least squares

The linear least squares problem always has a solution, which is also unique if the kernel
of the m x n matrix A with m > n consists of the n-dimensional zero vector only, that is
ker(A) = {0}. Recall that the kernel of an m x n matrix A is the set of solutions of the
equation Ax =0

ker(A) ={x e R": Az =0} .

Proposition 10.3. Let A be any m x n matriz. There is always an optimal solution to the
linear least squares problem x* = argmin||b — Az||3. The optimal solution is also unique if
and only if the kernel of A is ker(A) = {0}.

Proof. We denote by R(A) = range(A) = {Ax € R™ : x € R"} the range of A. It is easy
to check that if y € R(A), then y is an m-dimensional vector. Let also

RYA)={zecR™: (z,2) =0 forallz € R(A)} .

The space R1(A) is called the orthogonal complement of R(A), and consists of m-
dimensional vectors that are perpendicular to every element of R(A). We know from linear
algebra that every vector b € R™ can be analyzed into two components b; € R(A) and
b, € R+(A) such that b = b; + by. Therefore, for any y € R™, we have

b— Ay = (by — Ay) + b, .

Since by € R(A) and also Ay € R(A), then by — Ay € R(A), and thus by — Ay L by, or
else (b — Ay, by) = 0.

We now consider the function F(z) = ||b — Azx||3. Using the previous analysis of the
vector b = b; + by and the Pythagoras’ Theorem we have

F(x) = b~ Az[|3 = [[b1 — A3 + [[ba]]3 -
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Thus, the optimal solution of the problem argmin||b; — Az||3 will be the optimal solution
of the problem argminF'(x) as well. Since b; € R(A), we know that there exists an «* such
that by = Az*. This implies that ||b; — Az*||3 = 0. On the other hand ||b; — Az||3 >0 =
|by — Az*||3 for all z € R™. Therefore, z* = argmin|b; — Ax||3. This proves the existence
of the optimal solution to the linear least squares problem.

In order to prove uniqueness, we need to observe that the linear system Ax = b; has
a unique solution if and only if the homogenous system Axz = 0 has the unique solution
x = 0, which is equivalent to the fact that ker(A) = {0}. O

10.2.2 Solution of linear least squares problem

In this section we derive the solution of the linear least squares problem in closed form. Let
x* € R™ be the optimal solution of the linear least squares problem

x* = argmin||b — Az||3 .
If r = b — Ax is the residual, then from the previous section we have that
’l":bl—AQZ*-i-bQ:bg,

where by + by = b, by € R(A) and by € R(A). Thus, we have that » = by, and since
by € R+ (A), we have that
ATr=A"b=0.

The last relationship is very interesting since it guarantees that the residual r is also or-
thogonal to the columns of A. Anyway, we have

0=A"r=AT(b- Ax*) = ATb - AT Ax* .

Thus, we have
ATAz* = ATb |

even if b — Ax* # 0.

I¥"  The solution of the linear least squares problem x* = argmin||b — Az||3 is the
solution of the linear system AT Az = ATb.

The matrix AT A is an n x n symmetric matrix since (AT A)T = AT(AT)T = AT A.
If we also assume that ker(A) = {0}, then the matrix AT A is positive definite and thus
invertible. Therefore, the optimal solution of the linear least squares problem is given by

the formula
x*=(ATA)'ATp . (10.4)
The matrix
AT = (ATA)flAT ,

is called the pseudoinverse or Moore-Penrose inverse and is of significant importance in
statistics, data science and other modern fields of science and engineering. The matrix A™
is also called generalized inverse since in the special case of invertible n X n matrix A it
coincides with the classical inverse matrix A~'. This can be verified easily by taking

A+ — (ATA)flAT _ Afl(AT)flAT _ Afl )
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The pseudoinverse matrix AT can help to define a condition number for the linear least
squares problem. The condition number of any m x n matrix A is defined as cond(A) =
||AJ||| AT || generalizing the condition number of invertible n x n matrices.

The module numpy.linalg provides the function pinv for efficient computation of the
pseudoinverse AT. The input of the function pinv is a matrix A and optionally a tolerant
(rcond with default value 1.e-15). This tolerance is related with the singular values of
A (the square roots of eigenvalues of AT A). Optionally also accepts a boolean variable
hermitian (with default value False) specifying if the matrix A is Hermitian or not.

¥ The pseudoinverse matrix AT of any m X n matrix A generalizes the classical
inverse of invertible matrices. If AT A is invertible, then the pseudoinverse is given
explicitly as AT = (AT A)~1 AT and provides the solution of the linear least squares
problem z* = argmin||b — Az||3 = A*b.

In terms of best approximations, when we solve the linear least squares problem, we
compute a solution (the optimal solution) such that the residual r is orthogonal to the
range R(A). This means that the optimal solution * minimizes the distance of Az* from
b in the space R(A). To see this consider an & € R(A), and take the inner product

(Az,b— Az*) = (Az)” - (b— Ax*) =0.

The solution of linear least squares problem is a best approximation.

10.2.3 Linear least squares problem in Python

As we have already noticed, if ker(A) = {0} then the optimal solution &* of the linear least
squares problem satisfies the linear system

ATAx = A"b . (10.5)

This set of equations is called the normal equations. Since, in this case, the matrix AT A is
symmetric and positive definite, one can solve the linear system (10.5) using the Cholesky
factorization as we saw in Section 9.5. Although, this procedure can be efficient, the Cholesky
factorization of AT A can be inaccurate. The reason for this inaccuracy is that if A is not
well-conditioned, in the sense that its condition number cond(A) is large, then the condition
number cond(AT A) = (cond(A))? can be even larger. Therefore, we conclude that solving
the linear least squares problem by solving the system of the normal equations is not a good
idea. We will see later that in order to solve efficiently linear least squares problems we can
use other factorization methods, such as the singular value decomposition.

In Python, one can use the function 1stsq of the module numpy.linalg to solve linear
least squares problems. The general syntax of this function is

1lstsq(a,b,rcond)

where
a: Is an m X n matrix A
b:  Is the right hand side b

rcond: Is a float that serves as a tolerance in the numerical computations of the solution.
When it is not set, then warnings are printed on the screen. (Optional with default
value rcond="warn’)
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The function 1stsq returns a tuple (x, residuals, rank, s) where
X: Is the optimal solution x*

residuals: Is the quantity ||b — Az*||? for each column of b

rank: Is the rank of A

s:  Is a vector with the singular values of A. These are the eigenvalues of the matrix
AT A.

For the moment we will try to find the argmin||b — Az||? with

1 1 2
A=|-1 1],andb= |1
1 1 3

This can be done easily with the following code.

import numpy.linalg as npl
A =np.array([[1.0 , 1.0],

[-1.0, 1.01,

[1.0, 1.0]1D)
b = np.array([2.0],

[1.0],

[3.011)

(x, residual, rank,s) = npl.lstsq(A,b)
print('x= '); print(x)

print ('residual= '); print(residual)
print ('rank= '); print(rank)
print('singular values= '); print(s)

x=
[[0.75]
[1.75]1]
residual=
[0.5]
rank=
2
singular values=
[2. 1.41421356]

Similarly, there is a function in the module scipy.linalg with the same name lstsq and
some extra capabilities.

Solving the system of the normal equations AT Az = ATb can be done by computing
first the pseudoinverse AT = (A7 A)~1 AT and then the product £ = A*b. In the previous
case we can compute the optimal solution z = (3/4,7/4)T analytically. We verify this
result with Python once more. We first compute the matrix (A7 A)~1 and we store it in
the variable tmp. We compute the pseudoinverse (AT A)~! AT and we store it in the array
Amp. Finally, we compute the solution £ = A*b and we verify the result.
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# Compute the Moore-Penrose inverse

tmp = npl.inv(np.dot (np.transpose(A),A))
Amp= np.dot (tmp,np.transpose(A))

x = np.dot (Amp,b)

print('x= '); print(x)

print('x= '); print(npl.pinv(A)@b)

%=
[[0.75]
[1.75]]
<=
[[0.75]
[1.75]]

In the last line of the previous code (line 6) we verify the result using the function
pinv of numpy.linalg, while we left for the reader to test the scipy.linalg version of the
function pinv.

The last implementation is not useful for large matrices since the computation of the
inverse of a full and large matrix is not an efficient operation. The next sections are devoted
to tools and methods that are required for the development of the singular value decompo-
sition. They are also very important developments by themselves because of their numerous
applications. We present first the Gram-Schmidt orthonormalization.

10.3 Gram-Schmidt Orthonormalization

Let X be a (finite) n-dimensional vector space with basis {e1,es,...,e,}. For example,
think of the space R™ of n-dimensional real vectors?. Any vector © € X can be expressed
as a linear combination of these basis functions

r =ciey +cex+---+cpey . (106)

If we take the inner product of (10.6) with the basis vector e; for ¢ = 1,2,...,n we form
the following equations

(e1,e1)c1 + (e2,e1)ca+ -+ (en, e1)c, = (x,e1)

(e1,€2)c1 + (€2,€2)ca + - + (€, €2)cn = (T, €2) ,
(10.7)

(e1,ep)ct1 + (€2, €p)co+ -+ + (€n, €n)c, = (T, €p) .

These are the normal equations we discussed before. Assume in addition that the basis
vectors are orthogonal but not necessarily normal. This means that (e;,e;) = 0 if ¢ # j,
while ||e;[|* = (e;, e;) is not necessarily equal to 1. Since (e;, e;) = 0 for i # j, then the set

2The dimension of the space X need not be n.
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of the normal equations is reduced to

leil*er = (x, e1) ,

H€2||202 = <«’B,€2> )

(10.8)
Hennzcn = (z,en) .
Solving for the coefficients ¢; yields
i:<m’e;>7 1,2,...,n
e
Thus, the vector  can be expressed as
<ZB,€1> <$C,€2> <$,€n>
= 61 62 + te + en . (10'9)
llea]? lle2]? llen?

This is an analysis of the vector & into coordinates along the directions of the basis

elements e;. The component %ez is the projection of the vector @ onto e; and is written
usually as
PIoj, T = <m’ei>e,; )
= el

From this procedure, it is clear that in order to decompose a vector x into its coordinates we
need to know the basis vectors e;, which might not be trivial in a general case. Orthonormal
vectors are orthogonal and at the same time their norm equals 1.

The Gram-Schmidt orthonormalization is a method to produce a set of orthonormal
vectors from an arbitrary set of linearly independent vectors. The resulting vectors can
serve as basis of the vector space, but as we shall see in the next section, the Gram-Schmidt
orthonormalization leads to a matrix factorization different from the LU decomposition.
The basic Gram-Schmidt orthonormalization algorithm is based on the construction of
projections onto vertical directions to generate orthogonal vectors.

Let «1,xs,...,x, be linearly independent vectors. Then we define the vectors
e}, eh, ... el such that
r_
€ =21,
/
/ _ <$2761> /
€y = T2 <e/ e/>ela
1 €1
/
el — x5 <w3761>e/ <w3a62>e/
3= PV EVES oo\ T2 10.10
(ei.el) ! (ehep) (10.10)
/!
e/ —x <mmel> / <$men—1>
n — %n — 7 7 1 " 7 7 n—1 »
<617 el> <en71? en71>
which are the same with
r_
€ =21,

/ .
€y = T2 — p]Z‘O']e/1 o ,

/ . .
€3 = T3 — PrOJe; T3 — PrOJe; T3 5
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n—1
— Z proje;a:n .
j=1
It is easy to check that (e}, eL) = 0, and also, generally, that (ej,e}) = 0 for j =
1,2,...,i — 1, which implies that the vectors e}, e, ..., el are orthogonal. In order to

normalize them, we divide by their norms. We define the orthonormal vectors

e’

=  =1.2,..
A

The Gram-Schmidt orthonormalization is summarized in Algorithm 40. In this algorithm

LT

Algorithm 40 Naive Gram-Schmidt orthonormalization procedure

fort=1:ndo
E'(:;,i) = X (1)
for j=1:i—1do
E'(:,i) = E'(1,i) — (E(:,j)" X (:,9)E(:, j)

end for
E(:i) = X () /[ X(: )2
end for
we store the linearly independent vectors ; € R™, i =1,...,n into the columns of an m xn

matrix X. We compute the vectors e; as columns of matrix E’ and the orthonormal vectors

e; are stored into the columns of matrix E.

10.3.1 Numerical implementation

Direct implementation of the classical Gram-Schmidt process is not recommended because
of rounding errors that can result in non-orthogonal vectors. As a more stable alternative the
following modified Gram-Schmidt process is recommended. In this process the computation

of the vector e; happens in ¢ — 1 steps, fori =1,...,n:
eV = &, — proj.,a:
e = “) — projeef’) |
el ™ = el — proj,, el
eE’ V=™ — proj,, e,
eV

Note that the normalization follows immediately after the computation of the orthogonal
vector. This method contains smaller rounding errors and leads to a more stable algorithm.
But again this might not be an ideal algorithm for the generation of orthonormal vectors.
This modified Gram-Schmidt method is summarized in Algorithm 41, where the vectors
x; are stored in the columns of an m x n matrix X and the orthonormal set of vectors is
returned in the columns of an m X n matrix E .

The implementation of the modified Gram-Schmidt algorithm is presented in the next
function gram schmidt:
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Algorithm 41 Modified Gram-Schmidt orthonormalization procedure
E(;,0) = X(;,0)/[IX(:,0)[13
for i =2,n do
E(:i) = X(:,1)
forj=1:7—1do
E(:7i) = E(:’i) - (E(:7i)TE(:7j)) E(J)/HE(J)HQ
end for
E(:,i) = E(:,9)/|| B )2
end for

def gram_schmidt (X):
E = np.zeros(ap.shape (X))
(m,n)=np.shape (X)
E[:,0] = X[:,0]/np.sqrt(np.inner(X[:,0],X[:,0]))
for i in range(1,n):
E[:,i] = X[:,i]
for j in range(0,i):
proj=np.inner(E[:,i],E[:,j])/np.inner(E[:,j]1,E[:,j1)*E[:,j]
E[:,i] = E[:,i]-proj
E[:,i] = E[:,i]/np.sqrt(np.inner(E[:,i],E[:,1]))
return E

Now, we test our code with the vectors

1
-1
1
1

x| = xro = and @x3=

_ O =N
N = NN

In order to check the orthonormality of the columns of the resulting matrix E we compute
the product ET E which must be the identity matrix.

import numpy as np
X =np.array([[ 1, 2, 2],
[-1, 1, 2],
[-1, 0, 11,
[1, 1, 211)
E = gram_schmidt (X)
print ('E='); print(E)
print('I='); print(np.dot(up.transpose(E),E))

E=

[[ 0.5 0.67082039 -0.40824829]
[-0.5 0.67082039 0. ]
[-0.5 0.2236068 0.40824829]
[0.5 0.2236068 0.81649658]]
I=

[[1. 0. 0.]

[0. 1. 0.]

[0. 0. 1.1]
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In practice, the Gram-Schmidt orthonormalization algorithm is not used at all. Instead
one can use the QR factorization, which for pedagogical reasons we introduce as a conse-
quence of the Gram-Schmidt method, and then we use it to generate orthonormal vectors.

10.4 QR Factorization

Suppose that we have n linearly independent vectors ai,as,...,a, € R™ forming the n
columns of an m xn matrix A with m > n. Applying the Gram-Schmidt orthonormalization
procedure to the n column-vectors a; we construct n orthonormal vectors e;, for which

a; =rinex,
az = rige; + rege€s ,
(10.11)

ap =Tipe1 +Topes + -+ Tppey

with r;; = (e;, a;) being the coefficients obtained from (10.10). Writing (10.11) in matrix-
vector form, we obtain the famous QR factorization of A

i1 T2 ot Tin

0 72 -+ T2
A:(a1 a - an):(el ey - en)~ . . . =QR.

0 0 - 7o

The matrix @ is m x n matrix with orthonormal columns (Q~! = Q) the vectors from
the Gram-Schmidt orthonormalization procedure, while the matrix R is an n X n upper-

triangular matrix with diagonal entries r;; # 0 for all ¢ = 1,2,...,n. If one of those was
zero, let’s say r;; = 0, then the column a; would have been written as a linear combination
of the vectors aj,...,a;_1. This contradicts to the assumption that all a; are linearly

independent. Therefore, R is invertible, and Q@ = AR™!. Hence, rank(Q) = rank(A).

5" An m x n, full-rank, complex matrix A with m > n has a QR factorization
with r; #0 for all i =1,2,... n.

The QR decomposition of a matrix A, contrary to the LU decomposition, is a stable
algorithm and the result is not susceptible to rounding errors. Thus, Q R decomposition can
be helpful in various problems. Here we discuss a few applications.

10.4.1 Linear least squares using QR factorization

We have seen that the solution of the linear least squares problem can be found using the
pseudoinverse. The knowledge of the QR decomposition of an m x n matrix A can lead to an
efficient computation of its pseudoinverse A™. Assume that we have the QR decomposition
of A = QR of an m x n matrix A. Using the properties of the orthogonal matrix Q we



398 Best Approximations

have

(ATA)~tAT
=((QR)"(QR)) '(QR)"
(RTQTQR> IRTQT
=(R"R)'R'Q" (QQ" =1
=R 'R TRTQ" (R is nonsingular)
RleT
Since the pseudoinverse of a nonsingular, square matrix coincides with its inverse A1,

we can use the QR decomposition to compute the inverse of a square matrix A using the
same formula A~! = R71QT.

10.4.2 Computation of range

Recall that range of an m x n matrix A is the set range(A) = {Ax : * € R"}. If A has
linearly independent columns and A = QR, then range(A) = range(Q). In order to see
this, consider a vector y € range(A). This means that there is an € R™ such that y = Az.
This is equivalent to

y=QRx=0Qz,
with z = Rx € R", which is equivalent to y € range(Q).

10.4.3 Householder matrices and QR factorization

Although the modified Gram-Schmidt orthonormalization appears to be very stable in ob-
taining the QR factorization of a matrix A, in practice we obtain the QR factorization
using an even more stable algorithm, which is based on series of reflections. For any vector
u, a representation of the reflection about the hyper-plane perpendicular to w is given by

the Householder matriz
2uu’

[ul®

For the sake of convenience we often set v = u/||u and we write H = I — 2vv’. Such
matrices have been introduced by A. S. Householder (1904-1993) in [68]. Any Householder
matrix H is symmetric since

H=1-

HT = (I -200") =17 = 2(00")" =T - 2(0") 0" = H .
Moreover, H is orthonormal with
H'H=H"H=H*=1.
To see this take
H"H = (I- 2'va)2 =1 -2 2vv" + 4vvTvv? =T — 4vv” + do|jv||?0? =T,

because [[v]| = [Ju/|lul]| = [lul[/|u]| = 1.
Consider a matrix A with columns a1, as, ..., a,. If a is a column vector, we define the
Householder matrix H; with w = a + r{ where

sign(ay)|a|

ry = sign(a:)|laller =
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We observe that ||71]| = ||a| and subsequently
Hia = (I — QUUT) a
]|

2(a+71)Ta

(a+7)T(a+m)
2)|al* + 2r{a

lall* +a™ry +ria+|r|?
2lal? + 2T a
2||al]? +2r{a

=a—(a+m)

=a-(a+rmr)

=a—(a+r)

=a—(a+mr)
= -7 .

The matrix H; practically is used to transform the first column of A into the first
column of R. Subsequently, we consider the Householder matrix Hy with u = a + ro with

0
sign(az)||al|

ro = sign(as)||alles = 0 ,

0
and a the second column of the matrix H; A with 0 above the principal diagonal. Then the
first row and first column of matrix Hs H; A remain unchanged since the first entry of w is 0.

Repeating the same process for every column a; we obtain the product H,,_1 --- HoH1 A =
R, which after inversion of the orthogonal matrices H; gives us

A= (H\H, -H, )R=QR,

since H; ' = H! = H;. The matrices H; are also known as Householder reflections or
reflectors. This is the QR factorization of a matrix A obtained without the use of the
Gram-Schmidt process.

The matrix H = I — % is called refilector because the product Hx is a reflection of a

vector z through the perpendicular to u line {2z : u” 2z = 0}. In practice, we never compute

the matrix H but only the result of its application to another matrix. This is made clear
in the Householder QR algorithm as it is presented in Algorithm 42. In order to decrease
the complexity of the Householder algorithm, instead of working with the full matrix A, we
work with sub-matrices at each step.

Algorithm 42 Householder QR

for k=1,2,...,ndo

Define a = A(k : m, k)

Compute w = a + sign(a(1))||ale; and v = w/||w]|

Compute A(k :m,k:n) = A(k:m,k:n) —2u(u’ A(k : m,k : n))
end for
The algorithm overwrites A with R

This algorithm reduces A to upper-triangular matrix R but it does not explicitly com-
putes the matrix Q. This is because the computation of the matrix Q requires many opera-
tions. Moreover, in applications we usually need the products Qb and Qx. These products
can be computed efficiently using the knowledge of the vectors u, [135].
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Although this procedure can lead to a more stable algorithm to implement, again, it is
not the most efficient and stable way to obtain the QR factorization. Other commonly used
methods for the QR factorization can be found in books that specialize in numerical linear
algebra.

10.4.4 Python implementation and orthonormalization

The QR factorization of an m x n matrix A can be computed using the function gqr of
numpy.linalg. The general call of this function is

q, r, (h,tau) = qr(a, mode)

The function qr accepts as input a matrix A in the variable a and returns in the output
arrays q and r the matrices Q, R, respectively, and also the tuple (h,tau) where h is
an array with the Householder reflectors. The array tau contains scaling factors for the
Householder reflectors. All the output parameters are optional, so we can call the function
qr using any of the output arguments we need. In addition to the array a, the function qr
accepts as input the optional argument mode, which takes one of the following string values:
‘reduced’, the default value that asks the code to return q and r with dimensions m x k
and k x n; ‘complete’, that asks the code to return q and r with dimensions m x m and
m xn; ‘r’ that asks the code to return only the array r with dimensions k£ x n; and ‘raw’,
that asks the code to return only the tuple (h,tau) with dimensions n x k and (k,).

Similarly, there is a SciPy implementation of the QR factorization, namely the function
gr of scipy.linalg. The SciPy implementation can be also called easily as qr(a) since all
its rest arguments are optional.

For example, consider the matrix

2 -2 18
A=12 1 0
1 2 0

We will use the Householder reflections method to compute the @R decomposition analyt-
ically first, and then we will proceed with its numerical computation. Initially, we take the
first column of A, which is a = (2,2,1)7 with

lal| = V22 4+22+12=3.

The vector 7y is 7, = (3,0,0)7 and the vector u = a + r, = (5,2,1)7 with ||u| = /30.
Thus,

sua? (10 O\ 5 (25 10 15\ | /(-2 -2 -1
H =1 c={o 1 o)== 4 2)=2[-2 15 —25
il 0o 1) 0\s 2 1 1 —2/5 14/5
So, we have
3 0 12
HA=[0 95 —12
0 12/5 -6

Observe that the first column of H; A is the column vector —r1.
We proceed now with a = (0,9/5,12/5)7, the second column of the matrix H; A, where
la|| = 3. Here, 7o = (0,3,0)” and w = a + ry = (0,24/5,12/5)7 with |Ju| = 12/+/5. Then,

. 100 5 (00 0 1 0 0
Hy=I-"-5 =01 0)—-{0 8 4f=210 -3/5 —4/5
el 00 1 0 4 2 0 —4/5 3/5
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So, we have

-3 0 —=12
HHA=| 0 -3 12
0 0 6
Thus,
-3 0 -—12 1 -2 2 1
R = 0 -3 12 and Q = H1H2 =-1-2 -1 =2
0 0 6 3 1 2 2

We can check the validity of the result by computing the product QR and verifying that
Q is orthogonal. Next, we compute a QR factorization of A using Python and the following
simple script:

import numpy as np

from numpy.linalg import qr

A = np.array([[2.0, -2.0, 18.0],
[2.0, 1.0, 0.0],
[1.0, 2.0, 0.0]11)

Q, R=qr(A)

print('R= '); print(R)

print('Q= '); print(Q)

R=
[[-3.0000000e+00 4.4408921e-16 -1.2000000e+01]
[ 0.0000000e+00 -3.0000000e+00 1.2000000e+01]
[ 0.0000000e+00 0.0000000e+00 6.0000000e+00]]

[-0.66666667 0.66666667 0.33333333]
[-0.66666667 —-0.33333333 -0.66666667]
[-0.33333333 -0.66666667 0.66666667]]

We observe that the numerical results verify our manual computations. We refer the
interested reader to the references for more sophisticated algorithms related to the compu-
tation of the QR factorization.

10.5 Singular Value Decomposition

A very important decomposition for both Statistics and Machine Learning is the Singular
Value Decomposition (SVD). The SVD has a wide spectrum of applications in many fields of
science, even in cryptography and in image processing. At the end of this chapter, we present
an application of SVD in image processing. A digital image can be represented by an m x n
matrix with entries values that represent the intensity of the colors of the corresponding
pixels. Processing the matrix with the colors of the pixels will result in a modified image.
As you understood very well, we will deal with general rectangular matrices rather than
square matrices. The singular value decomposition of an m X n matrix A is a product of
three matrices UX VT, where 3 is m x n diagonal matrix, U and V are m x m and n X n
orthogonal matrices, respectively. Recall, that because U and V are orthogonal matrices
we have that UTU = I and VIV = I, and that U and V have orthonormal rows and
columns.
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10.5.1 Derivation of SVD

The singular value decomposition is based on computations of eigenvalues and eigenvectors.
Here, A is m X n, so we cannot compute any eigenvalues unless m = n. Although it might
seem to have our hands tight, there are various miracles happening with the SVD, if the
actual SVD is not a miracle. We start by exploring the matrix A7 A, which is n x n and
symmetric since (AT A)T = AT(AT)T = AT A. A direct consequence of this, and the fact
that AT A is symmetric and square, is that A7 A has real and positive eigenvalues. To see
this, consider an eigenvalue A of AT A and the corresponding eigenvector & # 0 with real
entries. Since AT Az = \x we have

0<|Az|? = Az - Az = (Az)" (Az) = 2T AT Ax
=27 (AT Ax) = 2" (\x) = ATz
= M|,

from which we obtain that A||z||?> > 0, and thus A > 0 since ||| > 0.
The eigenvalues of AT A are of great importance. The square roots of these eigenvalues

are called singular values of A and are denoted by o1,09,...,0,. In other words, if )\;
is the i-th eigenvalue of AT A with z; the corresponding (normalized) eigenvector, then
i = Vi = ||Az;|. Tt is also very important to consider them ordered in the sense that
012022 20p20.

Assume that the nonzero singular values are the o1,09,...,0, and all the rest 0,41 =

- = 0, = 0. Since we want to produce a factorization A = UXVT, we consider first an
m X n matrix X with diagonal values the singular values of A

o 0 -+ 0
D o 0 o9 - 0
E-(O 0) and D=
0 0 - o

Since we want the matrix V' of the SVD to be orthogonal, we take V' = (vy,v2,...,v,)

where v; are the orthonormal vectors produced by the Gram-Schmidt orthonormalization
of the eigenvectors x; of AT A. At this stage, we have chosen ¥ and V in the analysis
A = UXZVT and it remains to find matrix U. From the equation A = UXVT, since
VTV =T (or else since V~1 = VT) we can solve easily for US and obtain

Ux =AV .
Moreover, we observe that the columns of AV consist of the vectors Awv;, and thus
AV = (Avy, Avs, ..., Av,) .
The columns Awv;, for i =1,...,n are orthogonal. To see this take ¢ # j, and then
(Av;) - (Avj) = (Av;)T (Av;) = v] AT Av; = vl \ju; = \ju; -v; =0 .

If ¥ was invertible, then we would have defined U = AV X~!. Although this is not the
case, it gives us the idea to define the first r columns of U as u; = Av;/o; fori=1,2,...,7r.
This could have been adequate if we could extend this set of r orthogonal column-vectors
to a set of n orthogonal column-vectors. This again can be done by considering the rest wu;,
i=r+1,...,m to be the result of the Gram-Schmidt orthonormalization procedure of the
set {ui,ua,..., U, €r41,...,€5} where €,41,..., €, are the standard basis vectors of R™.
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With this construction of ¥, U and V' we have that A = UXV”, which can be written
in the form

A=(u ug - U | Uppr - Uy ) : U e

Remark 10.4. The singular values o; are the square roots of the eigenvalues \; of the
matriz AT A. If A is symmetric matriz with eigenvalues k; then o; = |k;|. This is because

for symmetric matriz A the product AT A = A? with eigenvalues \; = k2.

And still we haven’t explored all the magic of this method.

" The Singular Value Decomposition of an m x n matrix A is the factorization
A = UXVT where X is a diagonal matrix with values in the main diagonal the r
eigenvalues of the matrix A7 A. V is nxn orthogonal matrix with columns the Gram-
Schmidt orthonormalized eigenvectors of AT A, and U is m x m orthogonal matrix
with columns the result of the Gram-Schmidt orthonormalization of the vectors
u; = Av;/o; for i =1,2,...,r and u; = e; for i =r +1,...,m. The columns of U
are called right singular vectors and the columns of V' left singular vectors.

For example, consider the 2 x 3 matrix

12 3
A‘(321)’

where m = 2 and n = 3. First, we form the matrix

10 8 6
ATA=([8 8 8|,
6 8 10

which has eigenvalues
)\1 = 24, )\2 = 47 and )\2 =0 5

and (normilized) eigenvectors

1 (L 1 (L 1 (L

v=—71-1 , Vo= —(—= 0 s and v3=— | —2

i\ vl v\
Therefore, the singular values of A are o; = v/)\; for i = 1,2. More precisely,
01:2\/6, and o9 =2.
Here r = 2, which coincides with the rank of A since o2 # 0 and o3 = 0. Hence, the 2 x 3

matrix X is written as
5 2v/6 0 0
o 0 2 0)°
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The 3 x 3 orthogonal matrix V is defined by the orthonormalized eigenvectors v; and can

be written as
L (V2 VB
V=—|-v2 0 -2
Vi\ovz —v3 1

Finally, in order to compute the 2 x 2 matrix U we consider the vectors

1 /-1 |
ul:Avl/Jl:ﬁ(—l) and U2:Av2/02:\/§(1> .

These two vectors are adequate to form the matrix
1 /-1 -1
o5 7))
It is easy now to verify that A =UZV 7.

10.5.2 Theoretical considerations

Taking the SVD of A we have

A=UxvT
T
et
(Y
g1 O 0 2
0 g9 0 .
. (0} T
:(ul uQ ... ur ur+1 “e um) : r
0 0 Or Va1
) Ke :
T
vn
op O 0 vl
0 o9 0 vl
=(u1 wz - u) .
0 0 - o) \0f
v
vy
= (o1ur oouy - opuy) | |
’UT

T

= Ululvir + 02uQv2T +--+ o uv, .

In the previous computations we wrote A as a sum of r matrices A = B+ By +---+ B,
where B; = aiuiviT . Something which is intrinsic is that

|Bi|| = osllusv] || = os ,

and thus ||By]| > ||Bz]| = -+ > || B,||. In this way we have obtained a hierarchical analysis
of A in matrices where the first of them is the most important. Now, you might be able to
guess what is the biggest miracle of the singular values of A. This is that the SVD of A
contains all the important information of the matrix A in a hierarchical form, in the sense
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that the largest singular value contains most of the information of the matrix, the second
largest singular value something less and so on. So if we take the first k < r terms in the
sum of B;’s, we construct an approximate matrix of A. Specifically, the matrix

k
Ak = UszT - ZBZ )
i=1

where 3y is the m x n diagonal matrix with entries on the principal diagonal only the
first k singular values o04,...,0k. This is of great importance not only because it is an
approximation of A but because it is the best approximation of rank k. Specifically, we
have the following theorem:

Theorem 10.5. The matriz

k k
Ak = ZBi = ZO’Z"U,Z"UZ»T 5
i=1 i=1
1s the best rank-k approximation of matrix A by minimizing the £o-norm of the error

|4~ Ada = min_ A= B (10.12)

Moreover,
A — Agll2 = ort1 -

Proof. First we observe that rank(Ay) = k. This is because
rank(Ay) = rank(UX,V7T) = rank(Z;) = k .

For the minimization problem, we consider a matrix B with rank(B) = k. Then the
kernel (null space) ker(B) is of dimension n — k. Take also the space X produced by the
vectors {v1, ..., V41 ). Since both ker(B) and X are subspaces of R™, and the sum of their
dimensions is greater than n we conclude that they have nonempty intersection. If z is a
vector in their intersection with ||z||2 = 1 such that Bz = 0, then z = c;v; + cova + -+ - +
Ck+1Vk+1- Since |22 = 1 and v;’s are orthonormal, we have |e1|? +[ca|? + - - - + ep41]* = 1.

So,
k+1 k+1 k+1

(A-—B)z=Az= AZ Cv; = Z c;Av; = Zcmiui .
i=1 i=1

i=1
Because wu;’s are orthogonal, we have

E+1 k+1
(A= B)zl3 = |oicil® > 0341 Y leil* = 0i s -

i=1 i=1
Hence,
la- Bz I
To show that o1 = ||A — Ag||2 we take the difference
|A = Apll2 = [UE = Z) VT2 = | = Bill2 = on41

and we have that
|[A—Bl2>[|A— Agll2,

for any m x n matrix B of rank k. O
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This best approximation property of the SVD perhaps is the most applicable. It is also
known as Principal Component Analysis. This lies on the fact that from all the ordered
singular values o1 > 09 > -+ > 0, only some of them are important and the rest can
be discarded. Applications areas are numerous and include machine learning where we can
extract information from a matrix A without using data, and also in dimension reduction
problems where, obviously, by ignoring negligible singular values, the resulting problem is
much simpler and smaller compared to the original one. For an example in image processing
see Section 10.5.6.

On the other hand, the SVD has some other very useful properties. For example, it helps
in the computations with norms.

Theorem 10.6. For any m X n matricx A with singular values o1 > 09 > +++ > 0,.. Then,
(i) [|All2 = o1
(ii) | Allr = Vot + 05+ +07

Proof. In order to prove (i) we write

|Al2 = [USVT |y = \[oUSVT(USVT)T) = /p(USVTV(US)T)

= /o(USTUS)T) = \[p((STUTUS)T) = |/ p(S57)

= ||2H2 = mzaxai =01 .

For the property (i), similarly, we have

lAlF = [USVT|F = |S]lr = \/of +o3 4ot
O

If A is square n X n and invertible (rank(A) = n), then we have some even more
interesting properties.

Theorem 10.7. For any non-singular n X n matriz A we have that

1
Ao = — and thus cond(A) = 2
Onp On
Proof. Since, A = UXV7T we have that A= = VE~IUT, and thus |[A7 Yy = 1/0y
according to the previous theorem. Moreover,
cond(A) = [|Allz - [|A™ 2 = 00 /01

since ||All2 = 0, and ||A7Y|2 = 1/0y. O

10.5.3 Pseudoinverse and SVD

The pseudoinverse matrix A" can be computed in a trivial way using the singular value
decomposition of A. Recall that the pseudoinverse of an m x n matrix A is the m x n matrix
AT = (ATA)71AT. Since AT = (UZVT)T = VEUT, we have that
AT =(ATA)T'AT = (vzUuTuzvT){(vEUT)
=vE's)y"viveu? =vETys) " '2TuT,
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and thus we write

At =vztuT (10.13)
where 37T is the n x m matrix
Yoi 0 - 0
0 1/oy - 0
n ) ) . . (0
E = . . .. :
0 0 - 1o,
0 o

10.5.4 Linear least squares problem and SVD

A very important application of the singular value decomposition is the solution of the
linear least squares problem. We try to minimize the error-norm ||b — Az||3 for an m x n
matrix A, given that the singular value decomposition of A = UXVT, with singular values
o1 > 09 > --- > 0, > 0. Note that because U is orthonormal, then

|Uz|jy = /(Uz)T(Uz) = VaeTUTUx = VaTx = ||z|. ,
for any vector . Using the orthogonality of U and V', we have

| Az — b]| = U (Az — b)[5 = [SVTz — UTb|3

— i(aizi —uTb)? + i (u!b)*
=1

1=r+1

where z; are the entries of the vector z = V7Tx. Thus, the minimum min, ||Az — b||3
can be achieved when o;2; — ul'b = 0 for i = 1,2,...,r, and for arbitrary values z; for
i =r+1,...,n. So, the solution of the linear least squares problem is * = V z, where
z € R™ is the vector with entries

T
u; b )
zi=——, fori=1,...,r,

0

zi=0, fori=r+1,...;n.

Since z = VTz*, the minimum norm solution is

ro.T
u; b
:c*:Vz:g ! ;.

=
i=1

Moreover, we have
m

min | Az — b||2 = Z (ul'b)? .
i=r+1

Given the pseudoinverse AT = VE+TUT we can also compute the solution of the linear
least squares problem using the formula (10.4) as £* = A™b.

10.5.5 Singular value decomposition in Python

We can compute the Singular Value Decomposition of any matrix A in Python just by
using the function svd of the module numpy.linalg. For example, typing U, S, V = svd(
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A ) we get the three matrices U, 3 and VT of the SVD. The matrix S contains only the
nonzero diagonal entries of 3. The general call of the function svd is

svd(a, full_matrices, compute_uv,hermitian)

where
a: Is an m x n array

full matrices: Is a boolean variable, which is True if the output arrays u and vh have
shapes (m,m) and (n,n), respectively. Otherwise, the shapes are (m,k) and (k,n),
respectively, where k=min(m,n). (Optional with default value True)

compute_uv: Is a boolean variable that specifies whether to compute the matrices u and
vh in addition to s. (Optional with default value True)

hermitian: A boolean variable determining whether the matrix A is Hermitian (symmetric
if real-valued). (Optional with default value True)

The function svd returns the arrays u, s and vh with the matrices U, ¥ and V7 respectively.
For example, let us consider the matrix

1 20
A=12 1 2|,
0 2 1

which is symmetric. Because A is symmetric, its singular values coincide with the absolute
values of the eigenvalues of A. Let’s see if this is true using the following code

A = np.array([[1.0, 2.0, 0.0],
[2.0, 1.0, 2.0],
[0.0, 2.0, 1.0]1])

U, S, V=npl.svd( A)

print(S)

print(npl.eigvals(A))

[3.82842712 1.82842712 1. 1

[ 3.82842712 1. -1.82842712]

Observe that S contains the absolute values of the eigenvalues of A, ordered from the
one with maximum magnitude to the minimum. This is because given an eigenvalue A of
A, then the eigenvalues of AT A satisfy

ATAz = AT ) x = \Az = Nz,

and thus are the eigenvalues of A squared. If we want to verify the result of the svd we
need to transform the diagonal matrix S into a rectangular matrix. In the previous example
we can verify the result A = UXZVT by typing

# Convert matriz S into rectangular matric
Sigma = np.zeros((A.shape[0], A.shape([1]))
Sigmal[:A.shape[1], :A.shapel[1]] = np.diag(S)
print (U.dot (Sigma.dot(V)))

[[ 1.00000000e+00 2.00000000e+00 -6.66133815e-16]
[ 2.00000000e+00 1.00000000e+00 2.00000000e+00]
[-4.99600361e-16 2.00000000e+00 1.00000000e+00]]
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10.5.6 Application in image compression

Here, we demonstrate how to use the SVD in image compression. We have seen in Section
6.6.6 how to manipulate digital images using arrays. Any digital color image is an arranged
set of pixels. Each pixel has each own color, which can be represented by its values of the
intensity of red, green and blue colors (RGB). These can be a tuple of the form (R, G, B)
where R stands for Red, G for Green and B for Blue. The digital colors can take values
from 0 to 255 and usually are integer values. The value 0 indicates the complete absence of
a specific color. For example, the blue color in the RGB scale will be (0, 0,255), indicating
that there is no red and green since their values are zero and there is only blue with value
255.

In Python we can read an image using the command imread of the module imageio.
Let’s try using a photo with the name Newton. jpg. The imread function in the following
code reads the digital image stored in the file Newton. jpg and stores it into the rectangular
array photo. Printing the shape of the array photo, we get that this array is 559 x 407 x 3,
which means that our image consists of 559 x 407 pixels, with RGB values stored in three
slices of the array photo. We can print the photo on the screen with the command imshow
of MatPlotLib.

import imageio

photo = imageio.imread("Newton. jpg") # Read the image into the array photo
print (photo.shape)

plt.imshow(photo) # Plot the image on the screen

plt.show()

In order to do some image processing we store each slice of the array photo in a different
matrix, for example storing the values of the red intensity in the matrix Red, the values of
the green intensity in Green and the respective values for the blue in the matrix Blue. In
this way we will have three 559 x 407 matrices. If we want to explore the intensity of the
colors, then we will need to put the three matrices back in three dimensional arrays and
plot them using the command imshow.

# Plot the different matrices using imshow

f, axs = plt.subplots(2,2,figsize=(15,15))

# Separate the three basic colors

Red[:,:,0] = photo[:,:,0]; Green[:,:,1] = photo[:,:,1];

Bluel[:,:,2] = photol[:,:,2]

plt.subplot(2,2,1); plt.imshow(Red); plt.subplot(2,2,2); plt.imshow(Green)
plt.subplot(2,2,3); plt.imshow(Blue); plt.subplot(2,2,4); plt.imshow(photo)
plt.show()
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400

In this figure we observe that the first three matrices contain only red, green and blue
colors of different intensity, while the last image, which is the original one contains all the
information of the picture.

Now we perform the SVD to these three matrices, and approximate them by keeping
only k singular values. Specifically, we approximate the arrays Red, Green and Blue, using
the property A ~ A, = UX,V7T. Then we combine the three approximate matrices into
one (putting them in a three-dimensional array), and we plot the approximate matrix.
We will try several values of k, including small and large values, to see how good the
approximation is. Observe first by executing the following code that the rank of the original
matrix is 407. So we choose to compute approximations of the original matrix of rank
5,10,20,40,100 and 400. We observe that there are practically no significant differences
between the approximation up to rank 40. The image becomes blurred as we use smaller
rank matrices (less singular values) but even with the tiny matrix of rank 5 we can still
recognize the image.

U_r,S_r,V_r = svd(Red); U_g,S_g,V_g = svd(Green); U_b,S_b,V_b = svd(Blue)
s = len(S_r)

sequence = [5, 10, 20, 40, 100, 400]

f, axs = plt.subplots(2,3,figsize=(15,15))

j=0

for k in sequence:

U.r_c=0U_r[:,0:k]; V_r_c = V_r[0:k,:]; S_r_c = diag(S_r[0:k])
U_g_c=U_gl[:,0:k]; V_g_c=V_gl0:k,:]; S_g_c = diag(S_g[0:k])
U_b_c = U_b[:,0:k]; V_b_c = V_b[0:k,:]; S_b_c = diag(S_b[0:k])

comp_img_r = dot(U_r_c, dot(S_r_c,V_r_c))

comp_img_g = dot(U_g_c, dot(S_g_c,V_g_c))

comp_img_b = dot(U_b_c, dot(S_b_c,V_b_c))

comp_img = zeros((row, col, 3))

comp_img[:,:,0] = comp_img_r

comp_img[:,:,1] = comp_img_g

comp_img[:,:,2] = comp_img_b

comp_img[comp_img < 0] = 0; comp_img[comp_img > 1] = 1
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j=j+1
plt.subplot(2,3,3); plt.title('Rank %d'%(k))
plt.imshow(comp_img)

plt.show()

Rank 5 Rank 10 Rank 20

100 100
300
400

500 500

0 100 200 300 400 0 100 200 300 400

Rank 40 Rank 100 Rank 400

0 100 200 300 400 0 100 200 300 300 400

Compared to the original image we can see that the compressed images of the SV D
are indeed of very good quality. Moreover, instead of 407 singular values and the respective
singular eigenvectors even 20 are enough for a good quality image. This can be very useful
especially when we deal with huge amount of data. We can approximate a huge matrix
by using its SVD and then analyze its properties using approximations and still get safe
results. This is why the SVD is considered one of the pillars of machine learning.

10.6 Further Reading

The material covered in this chapter such as the QR factorization and the SVD decompo-
sition are usually included in all classical numerical analysis and linear algebra textbooks.
Many details can be found in more specialized books such as [48, 135, 24, 29, 12]. The
Gram-Schmidt orthonormalization is also described in most linear algebra books [128, 129].



Chapter Highlights

e The best approximation v € Y C X of an element u € X is a solution that
minimizes the error norm of the form ||ju — w|| for all w € Y.

e The linear least squares problem is the problem of finding a solution «* that
minimizes the error ||b — Az||3 with A € R™" (m > n) and b € R". This is
written as ¢* = argmin||b — Az||3.

e We can compute the solution of the linear least squares problem by solving the
linear system AT Ax = ATb.

e The pseudoinverse of an m x n matrix A is a matrix AT such that ATA = I.
If AT A is invertible, then the pseudoinverse is given explicitly by the formula
AT =(ATA)1AT,

e The pseudoinverse leads to the solution * = ATb of linear least squares
problem after multiplying both sides of the equation Az = b with A™.

e The Gram-Schmidt orthonormalization is an algorithm that generates a set of
orthonormal vectors from a set of linearly independent vectors. The
orthonormal set of vectors generated by the Gram-Schmidt orthonormalization
algorithm can serve as a basis for a linear space.

e Any m x n matrix A (with m > n) can be factorized in the form A = QR
where Q) is m X m matrix with orthonormal columns and R is an m X n upper
triangular matrix with nonzero diagonal entries.

e In practice we use the QR decomposition of an m x n matrix A instead of the
Gram-Schmidt orthonormalization due to the complexity and numerical
instability of its algorithm. Applications of the QR factorization includes the
computation of the pseudoinverse matrix, the linear least squares problem and
the range of a matrix.

e Householder matrix is a matrix of the form H = I — 2uu”/||u||?, for any
vector u. Householder matrices are symmetric and orthogonal in the sense
H' = H” = H. Householder matrices can be used for the computation of the
QR decomposition.

e The Singular Value Decomposition of an m x n matrix A is the factorization
A =UXVT where U is m x m and V is n x n orthogonal matrices, while 3 is
an m x n diagonal matrix with the r eigenvalues of the matrix AT A in the
main diagonal. The eigenvalues of AT A are called singular values of A.

e The best rank k approximation matrix of A = UXV7 is the matrix
A, =UX,VT where X, contains only the first k singular values of A.

e Applications of SVD include the solution of the linear least squares problem,
the computation of the pseudoinverse matrix A, the condition number and
various matrix norms as well as applications in other fields of science such as
image processing and machine learning.
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Exercises

1. Consider the space P of polynomials of degree k, with the inner product

1
(f,9) :/0 f(x)g(z) dx .

(a) Show that the polynomials po(t) = 1, p1(t) = t, pa(t) = t2 and p3(t) = t3 are
linearly independent in P53, and that any polynomial of degree 3 can be written as
a linear combination of these functions.

(b) Starting with the set {po, p1,p2} construct using the Gram-Schmidt orthonormaliza-
tion process a set of orthonormal polynomials {ug, u1,uz} = {1,t—1/2.t>—t+1/6}.

(c) Find a quadratic polynomial p(t) € Ps, which is the closest to p3(t) = 3. [Hint:
p(t) = 3/2t% — 3/5t + 1/20.

2. Find the best approximation of the function f(x) = e® in the space P3[—1,1] of cubic
polynomials in [—1, 1] with the norm

1
lollz = / (@) de, veCl-1,1].
-1

3. Consider the matrix

1 0 1 1
1 0 -1 1
A= 01 1 and the vector b= 1
01 -1 1

(a) Solve the linear least squares problem argmin||b — Az||3 using the corresponding
normal equations. In order to solve the normal equations employ appropriate nu-
merical method of your choice such as Cholesky decomposition.

(b) Solve the same problem using the QR decomposition of A.
(c) Find the value min ||b — Ax||3.
4. Let A be an m x n matrix and || - || the Euclidean vector norm. Prove that
(a) [|A]l = max{[(Az,y): z €R", y eR™, [lz| = [lyl| =1},
(b) [IA] = AT,
(c) AT AJl =lA]>.
5. Find the singular value decomposition SVD of the following matrices:
-2 0
0o -1/

(a) Ax
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6. Consider the matrix

1 11
1 1 0
A= -1 0 1
0 01

(a) Use the Python function gr to compute the QR decomposition of A.

(b) Use the QR decomposition to compute the solution of the linear least squares prob-
lems Az = b with b = (1,2,3,4)T.

(¢c) Compute the SVD of A using the Python function svd.

7. Prove that the pseudoinverse AT of an m x n matrix A is the unique matrix satisfying:

(a) AATA = A,

(b) AT AA* = AT,
(c) (AAT)T = AAT,
(d) (A*A)T = A*A.

8. Prove that for all A € R™*",

(a) (AT)" = (A",
(b) (AH) =4
(c) (ATA)" = A+(AT)",
(d) (AAT)" = (A",
)

(e) R(AT) = R(AT) = R(ATA) = R(AT A), where R(C) = {y e R™ : Czx =y} is
the range of C € R™*",

(f) N(A+) = N(AAT) = N((AAT)T) = N(AAT) = N(AT), where N(C) = {x €

R™: Cx = 0} is the kernel (or null space) of C' € R™*"™

(g) If A € R"*" is normal such that AAT = AT A then A¥A+ = A+ A* for all k > 0,
and (A*)* = (AT)* for all k& > 0.

9. Let A € R™*" b € R", and suppose AATb = b. Then for any vector y € R" the vector
x=ATb+ (I — AT A)y is a solution to the system Az = b.

10. For any A € R™*"  prove that

(a) R(A) = R(AAT),
(b) R(A") = R(AT).

11. A planet P is moving in the space following an elliptic orbit. If (z,y) is the location of
the planet at some time in the space, then the equation describing its orbit is given by
the formula

12 + oy + c3y® + cax + sy = 634.37 ,
for some parameters ¢ = (cy,¢a,...,c5)7. Suppose that the following set of observed
locations (zk,yx), K = 1,...,11 has been recorded

m‘—0.14 —3.76 3.85 —3.31 —-2.84 —-197 042 2.15 2.06 1.53 0.31 —-2.51
y‘ 1.51 =232 -1.27 -0.18 0.33 0.95 150 -0.27 -0.72 -1.67 —-2.69 -3.24

(a) Find an overdetermined system Ac = b by using the recorded data for the coeffi-
cients ¢;, 1 =1,...,5.
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(b) Solve the system Ac = b using the function lstsq of numpy.linalg.

(¢) Repeat the previous questions using 9, 10 and 11 recorded locations instead of 12
and plot the different orbits using the following script

1 import numpy as np
2 import matplotlib.pyplot as plt
s xx=[-0.14, -3.76,-3.85,-3.31,-2.84,-1.97,

4 0.42,2.15,2.06,1.53,0.31,-2.51]

s yy=[1.51, -2.32,-1.27,-0.18,0.33,0.95,1.5,

6 -0.27,-0.72,-1.67,-2.69,-3.24]

7 X = np.linspace(-5,5,1000)

s y = np.linspace(-5,5,1000)

s X,Y = np.meshgrid(x,y)

10 eqn = c[0]* Xx*2 + c[1]*X*Y + c[2]*Y**2 + c[3]*X + c[4]1*Y-634.37
11 Z=1

12 plt.plot(xx,yy,'o")

13 plt.contour(X,Y,eqn, [Z])
14 plt.x1im([-5,5])

15 plt.ylim([-5,5])

16 plt.show()

(d) In all cases compute the condition number of A. What do you observe?
(e) The exact values of the coefficients are given by the vector
c = (93.21, —75.32,146.26,94.78,196,29)T .

What is the error between the linear least squares approximations and the exact
values?
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11

Unconstrained Optimization and Neural Networks

The main objective of optimization is the study of methods for computing best approxi-
mations with special focus on the minimization of functions. We have already studied the
least squares problem, which is the problem of finding the vector * € R™ that minimizes
the error function
2
E(z) = b — Az||3 ,

for appropriate matrix A € R"™"™ and vector b € R™. To solve such problems we employed
direct methods such as the QR decomposition. In this chapter, we will study numerical
methods for the approximation of vectors z* € R" that minimize general functions f(x).
These methods are iterative methods and are used often in problems of data science and
machine learning. For this reason, at the end of this chapter, we present an introduction to
neural networks with some applications.

11.1 Gradient Methods for Unconstrained Optimization
We consider a real function f : R™ — R (often called objective function) with
= f(x1,22,...,2,) = f(x), xER".
A point * € R” is called minimizer of f if
fle*) < f(x) forall xzeDCR",

where D is a part or the whole of the domain of f. If D is the entire domain of the function
f, we call * global minimizer. If there is another minimum value in a different region of the
domain of f, then x* is called local minimizer. There is only one global minimizer, while
there might be several local minimizers. The vector £* that minimizes the function f is
called minimizer, and we write

¥ = argminf(x) .

Similar definitions can be used for the maxima of functions, but because finding maxima of a
function f is the same with finding the minima of the function — f, i.e. max(f) = — min(—f),
we focus on finding minimizers only'. Moreover, we will only consider minimizers that are
not on the boundary of the domain of f but rather an interior point of D where f is
sufficiently smooth.

Convexity is also a factor that plays crucial role in the discussion below. For this reason,
the branch of optimization of convex functions is called convex optimization f, [13]. A
function f is called convez if

flpx+ (1 —ply) <pf(x)+(1—-p)fly) for pe(0,1) and =yeD.

Let y = max(f), then for all z we have f(x) > y, which implies —f(z) < —y for all . Therefore,
min(—f) = —y and thus y = — min(—f).

DOI: 10.1201/9781003287292-11 417


https://doi.org/10.1201/9781003287292-11

418 Unconstrained Optimization and Neural Networks

FIGURE 11.1
An example of convex function.

(a) Saddle point of f(z) = af — z3 (b) Global minimum of f(z) = z? + x3

FIGURE 11.2
Multivariable functions and its extreme values.

Note that this definition requires px + (1 — p)y € D since D is the domain of f. The
definition implies that the line segment pf(x) + (1 — p)f(y) with p € (0,1) that connects
the point (x, f(x)) with the point (y, f(y)) is above the graph of the function. Convexity
ensures the existence of minima, and thus the solution to the optimization problem. An
example of a convex function is the function f(z) = 22 (see Figure 11.1). In general, we can
imagine convex functions to have similar shape to that of the z2 function.

Optimization of functions relies also on the gradient of a function f, which is defined as
the vector with the partial derivatives of f

Vi@ = (2 22

Recall from multivariable calculus that the local minima of a smooth function f will be the
critical points of f. If f is smooth, then the critical points coincide with the zeros of the
gradient. More precisely, a horizontal tangent plane to f has slope

Vf(x)=0.

Note that there might be critical points that are not minimizers of f. These are called saddle
points. For example, the point x; = 0 is a saddle point of the function f(x) = x3. Figure
11.2 shows a case with a saddle in three dimensions.
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In general, we assume that the objective function f is sufficiently smooth, in the sense
that all the derivatives are well defined and continuous. The Taylor expansion of a smooth,
multivariable function f in a neighborhood of a vector & can be written in the form

fl -+ ) = f@) + V(@) ut ju” H@)u -+ O(ul?) (11.1)

where w is a vector close enough to «, and H is the Hessian matrix with entries

_ 9%f(=)

H;,; = .

If Vf and H are well defined, and if * is a minimizer of f, then Vf(z*) =0, and H (z*)

is positive semidefinite. Conversely, if V f(x*) = 0 and H (x*) is positive definite, then x*

is a local minimizer. This generalizes the second derivative test of single variable calculus.
If we consider the first order Taylor expansion of the function f in (11.1), we have

fl@+u)= f(x)+ViE) u,

for some &€ € D. Choosing a direction u such that Vf(&)7u < 0, then we observe that

fl®+u) < flz).

This direction u is called descent direction since it leads to smaller values of f.

Denote (-, ) = (-,-)2 and ||-|| = ||-||2 the Euclidean inner product and norm, respectively.
From multivariable calculus we know that the gradient V f(x¢) is orthogonal to the tangent
line of the level set f(x) = f(xo), and behaves like a compass which shows the direction of
most rapid increase of f. This means that if we are moving on the graph of f(x) and we
wish to move in the direction with the most rapid increase, we shall follow the direction of
the vector V f(xz). Moreover, if we choose to move along the direction of a different vector
u, with ||u|| = 1, then the rate of increase of f in the direction of w at the point x is the
inner product (Vf(zg),u) = Vf(zo)Tu. Recall that the inner product (V f(zo),u) is the
directional derivative of f and is usually denoted by

0f(x)

Sy Vix) u.

In order to verify that moving towards the direction of V f(xy) we move towards higher
points, we take the inner product between V f(xzo) and a vector w with ||u|| = 1. Using the
Cauchy-Schwarz inequality (Theorem 9.3) we obtain

(Vf(wo), w) < IV f (o)l - l[ull = [V f(zo)ll -

This means that the rate of increase has the upper bound ||V f(zo)]|.
On the other hand, for a particular value of u = ug with
Vf(xo)

Up = )

IV f (o)l

we have
[V f(@o)ll = (V f(x0), uo)

which means that the maximum rate of increase can be achieved if we follow the direction
of the vector ug.
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If we take uw € R™, u # 0, fixed and scaled by A € R, then the Taylor expansion of the
function f around the vector @y implies for the function g(A\) = f(zo + Au) that

9(\) = f(mo + Au) = f(zo) + MV f(xo), u) + O(N?) . (11.2)

Obviously, g(0) = f(zo) and ¢'(0) = (Vf(x0),u) and thus, g is increasing if (f(xo),u) >0
and is decreasing when (f(xo),u) < 0. Solving (11.2) for A(V f(z), u) we observe that for
small enough A > 0, the difference f(ax¢+ Au)— f(xo) has the same sign as (V f(xg), u). So
when g(\) is decreasing, then the decreasing rate is maximal if and only if (V f(xg),u) =
IV f(x0)||||w||. This means that the direction of u = —V f(x¢) is the one that leads to the
fastest descent.

From the previous analysis we deduce that moving in the direction of —V f(x¢) leads to
a lower point such that

flzo = AV (o)) = f(zo) — M|V f(@o)[* + O(N?) < f(zo) + O(N?) .

This leads to the definition of an iterative method for which starting from an initial guess
of the minimizer (°) we approximate the minimizer &* of f(z) by the iteration

e*+tD) = 2®) AV f@®) k=0,1,2,... . (11.3)

In order to show that the sequence *) converges to a minimizer, assume that * — z*
as k — oo for some x*. Then the same holds true for the £**1, and thus we have that
Vix®) = Vf(z*) =0.

This is the main idea behind gradient methods. The parameter A in the language of
machine learning is called learning rate, and can take any arbitrary positive value. To
achieve optimal speed of convergence we assign to A different values A\ = )\, at every
iteration k = 0,1, 2,.... This is the subject of the next few paragraphs.

11.1.1 Estimation of convergence

Let us first estimate the convergence of general gradient method through an example. In
particular, consider the general gradient method of the form

gt = g®) _ 2V f(z®)) | (11.4)

for the minimization of f(x) = 1(22% + 23). In this case, the Hessian matrix is

2 0
H_(Ol).
Thus, for every y € R?

2 0
y Hy = (51 1) <0 1> <‘Z;> =2y7 + 1y3 < 2|ly)*,

and similarly that
y"Hy > |y|* .

Then from the Taylor expansion (11.1) we estimate
f(m(kﬂ)) - f(:c(k)) + vf(w(k))T(m(kJrl) _ m(k)) + l(m(kﬂ) _ aj(k))TH(g,;(kJrl) _ m(k))
2

< f@®) + V@0 @D - 2®) + 2l - a®)2.
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Equation (11.4) implies *+1) — 2(®) = _AV f(2(*)) and thus
F@®D) = f@®) = X[V @®)]? + N[V ")) .

The value Aop¢ that minimizes the quadratic polynomial on the right-hand side of the above
equation can be found easily to be 1/2. Thus,

F@) < @) — ZIT )P . (115)
Working in the same way we obtain
f@) > f(@®) + V(@) (@ —2™) + %Ilﬂﬂ —z®). (11.6)

We observe that the left side of (11.6) has minimum at & = a* while the right-hand side
for & = 2®) — Vf(x®). Thus, minimizing both sides with respect to & we obtain

f@*) > fa) — ZIV®))?

or equivalently
2f(2) > f(a*) + f(@®) ~ SV D) (117

Multiplying (11.5) with 2 and subtracting (11.7) yields

FE#D) — 5@ < 5 1FE®) - F6)

This shows that a gradient method can converge at least linearly. Even if this is not optimal,
it is optimistic. The previous description does not promise convergence in general and for any
value of \. In particular, there are cases where the method converges only for appropriate
values of .

In general, the convergence of the gradient descent method depends on the eigenvalues
of the Hessian matrix. Let the Hessian matrix H be positive definite. Then the eigenvalues
of H are k; > 0, and f is strictly convex. Assume also that 0 < m < k; < M for all i. We
will see that the convergence is in general linear, and its speed depends on the magnitude
of the ratio m/M.

The Taylor expansion of f(z**1) around x*) gives

f(a:(k“)) - f(w(k)) + Vf(a:(k))T(w(’H'l) - w(k)) + %(w(k-‘rl) — a:(k))TH(g)(a:(k“) — w(k)) ;

for some & close to ¥+ and x®). Since H is positive definite, then from the Rayleigh
inequality? we have

(@) — o ®)TH(E)@*H) — 2¥) < Mal+) - o).
Thus, we have
F@D) < f(@®) + V(@O (@*D — g¥) 4 et - a2

= (@®) = XV f(@)TT (@) + L2l )2,

2The Rayleigh inequality states that for any H = H” we have kmin||z||? < 27 Hx < Kmax||z]|?, where
Kmin and Kmaqe are the maximum and minimum eigenvalues of H.
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which gives
F@® D) < f@®) = NV f(@™))? + %)\2||Vf(a:(’“))|\2 :

The right-hand side of the last inequality is a quadratic polynomial for the variable A. By
choosing A = 1/M we make the right-hand side to be the smallest possible, giving also

F@) < f@®) + I FE))? (11.9)
Similarly, we have that
F(0) = f(w) + V()" (v = w) + o - w]? .

Treating the right-hand side as a function of v with w = x*), and minimizing both sides
in terms of v we obtain f(z*) > f(x®) — ;1| V f(2®)||?, which implies

—IVf@®))? < —2m(f@®) - f(z)) . (11.9)

The last inequality is known to as the Polyak-Lojasiewicz inequality, [74]. The estimation
of the convergence rate follows from (11.8) after substitution of the gradient using (11.9)

we obtain
m

Fa®) < f@®) = (D) = f(2))

Subtracting f(z*) from both sides implies

m

Fa®) = f(27) < fa®) — f@*) = 3;(f@™) = f(z"))

and factorizing the right-hand side yields
f@F) — f@) < (1= 1) (f@®) - fa")) - (11.10)

Inequality (11.10) shows that the general gradient method converges linearly. Moreover,
applying (11.10) recursively, we obtain

f@®) = @) < (1= 17) (@) = f)
) (F@ )~ f(a*))

< (1= @) - sy

The constant C' = (1 —m/M) characterizes the speed of convergence: Since we will always
have 0 < m < M, we deduce that the smaller the quantity C' is, the faster the error
f(x®)) — f(x*) converges to 0.

[ BZ"  General gradient descent methods converge linearly.




Gradient Methods for Unconstrained Optimization 423

11.1.2 Method of steepest descent

The main idea behind gradient methods is to construct approximations 1) from previous
approximations *) in the direction of the vector u(*) = —V f(2(*)). The method of steepest
descent is the gradient method for which the parameter A = Ay in the general iteration
formula
2 D = 2®) _ N\ V™) k=1,2,...,
is chosen to minimize the function g(\) = f(x® — AV f(x®)) and is updated at every
iteration. This value minimizes f(2(**1)), which means that for A = A\ we have ¢’(\) = 0.
The derivative

§) = g = Vi ~ AV (@) (V)
implies for A = \j, that
0=g M) =—(VI(@® =NV f(@")),Vfh)) . (11.11)
Because z*+1) = z(k) — X, V f(x*)) we have that
(Vi) vi@*)) =0.

Thus, the directions of the vectors V f(z**+1) and V f(2*)) are orthogonal.
This observation leads to the following property of the method of steepest descent:
Consider three iterations ), 2*+1 and £(*+2) then

(D) — B g(k+2) _ (kDY — N X (Vf(2®), VI (2*TD)) =0,

or in other words, for every three iterations the directions we followed are orthogonal.

None of the previous observations show how to find the actual value of A\;. To find the
optimal value A one can use methods of Chapter 5 for the approximation of the roots of
g'(A\x) = 0. If the minimizer * is a point in the interior of the domain of f, and if f is
strictly convex smooth function with

flpx+ (1 -ply) <pf(x) +(1-p)f(y), for 0<p<1,

then the Hessian matrix H (x) is positive definite with entries

0*f (=)

iji=1,2,....,n.

Moreover, the Hessian matrix is symmetric due to the properties of the second derivatives
of f. Then the Taylor expansion of V f(z®) — AV f(x*))) around =* is

Vi@® ) = V@™ — NV f@®)) = Via®) - N H(@®)Vi®) +0(N]) .

Substituting this formula into (11.11), and discarding the high-order terms of O(A\}) we

obtain
0% (Vf(@®) - \H (@®)V @), V)

Solving for A\x we obtain

IV £ (™)
(H(@®)V f(@®), Vf(z®))

)\kN
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Note that this formula can be useful if the initial approximation xy is close to the minimizer
z* and |Vf(x®)|? < (H(@®)V f(x®), V[ (x®)).
An alternative computation of the parameter )\ is the Barzilai-Borwein method, [9],

where
@ = 2t )T (Vi (@®) - V()

IV f(@®) =V fzk-D)|]2
A description of the general method of steepest descent can be found in Algorithm 43.

Ak =

Algorithm 43 Method of steepest descent

Set a tolerance T'OL for the accuracy

Initialize (®) in the domain of f and set k =0

while ||V f(z®)|| > TOL or \!w(k‘*‘l) —z®|| > TOL do
Find A\ = argmin)\>0f(a:(k — AV f(2®))
Compute x*+1) = z(F) — X\, vV f(2*)
Increase the counter k = k + 1

end while

Return the approximation a(¥)

This algorithm requires the minimization of the function f(x®*) — AV f(z(®))) as a func-
tion of the single variable A. An alternative of Chapter 5 methods to solve this simple mini-
mization problem is a variant of a search method (like bisection method) known as the golden
section search algorithm, which is presented in the exercises at the end of this chapter®. An
implementation of this algorithm is the function golden of the module scipy.optimize.
The specific function can be used to obtain an approximation to the value A\;. The general
call of function golden is the following:

golden(func, args, brac, tol, full_output, maxiter)

where
func: Can be the function g(A\) = f(xz — Ar)

args: A tuple containing other input arguments of the function func. (Optional with
default value func=())

brack: A tuple (a,b,c), where func(b)<func(a), func(c) used in the process to find
the minimum of f. (Optional with default value brack=None)

tol: The stopping criterion tolerance. (Optional with default value tol=1.5e-8)

full output: Is a bolean variable. If it is True then the function returns optional output.
(Optional with default value full_output=0)

maxiter: The maximum number of iterations allowed. (Optional with default value
maxiter=5000)

The output is an approximation of the minimizer. With the help of the function golden we
present an implementation of Algorithm 43 in the following block of code:

30f course one can use any of the methods presented in Chapter 5.
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import numpy as np
import numpy.linalg as npl
import scipy.optimize as spo

def steepestdescent (f,df,x0,tol=1.e-3,maxit=50):

x = x0
r = df (x0)
iters = 0

while ( np.abs(npl.norm(r))>tol and iters<maxit ):
lambda_k = spo.golden(g, (x,r))
X = X - lambda_k * r
r = df (x)
iters += 1
return x

As an example, we consider the function f(z1,22) = 23/2+5x3/2 which has its minimum
value at the point * = (0,0). As an initial guess we consider the value z(°) = (2,1). Using a
tolerance tol=1.e-8 we are able to achieve a very accurate solution within a few iterations.

def f(x):
return 0.5*x[0]**2 + 2.5xx[1]**2
def df (x):
return np.array([x[0], 5*xx[1]1])
def g(lambda_k,x,r):
return f(x - lambda_k*r)
x0 = np.array([2.0,1.0])
x=steepestdescent (f, df, x0, tol = 1.e-8, maxit = 50)
print('x = ', x)

x = [ 6.2403221e-09 -4.9922576e-10]

In order to observe the sequence of the approximations and the orthogonality between
the subsequent vectors generated by the solution we record all the approximations for each
step of the steepest descent method in the following code:

def steepestdescent(f,df,x0,tol=1.e-3,maxit=50):
xk = x0
x = [xk]
r = df (x0)
iters = 0
while (np.abs(npl.norm(r))>tol and iters<maxit):
lambda_k = sopt.golden(g, (xk,r))
xk = xk - lambda_k * r
r = df (xk)
x . append (xk)
iters +=1
return x
x0 = np.array([2.0,1.0])
x = steepestdescent (f,df,x0,tol=1.e-3,maxit=50)
xmesh, ymesh = np.mgrid[-3:3:50j,-2:2:507]
fmesh = f(np.array([xmesh, ymesh]))
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plt.axis("equal")

plt.contour (xmesh, ymesh, fmesh, 20)
it_array = np.array(x)
plt.plot(it_array.T[0], it_array.T[1], "x-")
plt.show()

2.0

1.5 1
1.0 A

0.5 A1

———
———
-

-2.0 - T T T T T T

In this example we used a quite large value for tolerance since our intention was to
demonstrate the orthogonality property of the relevant approximations and the convergence
of the method.

11.1.3 Solving linear systems using optimization

Although the method of steepest descent can be applied to very general functions f(x), it is
of special interest the case where f(x) is a quadratic functional and especially a functional
of the form

f(x) = %(A:u:@ —(b,xz), xeR", (11.12)

where A is an n X n matrix and b an n x 1 vector. This function is of special interest because
its gradient is the residual of the linear system Ax = b. Specifically, we have

Vfilx)=Axz—-b. (11.13)

If * is a minimizer of f, then Vf(x*) = Ax* —b = 0, and thus it is a solution of the linear
system Az = b. Note that the inner product is the Euclidean inner product and the norm
is the Euclidean norm

n
(w,y) = szyz and  [[z|l2 =
i=1
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To prove (11.13), we compute the partial derivatives of f

) o (1 10 < - 0 <
e ($)—m{2<A$a$>—<b,w>}—23wk; xi;aijxj —aTckiZ:;bifBi

1 n n n
=3 > awmi+ Y wiag | — by =Y apiw; — by = (Az — b
j=1 i=1

i=1

If A is symmetric (AT = A) and positive definite ((Az,x) > 0 for all x € R", = # 0),
then since V f(z*) = 0, the minimizer is the solution £* = A~!b of the corresponding linear
system. If x = x* + y, y € R" is any other vector, then

f@) = f(a* +y) = S (A" +y)a" +y) - (b +y)
= L(Awt @)+ (A y) ¢ Ay + L (Ayy) — (b.a) — (by)
= f(e) + (A~ b.y) + 5 (Ay.y)
> f(x¥) .

Due to the simplicity of the function f, we can explicitly compute the values of the
parameter A > 0 to achieve optimal descent rates. Suppose that an initial guess =(® is
given. We define the residual of the k-th iteration to be

r®) — b Az® = _Vf(a®) (11.14)

If #(*) = 0, then the vector (*) is the solution of the system Az = b. Otherwise, we define

the iteration
xFTD) = (k) L \p(F) , (11.15)

for A > 0 to be determined so as to minimize the function
g(\) = fa® 4+ ar®)y
Using the linearity of the inner product we can analyze the function g(\) such as

1

Fa® 4 Ap®)) = §<A(w(k) + Ar<k>) x®) 4 \pR)y 4 <b, x®) 4 Ar (k)
- <Aa: ) g (k)y 4 A(A:c ey 4 )\(Ar x®)) 4 /\2<Ar(k) PRy
- <ba m(k)> - >‘<ba r(k)>

= f(z™) + %/\2<Ar(k), By £ X\ Az® rF))y — \(b,rP))

= f(z™) + ;/\2<A'r(k),r(k)> — \r®) Ry

The last equation is a quadratic polynomial of X. Since (Ar®) 7(*)) > 0 due to the positive
definiteness of A, and r*) = 0, the quadratic polynomial achieves its minimum value for

ORON

A== gm0y

(11.16)
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Observe that for the specific value of A we have

F@® £ 2ar®) = fa®) - 2<r(k),r(k)>2 < fla®) .

<,4r(k)7 r(k)>

The algorithm for the method of steepest descent in the case of quadratic functions
is presented in Algorithm 44. This algorithm computes the parameter Ay using (11.16),
the residual (11.14), and then updates the approximation of the minimizer via (11.15). We
consider here the zero vector as an initial guess for the minimizer, but any other vector can
be used, and then of course, the initialization of the residual should be updated with the
appropriate residual as defined by (11.14).

Algorithm 44 Steepest descent method for linear equations
Set a tolerance T'OL for the accuracy
Initialize (9 = 0 and (¥ =b
Initialize kK =0
while ||r®))|| > TOL or |[z*+1) — 2®)| > TOL do
(r®) (k)
<‘4'r(}<3)7 r(k)>
Compute z++t1) = g*) — \, (k)
Compute 7*+t1) = b — Az(*+1)
Increase the counter k =k + 1
end while
Return the approximation a(¥)

Find M\, =

11.1.4 Theoretical considerations

The way we devised the algorithm of the method of steepest descent leads to the conclusion
that the residual ) = —V f(2(®) is in practice the direction in which we move in order
to approach the minimizer. It is interesting to see that, as in the case of a general function
f(x), these directions are orthogonal, in the sense (r(*) r(=1) = (. More precisely, we
have
<Ir(k_1)’ fr-(k_l)>

(Ar(—1)_p(k=1)
(rk=1) (k=1

(Ar(—1)_p(k=1)

<T(k)7r(k’—1)> - <r(k—1) — A’r(k_l),r(k_l)>

_ (1) =)y Ap=D)_p (k=1

=0.

Since the iteration of the method of steepest descent is defined as 1t = g*) 4 X, *)
we can conclude that the vectors connecting three successive iterations are orthogonal, or
in other words

(@D _ ) g ®) _ g1y — (y o) N, p-Dy _ g

Proof of convergence

Showing the convergence of the method of steepest descent is not straightforward, and the
information included in this section can appear to be very technical but it is included for
the sake of completeness. We first assume that A is symmetric and positive definite, and
we define the weighted norm

zlla = v(Az,x) .
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In order to see that this inner product forms a vector norm indeed, consider the Cholesky
decomposition of A = HHT, denote HT = A2 and write

V{Awz) = \/(H 2, HTz) = \[/(AV22, A1/20) = | A2 |

Then we have the following theorem:

Theorem 11.1. If & = pmax/Pmin, Where pmax and pmin the mazimum and minimum
eigenvalues of A, respectively, then if e®) = x®) — x is the error between the k-th ap-
prozimation %) of the method of steepest descent and the solution x of the linear system
Ax = b, then

k
k—1
He(k)HA < (I‘L+ 1) He(O)”Av k=1,2,.... (11'17)

Proof. We first note that

Al — A(x*+D) — g) = AgF+D) —p = —p(FD)

Thus,
(Ae(k+1)’,a(k)> - _<r(k+1)77n(k)> -0.

Furthermore, we observe that
et — b1 g — ) 4N r®) g — e(F) 4\ (R,

Hence, if A € R we have

(k+1) ||2 (k+1) (k+1)>

le (A
= (Ae" Y ) 4\ rF)
<Ae(k+1) (k)> + )\k<Ae(k+1) (k)>
= (Ae*tD e®)y 1 x(Aelr D) p(R)
— (Ae D) o) 4 Ap(b))

where we replaced A, with general A € R, since (Ae*+1) (k) =0,
Using the Cauchy-Schwarz inequality (Theorem 9.3) we have

||e(k+1)H2 — <Ae(k+1) et )\T(k)> — <A1/2e(k+1)’A1/2(e(k) + )\T(k)»
< [le® D )a e® +arPl4
or equivalently
e V1% < e + ar®)% = (A(e®) + ), e® 1 ar®).
for all A € R. Since e®) + A\r®*) = (I — XA)e®) and A(e® + \r®)) = (I — XA)e®) we
have

le® D2, < in]}f§<(1 —2A)Ae® (I -2A)e®), k>0. (11.18)
€

Here, we denote the eigenvalues of A by p, i = 1,2,.... Since A is symmetric and
positive definite we have that

0<pmin:p1§p2§"'§pn:pmax-
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Let z; be the eigenvector of the eigenvalues p;. For each u € R™ we have that

u= Y (u,z)z; .

1

n
1=

This is true because the eigenvectors of the specific A can form a basis of R”. Furthermore,
for any real polynomial P(x), we have that

If .
et = Zﬂz‘zi )
i=1

with 8; = (e(k),zl), for all i = 1,2,..., then, for each A € R, the inner product in the
infimum of (11.18) can be estimated as follows

(T =rA)Ae) (T —2A)e)) = (T - )\A)Azn:ﬁ’izm (I—AA) zn:ﬁizi>

= <Z(1 — Api)piBizi, Z(l — Api)Bizi)

i=1 i=1

= (1= Api)*pifB;
i=1
n
< (max |1 — Apil)? szﬂ?
¢ i=1
= (mlax 11— )\pi|)2<z piBizi, Z@‘Zi>
i=1 i=1

= (m?x 1- >\Pi|)2<z PiAz;, Zﬂizi>
i=1 i=1
= (max 1~ Api*(Ae®, &)
= (max[1 — Api])? e
Equation (11.18) then becomes

|e<k+1>i<i2£(pe[max ]|1—Apl) le®)la, k>0, (11.19)

Pmin;Pmax

In this min-max problem the optimal value of p can be found to be 2/(pmin + Pmax)-
Then we have that
(D)), < Mﬂe(k)ﬂA ’

e o
max pmln

which implies directly that

k
Kk—1
Ie®lla < (£57) 1@l

and the proof is complete. O
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From the last relationship we can see easily that

lim e® =0 ,
k—o0

and thus the convergence can be achieved. For more details, we refer to specialized books
on numerical linear algebra.

11.2 Conjugate Gradient Method

Thus far, we approximated the minimizer x* of a function f(x) following the direction
r#) = —Vf(x®), for k=0,1,2,.... If instead we start with an arbitrary direction 7*) =
p®), and we try to minimize the value of the function f(x(**+1) using the approximation
251 = (M) 4 A\p(¥) we obtain a new method. This new method is known as the method
of general directions.

For simplicity, we consider the quadratic function

f(x) = %(Aa:,:w —(b,x) ,

where A being a positive definite matrix, and we estimate the value f(ax*+1),
FH) = f@® + ap®)

1
- §<A(m(k) + )\p(k))w(k) + )\p(k)> — (b,w(k) + )\p(k)>
= $(42®) 20 1 A4z ®, p®) 1+ 32 (Ap®) p¥) — (b, 20 — b, pt+))
1
= f@®) +532(4p™), pM) =A™, 7 M) .

From the last equality we conclude that eliminating the positive inner product we achieve

the minimization of f(x(*+1). This can be achieved if (p®), 7)) £ 0 by taking
(k) p(k)

Ao, = P

(Ap®), p(h))

leading to

f(a:(k+1)) _ f(w(k)) - 2<p(k),'r(k)>2 § f(a;(k)) '

(Ap®), p(k))

In such a case, the sequence of the values f(z*)) will be strictly decreasing and bounded
from below by the value f(A~1b), and thus will converge to the limit

Jim fx®) > (A D) .

This fact of course doesn’t guarantee the convergence of the method to the solution of the
linear system & = A~'b since this would require

Jim f(z®) = f(A7b)

which cannot be proved. The idea, though, of choosing other directions than those of the
method of steepest descent leads to the very important method of conjugate gradient which
was introduced by Magnus Hestenes (1906-1991) and Edward Stiefel (1909-1978), [60].
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11.2.1 Conjugate gradient method and linear systems

In the previous analysis, where we used a general direction p*) instead of the directions of
the steepest descent r(*) = —V f(2(*)), we observed that each iteration z(**1) is a linear
combination of the previous iteration *) and the direction p(*). This implies that

2D — 20 4y, p®)
— 2D 4 A pt-D 4 A p®

k
=2 ¢ Z Aep®)
=0

This is also true for the method of steepest descent, where

k
2+ = g0 4 57 )
=0

Thus, in both methods the difference z**t1) — (%) is a linear combination of the previously
chosen directions. If all these directions were linearly independent, then they would form a
linear space. If the initial guess lies in the same space, then the same will happen to the
approximate solution &) for any k = 1,2,.... We proceed with the generation of such
linearly independent directions p*).

Let the n x n matrix A be symmetric and positive-definite (x” Az > 0 for all non-zero
vectors & € R™). Then two vectors u,v € R™, u # v are called conjugate with respect to A
(or A-orthogonal) if

ulAv=0.
This product is simply the inner product (Av,u) = u” Av. In the sequel, we refer to such
vectors as conjugate without mentioning their dependence on the matrix A.

Suppose that we have k + 1 conjugate vectors p(®, p) ... p*). These vectors are
linearly independent. To see this consider the linear combination

cop® + ep® 4o+ ep® =0,

with ¢; € R for i = 0,1,...,%. Taking the inner product with ApY) for all j = 0,1,...,k
we have

k k
0=(Ap"), ZCiP(Z ch ApW) pl)y — ¢ (ApD) py
i=0 i=0

Since A is positive definite we have that (Ap\), p()) > 0 for all j = 0,1,...,k. Thus, we
have that ¢; =0 for all j =0,1,...,k.

Given the initial guess (?), we define the first direction to be p(®) = b — Az, which
coincides with the direction of the steepest descent —V f(x(?)) for the function f(z) =
%(Aac, x) + (b, ). The rest of the vectors should be conjugate to the gradient and to each

other.
Note that the residual

r®) =b— Az =b— A@c*D 4 N phD) =E-D ), AptD
Given the conjugate direction p(®) it holds (can be proved using induction) that

r® pWy =0, j=0,1,2,...k—1.
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What remains is to find the conjugate direction p'*) given the conjugate direction pt¥=1).
The new vector will be also conjugate to the others by construction. We choose the new
direction p*) to be a linear combination of the residual —r*) and the previous conjugate
direction p*~1. Specifically, we consider the new direction to be

p® = _p®) | g, ph=1)

We compute the values 3, as follows: We first take the inner product of p®) with Ap®*—1
to get
<Ap(k_1),p(k)> - _<Ap(k—1)’,a(k)> + ﬂk<Ap(k_1),p(k_l)> ) (11.20)

Since (Ap*—1D p*)) = 0, solving equation (11.20) yields

(AptF=1 p(k))
(Ap(k=1) pE=1)) *

B =
The last formula can be simplified using the facts that Ay Ap®*) = ¢*+10) _p(0) (5(F) p(0)) =
0 for all j < k, and p+1) = —p(+1) 4 3, p(*) into

<r(k),r(k)>
TP T,

In this way less matrix-vector multiplications are required.
We summarize all the above into the Conjugate Gradient Algorithm 45.

Algorithm 45 Conjugate Gradient method for linear equations

Set a tolerance T'OL for the accuracy
Initialize (®) = 0, 70 = Az©) —p, p®) = O
Initialize kK =0
while ||r®)| > TOL or ||*+Y) —z®)|| > TOL do
Compute A; = D)
™, Ap(*))
Compute x#+t1) = g*) — \; p*)
Compute 7*+1D) = () 1 ), Ap(k)
k+1 k+1
Compute Biy1 = %
Compute pF+1h) = —p(+1) 4 g, p(k)
Increase the counter k =k + 1
end while
Return the approximation a*)

An implementation of the Conjugate Gradient Algorithm 45 can be the following

def conjgrad(A,b,x0,tol=1.e-3,maxit=50):

x = x0.copy()

r = np.dot(A,x0) - b

p=-r.copy(Q

iters = 0

while (npl.norm(r)>tol and iters<maxit):
# Compute the products
Ap = np.dot(A,p)
r_dot_r = np.sum(r*r)
p_dot_Ap = np.sum(p*Ap)
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# Compute the parameters and the unknowns
lam = r_dot_r / p_dot_Ap
x =x + lam * p
r =r + lam * Ap
beta = np.sum(r*r)/r_dot_r
p=-1 + beta xp
iters += 1
return x

As we mentioned before, the Conjugate Gradient method converges if A is symmetric
and positive definite. For this reason, in order to test our implementation we consider the
linear system Ax = b with

2 -1 0 1
A=|-1 2 -1 and b=10] ,
0o -1 2 1

which has the exact solution 2 = (1,1,1)”. As initial condition we choose the vector z(®) =
(0,0,0)T.

A = np.array([[2.0, -1.0, 0.0],[-1.0, 2.0, -1.0],[0.0, -1.0, 2.0]1)
b = np.array([[1],[0], [111)

x0 = np.zeros((3,1))

x= conjgrad(A, b, x0)

print('x = '); print(x)

x =
[[1.]
[1.]
(1.1]

Printing the number of iterations iters variable we observe that for the 3 x 3 matrix of
our example, it is required only 2 iterations to converge within the prescribed tol. Similarly,
fast convergence can be achieved even if we try smaller values of tol. In principle, if A is
nxn symmetric and positive definite matrix, then the Conjugate Gradient method converges
in at most n iterations when exact arithmetic is being used.

11.2.2 Convergence and preconditioning

Approximations of the conjugate gradient method can be shown to converge for symmetric
and positive definite n x n matrix A. More precisely, if K = cond(A) is the condition number
of A based on the £y-norm, then the error e*) = ) — g is

le®a <2 l(ﬁ; 1)k+ (ﬁf 1)k

Although convergence can be achieved, for large values of n, it happens that this can be a
slow process. Moreover, the speed of convergence is an increasing function of the condition
number cond(A).

In order to improve the speed of convergence of iterative methods including the conju-
gate gradient method we usually employ a preconditioning technique. Preconditioning will

lea, k=1,2,....n—1.
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improve the condition number of a matrix A or just change its structure. For this reason,
we multiply the system Ax = b with the inverse of an n X n matrix M. The matrix M
is called preconditioner and is chosen symmetric and positive definite. Instead of working
with the system Ax = b we work with the system

M ‘'Az=M"'b, (11.21)

with the hope that the condition number of the matrix M ~' A is smaller compared to A.
Since M is symmetric and positive definite, then we can find a matrix C' such that
C? = M. Using the matrix C we can write (11.21) in the form

cltac'cx=C'b,

or 5 B
A =b, (11.22)

with A=C1AC™!, & = Cx, and b= C'b.
If o(A) denotes the spectrum of A, i.e. the set of the eigenvalues of A in absolute value,
then
0(A)=c(CTAC™Y) =0(C2A) = (M A) .

An example of preconditioner is the Jacobi matrix
M = diag(alla asz, ... 7ann) )

which can be inverted trivially. The resulting conjugate gradient method is known as the
Jacobi-Conjugate gradient method.

The algorithm for the preconditioned Conjugate Gradient method is described in Algo-
rithm 46. We leave the implementation of the preconditioned Conjugate Gradient method
as an exercise for the reader.

Algorithm 46 Preconditioned Conjugate Gradient method for linear equations
Set a tolerance T'OL for the accuracy
Initialize (9 = 0, r(© = Az — b, p(O) = —(0)
Solve the system My(®) = ) for 4(©)
Initialize kK =0
while ||r®)|| > TOL or ||*+Y) —z®)|| > TOL do

_ W™
COmpute )\k- = W

Compute zF+t1) = () — x; p(k)
Compute 7*+1D) = (k) 1 ) Apk)
Solve the system MyF+1) = p(+1) for 4(k+1)
0 (D) G
ompute By = - (), y ()
Compute p*+) = —y(++1) 4 g, p(*)
Increase the counter k = k + 1
end while

Return the approximation a(*)

11.2.3 Extensions to nonlinear systems

The conjugate gradient method has been extended for the minimization of general functions.
The idea of its extension to nonlinear equations has been attributed to Fletcher and Reeves
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[41]. Other extensions are by Polak and Ribiere, Hestenes and Stiefel, and Dai and Yuan
[104, 60, 28].

In the Fletcher-Reeves extension we consider the general function f(x), then as before,
we start with the direction p(®) = —Vf(:c(o)). The new approximation z*+1) = £ *) £ x; p*)
is computed with

Ak = argmin, o f(z® — Ap®)) .

Then the new direction p**1 is chosen so as
pth) = pUtD) 4 g p)
with r(#*1) = — v f(2z*+1) and

5 (D) D))
T T ) e ()

If the function f(x) is a quadratic function, then the method reduces to the linear conjugate
gradient method.

Algorithm 47 Conjugate gradient method for nonlinear equations

Set a tolerance TOL for the accuracy

Initialize £(®) = 0, r(©) = Vf(2(©), p(© = —¢©)

Initialize kK =0

while ||r®)|| > TOL or |[z*+1) — 2®)| > TOL do
Compute \j, = argmin o f(z*) — A\p(*))
Compute D) = k) — \, p*)
Compute 5+ = () 4 X, Ap(K)

(b +1) p(k+1)y
™ T
Compute fj1 = “—rmmymy—

Compute pk+1) = —pk+) 4 g, p(k)
Increase the counter k =k + 1

end while

Return the approximation a(¥)

The Fletcher-Reeves algorithm is presented in Algorithm 47. The other methods are
improvements of the Fletcher-Reeves algorithm and are based on different computations of
the parameter ;. We summarize the various choices of these values in Table 11.1.

TABLE 11.1
Variations of nonlinear conjugate gradient method

<7.(k')7 r(’c))

Fletcher-Reeves Br = D p o)y
e . <fr(k),7~(k) — r(k71)>
Polak-Ribiere Bk = (D) Gy
. L) ) )
Hestenes-Stiefel Br = (pt D r () — p (1))
Dai-Yuan ', r0)

P = (p-=1), p(k) — p(k=D))
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The Polak-Ribiere modification appears to lead to a more robust method compared
to the original Fletcher-Reeves algorithm. Sometimes, the Fletcher-Reeves algorithm can
fail to converge if the direction p, does not have the descent direction property. We can
overcome this problem by choosing in Algorithm 47

p*t =2 4 3 p*)

If the choice of the parameter \; minimizes the function f, then the p*) is indeed a
direction of descent. Otherwise, there are modifications that can help us overcome the
specific problem, but we do not mention them here. Also, the Polak-Ribiere modification
can appear to solve convergence problems but a small modification of the Algorithm 47 can
lead to more stable algorithm. For example, choosing the parameter

ﬂ]—:+1 = max{ﬁk-l—ho} )

we can ensure that the resulting directions are descent directions.
More precisely, to guarantee the convergence of such Conjugate Gradient methods, the
parameter \; needs to satisfy the following Wolfe conditions,

F@® + Mp®) < f(@V) + e (Vf(@®),pV)

[(f(@® + xp™), p"))| < o (V (™), p™)]
where 0 < ¢; < ¢2 < 1/2. One can verify that both Fletcher-Reeves and Polak-Ribiére
methods, with the small modification described above, satisfy the Wolfe conditions.
Python implementations

Conjugate Gradient implementations have been included in Python for both linear and
nonlinear equations. There are all included in submodules of scipy, which we describe
below. We start with the Python implementation of the Conjugate Gradient method for
linear systems.

The Conjugate Gradient implementation for linear systems is the function cg of the
module scipy.sparse.linalg. The method has been included in the specific module as it
appears to be exceptionally popular for systems with sparse matrix A. The specific function
can also be used with preconditioner. Its general call is the following:

cg(A,b,x0,tol ,maxiter,M,callback,atol)

where

A: Is the n x n matrix A of the linear system. This can be sparse or dense, and must be
symmetric (or Hermitian if it is complex) and positive definite

b: Is the right hand side b
x0: Is the initial guess of the solution. (Optional with default value x0=None)

tol: Used for the termination of the algorithm alongside atol. (Optional with default
value tol=1.e-5)

atol: Used with the tol for the termination of the algorithm with default value None. The
termination criterion is the following

l7|l < max{toll|b||,atol} .

(Optional with default value atol=None)
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maxiter: Is the maximum number of iterations allowed. (Optional with default value
maxiter=None)

M: It can be a sparse or dense matrix and is the preconditioner M described in Section
11.2.2. (Optional with default value M=None)

callback: Is a user-supplied function to call after each iteration. (Optional with default
value is callback=None)

The function cg returns the approximation of the solution vector x and an integer vari-
able info which can be either 0 indicating that the convergence was successful, positive,
indicating that convergence was not achieved, or negative, indicating that other problems
occurred.

Solving the linear system Ax = b (see also Section 11.2) can be done in straightforward
way as described in the following code:

from scipy.sparse.linalg import cg

A = np.array([[2.0, -1.0, 0.0],[-1.0, 2.0, -1.0],[0.0, -1.0, 2.0]1)
b = np.array([[1],[0], [1]1])

x0 = np.zeros((3,1))

print( cg(A,b,x0) )

(array([1., 1., 1.1), 0)

We observe that the solution is the correct one, and also the integer parameter info is 0
indicating the convergence of the Conjugate Gradient method without any problems.

Various extensions of the Conjugate Gradient method for the minimization of nonlinear
functions can be found in the module scipy.optimize such as fmin_cg, fmin ncg, fmin_-
powel and others. The fmin_cg function is based on the Polak-Ribiére algorithm [104] and
is suggested when f has a unique global minimum, and no other local minima or stationary
points. It is also required that f is smooth in the sense that both f and its gradient are
continuous. The function fmin ncg is based on a Newton-Conjugate Gradient method and
perhaps is more powerful in terms of convergence rate. All the minimization algorithms can
be called through the function minimize of scipy.optimize, which is analyzed later in this
chapter.

11.3 Newton’s Method in Optimization

Finding a minimizer for a smooth function f(x) = 0 is equivalent to finding a root of the
system of equations Vf(x) = 0. As we have already discussed in Section 5.5.6, Newton’s
method can be an effective method for the solution of such equations.

11.3.1 Newton’s iteration
For a vector function F'(x) with & € R™ the Newton iteration takes the form
pFtD) — p(F) _ [DF(w(k))]flp(w(k)) ,

where DF(x*)) = J is the Jacobian matrix with the first derivatives of F. In optimization,
we often seek for the roots of the vector function V f(x) where f is a real valued function. In
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this case, the Jacobian of the vector function V f(x) is the Hessian matrix with the second
derivatives of the function f(x). Consider for example the Taylor expansion of the function
V f(x) around z*+1)

VI @*D) % V@) + H@®) @t - o)
where H is the Hessian matrix of f with entries the second derivatives of the function f,

o0 f
8@389@ '

Hi; =

Alternatively, one can think of the Hessian matrix H (z*)) as the Jacobian matrix of the
Vf(z®). Taking Vf(z*t1) ~ 0 we obtain

0~ Vf(@®™)+ H@®)(@*+D) — z®)

Given an initial guess (9 of the solution x* of the equation Vf(x) = 0, the Newton
iteration for k = 0,1, ... takes the form

2t = 20 _ =Y (v f(z®) | (11.23)
Newton’s iteration (11.23) can be seen as the gradient method of the form
2D = 2®) 4\ p*)

with direction p®*) = —H ' (x®))V f(2®) and \; = 1, which is quadratically convergent,
in the sense

[z — 2% < Cla™ —27|* .
Sometimes the choice Ay € (0,1) can improve the convergence of Newton’s iteration by
satisfying the so-called Wolfe conditions. The inclusion of such small parameter \; can
be seen as a generic technique of performing smaller step from x(®) to obtain &tV In

principle Newton’s method can be convergent if the function V f(x) satisfies a Lipschitz
condition

IVi(@) = Vi@l <Lz -yl ,

for some constant L > 0.

11.3.2 Quasi-Newton methods

Quasi-Newton methods can be thought of as generalizations of the secant method, where
instead of using the Hessian matrix, we consider approximations B®*) of it. A general quasi-
Newton iteration can be expressed as

2D — (k) _ [B(k)]flvf(m(k)) )

A straightforward approximation of the Hessian matrix can be obtained by using the Taylor
expansion of V f(z(®)) around *~1). This is

Vf(z®) = Vi) + BOptl,

where p*~1) = (=1 — £(*)_Solving for B*) requires the solution of a linear system of
course, but this technique can be useful when the computation of the Hessian matrix is not
possible?.

4 Alternatively, one can use the complex-step approximation of the second derivative to bypass the barrier
of the Hessian. For more information see the exercises of Chapter 5.
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One of the most well-known quasi-Newton methods is Broyden’s method, in which the
use of Sherman-Morrison formula was suggested for the computation of the matrix B®*)
from the previous approximation B*~1. More precisely, Broyden’s method suggests the
approximation
y*) — B=1)pk=1)

k) _ glk—1)
B B - (pt=1), p(k=1))

p— V",

where y*) = Vf(z®) - Vf(x*-D).
Because the Sherman-Morrison formula appeared to be useful for the solution of linear
systems of some special form, we proceed with the complete derivation of Broyden’s method.

First, we remind that the outer product of two vectors w = (uy,us,...,u,)" and v =
(v1,v2,...,v,)T, is defined as
Uivr  Uv2 o ULUp
o | uevr wava o ugvy

URUV=uv =
UpV1  UpU2 ctt UpUn

The Sherman-Morrison formula provides a way to compute any n X n matrix B that can
be written in the form
B=A+u®uv.

In such cases, the matrix B is called rank-one update, since the columns of the matrix u®v
are constant multiples of the vector u, and thus it is of rank one.
Let « be the solution of the system Ax = w. Then,

Br=(A+u@vr=Az+u@v c=u+uvz’)=1+vzx")u,

and
xz=(1+vz")B lu.

Solving for B~ u and using the formula £ = A~!u we obtain

1 -1
TA u .

Blu=—————
v 1+v(A lu)

In case (v, A~lx) = 0, the situation can be simplified even more. For example,

BA 'z =(A+u@v)A 'z = AA 'z + uwvT Az

=z t+upAle) ] =x,

which is simplified to B~ lx = A~ lx.

This formula can lead to a formula for the computation of the inverse for more general
matrices. For example, let C' be an n x n matrix, and suppose we want to compute the
matrix D such that Dw = z for some given vectors w, z, and Dy = Cy for y orthogonal
to a given vector g. Here C = A~ D =B} w=wu, z = 1/[1 + v(A 'u)T]A"1u, and
g = A Tv. Setting

Do, z-Cwag

)

gwT

then, if gy’ = 0, from the analysis above we have Dy = Cy. Moreover, we observe that

Dw=Cw+(z—Cw)==z.
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Applying all these in the definition of D, we obtain
1 —1,, _ A-1 -1
Bl-aAl¢ (kA - A7) s o)A
v-A"lu

AN (u@v)A™!
1+v-A-lu

=A"1'—

This is the Sherman-Morrison formula, which can lead to an approximation of [B (k)]_1
using the previous matrix [B®*~1]~1. More precisely, given B*~1) we have

B® (®) — 2=y = g f(2®)) - v f(x*)

and if 27 (x®) — x*=1) = 0 then B®z = B*~1 2. The Sherman-Morrison formula then
yields
(k=1) _ Blh=1)p(k=1)

(k)
[pt—D]Tp(E—D) P,

Bk — gk-1) . Y

where p—1) = 2(*) — (=D and y*=1) = Vf(x®)) — Vf(xz*~1). Moreover, since
N I o

then
vf(m(k))Tp(kfl)

(k) — gk—=1)
B =B + [p(k—l)]Tp(k—l)

Using the Sherman-Morrison formula we obtain

(B:-1]-1 (va(m(k)) ®p(k71)> (B:-1]-1

L+ [p- D)7 B¢V (G V(@)
gl BEN @) @ plhoD)Bob)
R e e
(u(kfl) ®p(k71))[B(k71)}71
[p(k—l)]T(p(k—1)+u(k—1)) ’

[B(k)] - [B(kfl)rl _

= [B(kfl)rl _
where w1 = [B(kfl)]flvf(x(k)).

11.3.3 Nonlinear optimization and the module scipy.optimize

In the module scipy.optimize the general purpose function minimize is provided for
the minimization of a scalar function of one or more variables. One can use this function
to employ any of the previously described methods, which is among at least 15 different
methods! The general call of minimize is the following:

minimize (fun,x0,args,method, jac,hess,hessp,
bounds, constraints,tol,callback,options)

where some of the arguments are the following:
fun: Is the objective function we want to minimize, which can be given as fun(x,args)

x0: Is the initial guess of the solution
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args: Is a tuple containing any extra arguments needed by the function fun. (Optional

with default value the empty tuple ())

method: Is a string defining the method we prefer to use for the minimization process.

jac:

tol:

We can choose among many the methods we have described such as ’CG’ and
’Newton-CG’. The complete list of all possible choices can be found online. (Optional
with default value method=None in which case the method is chosen internally)

Can be a function that returns the gradient vector. Alternatively, can be one of the
strings 2-point, 3-point or cs for the numerical estimation of the gradient using
finite differences. It can also be a boolean. If it is True then the function fun is
assumed to return the gradient along with the objective function, otherwise, the
gradient is estimated using the 2-point finite difference estimation. (Optional with
default value jac=None)

Is the tolerance for the termination of the method. (Optional with default value
tol=None)

options: Is a dictionary with the integer maxiter maximum number of iterations and the

boolean value disp which determines whether messages related to convergence will
be print on the screen. (Optional with default value options=None)

The function returns the OptimizeResult object in a variable res, which includes the
solution x, and boolean variable success and the string message which describes the reason
of the termination. As you may have observed, here we do not provide information related
to parameters hess, hessp, bounds, constraints and callback since we didn’t mention
anything about these in the theory and they are optional arguments. Information about
these arguments can be found in the official documentation of the module SciPy.

11.3.4 The Gauss-Newton approximation

In the linear least squares problem we seek for a minimizer of the error function

1
E(w) = 5|l Az —b|* .

In such a case Newton’s method takes the form

H(z" ) — g0y = _vE®)

)

where the gradient VE and the Hessian matrix of the second derivatives of E can be
computed explicitly by differentiating the function E(x) as

VE(x) = AT(Az —b) and H = A"A.

Thus, Newton’s iteration can be written as

AT A(zFD — 2y = AT (Az™ —b) |

which can be simplified to

AT Az = ATy

The Hessian H = AT A is the idea behind the use of the Gauss-Newton method for
the solution of the nonlinear least squares problem. In the nonlinear least squares problem
the Hessian matrix H is being approximated by the product of two matrices H ~ 2J7J,
where in practice the matrix J is the Jacobian matrix of the nonlinear fit function g(x).



Newton’s Method in Optimization 443

More precisely, assume that we have a set of data (¢;,y;) for i = 0,1,..., N that we
want to approximate by a fitting function g(¢; ) that depends perhaps in a nonlinear way
on the n parameters @ = (x1,...,x,). Sometimes, for the sake of simplicity, we will write
y(x) ignoring the dependence on t. For example, if n = 2 and we consider a linear function
y(t; &) = ot + x1, then the problem is the linear least squares problem of Section 10.2. The
general least squares problem is to find the minimizer of residual function

N

flz) = Z (i — 9i(x)”

=0

where §; = g(t;; ). Note that we changed the notation slightly from Section 10.2 so as to
be in agreement with the previous analysis.
If H denotes the Jacobian matrix of V f then the Newton iteration is

H(z®) — 20y = _vf®) .
The idea of Gauss-Newton’s method is to avoid the computation of the second derivatives
based on the following observation

N
@)= wi—9:)*=@w-9=)" (y—9=) =y"y— 20" 9(x) + 4(x) §() ,
1=0

which yields to
Vi) =—2J"(y - g())
where J is the Jacobian of the function § with

0
Jij = =i -
8xjy

Next, we need to estimate the Hessian matrix in order to derive the Gauss-Newton
method. Taking the Taylor’s expansion g(x + dx) ~ g(x) + Jdox, substitution into the
expression of the function f yields

flx+ox) =y "y —2y" g(x + 6x) + g(x + dx) g (x + éx)
~y'y—2y" (§(z) + Jéz) + (g(x) + Joz)" (§(x) + Jox)
=@ —9@) (y—9(x) -2y —g=)" Jox + sz’ J" Jéx .

Comparing the last relation with the Taylor expansion of f(x + dx) we conclude that
JTJ ~ %H Here, the Hessian cannot be equal to the matrix 2J7J but based on the
approximation H =~ 2J7J we modify the Newton iteration to be

JTJ(zkD — g®)y = g7 (y - g}(w(k))) . (11.24)
The iteration (11.24) is known to as the Gauss-Newton iteration.

11.3.5 The Levenberg-Marquardt modification

Using the previous approximations for the Vf(x) we can write the general method of
steepest descent in the form

et ) — _\, g7 (y - g)(a:(k))> .
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The Levenberg-Marquardt method is a modification of the Gauss-Newton method that
combines both the method of steepest descent and the Gauss-Newton method

JTJ(@* D — Ry = g7 (y - y(:n(k))> :

In particular, the Levenberg-Marguardt method for nonlinear least squares problems is
formulated as

(JTT + A (z*+D) — z®)) = g7 (y - Q(m(k))> : (11.25)

where A is usually chosen to be fairly large. Many attempts to determine the parameter A
lead to the following simple algorithm in adapting the value of A depending on the value
of the error E(x): Choose a large initial value A = Ao and a parameter v > 1 for the first
iteration. After computing (!, compute the value E(x®)). Continue using A = A\; = \o/v
and compute again the value E(x(?)). If the values of the error functions are decreasing
in a satisfactory way continue, otherwise use the value A\ = ;7 for some j until better
convergence is achieved.

The Levenberg-Marquardt method is an enhanced first order method, which is very
popular in optimization and also in the training of neural networks of moderate size. Min-
imization algorithms in Python are implemented mainly in the module scipy.optimize.
Gauss-Newton and Levenberg-Marquardt methods are implemented in the function least_-
squares of the previously mentioned module, and finds the local minimum of the cost
function

[y

m—

Z p(fi(l')?)» T € [a’b] .

1=

—_

F(x) = 3

11.4 Introduction to Neural Networks

Methods of optimization are perhaps the most useful tools of computational mathematics
in the study of artificial neural networks of machine learning. The training of a computer
system, and in particular a machine learning procedure, is based on the minimization of ap-
propriate functionals. Artificial neural networks are inspired by biological neural networks.
These can be thought of as algorithms, that “learn” to perform tasks by considering ex-
amples. Artificial neural networks find application in fields such as computer science, data
science, statistics and mathematics. Examples include computer vision, speech and face
recognition, social networks, computer games, and even the solution of differential equa-
tions. In this section we introduce the notion of artificial neural networks, which we will
call for simplicity neural networks from now on, and we explain the most basic algorithm
we use to train them, the back-propagation algorithm.

11.4.1 A simple neural network

Think of an artificial neural network as a mathematical function y = f(a; w) which depends
on some parameters w and requires an input « to return the output y. The function f is
adjusted to approximate a function f which corresponds to the real problem. We usually
achieve this by minimizing the difference f — f . In artificial neural networks we can adjust
the function f in order to return desired values y for certain input «. This is usually done
by finding appropriate parameters w. Artificial neural networks work similarly to biological
neural networks. Neural networks consist of neurons. Neurons receive signals (input) from
the environment and they react appropriately by sending (firing) signals to the brain, which
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input layer output layer
w
x

y=w-x

FIGURE 11.3
A perceptron: The simplest neural network with only two layers.

is responsible for the output y. The output y in biological neural networks depends on the
experiences we have or in other words on our training. Think what happens when we drive.
If the input we receive from our eyes is a red traffic light, then our brain signals to stop
since this is what we have learnt to do.

Artificial neural networks, like biological neural networks, have nodes called neurons
that are responsible for receiving input, processing it and propagating information inside
the network. Usually, because there are more than one input data, there are more than one
neurons in a neural network. There are many different ways that neurons are connected. The
connections between neurons are called synapses (singular synapsis). There are also many
different strategies to process the input data. Each way determines a different architecture in
artificial neural networks. In this brief introduction we consider only feed-forward networks
where the connections (synapses) between neurons are direct and acyclic in the sense that
the information can propagate only in one direction.

The perceptron

The simplest feed-forward neural network was introduced in 1957 by Frank Rosenblatt
(1928-1971) [110] and is called perceptron. This neural network consists of two nodes (neu-
rons). The perceptron receives the input x at the input node, and returns the output y at
the output node. The process that this simple perceptron can perform for example could
be to take the input x, multiply it with a synaptic weight w and turn in the output result
y. This simple neural network can be represented schematically in Figure 11.3. We say in
general that the input nodes consist of the input layer and the output nodes the output
layer. So in this simple example we have only two nodes (the input and the output layers)
and a weight w.

The output y is the product of the weight w with the input x such that y = w - z.
Given the input z, we need to estimate the unknown weight w so as to obtain the correct
output y. This is actually the main task of a feed-forward neural network. Initially, we give
to w any arbitrary value w(9). In this simple case we can train the algorithm to find (or in
other words learn) what the weight should be so as to solve the problem in a trivial way. In
order to train the algorithm to compute the correct output value y for general x we need
to provide the algorithm with an example. It is worth mentioning that in general neural
networks there might be more layers between the input and output layers. These layers are
called hidden layers. In this simple case we just presented there are no hidden layers.

As an example, assume that the desired, weighted output for input 2 is 0.5. These data
serve as training data. Now the determination of the neural network is complete. Using the
equation y = w - x we can solve for w and we can use the specific value of w to compute
the output y for any given input x. Obviously w = y/x = 1/4.
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I A neural network is determined by its structure and the given training data. A
neural network with the same structure but different training data will provide with
totally different results. The procedure of estimating the synaptic weights is called
training of the neural network. Sometimes we also say that the neural network is
learning the synaptic weights.

Instead of using this simple technique and dividing to find the optimal weight, we present
a more sophisticated way to estimate weights. This general methodology is used for more
complicated neural networks and is called back-propagation. We introduce the error function
borrowed from the problem of linear least squares

B(w) =y —w-a|*,

which in the language of machine learning is called cost function. In order to estimate the
optimal value of w we need to minimize the error F(w) and find an approximation of the
value w* = argminE(w). We can approximate the argminE(w), using the gradient method
(11.3), which in this case is

wk D) = ®) _ NE () |

It is noted that since the only independent variable in E(w) is w, then the gradient VE(w)
is reduced to the standard scalar derivative E'(w). In the language of neural networks the
parameter A is called learning rate. We have discussed how to compute the value of this
parameter in each step using the method of steepest descent. Here we take arbitrary learning
rate and we focus only on neural network techniques.

Using the values * = 2 and y = 0.5 of our example we have E(w) = [0.5 — 2w|%.
Computing the derivative E'(w) = —2 + 8w we can write the steepest descent method as

w* D = p®) — \(=2 4 8w*)) |

Using an initial guess w(® = 0.8 and learning rate A = 0.1 we compute the first five
approximations w®) for k =1,2,...,5 with the following simple code.

w=20.8; lam = 0.1

for i in range(5):
w = w — lam*(-2+8%w)
print (w)

0.36
0.272
0.2544
0.25088
0.250176

We observe that the code converges to the optimal value w = 0.25, which is the same with
the value we computed with the direct division. If we are given the input x = 3 and asked
about the output y, we can immediately respond with y = 0.75 since y = 0.25 - 3.

In the previous example we chose the learning rate A = 0.1. Typically, this can be
chosen using the techniques described in the previous sections. The method of determining
the weight w using optimization techniques is called back-propagation. Also the specific form
of learning we just described is called supervised learning.
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FIGURE 11.4
A serial neural network with hidden layers.

BZ"  When we say that a neural network is learning we mean that it is just minimizing
a cost function to find the optimal synaptic weights involved. The computation of
the optimal weights using the previous methodology is called back-propagation.

A serial neural network

In the perceptron model we had a neural network with only two layers (neurons), the input
and output layers. A more complicated neural network consists of more neurons and more
layers. As a second example we consider a neural network consisting of N+2 layers connected
in a serial way as shown in Figure 11.4. Since we have N + 1 neurons z;, 7 =0,1,..., N we
consider also N + 1 weights w;, for ¢ =0,1,..., N for the computation of the values z; for
each of the hidden layers. The layers for i = 1,..., N we call them hidden as their values
are computed internally in order to find the output value y. Also the number of hidden
layers in a neural network determines the depth of the neural network, and that is why the
training of neural networks is called deep learning.
In such topology each value x; = w;_1 - ©;_1, thus the output value is

Yy=WwWN" TN

= WNWN-1" "TN-1

:wNwN_l...wo.xO .

Such a neural network can be considered as perceptron where the output y = w-x with x =
o and w = wywy_1 - - - wp. All the layers between the input and the output are considered
as hidden layers. If it is required to compute the synaptic weights w;, ¢ = 0,1,..., N, then
by setting arbitrary initial guess w(® for the vector w = (wo, w1, ..., wy) and considering
the minimization of the cost function

B(w) = |y — wow; - - wyz|?
with the help of the steepest descent method we have

w*t) = ® _ X\ VE@w®)
This time the gradient VE(w) is a vector defined as

T
VE('w):( 0 E(w) 0 E(w),...,azNE(w)> .

dwe " Qwy

IE"  Synaptic weights are initialized usually with guesses, and then optimal values
are computed using optimization techniques.
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FIGURE 11.5

Perceptron with activation function.

11.4.2 Activation functions

Let a perceptron simulate one of our fingers that checks the water temperature (input)
and returns a response (output). If the temperature is less than a certain value we might
not want to do anything. On the other hand, if the water temperature is greater than a
threshold, then we want the response output to represent an intense reaction. This can be
done by allowing the neuron to apply an activation (or learning) function to the original
output and return y = f(w - z) instead of just w - . The architecture of the perceptron is
shown in Figure 11.5.
Examples of activation functions include the logistic (or step) function

0, ifz<0
1, ifz>0

Fuon(2) = {

7

which in practical terms returns a non-zero output only if w-z > 0. The step function is not
the most popular choice compared to other activation functions due to its discontinuity. The
main feature of an activation function is that it returns small or zero values for arguments
that are smaller than a certain value, and values close to one for arguments of larger value.
Another candidate for activation function is the sigmoid function

1

fsigmoid(z) - 1_’_7 )

for appropriate value € R, r > 0. This function is called sigmoid due to its graph (Figure
11.6).

Other activation functions is the hyperbolic tangent fiann(z) = tanh(r - z) the inverse
tangent farctan(z) = arctan(z), the rectified linear unit (ReLU) function

0, ifz<0
frerv(2) = (2)4 = max{0, 2} = { z, ifz>0 7

and others.

FIGURE 11.6
Sketch of the sigmoid function.
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Since the output of the activation function will be the output of our simple neural
network, we can only have output in the range of the activation function. For example, in
the case of the sigmoid function we can have output y € (0,1) only. If we need the output
to be in a different interval, then we need to modify the activation function, for example,
by multiplying it with an appropriate constant.

Looking back at the example with the single neuron and with training data x = 2,
y = 0.5 using the sigmoid function (with r = 1) as activation function, we need to estimate
a new optimal value of the weight w. This time the situation is more complicated. The
optimal value can be found as w* = argminE(w) where E(w) = |y — f(w - 2)|?. Trying to
find the gradient E'(w) we obtain

E'(w) = =2(y — fw-2)zf (w- ).
Since f'(z) = e */(1 + e*)? we have

2 05(1+ e 2w) — 1
(1 + e—2-w)3

E'(w) = —2ze~

The steepest descent method then becomes
wFD — B _ )\E’(w(k)) ,

with given w(®) = 0.8. Modifying the code for the perceptron appropriately we can check
that in the case where the activation function is the sigmoid the convergence to the optimal
weight w = 0 can be achieved by using large amount of iterations k. This is because the
sigmoid function is very smooth with small derivative. The convergence can be improved
by using larger values of learning rate \.

11.4.3 General feedforward neural networks

General feedforward neural networks, can contain layers with multiple neurons. These neu-
rons can be interconnected with other neurons of other layers with different synapses. A
general neuron receives multiple input values x;, processes them and computes their sum

N
5:5 w; - Ty ,
i=1

adds a bias b to the sum s and then uses an activation function f to decide whether to fire
a positive response or return a zero value. This can be summarized by considering the i-th

neuron’s output defined as
N
y:f<zwi'33i+b> ;
i=1

and can be represented by the diagram of Figure 11.7.

In this general neuron we consider a bias term b, which is added to the linear combination
of the synaptic weights and the input data. The bias term can be considered though as a
weight wy = b of given input g = 1. Thus, we could write the summation as

N

z = E W; - Tj .

=0

The role of the bias is to increase or decrease the chances of neuron’s reaction after the
value z passes through the activation function f(z).



450 Unconstrained Optimization and Neural Networks

input layer bias unit

output layer

z= Z wix; + b

FIGURE 11.7
General perceptron with multiple input, bias unit and activation function.

The synaptic weights w; and the bias value b are set initially to arbitrary values, and in
order to find their optimal values, we consider a cost function of the form

2

E(w) = % (11.26)

N
Y= f(z w;T;)
i=0

As an example, consider the case N = 2 and the training data x; = 0.7, x5 = 0.3,
y = 0.5. For simplicity, we consider the simplest activation function f(z) = z and bias
wo = b with xg = 1. For the cost function 11.26) with N = 2, we have

VE(w) = (—330 (y - Z?:o wﬂi) , —I (y - Z?:o wz$z> ) (Z/ - Z?:o wilfz'))T .

The optimal synaptic weights (including the bias) can be found with the help of the gradient
method
w D = w® _ X\ VE(w) ,

with A an arbitrary small value for the learning rate. Using the steepest descent method we
obtain the values b = wg ~ 0.05, w; ~ 0.33 and wy =~ 0.71.

It is worth noting that avoiding the use of activation function, then the cost function
can be written as

1
Blw) = Sy — Az} |

where & = (29, 71,72)T, y = y and A = (wp, w1, ws), and thus the problem of training a
neural network can be seen as not very different from solving a least squares problem.
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FIGURE 11.8
Perceptron with a hidden layer and multiple input and output neurons.

In general, a neural network consists of multiple input nodes x; and multiple output
nodes y;. In such case the cost function can be defined as E(w) = 3. |y; — > wijzi|?.
This cost function is again of the same kind as before. To demonstrate the optimization
of a neural network with multiple output we consider the simple case with two nodes y;
and yo in the output layer and one node z; in the input layer. Furthermore, we assume a
bias b = wp and also the respective given input zg = 1. To keep the discussion simple we
consider the activation function f(z) = z. Such a simple neural network is represented in
Figure 11.8.

In this simple example, the cost function is

2 2
1 1
E(’UJ) = 5 Zl |yl — ’Ujilz|2 = 5 Zl |yz — wil(wloxl + b)|2
i= i—
1 2
= 2 Z |yl - wil(wloxl + HJOQLE())‘2 .
i=1

The problem is four-dimensional and we need to find optimal values for
T
w = (woo, W10, W11, Wa1)

With the help of chain rule of differentiation we obtain

o 25:1(% — W;12)Wi1To
2
VE(w)=|" Y oie1 (s — wiz)wiay
—(y1 —wi12)z
—(y2 — wo12)z

with z = wiow1 + wooro. Taking arbitrary initial guess w = (1,1,1,1)T and using the
method of steepest descent with training data x; = 0.4, y; = 0.3, yo = 0.4 we obtain the
optimal solution w =~ (0.35,0.74,0.46,0.62)”. Note that the term % in the definition of
cost functions could be avoided without any difference in the results but it is included for

convenience in the calculations.
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hidden layer

output layer

input layer

FIGURE 11.9
A neural network with multiple input and output layers, and one hidden layer.

More general neural networks

In most of the applications we prefer to use multiple hidden layers with multiple neurons.
Consider a neural net with N inputs z;, 7 = 1,2,..., N, M outputs y;, j = 1,2,...,. M
and one hidden layer with L neurons. Denote the activation function of each neuron in the
hidden layer by fi, k = 1,2,...,L, and that of the output layer by f7, j = 1,2,...,M.
Let w,ii, k=1,2,...,L,i=1,2,...,N be the synaptic weights for inputs into the hidden
layer, and w?k, j=12,...,M, k=1,2,..., L the synaptic weights for the output layer.
For simplicity, we ignore biases that anyway can be incorporated into the input data. Such
a neural network is depicted in Figure 11.9.
Denoting the entries of the hidden layer by

N
1 1
26 = [r Zw,“acl )

i=1

then the j-th output in the output layer will be

L L N
2 2 2 2 1 1
yi = f; (Z wjkzk> = f; (Z Wi fr (Z wkixi>> .
k=1 k=1 i=1
Let’s now denote the unknown vector of synaptic weights by

w={wy,wy : i=12,...,N, k=1,2,....L, j=12,...,M}.
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Given the training data € = (z1,z2,...,2x)7 and y = (y1,%2,...,yn)7, the training of
the neural network requires the estimation of the optimal synaptic weights that minimize
the cost function

1 M L 1 M L N
s = 13 (a3 7 (it (b))
j=1 k=1 j=1 k=1 i=1

To solve this minimization problem we employ a gradient descent method as before. This
requires though the computation of the partial derivatives of the cost function E which
using the chain rule of differentiation we can write them as

OF L (&
aTQ_k(w) = (yj -7 (Z wf-kzk)) I3 (Z w?‘szs) 2k
J k=1 s=1

where the symbol ’ denotes the ordinary derivative with respect to the independent variable.
To simplify notation, we write

L L
& = (yj -1 <Z w?kzk>> 17 (Z w12‘828> )
k=1 s=1

so the partial derivatives can be expressed in the form

oF
8wj2.k

2 2

(w) ==,z .

Similarly, we have

OF L N
!/
v i=1 s=1

Having computed the gradient of the cost function we can perform the minimization algo-
rithm of our choice to compute the synaptic weights. After computing the synaptic weights
we can use them anytime we want to compute unknown values y for given input .

Instead of presenting theoretical examples of the backpropagation algorithm, we present
the way it works in practice and with Python. There are several libraries dedicated to
neural networks. Such libraries are the modules TensorFlow, PyTorch and others. In this
book we present briefly the module Scikit-Learn. For a detailed discussion of artificial neural
networks, we refer to the references and exercises at the end of this chapter.

11.4.4 Machine learning and the module sklearn

The module sklearn® is a simple and efficient tool for basic machine learning problems such

as classification, regression, clustering, dimensionality reduction, and others. In this intro-
ductory text we consider only the classification and the regression problems. The regression
problem is the problem of approximating data and predicting the unknown from the known,
like what we achieved with interpolation and least-squares approximation. The methods
used for solving the regression problem are called regressors. The classification problem is
quite different. In particular, the classification problem is the problem of identifying the cat-
egory of an object, given some specified categories. An example of a classification problem

5sklearn is an acronym for the library Scikit-Learn
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is the problem of identifying spam emails from regular emails. In the next section we will
present another classification problem, which is the recognition of handwritten numbers.
The methods we use to solve classification problems are called classifiers.

We begin with a brief presentation of the module sklearn and in particular a class that
can solve regression problems using a few commands. The module sklearn contains two
public attributes named coefs_ and intercepts_. The first one is a list of weight matrices
where its i-th column contains the weights between the ¢ and 7 + 1 layers, while the second
is a list of bias vectors where the i-th vector represents the bias values added to layer 7 + 1.

The module that we care more about here is the submodule sklearn.neural network
and its classes MLPRegressor and MLPClassifier. These classes implement backpropagation
algorithms to train a general perceptron such as the one in Figure 11.7. The MLP in the names
of these classes is an abbreviation of the words multi-layer perceptron, which is mainly setup
by these classes. The optimization is based on either the so-called L-BFGS method which
is a quasi-Newton-type method or the sgd and adam methods, which are both stochastic
gradient descent methods. Let’s make a parenthesis here to discuss the stochastic gradient
descent method.

Convergence of gradient descent methods based on the iteration w®*+1) =
/\VE(w(k)) can be time consuming, especially, when the computation of the gradient is
considered. In applications of neural networks we often use a modification of the gradient
descent methods called stochastic gradient descent method where at every step only small
sets of data is used for training the network. These small sets are called minibatches and
are chosen randomly.

Using M minibatches leads to the modification of the function E(z) = 2 Y Ei(z),
which takes into account the contribution of the M minibatches only. An additional advan-
tage of the stochastic gradient descent is that using minibatches we avoid a phenomenon
called overfitting. Overfitting happens when we approximate noisy data with great accuracy,
like the noise is part of the actual solution, leading to inaccurate predictions. Adaptation
in the various choices of the learning rate result in a variety of stochastic gradient descent
methods, one of which is the so-called Adam method®. For more information related to the
stochastic gradient method and its variants, we refer to the references at the end of this
chapter.

We proceed with the general call of the class MLPRegressor, which is the following:

k)

MLPRegressor(hidden_layer_sizes, activation, solver, alpha, batch_size,
learning_rate, learning_rate_init, power_t, max_iter, other_options)

where

hidden_layer_sizes: Is a tuple where the i-th element represents the number of neurons
in the i-th hidden layer. Its default value is the tuple (100,) indicating that there is
only one hidden layer with 100 neurons

activation: Is a string defining the activation function and can take one of the following
values: ’indentity’, ’logistic’, ’tanh’, ’relu’. (Optional with default value
activation=’relu’)

solver: Is a string defining the optimization method and can take one of the following
values ’1bfgs’, ’sgd’, ’adam’. (Optional with default value solver=’adam’)

alpha: Is a floating point number identifying an L? penalty parameter. (Optional with
default value alpha=0.0001)

SThe name Adam was derived from the name of the method “adaptive moment estimation”
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batch_size: Is an integer identifying the size of minibatches for the stochastic optimization
method and is ignored if 1bfgs is the choice for the solver parameter. (Optional
with default value batch_size=auto)

learning rate: Is a string defining the learning rate schedule for weight updates. It
can take the value constant for constant learning rate given by the parameter
learning rate_init, ’invscaling’ when the learning rate is gradually decreasing
at each time step t using an inverse scaling exponent of power_t and ’adaptive’
when the learning rate changes adaptively. (Optional with default value learning -
rate=’constant’)

learning rate_init: Is the constant value of the learning rate. (Optional with default
value learning rate_init=0.001)

power_t: Is the exponent for the inverse scaling learning rate and is only used with the
’sgd’ solver. (Optional with default value power_t=0.5)

max_iter: Is the maximum number of iterations we allow the optimization method to
perform. (Optional with default value max_iter=200)

Other input parameters include the optional parameters shuffle, random_state,
tol, verbose, momentum, nesterovs_momentum, early_stopping, validation_fraction,
beta_1, beta 2, epsilon, n_iter no_change and max_fun. We refer to the online manual
of the Scikit-Learn module for a description of these values.

Similarly the general call of the class MLPClassifier is the following

MLPClassifier(hidden_layer_sizes, activation, solver, alpha, batch_size,
learning rate, learning_rate_init, power_t, max_iter, other_options)

and the various arguments coincide with those of the MLPRegressor, for which we refer to
the previous description and the online manual of Scikit-Learn.

After we have setup a neural network we can train it using the member function fit. If
we have created a neural net in the variable mlp, then we can train it by calling

mlp.fit(x_train,y_train)

As an example we consider the approximation of the function f(x) = sin(27x)+sin(77x)
in the interval [—1, 1] using neural networks methodology. The idea is to use some points of
the function f as given training data and the rest as testing data. This problem is analogous
to regression we studied before.

First, we setup our data by generating the data set x, y with x consisting of 2000
uniformly distributed points in [—1,1] and y containing the corresponding values of f.

def f(x):
y = np.sin(2.0*np.pi*x) + np.sin(7.0*np.pi*x)
return y

h =0.001

x = np.arange(-1.0,1.0+h,h)

y = £(x)

plt.plot(x,y)
plt.xlabel('$x$')
plt.ylabel('$y$',rotation=0)
plt.show()
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The next step is to select randomly data points to use them as training data. Usually,
we select 70-80% of the data as training data, and in this example we choose 75%. The
separation between testing and training data can be done with the function train test -
split of the module sklearn.model _selection.

from sklearn.model_selection import train_test_split

x_train, x_test, y_train, y_test = train_test_split(x, v, test_size=0.25)
plt.plot(x_train, y_train, '.', x_test, y_test,'x')

plt.xlabel('$x$')

plt.ylabel('$y$',rotation=0)

plt.show()
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In this figure we can see that most of the points (dots) are training data. Then using
the testing data, we will try to reconstruct the shape of the function f.
The back-propagation algorithm with one hidden layer of 100 neurons in total for this
problem can be implemented as easy as the following code:

# reshape the date into (N,1)-dimensional array
x_train = x_train.reshape(-1,1)

x_test = x_test.reshape(-1,1)

from sklearn.neural_network import MLPRegressor
# setup the network

mlp = MLPRegressor(hidden_layer_sizes=[100])

# train the network

mlp.fit(x_train,y_train)
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# use the trained network to obtain results
predictions = mlp.predict(x_test)
plt.plot(x,y,x_test, predictions, 'r.')
plt.xlabel('$x$")
plt.ylabel('$y$',rotation=0)

plt.show()
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In this code we obtain in the output mlp the setup of the neural network, then with the
fit function we train the network and finally we receive the predictions with the function
predict.

The predicted values are not very accurate, although the result is better than what we
would have gotten in the case of a linear least squares approximation. On the other hand,
it demonstrates the ease of use of the Scikit-Learn with its default parameters. To obtain
better results we increase the number of hidden layers and their neurons to six hidden layers
with [20, 50, 50, 50, 50, 20] neurons.

x_train = x_train.reshape(-1,1)

x_test = x_test.reshape(-1,1)

from sklearn.neural_network import MLPRegressor

mlp = MLPRegressor(hidden_layer_sizes=[20,50,50,50,50,20])
mlp.fit(x_train,y_train)

predictions = mlp.predict(x_test)

plt.plot(x,y,x_test, predictions, 'r.')

plt.xlabel('$x$')

plt.ylabel('$y$',rotation=0)

plt.show()
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In addition to the MLPRegressor the Scikit-Learn is equipped with the class
MLPClassifier which has a number of attributes and methods specialized for solving clas-
sification problems. After training the network we use the method predict to predict new
samples. We will see all these in action in the following application example.

11.4.5 Application in image recognition

Perhaps one of the most important classification problems that has been solved with ma-
chine learning is the digits recognition and the recognition of car registration plates by
machines. In this section we show how to train and test a simple neural network to recog-
nize handwritten numbers from 0 to 9. For training and testing the network we need a set
of images with handwritten digits. For this reason, we will use a dataset provided by the
sklearn module. This dataset can be loaded into the memory using the command

from sklearn import datasets
digits = datasets.load_digits()

which will load all the images and their attributes into the Python class digits. The images
are stored into the array digits.images, which is a three-dimensional array with shape
(1797, 8, 8) meaning that we have 1797 images of 8 x 8 pixels. Using subplots we plot
the first 10 digits with the commands

figure, axes = plt.subplots(nrows=1, ncols=10, figsize=(10, 3))
for i in range(10):

axes[i] .set_axis_off()

axes[i] .imshow(digits.images[i],cmap='binary')

D123 4%LFRN

Each of these digits is an image in grey scale. Each pixel is an entry of an array and its
value represents the intensity of grey. The rest of the images are similar but all different.
You can try plotting more of such images by modifying the previous code appropriately.
For more information about digital image representation, we refer to Section 10.5.6.

As a first step we consider a simple neural network with 64 neurons for the input layer.
Each neuron corresponds to a pixel. We will also consider a hidden layer of 15 neurons and
an output layer with 10 neurons for the digits 0 to 9.
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Since the input layer is a vector of 64 entries, we need to reshape the input images and
transform them into (64,) vectors, and store them as columns of an array x instead of
square 8 X 8 arrays.

x = digits.images.reshape((len(digits.images), -1))
print (x.shape)

We also keep a record of the digits using the attribute target of the class digits with the
command y = digits.target.

Next, we split our data into training and testing data by separating the first 1000 images
to be used for training and the rest 797 for testing. We do the same for their labels and we
store them into two different arrays with names x_train, y_train, and x_text, y_test.

x_train = x[:1000]; y_train = y[:1000]
x_test = x[1000:]; y_test = y[1000:]

After having all the data ready, we build a neural network with 15 hidden layers using the
class MLPClassifier. We store the neural network in a variable called NN. For this neural
network we consider the activation function logistic and learning rate 0.1, while for solver
we use the sgd which implements a stochastic gradient descent method. The complete call
should look like

from sklearn.neural_network import MLPClassifier
NN = MLPClassifier(hidden_layer_sizes=[15], activation='logistic',
solver='sgd', learning_rate_init=.1, verbose=True)

We give the input parameter verbose=True so as to observe the progress during the training
of the neural network and receive important information. The training of the network is
completed with the method fit

NN.fit(x_train,y_train)

Since we have computed all the weights we can let our neural network recognize our test
images using the method predict. For the sake of convenience we show the first 50 digits
from the set x_test. In addition to these predictions we present the exact values stored in
the array y_test.

predictions = NN.predict(x_test)
print ('predicted values=', predictions[:50])
print ('exact values=', y_test[:50])

predicted values=[1405369617544728225795449089801
2345678301234567850]

exact values=[140536961754472822579544908980123
45678901234567890]

Observe that the 49-th digit is 9 but our network predicted 5. We can avoid such errors
by choosing different parameters for the neural network. This is not the only error in this
set of data but as you can see the mixed numbers are quite the same. We can easily compare
them using the command sum(predictions==y_test). This will return the total number
of correct predictions, while subtracting from len(predictions) we estimate the wrong
predictions. In our test case we got 67 wrong predictions and 730 correct. How many wrong
predictions did you get?
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11.5 Further Reading

Suggested books for further reading in optimization include the books [13, 23, 93, 98]. These
are also the books that we have followed closely. Optimization methods for the numerical
solution of linear systems, such as the method of steepest descent and conjugate gradient
are analyzed in books of numerical linear algebra such as [112, 29, 53, 48, 24]. An important
review on methods of optimization is the review paper [33]. Applications of optimization
in artificial neural networks can be found in [59]. For a complete introduction to neural
network techniques, refer to [49, 86, 92]. The paper [62] consists of an introduction to deep
learning and the backpropagation algorithm and is highly recommended.



Chapter Highlights

e Unconstrained optimization is the branch of optimization that focuses on the
minimization of functions.

e The solution * minimizing a function f(x) is called minimizer.

e Gradient methods are iterative methods where at every iteration the new
approximation is computed along the direction of the gradient —V f(x), the
direction of the steepest descent.

e General gradient descent methods converge linearly.

e The method of steepest descent is a particular gradient method where the step
of the minimization is defined so as to minimize the value f(a(*+1)).

e The steepest descent method finds applications in the solution of linear systems
of equations by minimizing the function

flx) = %(Aa:,:c) —(b,x) .

e The conjugate gradient method is an alternative of the steepest descent method
in which the directions are more general and can be derived using the notion of
conjugate directions.

e The conjugate gradient method for linear systems converges if A is symmetric
and positive definite. It also requires at most n iterations to converge to the
exact solution with exact arithmetic.

e The convergence of iterative methods for linear systems can be accelerated
using preconditioning techniques.

e Other popular methods for the minimization of functions are Newton-type
methods such as the classical Newton method and other approximations such
as quasi-Newton and Levenberg-Marquardt methods.

e One of the pillars of modern machine learning is the branch of optimization.

e Neural networks represented by connected nodes (neurons) are characterized by
undetermined weights.

e The estimation of weights (known as backpropagation) can be done using
optimization techniques to minimize errors on given training data.

e The error in neural network processes is usually expressed as a least squares
error and is known as cost function.

e SciKit-Learn is a Python library for machine learning problems. Other libraries
are the TensorFlow and PyTorch.
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Exercises

1.

4. Consider the function f(x) = 23 — r120 — 21 + 2125 — 25 with & = (21, 22

(Golden section search algorithm) The golden section search algorithm is an iter-
ative algorithm for the approximation of the value z* = argminf(z). Let z* € [a, b] be
the unique minimizer of the objective function f. Like the bisection method, the initial
interval will be replaced by a smaller one in the next step of the method. The main
difference is that in order to locate an interval with the minimizer we need two points to
detect whether the function f is increasing or decreasing. For this reason, in each step
we compute the values

r=a+rb—a), u=f(x)

y=a+r’(b—a), v=/_f(y) ’

where = 1/p and p is the golden section ratio

1++/5
p:

~ 1.62 .
2

If w > v then the minimum of f lies in the interval [a, 2], which will be the input interval

for the next step. If u < v then the minimum lies in the interval [y,b]. We repeat the

previous steps in the new interval until the interval is small enough to meet appropriate

tolerance.

(a) Show that r is a root of the equation 72 +r — 1 = 0.

(b)
)
)

Implement the previous method in a Python function.

c se the method to find the minimum of the function f(z) =x* +x + 1.
(¢) Use the method to find the mini f the function f(z) = z* 1

(d) Compare your results with the results of the function golden of the module
scipy.optimize.

. Prove that || - ||1, || - ||z and || - ||cc as defined in Chapter 9 are vector norms. Let A be a

symmetric and positive definite matrix. Prove that the map || - |4 : R® — R with
|z||a = 2" Az |

is a vector norm. This norm is known as A-norm.
Consider the minimization of the linear least squares error E(x) = 1||Az — b||2, where

2
A is a real m X n matrix, and b an n-dimensional column vector.
(a) Write and implement the steepest descent method for solving the specific linear
least squares problem.
(b) Write and implement the conjugate gradient method for solving the same problem.

(¢) Test your codes for the problem with

0 1.1 1
A=[1 o0 |, b=|-11],
0 —0.2 —0.2

which has optimal solution the vector z = (—1.1,1)7.
(d) Compare the results with those obtained using the SVD of A.

3 )T.
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(a) Find all critical points for which V f(x) = 0.

(b) Verify which are maxima and minima.

(c¢) Use the steepest descent method to compute approximations of all these points.
5. Consider the function f(z) = 100(z% — 22) + (1 — x1)?, with & = (21, 72)7.

(a) Use the steepest descent method to approximate the minima of f.

(b) Use the conjugate gradient method to approximate the minima of f.

6. Consider the linear system Ax = b with
1 0
4= 3)-
(a) If ¥ = (xgk), x;k))T, show that the method of steepest descent is

k) (k
(k1) _ xg )xg )(/\ -1 )\Qxék)
x =T () ON
(217)? + A3 (x5 7)? \ —71
Sketch a diagram with the isolines of the functional f(x) as defined in (11.12) and
some approximations ®), k = 1,2,3,... when 2(® = (5,1)7.
(b) Show that if £(*) = ¢(\, +1)7, then the inequality (11.17) holds as an equality.

(¢) If A = 100, how many steps of the method are needed until the error (Ae®), e(¥))1/2
becomes less than £(Ae®) e(9)1/2 for given ¢ > 0?

with A >0 and x = b =0.

7. Consider the linear system Ax = b with
2 11 2
A=1[1 2 1 and b= |0
1 1 2 2

(a) Solve the system with the conjugate gradient method using as initial guess the
vector xy = (0,0,0)7.

(b) Solve the system with the Jacobi and Gauss-Seidel methods.

(¢) Compare the methods in terms of convergence, speed and accuracy.

8. Consider an artificial neural network with three neurons zi, z2, x3 as input layer, a
hidden layer with two neurons 21, 2o and the output layer comprised two neurons y;,
y2. The neural network has a bias unit connected to both z;, z5 and a different bias
connected to y1, y2. The specific neural network can be described with the graph diagram
11.10. Given the training data & = ((91,92,%3)7 = (1,4,5)7 with desired output § =
(91,92)" = (0.1,0.05)"

(a) Write a Python function that will implement the fggmoia activation function.

(b) Write a Python function that given the synaptic weights and input data will com-
pute the values
fsigmoid(wll'l + w3xe + wsxs + bl) =z,

fsigmoid(w21'1 + waxo + wex3 + bl) =2,

and
fsigmoia (w721 + woza +b2) = y1 ,

fsigmoid(wsz1 +wioz2 +b2) = y2 .
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FIGURE 11.10
General neural network.

(c) Initialize the synaptic weights with the values

w1 = 0.1, W = 0.2, w3 = 0.3, Wy = 0.4, W5 = 0.5,
We = 0.67 wr = 0.7, wg = 0.8, W9 = 0.9, w10 = 0.1,

and biases by = by = 0.5. Forward propagate the network to compute the output
y = (y1,y2)T. Estimate the error in the forward propagation using the cost function

1 .
E(w) = 5lly =3l -

Estimate also the default synaptic weights and biases.

(d) Compute the gradient

T
vp- (2F OE  OE
8’11)1 8’11)2 8’11)10

For the last one you will need to use the chain rule. Then write a Python function
that will return the gradient of the cost function.

(e) Write a Python program to back propagate the network using the given training
data and compute the optimal synaptic weights and biases.

(f) Use Python to compute the output of the specific neural network for x =
(x17x27w3)T = (17639)T'

9. In this problem we analyze the housing market of the Boston state of the USA and we
predict the value of a house.

(a) Load the sklearn dataset with name load_boston. The particular dataset returns
a dictionary with five variables: data, target, feature names, and DESCR. The
variable feature_ names is explained in the variable DESCR.

(b) From this dataset extract the number of rooms and the price of the houses in two
variables names as X_rooms and y_price.
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Split the data using the function train test_split of sklearn into 80% training
and 20% testing data.

Use the MLPRegressor to construct a neural network with six hidden layers of
10,50, 50, 50, 50 and 10 perceptrons respectively.

Use the appropriate sklearn function to train and test the neural network for this
problem.

Explore the predictions and compute a mean error using vector normes.
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12

Eigenvalue Problems

We have seen that computing the SVD of a matrix A requires the computation of the
eigenvalues of the matrix AT A. This is a simple example where the knowledge of eigenvalues
can be very important. In addition to numerical methods that require the knowledge of
eigenvalues, there are applications like the PageRank algorithm of Google, that rely on
the fast computation of the principal eigenvalue of a large matrix. In this chapter, we
discuss numerical methods for the computation of eigenvalues and eigenvectors of matrices.
Initially we discuss algorithms for the estimation of selected eigenvalues, for example the
maximum in magnitude eigenvalue. Although this algorithm is very simple, it has a wide
range of applications. We close this chapter with the QR iteration, which is not limited to
the computation of selective eigenvalues.

12.1 Eigenvalues and Eigenvectors

We begin with a revision of eigenvalues and eigenvectors. Some of their properties can
be found useful in the development of efficient algorithms for their computation. We also
include some practical information for computations with the so-called Jordan normal form.
Readers interested in the numerical methods only, they can skip that part and continue with
Section 12.2.

12.1.1 Basic properties

In Section 2.2.12 we defined the eigenvalues of an n x n matrix A to be the roots of the
characteristic equation det(A — AI) = 0 where ¢(\) = det(A — AI) is the characteristic
polynomial. Because of this definition, if A is an eigenvalue of A, then the matrix A — AT
is singular (not invertible).

As an immediate consequence of the previous definition is that A and its transpose share
exactly the same eigenvalues. To see this suppose that A is an eigenvalue of A such that
det(A — AI) = 0. Then,

det(AT — X\I) = det(A — AI)T = det(A - \I) =0,

which means that \ is also an eigenvalue of AT.

The set of all eigenvalues of A is called spectrum and is denoted by o(A). Since eigen-
values are zeros of a polynomial, they might not be simple roots. The algebraic multiplicity
7 of an eigenvalue ); is the number of times the eigenvalue )\; appears as a root of the
characteristic polynomial ¢(\), that is the largest integer 7 such that (A — A;)7 divides
exactly the characteristic polynomial.

The linear system (A — M)z = 0 for an eigenvalue A will have non-trivial solutions
x = u # 0 (in addition to & = 0) since the matrix A — AI is not invertible. The non-
trivial solutions u are called eigenvectors associated with the eigenvalue A. Suppose that
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an eigenvalue A has m linearly independent eigenvectors u; such that Au; = Au; for all
i =1,2,...,m. Define the space produced by the eigenvectors of A corresponding to the
eigenvalue \

Vi={u: (A-Au=0}.

The space V) is called eigenspace or the kernel of the matrix A — AI. For this reason,
sometimes we write V) = ker(A — AI') while m = dim(V}).

The geometric multiplicity of an eigenvalue A is the number d = dim(V),), the dimension
of V). The geometric multiplicity is actually the number of linearly independent eigenvectors
associated with the eigenvalue A. It can be shown that d < 7. If d = 7 for each eigenvalue
of A, then the matrix A is called nondefective (or matrix of simple structure). If A has an
eigenvalue with d < 7, then it is called defective.

Two matrices A, J are called similar if there is an invertible matrix P such that A =
PJP!. If X is an eigenvalue of J with corresponding eigenvector u, then the following
calculations reveal that X is also eigenvalue of A and Pwu a corresponding eigenvector.

Ju=\u

JP 'Pu=)u
PJP 'Pu=\Pu
APu = A\Pu

In the theory of linear algebra it is known that any square matrix A is similar to its
Jordan normal form J, or else there is an upper triangular matrix J with diagonal entries
the eigenvalues of A and an invertible and orthogonal matrix P such that A = PJP~!.

12.1.2 Diagonalization of a matrix and the Jordan normal form

Suppose that an n x n matrix A has n distinct eigenvalues. This means that the spectrum
of Ais 0(A) = {1, A, ..., A} with A; # A, @ # 7. If A is nondefective and uq, uz, ..., u,
are eigenvectors associated with the eigenvalues A1, Ag, ..., A, of c(A), then they will be
linearly independent (since they correspond to different eigenvalues), [105].
Let
P = (ul Uy - un) ,

the matrix with columns the eigenvectors of A. Since the columns of P are linearly in-
dependent, then det(P) # 0, i.e. P is invertible. Moreover, Au; = A\ju;, i = 1,2,...,n.
Then,

AP=A (u1 Ug - un) = ()\1’11,1 /\Q’U,Q e )\nun) y
which in matrix notation can be written as
A O 0
APz(ul Uy - un) 0 A 0 =P D,
0 0
0 0 M
where
A O 0
p=|0 * 0 = diag{A1, A2, ..., An} -
0 0
0 0 M,
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The relation AP = PD implies that A = PDP~'. We call A diagonalizable.

B¥" If an m X n matrix A is nondefective, then the n linearly independent eigen-
vectors of A form a similarity transform P such that A = PDP~! where
D = diag{/\l, )\2, 0oy >\n}

Diagonalizable matrices is a special case but in general not every matrix is similar to
a diagonal matrix. On the other hand, a square (complex) matrix A is similar to a block

diagonal matrix
J1

J = - . )
Jp
where the blocks J; are called Jordan blocks. A Jordan block is upper-triangular

Al

where A is an eigenvalue of A. In the special case of a diagonalizable matrix, the Jordan
blocks are 1 x 1 blocks consisting of the eigenvalues of A. More information about the
computation of the Jordan canonical form can be found in the Appendix.

12.1.3 Other properties
Let A = PJP~!, then any power of A can be computed as

AF=pJtp—1.
To see this, take k = 2 and write
A’=A-A=PJP ' .- PJP '=PJ’P .

The same applies to more general functions f(A) of a matrix A.
The trace of a matrix A is the sum of all its diagonal elements

trace(A) = Za“ .
i=1

Since by the Jordan normal form theorem any n X n matrix A is similar to an upper
triangular matrix J where the diagonal entries of J are the eigenvalues of A repeated
depending on their multiplicity, then the trace of A is the same with the sum of all the

eigenvalues of A
n n
trace(A) = Za” = Z i,
i=1 i=1

where \; are the eigenvalues of A, even with non-trivial multiplicity. This follows from the
fact that trace(AB) = trace(BA) for any square matrices A and B.
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Using again the Jordan normal form of any square matrix A we have that the determi-
nant of A is the product of the eigenvalues of A (counting their multiplicity)

det(A) = det(PJP™") = det(P)det(J)det(P~") = [ ] A .

Thus, the knowledge of the eigenvalues of a matrix A can solve the computationally expen-
sive problem of computing its determinant.

Consider the shifted matrix A + sI for some s € R. If w is an eigenvector of A that
corresponds to an eigenvalue A, then

(A+sHu=Au+su=u+su=(A+s)u.

This means that the shifted matrix A + sI has the shifted eigenvalues A + s and shares the
same eigenvectors with A.

In general, the eigenvalues of a real matrix A do not need to be real. Some of them can
be complex, unless the matrix is symmetric A = A”. For example, suppose A is symmetric
with eigenvalue A and eigenvector u # 0, then Au = Au. Taking the complex conjugate on
both sides of the previous relation and the transpose of the result we have

(Au)" = ()",

which can be written as
a’ AT =) u’ .

If we multiply from the right both sides of the last relation with u we get

' ATu = \a"u , (12.1)
Similarly, if we multiply the relation Au = Au with @’ from the left we have

ul Au =\ u . (12.2)
If we subtract (12.1) from (12.2) and use the fact that AT = A we have that

A=Na'u=0,
or better

lul2(A =) = 0.

Since u # 0 we have that A — A\ = 0 which implies that A = A and thus \ € R.

Interesting are also the properties of the eigenvectors of a symmetric matrix. Two dif-
ferent eigenvectors u;, u; of a real symmetric matrix A corresponding to the eigenvalues
\i # \;, are orthogonal, in the sense that ulu; = 0 if i # j. To see this, take the transpose
of Au; = \ju; to obtain ul A = \;ul". Multiplication with u; gives

Nulu; = ul Auj = ul \juj = \julu; .
Transfering everything to the left side yields
()\Z — )\])U;F’LLJ =0.
T

Since A; # A; implies u; w; = 0, which means that u; L u;.
It is worth mentioning that solving (12.2) for the eigenvalue A we obtain the formula

T Au  u'Au

=T

A: =
'y uff

(12.3)

which gives the value of the eigenvalue \ given its eigenvector w.
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12.1.4 First estimation of eigenvalues using Gerschgorin disks

A first estimation of the location of the eigenvalues of a matrix A can be found using
Gerschgorin’s theorem.

Theorem 12.1 (Gerschgorin). Any eigenvalue A of an n xn matriz A is located in at least
one of the discs with center the diagonal entry a;; of A and radius the trace

n

r, = Z'aij| .

j=1
J#i

These disks are known as Gerschgorin disks. An immediate consequence is that the spectrum
of A is contained in the union of Gerschgorin disks of A,

c(A)cU{z:|z—ay| <r}cCC.

Proof. Let X\ be an eigenvalue of A with corresponding eigenvector . We write A = D —
L — U where D is the diagonal matrix with the entries a;;, ¢ = 1,2, ...,n, while the rest of
the entries of A are in the matrix —(L + U), as in Section 9.7.2. Then we have that

(A— Az =0
(D-X)x—(L+U)xz=0
(M—-D)x=—-(L+U)x

This implies that the i-th entry of the vector (AI — D)z is

_au 4 § ATy, or i=1,2,...,n.
3751

Taking modulus on both sides we get

|>\ - au' ‘(El| < Z ‘a1]| ‘x]|
3751

where we made use of the triangles inequality |a + b| < |a| + |b].
Let x; be the largest in magnitude entry of the eigenvector . Then after scaling & with

x we have
s |
|/\_an|<Z‘ l]| - Z|aij|v
j=1
J#l J#i
since |z;|/|zk| < 1. Thus, any eigenvalue A is contained in at least one of the Gerschgorin
disks, which proves the theorem. O

For example, consider the matrix

2 —4 2
A=|-2 1 2],
4 2 5

with spectrum o(A) = {-5, 3,6}. The Gerschgorin disks in this case are the sets

Di={z:]:+2/<6), Do={e:]e-1]<4), Dy={z:]z~5/<6}.
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FIGURE 12.1
The Gerschgorin disks and the eigenvalues of a matrix A.

The Gerschgorin disks and with the locations of the eigenvalues are depicted in Figure
12.1. Apart from its beauty and theoretical use, the particular theorem can only provide a
rough estimation of the location of the eigenvalues of a matrix, especially for the extreme
eigenvalues. For more accurate estimations we need to use more sophisticated numerical
algorithms.

12.2 Numerical Approximation of Eigenvalues and Eigenvectors

There are several numerical methods for the approximation of eigenvalues of matrices.
Namely, the power method, inverse iteration, Raleigh quotient iteration, Arnoldi iteration,
Lanczos algorithm, QR algorithm and many more. In this section we present some numer-
ical methods for the computation of selected eigenvalues such as the one with maximum
magnitude. We will call this eigenvalue principal eigenvalue. We start with the simplest
method known as the power method or power iteration.

12.2.1 Power method

The power method or power iteration is an iterative method for the estimation of the prin-
cipal eigenvalue of an n x n matrix A. This is the largest in magnitude eigenvalue of A.
The eigenvector that corresponds to the eigenvalue with the largest magnitude is called the
principal eigenvector. Assume that A has N eigenvalues with

Al > [Ao| =+ = [An]

It is important for the convergence of this method to notice that the eigenvalue A; is not
repeated. Assume also that each eigenvalue \; has an eigenvector u; for i = 1,2,..., N that
altogether form a linearly independent set of eigenvectors

E={uj,uz,...,un}.
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Since the N eigenvectors uw;, it = 1,2, ..., N are linearly independent, they form a basis
of RY. And so any vector (®) € RV can be expressed as a linear combination of all these
U;

z0 = ciuy + cous + -+ CNUN .

We choose arbitrarily such a vector (®) # 0 to be an initial approximation of w;. Then we
define the iterative method

) = Az fork=1,2,...

for the approximation of the eigenvector w;.
Note that

2F) — A1 — AApF—2) — A2,(k-2) — ... = Ak (0

Because in every iteration we implicitly construct powers of A, we call this particular
numerical method power method.
Moreover,
AFz®) = AF(ciuy + coug + - - + eyuny)
= clAkul + CgAk’LLQ + -4 CNAk’u,N

k k k
= 01/\1u1 + 62/\211,2 + -4 CN/\N’LLN

k k
)\2 )\N
cauy + | v~ | cu2+---+ | — | cNun| ,
)\1 >\1

Akw(O) <)\2>k (AN)IC
=cui+(22) couo+ -+ [ 22) cvun . 12.4
)\IIC 1UuU1 )\1 2W2 Al NUWUN ( )

= \k

which implies

Since A\ > A; for all j > 2 we have that

s
P! for j =2,3,...,N .
A1
Taking the limit k¥ — oo in (12.4), we have
Ak g0
lim

=Ciuy .

Thus, if we could estimate the eigenvalue A1, then we can choose the vector

;,3(16)/)\11c

U R o
[l /]|

for large value of k to be an approximation of the eigenvector w.

Suppose that the maximum entry of the vector 2*) is its j-th entry x§.k) for some j. In
order to find the eigenvalue A;, we first define the function f;(x) = z; where z; is the j-th
entry of the vector & and j = argmax(x(*)) fixed. Then we have that

k k
Fi(@®) = Ney i (un) + (i) cafy(uz) + -+ <AAN) en filun) -
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For convenience denote

A\ " v\ ”
B — (M) chj<u2>+~~+(> exfy(un)
which has

lim E®) =0 .

k—o0

Computing the ratio

fj(w(kﬂ)) 1\ c1fi(uy) + B+
Fi@E®) e fi(w) - E®

and taking the limit £ — oo we obtain the maximum in magnitude eigenvalue \; to be

_ o fiE® )
A= @)

Therefore, we approximate this eigenvalue with the number

fi(@* )

M~ 7
T A®) 0

for a large value of k.

IZ" The convergence of the power iteration is geometric and depends on the ratio
Aa/A1 < 1. If Ay &= A then the convergence is very slow. On the other hand, if
A2 € A1 then the convergence will be fast.

The algorithm of the power method is summarized in Algorithm 48.

Algorithm 48 Power method
Set a tolerance TOL for the accuracy
Set the maximum number of iterations M AXIT
Initialize the vector (®) # 0 and the eigenvalue A\; = 0, and set k = 0
Set Error =TOL +1
Compute j = argmax; (xjk))
while Error > TOL and k < MAXIT do
Compute new z*t1) = Ag*)
Set A\g = x§k+1)/x§-k)
Set Error = |\ — Ag|
Increase the counter k =k + 1
Set )\1 = )\0
end while
Return the approximate eigenvalue A; and the eigenvector u; = () /\F)/||2®) /\}||

Algorithm 48 is implemented in the Python function powermethod below:

def powerMethod(A, x0, tol = 1.e-6, maxit = 100):
# initialize the parameters
iteration = 0
error = tol+1.0
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lambda0O = 0.0
# find the index for the maximum entry
j = np.argmax(x0)
while (error > tol and iteration < maxit):
x1 = np.dot (4,x0)
# find the approxzimation of the eigenvalue
lambdal = x1[j]1/x0[j]
error = np.abs(lambda0-lambdal)
iteration = iteration + 1
lambda0 = lambdal
x0 = x1.copy()
k = iteration
ul = (x1/lambdal**k)/npl.norm(x1/lambdal**k,np.inf)
print ('number of iterations required = ',iteration)
# return eigenvalue and corresponding eigenvector
return lambdal, ul

Note that for the computation of the eigenvector w;, we normalize its value using the
maximum norm. As testing example we consider the matrix

-2 -4 2
A=|-2 1 2
4 2 5

with spectrum o(A) = {—5,3,6}. Using our function powerMethod we compute as expected
the maximum in magnitude eigenvalue while we verify that ||Au; — Ajuq]| = 0.

# define matriz and initial guess z0

A = np.array([[-2.,-4.,2.],[-2.,1.,2.],[4.,2.,5.1])
x0 = np.array([1,1,1])

# compute eigenvalue and eigenvector

lambdal,ul = powerMethod(A,x0, tol=1.e-10, maxit=1000)
# print eigenvalue and eigenvector

print(lambdal)

print (ul)

# compute and print the residual [[Au; — \uq||
error = npl.norm(np.dot(A,ul) - lambdal*ul)
print('actual error = ', error)

number of iterations required = 158
6.000000000040729

[0.0625 0.375 1. ]

actual error = 4.315242285689494e-11

12.2.2 Inverse power method

The inverse power method (or else the inverse iteration) is a modification of the power
method for the computation of the minimum in magnitude eigenvalue of A. Assume that
A has eigenvalues

A > 2| >+ > [An—1] > [An| > 0.
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If uy is the eigenvector that corresponds to the eigenvalue Ay, then we have
Auy = Anuy ,

which can be rearranged to the formula

1
A luy = —uy .
unN )\NUN

Thus, the eigenvalue /\E1 is the dominant eigenvalue of A~!. To approximate the dominant
eigenvalue of A~! we can employ the power method, which can be expressed as

gkt = A 1gk)

Since the direct computation of the inverse A~! is not a good practice, we prefer to compute
the vector **t1 by solving the system

A+ — (k)

This can be done efficaciously using the LU decomposition, and the function lu_factor
and lu_solve as described in Sections 9.1.2 and 9.6. The modification of the function
powermethod is very simple and we call it inversePowerMethod

def inversePowerMethod(A, x0, tol = 1.e-6, maxit = 100):
# anitialize the parameters
iteration = 0
error = tol+1.0
lambda0O = 0.0
lu, piv = spl.lu_factor(A)
# find the index for the maximum entry
j = np.argmax(x0)
while (error > tol and iteration < maxit):
x1 = spl.lu_solve((lu, piv), x0)
# find the approzimation of the eigenvalue
lambdal = x1[j]/x0[j]
error = np.abs(lambda0-lambdal)
iteration = iteration + 1
lambda0 = lambdal
x0 = x1.copy()
k = iteration
ul = (x1/lambdal**k)/npl.norm(x1/lambdal**k,np.inf)
print ('number of iterations required = ',iteration)
# return eigenvalue and corresponding eigenvector
return 1/lambdal, ul

Using the matrix from the example with the power method and the following code we
obtain the eigenvalue 3 with the smallest magnitude.

A = np.array([[-2.,-4.,2.],[-2.,1.,2.],[4.,2.,5.1])

x0 = np.array([-1,1,1])

lambdal,ul = inversePowerMethod(A,x0, tol=1.e-10, maxit=1000)
print (lambdal)
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number of iterations required = 44
3.0000000002520206

The approximation of the rest of the eigenvalues can be done with more sophisticated
numerical methods or the simple shifted power method. The last method is the subject of
the next paragraph.

12.2.3 Shifted inverse power method

So far we have seen how to approximate the largest and smallest in magnitude eigenvalues
of a matrix A. As example we used the matrix

—2 —4 2
A=|-2 1 2],
4 2 5

that has spectrum o(A) = {—5,3,6}. The smallest in magnitude eigenvalue is 3 and the
largest one is 6. The question is if we could use the power method to approximate the other
eigenvalue as well. The answer is positive. We can compute the eigenvalue —5 by using a
modified power method known to as the shifted power method. The name shifted is because
we shift the spectrum of A so as the desired eigenvalue becomes closer to 0.

The shifted power method relies on the fact that if A\ is an eigenvalue of A and w its
corresponding eigenvector, then A\ — « is an eigenvalue of the matrix A — ol with the same
corresponding eigenvector u. Similarly, the matrix (A —«)~! has the eigenvalue 1/(A —«).
To compute an eigenvalue A, which is not any of the extreme in magnitude, we choose «
such that A — « is the closest to 0 eigenvalue of the matrix A — al, and then we use the
inverse power method to find it. The choice of a can rely on experimentation or intuition.
In our example, from Gerschgorin’s theorem we know that there is an eigenvalue in the disk
with center —2 and radius 6. Using the center of the Gerschgorin disk a@ = —2 to shift the
matrix we obtain

0 —-4 2
A4+2I=|-2 3 2
4 2 7
Using the inverse power method we approximate the eigenvalue A — a = —3 for the matrix

A +2I. Solving for A with & = —2, we obtain A = —5. We leave the implementation of the
shifted power method as an exercise for the reader.

12.2.4 Basic QR iteration

Power methods are very simple and easy to implement. Their major drawback is that they
return only one eigenvalue at a time. On the other hand, more sophisticated methods can
lead to the approximation of all the eigenvalues of a matrix at once. One such example is
the QR iteration.

The QR iteration is an iterative method based on a similarity transformation of A to
a matrix T for which it is easier to compute its eigenvalues. In what follows we describe
briefly the basic QR iteration, where for the sake of simplicity, assume that A is areal n xn
matrix with n distinct eigenvalues

ALl > A2l > > | Aal -

Choosing an orthogonal matrix Q(® we define T(® = [Q]TAQ®). Usually, we take
Q® =TI, and thus T(®© = A. Then we perform the QR factorization

QU RFHD) —®) - for k=0,1,... ,
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and we compute the new matrix

T+ — RUHD QU+1)

forall k=0,1,2,....
In this way we produce every time the matrix

T(k+1) _ R(k+1)Q(k+l) _ [Q(k+1)]T[Q(k+l)R(k+1)]Q(k+1) _ [Q(k+l)]TT(k)Q(k+1)
=[QUQW...Q"ITAIQVQW ...Qk+V)] .

Thus, the matrix T™) is always similar to A, and thus they share the same eigenvalues.
One can prove that the limit
lim T® =T |

k—o0
where T' contains the n eigenvalues of A in its main diagonal. Based on the last assertion,
the QR iteration returns all the eigenvalues of A on the main diagonal of T'. The algorithm
of the basic QR iteration is presented in Algorithm 49.

Algorithm 49 Basic QR iteration

Set a tolerance T'OL for the accuracy

Set the maximum number of iterations M AXIT

Initialize the matrices Q©) =TI, T® = A and set k=0

Set Error =TOL + 1

while Error > TOL and k < MAXIT do
Compute the QR decomposition Q#+1) R(k+1) = (k)
Compute the new TF+1) = R(k+1) Q(k+1)
Compute Error = ||diag(T* 1) — diag(T®)||
Increase the counter k =k + 1

end while

Return the approximate eigenvalues diag(T*+1)

For the implementation of the basic QR iteration algorithm 49 we will use the QR
factorization of Python as it was described in Section 10.4.4.

def basicQRiteration(A, tol = 1.e-6, maxit = 100):
# initialize the parameters
iteration = 0
error = tol+1.0
T = A.copyQ)
#set first approximation of eigenvalues
eigs = np.diag(T)
while (error > tol and iteration < maxit):
#extract the diagonal entries of T
eigl=eigs
Q, R = npl.qr(T)
T = np.dot (R,Q)
#extract the new diagonal entries
eigs = np.diag(T)
error = npl.norm(eigs-eig0)
iteration = iteration + 1
print ('number of iterations required = ',iteration)
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# return etgenvalue and corresponding eigenvector
return eigs

In the implementation of the basic QR iteration in the function basicQRiteration after
computing the array T, the code returns the approximate eigenvalues in the vector eigs.
For example, in the case of the matrix

-2 -4 2
A=|-2 1 2
4 2 5

with spectrum o(A) = {5, 3,6} we get

A = np.array([[-2.,-4.,2.],[-2.,1.,2.],[4.,2.,5.1])
eigs = basicQRiteration(A, tol = 1.e-6, maxit = 100)
print (eigs)

number of iterations required = 89
[ 5.99999972 -4.99999972 3. ]

It is worth mentioning that the basic QR iteration will not order the eigenvalues but they
appear in a rather arbitrary order. The justification of this simple method along with more
sophisticated methods can be found in the references at the end of this chapter.

12.2.5 Application in computer networks

In this section we present the idea behind a very successful algorithm used by Google Search
to rank webpages based on the likelihood to be useful to the user. This algorithm is called
PageRank, and it was named after the term “webpage” and the co-founder of Google, Larry
Page. Assume that there is an internet surfer who has submitted a search query to a search
engine. The search engine identifies and gathers information of all possible webpages that
contain the keywords of the search. The question we will discuss below is the following: How
can we order the search results to present first the most relevant webpages? For example,
when I searched on Google for the phrase “numerical analysis” T got 523,000,000 results as
one can see in Figure 12.2. How a search engine can decide which one is the most useful
for me and present it first? The answer to this question is to transform the problem in
an eigenvalue problem and compute the eigenvector of the dominant eigenvalue. The idea
of transforming ranking problems into eigenvalue problems goes back to the work [102].
Many works followed until 1996 when Larry Page and Sergey Brin developed the PageRank
algorithm as a new kind of search engine, [17].

Go gle numerical analysis X  Q

Q All ] Images (] Videos [ Books =) News : More Tools

About 523,000,000 results (0.36 seconds)

FIGURE 12.2
Google search.
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FIGURE 12.3
Connectivity graph of webpages and their links.

TABLE 12.1
Number of departing links per node

vt |1 2 3 4 5 6 7 8 9 10
|3 2 3 2 4 2 2 2 2 3

For the sake of simplicity assume that the search identifies 10 webpages with the term
‘numerical analysis’. Using these 10 webpages we create a directed graph. The 10 nodes of
this graph represent the webpages and the directed edges of the graph the links between
them. This graph is shown in Figure 12.3. In this way we can refer to the webpages with
the numbers {1,2,3,4,5,6,7,8,9,10}, and the problem has been transformed into ordering
this set based on the importance of the website.

In order to define the importance of the j-th webpage we assume that the i-th node
has d; departing links to other nodes. Table 12.1 shows the number of links departing from
node 4. Naturally, the importance of the j-th node must depend on the links it receives from
other nodes and also on the importance of these nodes. Suppose that the links between the
nodes are all equally important. We define the importance of a webpage to be the number

Ti

di»i )

—7

T‘j:

(12.5)

where ¢ — j means that the sum is over the nodes ¢ that have a departing link to the j-th
node, r; is the importance of the i-th node, and d; is the number of links departing from
the i-th node. This number is also called the score of the j-th node. For example, the 4th
node in the graph of Figure 12.3 receives links from the nodes 1, 2, 3, 5. Then its score is
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Using the formula (12.5) for the scores of all the nodes i = 1,2,...,10, we obtain 10
equations with 10 unknowns:

— I's — T s rs
A =ttty
ra=H 4R rp=1 44 e
ro=% ry= G+ %4 e

— r2 rs rs — s rs Ti0
7”4—73+T2+T3—|—T4 7‘9—4T—|—2+3
rs=G+ DBy =4

If we denote by r the vector with entries r;, then the previous linear system can be written
as

r=Gr (12.6)
where

0 0 0 0 1/4 0 0 0 0 0
/3 0 1/3 0 0 0 0 0 0 0
0 1/2 0 0 0 0 0 0 0 0
/3 1/2 1/3 0 1/4 0 0 0 0 0
G— 1/3 0 0o 1/2 0 1/2 0 0 1/2 0
10 0 0 1/2 1/4 0 0 1/2 0 0

0 0 1/3 0 0 1/2 0 0 0 1/3

0 0 0 0 0 0o 1/2 0 1/2 1/3

0 0 0 0 1/4 0 0 1/2 0 1/3
0 0 0 0 0 0 1/2 0 0 0

In realistic situations this matrix can contain billions of entries and it might not be even
possible to be stored. Solving a linear system such as (12.6) using the methods of Chapter 9,
it will not be efficient. On the other hand, G has some nice properties. If we see the system
(12.6) as an eigensystem with A\; = 1 an eigenvalue of G with corresponding eigenvector 7,
then we could use the power method of Section 12.2.1. First we note that the connectivity
graph such as the graph in Figure 12.3 is a Markov chain with transition matrix G. More-
over, the sum of the entries of each column of G equals 1. Such a matrix is called stochastic
or column stochastic. The following lemma states that the spectral radius of G is o(G) = 1.

Lemma 12.2. The mazimum in magnitude eigenvalue of a stochastic matriz G is the
etgenvalue A\ = 1.

Proof. Let X be an eigenvalue of G with corresponding eigenvector . Then, G = Ax. Since

G is a stochastic matrix then |G|y = 1. On the other hand, ||Gx|1 = || z|1 = |All|z|l1,
which gives

A = 1G]l _ [|Gll]|[]:

[ (15

> =[GlL=1.

Thus, any eigenvalue of G has magnitude less than or equal to 1. Also the eigenvalue
A1 = 1 is an eigenvalue of G. To see this first observe that GT has the eigenvalue \; = 1
with corresponding eigenvector the vector (1,1,...,1)7. From Section 12.1.1 we know that
G and G7 share the same eigenvalues, and thus \; is also an eigenvalue of G. We conclude
that A; is the eigenvalue with maximum magnitude since all others have || < 1. O

The last question is if the eigenvalue A; has multiplicity 1, that is Ay > |A| for all
A € 0(G) with A # A;. The answer is given by Perron-Frobenius theorem. Its proof goes
beyond the scope of this book, and we just mention the main result of this theorem which
is the following:
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Theorem 12.3 (Perron-Frobenius). If G is a positive n x n matriz, then |\| < p(G) for
any eigenvalue A with A # p(G).

Now that we know that A\; = 1 is a simple eigenvalue of G and all the rest are strictly
less than 1 in magnitude, we can use the Algorithm 48 of the power method from Section
12.2.1. This method relies only on matrix vector multiplication, and thus it is very efficient
for the computation of the eigenvector r. Recall, that the eigenvector contains the scores of
the webpages.

Using the code of Section 12.2.1 we compute the following vector r which we normalize
so as the sum of its entries to be 1 as its entry is a probability.

A = np.array([[0,0,0,0,1/4,0,0,0,0,0],
(1/3,0,1/3,0,0,0,0,0,0,0],
[o,1/2,0,0,0,0,0,0,0,0],
(1/3,1/2,1/3,0,1/4,0,0,0,0,0],
[1/3,0,0,1/2,0,1/2,0,0,1/2,0],

(0,0,0,1/2,1/4,0,0,1/2,0,0],
(0,0,1/3,0,0,1/2,0,0,0,1/3],
(o,0,0,0,0,0,1/2,0,1/2,1/31,
(o,o0,0,0,1/4,0,0,1/2,0,1/31,
(0,0,0,0,0,0,1/2,0,0,011 )

x0 = np.ones(10)/10.0

lambdal,ul = powermethod(A,x0, tol=1.e-10, maxit=1000)

rl = ul/npl.norm(ul,1)

print(rl)

number of iterations required = 52
[0.05417957 0.02167183 0.01083591 0.08668731 0.21671827 0.16821465
0.10526316 0.14138287 0.14241486 0.05263158]

Based on the principal eigenvector r, the webpage with the highest score is the one cor-
responding to node 5 of the graph. Its score is 0.21671827. This webpage is more likely
to be useful to the user, and it will appear on the top of the search results. Based on
the output of the PageRank algorithm, the webpages will appear in the following order
{5,6,9,8,7,4,1,10,2,3}. This is the main idea behind an algorithm that we use almost
every day.

12.3 Further Reading

Most classical books of numerical analysis such as [18, 22, 108, 115, 90, 100] dedicate part of
their exposition to eigenvalue problems. Specialized books to linear algebra problems such
as [29, 135, 48, 105] contain extensive analysis of eigenvalue problems. For more information
on the Jordan normal form, we refer to the books [128, 67, 103] and the references therein.
Some specialized books dedicated only to the numerical eigenvalue problem include the
books [113, 80, 97, 140]. A simple introduction to the PageRank algorithm can be found
in [105] and [115] while more information can be found in the review article [63], and the
references therein.



Chapter Highlights

e The matrices A and A7 have the same eigenvalues.
e Similar matrices share the same eigenvalues.

o If a matrix has an eigenvalue with geometric multiplicity less than algebraic
multiplicity, then it is called defective.

e If each eigenvalue of a matrix has geometric multiplicity equal to algebraic
multiplicity, then the matrix is called nondefective.

e A nondefective matrix A with n linearly independent eigenvectors is similar to
a diagonal matrix with diagonal entries the eigenvalues of A.

e The Jordan normal form of a matrix A is an upper-triangular matrix J with
diagonal elements all the eigenvalues of the matrix A. The matrix J is similar
to A. If A is nondefective, then J is diagonal.

e Real, symmetric matrices have real eigenvalues and orthogonal eigenvectors.

e The eigenvalues of a matrix A are contained in the union of the Gerschgorin
disks of A.

e The i-th Gerschgorin disk of A has center at a;; and radius

n

r, = Z |aij| o

J=1,j#i

e The power iteration is used for the approximation of the eigenvalue of A with
the maximum magnitude and its corresponding eigenvector.

e The convergence of the power iteration depends on the ratio Ao/A; < 1. If
A2 &~ A1, then the convergence is very slow. On the other hand, if Ay < A1, then
the convergence will be fast.

e For the approximation of the eigenvalue with the minimum magnitude of A we
use the inverse power method, which approximates the maximum in magnitude
eigenvalue of A~!.

e Other eigenvalues of a matrix A can be computed with the shifted inverse
power method. This method relies on shifting the spectrum of A in such a way
that the desired eigenvalue becomes close to 0.

e The QR is a more sophisticated algorithm for the estimation of the eigenvalues
of a matrix A.

e The PageRank algorithm relies on the computation of the eigenvector of the
principal eigenvalue of a stochastic matrix.
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Exercises

1. Show that for any 2 x 2 matrix A the characteristic polynomial is

H(A\) = A2 — trace(A)\ + det(A) .

2. For any n x m matrix A show that T = (A + AT) is symmetric.

3. Consider the n x n tridiagonal matrix

SR
jSEeY
o

A = tridiag(b, a, c) =

=
S

with bc > 0.

(a) Prove that A has eigenvalues

k
Ak :a+2\/%cosL, k=1,2,....n.
n+1
(b) Why A is diagonalizable?
(c) Show that if a = 2 and b = ¢ = —1, then A\, = 4sin®(7k/2(n + 1)).
(d) Use this fact to prove that A is positive definite.

().

(a) Compute the eigenvalues and the corresponding eigenvectors of the matrix A.

4. Consider the matrix

(b) Find the sequence of numbers {z,} with 2o = 0 and z; = 1 and the rest of the
terms are defined recursively by the formula

2™ — Am(n71)7 for n=12,...,

where (™) = (T, 1)t
(c) Determine a recursive formula F(x,,, 2,1, Zn—2) = 0 for the terms of this sequence.
(d) Compute the ratio x,, /2, 1 for n = 1,2,...,10°. What do you observe?
(e) If ,, = 832,040 find the term x,; without using the term x,,_1.

[Hint: The sequence x,, of this problem is known to as the Fibonacci sequence and the
golden ratio is (1 +v/5)/2.]

5. Let = (x,y)T. Consider the line described by the equation
Q52 +8xy+5y°=1.

(a) Identify the shape of the line @
(b) Find a symmetric matrix A such that Q(z) = =T Az.
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Find the eigenvalues and eigenvectors of A, and show that A is diagonalizable, i.e.
write

A=PJPT
where P has the eigenvectors of A as columns and J is diagonal with the eigenvalues
in its main diagonal.

Use the equation 7 Az = 1 and the previous question to write the equation of the
line @ in its canonical form.

Use the power method and its modifications for the computation of the eigenvalues
and eigenvectors of A, and validate your theoretical calculations.

6. Consider the matrix

3 -2 -1
A=1|1 -2 1
1 -1 0

Find analytically all the eigenvalues and eigenvectors of A.
Confirm your results using the function eig of the module numpy.linalg.

Estimate the principal eigenvalue of the matrix A using the power method using
xo = (—1,1,1)T. Explain why the Python code provided in the book fails when
xo = (1,1,1)T.

Explain why we cannot use the inverse power method for the computation of the
minimum in magnitude eigenvalue of A.

Use the shifted inverse power method for the approximation of the minimum in
magnitude eigenvalue of A.

Compare the solutions of the QR iteration with the previous acquired results.

7. Consider the generalized eigenvalue problem

Cx = )\Bzx , (12.7)

where C' and B are symmetric n X n matrices, while B is also positive definite.

(a)

()

(d)
()

Using the Cholesky decomposition of B transform (12.7) into an equation of the
form
Au=)\u .

This is called the standard form of an eigenvalue problem.

Consider the matrices

C=|-1 4 -1 and B=|-1 2 -1

Find the standard form of the generalized eigenvalue problem (12.7).

Use the power method and its variants to approximate all the eigenvalues A\ of
(12.7).

Use the QR iteration to approximate all the eigenvalues A of (12.7).

Compare your results with the function eig of the module numpy.linalg.

[Hint: For more information, we refer to [99] and [78]]

485



8. The quotient
T Ax

T

is called the Rayleigh quotient.

(a) Show that if u is an eigenvector of A, then the corresponding eigenvalue \ of A is

\ = ul Au

uTu

(b) If all the eigenvalues of A are positive, then what can you say about the matrix A?

(¢) Modify the power method accordingly so as to use the Rayleigh quotient formula
for the computation of the principal eigenvalue.

(d) Modify the inverse power iteration in the same way for the computation of the
eigenvalue with the minimum magnitude.

(e) Test your codes with the matrix

-2 -4 2
A=|-2 1 2
4 2 9

9. Consider a 3 x 3 matrix A with eigenvalues
Al > [A2] > [As] .
(a) Show that if we apply the power method with an initial condition
:B(O) = coU2 + C3Uus ,

then we obtain an approximation to the eigenvalue \o.

(b) Show that for any vector in the form & = aju; + asus + agus, a1, as,a3 € R, the
vector
2z = (A - Dz,
is of the form (@ = cous + czus.

(¢) Show that the power method with initial condition
) = (A - \I)(A- MDDz,

will approximate the eigenvalue \3.

(d) Write a Python code to implement this technique. Use your code to approximate
all the eigenvalues of the matrix

-2 -4 2
A=|-2 1 2
4 2 5

[This technique is known as annihilation technique]
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Computing Jordan Normal Forms

In this Appendix, we review briefly a very important matrix factorization known to as the
Jordan normal form or Jordan canonical form, a subject that is not covered usually in basic
linear algebra courses. As we have already seen, this plays a significant role in some of the
proofs of convergence in linear algebra, and it is also a very important tool for the study
of eigenvalues. We will see how we can write any matrix A as a product PJP~!, where J
is a sparse, upper-diagonal matrix associated with the eigenvalues of A, and P invertible
matrix associated with the eigenvectors of A. First we consider the easiest case where J is
a diagonal matrix. For more information and a more in-depth presentation of the subject,
we refer to [67].

Generalized Eigenvectors and the Jordan Normal Form

Let A be an n xn (complex) matrix and A € o(A) an eigenvalue with algebraic multiplicity
7. Let d = dimker(A — AI) be the geometric multiplicity of A (the number of linearly
independent eigenvectors), with d < 7. In such case A is called defective. (Recall that the
space ker(A — AI) = V), is the kernel (or null) of A — A\I and contains vectors u such that
(A — A)u = 0). This means that A is a defective matrix (not of simple structure), and
therefore it is not diagonalizable using a similarity transformation. This is because there
are not enough linearly independent eigenvectors for the construction of the matrix P. For
each eigenvalue \ with d < 7, the d linearly independent eigenvectors can be completed
with (7 — d) generalized eigenvectors to form a set of 7 linearly independent eigenvectors
(simple and generalized together).

A nonzero vector uy is a generalized eigenvector of A corresponding to the eigenvalue A
if

(A= AD*up =0 for some k€ N |
which is equivalent to say that uj € ker(A — AI)*. A generalized eigenvector wuy, is called
of rank k if
(A= AD*up =0 and (A — A lu, #0.

According to this definition, the (classical) eigenvectors of A are generalized eigenvector of
rank 1.
If uy is a rank k generalized eigenvector of A with respect to the eigenvalue A\ then

(A — )\I)’U,k =Uk—1 ,

where ug_1 is a rank (k — 1) generalized eigenvector of A. Therefore, for the generalized
eigenvector uy there is a chain
{ukaukflw .. 7u1} 3
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of generalized eigenvectors associated with the eigenvalue A of rank k, k—1, ..., 1 respectively
with

ug ,

Up_1 = (A — /\I)uk = Aup = dup +up_q ,

Up_—o2 = (A — )\I)2uk = (A — )\I)Uk,1 = Aup_1 = Mup_1 +uUp_o ,

u; = (A—)\I)k_luk = =(A-AN)u1 =0= Au; = Iu; .

The number of these chains is defined by the geometric multiplicity d, while the maximal
possible length p is called the index of annihilation. These eigenvectors are also linearly
independent. This can be seen by taking a linear combination of these vectors with agzuy +
ax—1Ug—1 + -+ -ayu; = 0, and then substituting wg_1,...,w; with the previous formulas
and multiplying with (A — AI)*~!. Since uy, is a generalized eigenvector, then a;, = 0. It is
noted that any chain of generalized eigenvectors is also called Jordan chain or string ending
at ug.

If {ug,wp—1, -+ ,u1} is a chain of generalized eigenvectors corresponding to the eigen-
value A, then as we have seen, we have

Aup = dug + up—1, Aup_1 = Mg +up_2 -+ Augp = Aug .

If P is the matrix with columns the linear independent generalized eigenvectors
(u1 Uy - uk) then

AP:A(u1 Ug -+ uk)

= (Au; Auy -+ Auy)

:()\ul Aug +up - )\uk+uk_1)
A1 0 -+ 0
0O A1 --- 0

—(ww o ow) | s
0 0 0 1
0 0 0 A

—PJ, .

The k x k matrix J}, is called Jordan block.

The trivial 1 x 1 Jordan block J;(A) = (A) implies that the main diagonal of a diagonal
matrix consists of Jordan blocks J;. Other examples of Jordan blocks are the following 2 x 2
and 3 x 3 Jordan blocks

Jz(Mz(é i) and  J3(\) =

In general, if P is the nxn matrix with all the chains of generalized eigenvectors of matrix
A, then P is invertible (with linearly independent columns, the generalized eigenvectors).
Therefore, we can write A as A = PJP~! where J is the so-called Jordan normal form of
A. Moreover, J is a block-diagonal matrix where each diagonal block is a Jordan block.

Computation of Jordan normal form
Let d; = dimker(A — A\I)® and r; = rank(A — AI)¢, i = 1,2,---, then

dizn—m.
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It is now obvious tha:
e the number of simple eigenvectors is d; =n — r1.
e the number of generalized eigenvectors of rank 2 is do —dy = (n—r2) —(n—7r1) = r1 —72.
e the number of generalized eigenvectors of rank p is d, — d,—1 = rp—1 — 7.
We form the vector s with these numbers
s = (n—rl TL—Ty e rp_l—rp) ,

known as the Segré characteristic. Using the Segré characteristic we construct a diagram that
reveals the Jordan blocks. This diagram is called the Ferrer diagram and can be constructed

using the following steps:

Step 1: In the first row we draw n — r; asterisks v to represent the generalized eigenvectors of
rank 1 (simple eigenvectors).

Step 2: In the second row we draw 71 — 79 % to represent the generalized eigenvectors of rank
2.

Step 3: We continue until the p-th row where we draw r,_; — r, % corresponding to the gen-
eralized eigenvectors of rank p.

The number of the asterisks appearing in each column of this diagram shows the rank of
the corresponding Jordan blocks which we use to formulate the matrix J.

For example, consider a 10 x 10 matrix A with A € o(A), an eigenvalue of A with
1 =519 =3r3=214=1,15 =1 (where r;, = rank(A — \I)%, i = 1,2,...,5). The
minimum number p € N such that r, = r,11 is p = 4 is the index of annihilation. Consider
the differences n —ry = 10—-5 =5, r1 —1r9 = 2, 7o —r3 = 1, r3 — r4 = 1. Then the
characteristic Segré is (5,2,1,1). The Ferrer diagram is:

n—r=5 —> % % % *x %
rn—ro=2 —> % %
ro—rz3=1 —> %
1“377'4:1 —> *

4 2 1 1 1

The numbers 4,2, 1,1, 1 are called the Weyr characteristics, and show the rank of the Jordan
blocks corresponding to the eigenvalue A. We repeat the same procedure for each eigenvalue
A, and we write the Jordan normal form using the computed Jordan blocks.

7

IZ"  To compute the Jordan normal form of a matrix A we follow the steps:
1. Compute all the eigenvalues of matrix A

2. For each eigenvalue compute all the eigenvectors of rank 1

3. For each eigenvalue compute the Ferrer diagram

4. Construct the Jordan normal form
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Examples

As a first example consider the matrix
4 0 1
A=1|2 3 2
1 0 4

First we compute the eigenvalues by solving the characteristic equation det(A — A\I) = 0.
The characteristic polynomial is

4-X 0 1
det(A-X)=] 2 3-X 2 [=B-=N3(5-)).
1 0 4-2A

The characteristic equation (3 — X\)2(5 — \) = 0 has only two roots A\; = 3 and Ay = 5. For
A1 = 3 we have 71 = 2 and we compute two eigenvectors of rank 1 (since dy = n —r; =
3-1=2)
w =0 1 0" and wy=(-1 0 1)7 .

Therefore, A\; has the same algebraic and geometric multiplicity 71 = d; = 2. For Ay we com-
pute only one eigenvector us = (1 2 1)T and so this eigenvalue has algebraic multiplicity
79 = 1 and geometric multiplicity d2 = 1. Since all eigenvalues have the same algebraic and
geometric multiplicity we conclude that the matrix A is diagonalizable. Although we can
formulate directly the Jordan normal form by using the eigenvalues for the main diagonal,
we continue using our methodology.

Computing the matrices (A — \;I)? for i = 1,2 we observe that they have ranks ro =
r1 and therefore 71 — r2 = 0 in both cases. This means that there are no generalized
eigenvectors. So the Ferrer diagram consists of only one row with the simple eigenvector (of
rank 1). For example, for \; = 3 we have

n-r=2 —> % %
7“1—7‘220 —

1 1

which means that there will be two Jordan blocks of dimension 1. More precisely the blocks
[3] and [3]. For A\ = 5 again we have

n—-rr=1 —D1 %
7“1—7“220 —>

1

which means that there will be one more Jordan block of dimension 1, that is [5]. Therefore,
the Jordan normal form in this case is

0 -1 1
p=[1 0o 2|,
0 1 1

then easily we can verify that A = PJP~L,
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As another example we consider the problem of finding the Jordan normal form of the
matrix

1 1 1
A=1(0 1 0
0 01

In order to find the eigenvalues we first compute the matrix

1—-A 1 1
A—- ) = 0 1-A 0
0 0 1-A

In this case, the matrix A has only one eigenvalue, A = 1 with algebraic multiplicity 7 = 3,
and obviously, because the last two rows for A = 1 are zero, yields r; = rank(A — I) = 1.
Thus, for A = 1 the matrix A has dy =n —r; =3 — 1 = 2 eigenvectors of rank 1, namely

u1:(1 0 O)T and uzz(O 1 fl)T.

To find the generalized eigenvector in this case, the matrix (A — I)? is not helpful since
it coincides with the 3 x 3 zero matrix. For this reason, we solve the system

(A — I)Ug =Uu,
which gives uz = (O 0 1)T. In this case, the transformation matrix P = (u1 Uo ’LL3).
The Ferrer diagram is

n—-rr=2 —> % %
rn—r=1 —> %
2 1

which means that J consists of a 2 x 2 and 1 x 1 Jordan blocks. The Jordan normal form
is then

1 10
J=10 1 0
0 0 1

Finally, we consider the problem of finding the Jordan normal form of the matrix

-1 -1 0
A=|0 -1 -2
0o 0 -1
In this example there is only one eigenvalue A = —1 (easy to see since matrix A is upper-
triangular). We observe that the matrix
0 -1 0
A-XN=A+T=(0 0 =2]|,
0o 0 0

has 7y = rank(A — A\I) = 2. Thus, dy = n—7, = 3 —2 = 1 and there is only one
eigenvector, namely u; = (1 0 O)T. Solving the system (A+I)us = u; we compute only

one generalized eigenvector of rank 2, the eigenvector ue = (0 -1 O)T7 which implies
that do = 1. Similarly, the system (A + I)us = uy leads to the generalized eigenvector of

rank 3, uz = (0 0 1/2)T, and thus d3 = 1.
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The Ferrer diagram in this case is
n—-r=1 —»>

*
rm—r2=1 —> %
7‘2—7’3:1 —> *

3

and therefore there is only one 3 x 3 Jordan block forming the Jordan normal form of A

Note that the previous methodology can be used even when there are complex eigenval-
ues. For more information, we refer to the books [128, 67, 103, 21, 139] and the references
therein.
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A-stable methods, 295

activation function, 448
ReLU function, 448
sigmoid function, 448
step function, 448
Adam method, 454
Adams-Bashforth-Moulton quadrature, 271
Aitken extrapolation, 157
Aitken’s process, 157
algebraic multiplicity, 467
algorithm, 94
LU factorization, 327
Archimedes, 98
backward substitution, 375
band Cholesky, 375
bisection method, 128
Cholesky factorization, 350
conditionally stable, 94
conjugate gradient, 433
cubic spline, 208
divided differences, 191, 195
Evaluation of Lagrange polynomials,
181
fixed point method, 135
Fletcher-Reeves, 436
forward substitution, 375
Householder QR, 399
linear least squares, 223
modified Gram-Schmidt
orthonormalization, 395
moments of clamped cubic spline, 211,
212
naive Gaussian elimination, 321
naive Gram-Schmidt
orthonormalization, 395
Newton’s form of polynomials, 188
Newton’s method, 143
nonlinear conjugate gradient, 436
power method, 474, 478
preconditioned conjugate gradient, 434
secant method, 149
Sherman-Morrison-Woodbury, 84, 378

stable, 94
steepest descent, 424
steepest descent for linear systems, 428
unstable, 94
annihilation technique, 486

anomaly
eccentric, 165
true, 165
approximation, 175
argmin, 389

augmented matrix, 319

B-splines, 217

cardinal, 217
back-propagation, 446
backward Euler method, 290
backward propagation, 446
backward substitution, 317, 319
Barzilai-Borwein method, 424
base, 91
battery, 369
best approximation, 386
bisection method, 127
Bolzano, see theorem
boundary, 207

clamped, 207

condition, 207

natural, 207

not-a-knot, 207

periodic, 207
Broyden’s method, 440
Butcher tableau, 297

calculus, 105

cardinal B-splines, 217
catastrophic cancelation, 88
Cauchy-Schwarz inequality, 339
Chebyshev, 185

Cholesky factorization, 348
chopping, 92

classifier, 454

compartmental model, 307
complete pivoting, 332
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complex-step approximation, 174, 313

composite rule, 252, 255

condition number, 337, 391

conjugate gradient, 431, 432
preconditioned, 434

variations, 436

continuous, see function

convergence, 131

order, 131
rate, 131
convex

function, 417

optimization, 417
cost function, 446
Cramer’s rule, 64

Crank-Nicolson method, 290

critical point, 418

Crout factorization, 348

cubic spline, 207
algorithm, 208
error, 213

Dai and Yuan extension, 436
Dai-Yuan method, 437

decomposition
QR, 397
SVD, 401

deep learning, 447

defective, 468

degree of exactness, 257

derivative, 110
descent

direction, 419
determinant, 347

Vandermonde, 178

diagonalization, 468
differentiation, 110

dimension reduction, 406
directional derivative, 419
discretization error, 88

divided differences, 188, 190, 193

dominant, 472
dot product, 338

eigenspace, 468
eigenvactor, 467
eigenvalue, 64, 472
dominant, 472
principal, 472
eigenvalues, 467

eigenvector, 64
eigenvectors

generalized, 487
electric circuit, 369
epidemiology, 307
error

absolute, 93

relative, 93
Euclidean norm, 338
Euler method, 283
exactness, 257
exponent, 91
extrapolation, 175

factorization
HHT, 349
LDLT, 348
LU, 323
QR, 397
SVD, 401
Cholesky, 348
Crout, 348

false position, 173

feedforward network, 445, 449

finite difference, 148, 275
backward finite difference, 277
central finite difference, 277
forward finite difference, 275
second-order finite difference, 279

fixed point, 135
existence, 139
method, 135
uniqueness, 139

Fletcher-Reeves extension, 436
Fletcher-Reeves method, 437
floating point error, 88

floating-point, 87

double precision, 91

precision, 91

single precision, 91

Frobenius norm, 341

function, 107
activation, 448
continuous, 107

discontinuous, 107

hat, 205

Lipschitz continuous, 108

objective, 417
recursive, 29
root, 107

Index



Index

Runge, 185, 231
smooth, 111
tangent, 110

Gauss, 258
Gauss-Legendre

nodes, 262

weights, 262
Gauss-Legendre quadrature, 260
Gauss-Newton method, 442
Gauss-Seidel method, 358, 361

for nonlinear equations, 300
Gaussian elimination, 317
Gaussian quadrature, 258, 262

composite, 262

error, 264

nodes, 259

weights, 259
general directions, 431
generalized inverse, 390
geometric multiplicity, 468
global error, 287
gradient, 418
gradient method, 417

Gram-Schmidt orthonormalization, 393

grid, 19, 283

Hadamard, 282
hat functions, 205
heliocentric distance, 165
Hermite

error, 198

interpolant, 196
Hestenes and Stiefel extension, 436
Hestenes-Stiefel method, 437
Heun’s method, 291
hidden layer, 447
hidden layers, 445
Householder

matrix, 398

reflection, 399

image compression, 409
image processing, 409
implicit Euler method, 290
implicit trapezoidal method, 290
improved Euler method, 291
index of annihilation, 488
inequality
Cauchy-Schwarz, 339
Polyak-Lojasiewicz, 422

triangle, 340
infectious disease, 307
initial value problem, 282
inner product, 338, 384
input layer, 445
integral, 115

Riemann, 116
integration, 247

numerical, 247
intermediate stages, 292
interpolant, 175, 177
interpolation, 175

Aitken-Neville, 192

Hermite, 195

Lagrange, 177

moments, 209

piecewise cubic, 207

piecewise linear, 202, 205

piecewise polynomial, 200

spline, 200
interval, 105

closed, 105

open, 105
inverse iteration, 475
inverse power method, 475
iteration matrix, 360
iterative method, 355

Jacobi method, 356, 361
Jacobian matrix, 159
Jordan
block, 488
canonical form, 487, 488
chain, 488
normal form, 487, 488
string, 488

Jordan canonical form, 468, 487, 488

Jordan normal form, 468, 487, 488

Kepler’s equation, 165
Kirchhoff’s laws, 369
knots, 175

Kronecker delta, 260

Lagrange, 180
basis, 180
interpolation, 177
polynomial, 177, 180

layers, 447

learning rate, 420

least squares, 222
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linear, 222
method, 222
non-polynomial, 227
nonlinear, 225, 227
polynomial, 225
problem, 222
Levenberg-Marquardt method, 443
linear algebra, 317
linear independence, 384
linear least squares, 388
linear regression, 222
linear space, 383
linear system, 62
circulant, 74
Toeplitz, 73
triangular, 73
linearly dependent, 384
linearly independent, 384

Lipschitz continuous, see function, 439

local minimizer, 417
local truncation error, 287
loss of significance, 94

machine epsilon, 89

mantissa, 91

Markov chain, 481

Markov matrix, 481

MatPlotLib, 75
imshow, 239
plot, 76
show, 76
spy, 368
imshow, 409

matrix, 37
addition, 38
augmented, 319
banded, 40, 66, 67
circulant, 74
column stochastic, 481
condition number, 337
defective, 468, 487
determinant, 61, 347
diagonal, 40
diagonalizable, 469
diagonally dominant, 361
full-rank, 384
Hermitian, 66, 72
Hessian, 419
Householder, 398
identity, 39
ill-conditioned, 345

inverse, 60, 346
iteration, 360
Jacobian, 159
lower triangular, 41
Markov, 481
matrix multiplication, 38
multiplication, 54, 365
nondefective, 468
permuation, 333
positive definite, 69, 348
positive semidefinite, 69
preconditioner, 435
range, 398
rank, 384
scalar multiplication, 38
similar, 468
simple structure, 468
sparse, 362
stochastic, 481
symmetric, 41
Toeplitz, 73
transpose, 41
triangular, 40, 48, 73
tridiagonal, 380
unit triangular, 324
upper triangular, 40
Vandermonde, 178
zero, 39
matrix norm, 337
mean motion, 165
mesh, 19, 283
method
Barzilai-Borwein, 424
bisection, 127
Broyden, 440
complex step Newton, 174
conjugate gradient, 431,
432
false position, 173
fixed point, 135
Gauss-Seidel, 358, 361
iterative, 355
Jacobi, 356
Newton, 141
quasi-Newton, 439
secant, 147
steepest descent, 423, 426
Steffensen, 156
midpoint rule, see quadrature
minibatch, 454
minimizer, 417
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modified Gram-Schmidt
orthonormalization, 395
Moore-Penrose inverse, 390
multiplicity
algebraic, 467
geometric, 468
multiplier, 324

natural norm, 340
neural network, 417, 444, 445
bias, 449
feedforward network, 445
layer, 445
supervised learning, 446
weights, 445
neuron, 445
Newton’s method, 141, 438
complex-step approximation, 174, 313
nodes, 175
Chebyshev, 185
non-polynomial fit, 227
nondefective, 468
nonlinear Gauss-Seidel method, 300
nonlinear system, 158
norm, 185, 337, 384
£y, 341
Euclidean, 338
Frobenius, 341
natural, 340
normal equations, 223, 391, 393
numerical differentiation, 275
numerical linear algebra, 317
NumPy, 42
arange, 77
count_non-zero, 369
det, 61, 347
dot, 58
eig, 65
empty, 52
eye, 47
interp, 204
inv, 346
isclose, 143
linspace, 77
1stsq, 391
matrix_power, 59
matrix, 58
ones, 47
pinv, 391, 397
polyld, 228
polyder, 197

polyfit, 228

power, 59

qr, 400

solve, 62

svd, 408

toarray, 369

todense, 369

transpose, 49

tril, 48

triu, 48

vander, 178

zeros, 46

array, 42

inv, 60

matrix addition, 50

matrix assignment, 50

scalar multiplication, 50

vector, 45
Numpypolyld, 197

objective function, 417
operations count, 323
optimal solution, 389
optimization, 417
order, 115
ordinary differential equations, 282
autonomous, 284
first-order, 282
stiff, 290
systems, 306
orthogonal polynomials, 260
orthogonal projection, 387
orthogonal vectors, 386
orthonormalization, 393
outer product, 440
output layer, 445
overfitting, 454
overflow, 91, 92

PageRank algorithm, 479
partial pivoting, 331
perceptron, 445
perihelion, 165
Perron-Frobenius theorem, 482
pivot, 329
pivoting, 329
complete, 332
partial, 331
scaled partial, 332
scaled-column, 332
Polak and Ribiere extension, 436
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Polak-Ribiere method, 437
polynomial, 113

positive definite matrix, 69, 348

multivariable Taylor, 159
fit, 225

Lagrange, 180

Legendre, 260

Newton’s, 188
orthogonal, 260
remainder, 118

Taylor, 113, 118, 419

power iteration, 472
power method, 472
precondition, 357
preconditioner, 435
preconditioning, 434

principal component analysis, 406

principal eigenvector, 472
pseudoinverse, 390, 407
Python, 3

assert, 25

break, 25

close, 31
for/else loops, 18
for loops, 16

if statement, 23
imageio, 239
imread, 239
lambda functions, 29
meshgrid, 237
open, 31

read, 31

sklearn, 454

str, 31
train_test_split, 456
while loops, 21
write, 31

boolean variables, 21
classes, 29
dictionaries, 12
division by zero, 25
error control, 24
exceptions, 24

files, 31

flow control, 16
functions, 26
imageio, 409
imread, 409
indices, 43

lists, 13

slicing, 44

Index

str, 31

strings, 10
timing, 53
tuples, 11

quadrature, 117, 247
Gauss-Legendre, 260
Gaussian, 258
midpoint rule, 117, 247
Newton-Cotes rules, 249
one-third rule, 254
rules, 247
Simpson’s rule, 254
trapezoidal rule, 251

quasi-Newton’s method, 439

rectified linear unit, 448
reduced form, 319
reflectors, 399
regression, 222, 455
regressor, 454
Regula Falsi method, 173
remainder, 118
residual, 114, 426
resistor, 369
Richardson’s extrapolation, 280
Riemann integral, 248
rounding, 92
row operations, 318
Runge
function, 185
phenomenon, 185
Runge-Kutta method, 292, 295
adaptive Runge-Kutta methods, 301
diagonally implicit, 298
explicit, 295
Gauss-Legendre Runge-Kutta methods,
300
implicit, 298
Runge-Kutta-Fehlberg method, 302

saddle point, 418

scaled pivoting, 332

scientific notation, 90

Scikit-Learn
MLPClassifier, 454
model_selection, 456
neural _network, 454
sklearn, 453
train_test_split, 456

SciPy, 66



Index

CubicSpline, 230
bisect, 160
bsr_matrix, 363
cg, 437
cho_factor, 354
cho_solve, 354
cholesky, 354
coomatrix, 363
count_non-zero, 369
cscmatrix, 363
csr_matrix, 363
diamatrix, 363
dok matrix, 363
fixed_point, 161
fixed_quad, 267
fsolve, 164
golden, 424
integrate, 265, 303
interpld, 234
interp2d, 235
interpolate, 229
lagrange, 229
1d1, 354
1il matrix, 363
linalg, 68, 353
lu_factor, 353, 476
lu_solve, 353, 476
1u, 352
minimize, 441
newton, 162
optimize, 160
quadrature, 267
radau, 303
k23, 303
rk45, 303
simpson, 266
solve_banded, 68
solve_circulant, 74
solve_ivp, 303
solve_toeplitz, 73
solve_triangular, 73, 354
solveh_banded, 69
sparse, 367
splev, 232
splrep, 232
spsolve, 367
trapezoid, 265
score, 480
secant method, 147
Segré characteristic, 489
sequence, 105, 106
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convergence, 105
convergent, 106
Sherman-Morrison formula, 440
Sherman-Morrison-Woodbury algorithm,
84, 378
shifted inverse iteration, 477
shifted power method, 477
similar matrix, 468
Simpson’s rule, 254
composite, 255
error, 256
singular value decomposition, 401
singular values, 402
SIR model, 307
sites, 175
sparse
Gauss-Seidel method, 365
sparsity index, 369
sparse format, 364
sparse matrix, 362
multiplication, 365
sparsity index, 369
spectral radius, 341
spline, 207
clamped, 207
cubic, 207
de Boor, 219
natural, 207
periodic, 207
SciPy, 232
stability, 293
steepest descent, 423, 426
Steffensen’s method, 156
stepsize, 19
stochastic gradient, 454
stochastic matrix, 481
successive over-relaxation, 377
supervised learning, 446
synapsis, 445

tangent, 111
Taylor, see polynomial
Taylor polynomial, 419
tensor produce, 440
the golden ratio, 152
theorem
Bolzano, 109
fundamental theorem of calculus, 117
intermediate value, 109
mean value, 112
mean value theorem of integrals, 118



508

Neumann, 342
Pythagoras, 386
Rolle, 112
Weierstrass approximation, 176
timestep, 283
trapezoidal rule, 251
composite, 252
error, 251
triangle inequality, 340
triangular form, 319
truncation error, 88

underflow, 91, 92

unit roundoff, 89
unsupervised learning, 406
upper triangular, 40

Vandermonde, 178
vector format, 52, 249

Index

vector norm, 337
vector space, 383
vectorized algorithm, 52, 256

Weierstrass, see theorem

weights
Gauss-Legendre, 261, 262
Newton-Cotes, 250
quadrature, 247
synaptic, 445

Wolfe conditions, 437

x-axis, 75
y-axis, 79
Z€ro

division by, 23
matrix, 39
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