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Preface

Mathematics is used in almost every field of knowledge. It is a necessary tool
in engineering, physics, science, finance, biology, chemistry, and accounting,
to name a few. Every day, new disciplines emerge that require massive compu-
tational effort. We can mention Artificial Intelligence as an example of them.
Mathematics is taught at all levels of education, from kindergarten and el-
ementary school to college and graduate school. Thus, most people have a
fairly good knowledge of some area of mathematics. Unfortunately, most stu-
dents and mathematics users are not taught using mathematics software tools
like MATLAB®! among other similar tools such as Mathematica and Math-
CAD, which allow users to solve mathematics problems when they arise in
their corresponding fields of expertise. The purpose of this handbook is to al-
low mathematics users to learn and master the mathematics software package
MATLAB.

MATLAB integrates computation, visualization, and programming to pro-
duce a powerful tool for a number of different tasks in mathematics. MATLAB
is the acronym for MATrix LABoratory. In MATLAB, every mathematical
variable or quantity is treated in matrix form.

With MATLAB, we can perform complex mathematical tasks with rela-
tively simple programs. This is possible because MATLAB has close to 10,0000
built-in functions, from simple ones such as differentiation, integration, and
plotting, to optimization functions which require no user programming.

Many of the functions mentioned above are grouped into toolboxes spe-
cially dedicated to some field of science, finance, or engineering.

Another important topic covered in the handbook is object-oriented pro-
gramming, the paradigm that allows us to create graphical user interfaces.
The main concepts of this paradigm, as well some examples, are presented.

Simulink® is another software package that runs from MATLAB. Simulink
simulates systems at the block level. Thus, it is ideal for scientific and engineer-
ing system simulation. Simulink is described in Chapter 9 and some examples
show the great advantages of using it for system modelling and simulation.

There are many books available on MATLAB, but a unique feature of this
handbook is that it can be used by novices and experienced users alike. It is
written for the first time MATLAB user who wants to learn the basics of MAT-
LAB, but, at the same time, it can be used by users with a basic MATLAB

1For contact information write to Mathworks, Inc., 3 Apple Hill Dr., Natick, MA 01760-
2098, USA, E-mail: info@mathworks.com, Web: www.mathworks.com.

xi


http://www.mathworks.com
mailto:info@mathworks.com

xii Preface

knowledge who want to learn advanced topics such as programming, creating
executables, publishing results directly from MATLAB programs, and creat-
ing graphical user interfaces. In addition, for experienced users, it has chapters
with MATLAB applications in engineering, physics, finance, image process-
ing, and optimization. Each and every one of the examples and exercises were
solved using MATLAB Releases 2017b and 2018b.

The authors wish to thank those in the Book program from The Math-
Works, Inc. The authors also wish to thank the staff at Taylor & Francis
Group.

David Béez-Lopez
David Alfredo Béez Villegas
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1.1 Introduction

MATLAB® is a very high-level powerful system designed for technical com-
puting. It integrates in the same software environment computation, program-
ming, and visualization. It also has a very easy mathematical notation. Some
of the most common applications for technical computing are as varied as:

Algorithmic development
Modeling and simulation
Data analysis

Plotting

Graphical User Interfaces
Rapid prototyping
Toolboxes

Vectorization



2 MATLAB® HANDBOOK with Applications

MATLAB is an acronym for MATrix LABoratory and it was originally de-
veloped to perform matrix calculations. MATLAB includes a programming
language which is, probably, more powerful than traditional programming
languages such as C, C++, C#, VisualBasic, and Python, to name a few.

MATLAB was developed in 1984 by Cleve Moler and Jack Little, who
founded The MathWorks, Inc. in Natick, Massachusetts. The first version of
MATLAB only had about eighty functions. The very latest version includes
more than ten thousand functions.

Besides MATLAB, The MathWorks has developed a series of software
packages, called toolboxes, written in the MATLAB programming language.
These toolboxes can perform a number of calculations in several branches of
engineering, economics, finance, physics, and mathematics, among others. It
is hard to imagine an area of knowledge where MATLAB does not have an
application. In the coming chapters we will use examples of the different areas
where MATLAB has applications to illustrate how to use MATLAB.

1.1.1 Book Organization

The book is organized in the following way. The first two chapters are an intro-
duction to MATLAB. The following three chapters, 3 to 5, cover basic calcu-
lations in MATLAB. The topics include linear algebra, calculus, and plotting.
The next three chapters, 6 to 9, cover programming, advanced programming
techniques, graphical user interface (GUI) development, and Simulink® which
is a MATLAB-based GUI useful for system modeling and simulation. The last
five chapters cover a broad set of examples illustrating applications in several
engineering disciplines, physics, and finance.

1.1.2 Chapter Organization

The chapter is organized as follows. It begins with a MATLAB environment
description. It describes the basic layout desktop and explains the purpose
of the different windows available. It continues with basic calculations de-
scribing how to create and store variables. Different formats for variables are
introduced. Basic functions are presented and the set of elementary func-
tion is described. Strings are introduced and some operations on strings are
described. A very useful characteristic of MATLAB is the fact that all the
variables, functions, and calculations are stored in the Command History and
thus, they can be stored in a file, or a program can be created from them.
This is covered in detail in this chapter. Finally, it is explained how to use
MATLAB Help.
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FIGURE 1.1: MATLAB main window.

1.2 Starting MATLAB

To install MATLAB, follow the instructions provided by The MathWorks, Inc.
to install the software and the licenses. When the installation is finished, a
MATLAB icon will be displayed on the Desktop and in the Programs path.
When we click on the icon, MATLAB will open, as shown in Figure 1.1. In
the main menu in the Desktop we can display up to four windows:

1. Command Window,

2. Workspace,

3. Current Directory, and
4. Command History.

Each of these windows can be attached to the main window, but we can have
any of them as a separate window by using the right upper arrow. We can
reattach the window using the same arrow.

The Command window is the window where we enter variable values and in-
structions to perform calculations. The Workspace window contains the vari-
ables created in the current session. The Current Directory displays the
files and folders in the current directory. The Command History displays the
instructions executed in the current and previous sessions, unless it has been
deleted. Each of these windows has a pulldown menu that can be displayed
with the triangle at the right-hand upper corner for each window.
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In the main window we also have a set of tabs which are HOME, PLOTS,
and APPS. The HOME tab is shown by default and it contains a toolbar with
standard icons like New Script, New, Open, and the like. There are some icons
to Import Data and Save Workspace. Other icons are related to coding like
Analyze Code and Run and Time. There is an icon for Simulink, the systems
simulator which is covered in Chapter 9. Several of the icons in the HOME
toolbar are discussed and used in the book. The PLOTS tab shows the different
plots that can be made in MATLAB. We only need to select the variables we
wish to plot. In the APPS tab we have the apps available in the toolboxes. We
can also add the apps that we develop.

1.3 Simple Calculations in MATLAB

MATLAB can perform simple calculations as if it were a simple calculator.
The prompt symbol >> indicates that MATLAB is ready. For example, if
we wish to add two numbers such as 2 + 3, we simply write in the Command
Window after the MATLAB prompt the desired operation as:

>> 2+ 3
and press ENTER, the output that MATLAB gives is

ans =
5

We use the convention that the data we enter in MATLAB and the results
from MATLAB are written in typewriter font.

We now show in Table 1.1 the basic operations and the precedence they
have in MATLAB. The precedence means the priority order to perform the
different operations. So, exponentiation has the highest priority, multiplica-
tion and division have the following higher priority, and finally, addition and
subtraction have the lowest priority. Thus, for example, in the operation

>> 2%3 + 4xTN4

The exponentiation 7A4 is performed first, then the multiplication 2*3 and
4 times the result of 7A4, and finally, the addition of the results of 2%3 and
AxTN4.

Precedence can be user-modified by using parentheses. Operations enclosed
by parentheses are performed first. For example,

>> 2A3%4



Introduction to MATLAB 5
TABLE 1.1: Basic MATLAB operations and

precedence
Operation Symbol | Example | Precedence
Addition —+ 15 +8 =23 3
Subtraction - 16-11=5 3
Multiplication * 3*¥7.2 =216 2
Division / 18/3 = 6 2
Exponentiation A 3A4 =81 1

gives the result

ans =
32

Since the first operation is 2A3, which gives 8, then this result is multiplied
by 4. Instead, we can use parentheses as in

>> 2A(3%4)
and we obtain

ans =
4096

because MATLAB performs first (3%4) which gives 12 and then 2A12 which
gives 4096.

1.3.1 Elementary Functions

MATLAB has a set of functions for everyday use. These functions are available
in a set called Elementary Functions. The trigonometric functions fall within
this set. For example, to calculate sin(1)

>> sin(1)

ans =
0.8415

For the case of the trigonometric functions, the argument is in radians.
Some of the elementary functions are available in Table 1.2. For a listing of
all of the elementary functions, we enter help elfcn in the Command Window.
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TABLE 1.2: Elementary

functions

Function | MATLAB Notation

sin sin (x)

CcoS & cos (x)

tan x tan (x)

VT sqrt (x)

logo(x) logl0 (x)

In (z) log (x)

|| abs (x)

e® exp (x)

The word elfcn is an acronym for elementary functions. As mentioned above,
MATLAB has more than ten thousand functions. Some of the most elementary
ones are written in C and most of the functions are written in the MATLAB
language.

For the case of trigonometric functions, a simple example is to find the
sine of the irrational number 7. If we approximate 7 by 3.1416, then

>> sin (3.1416)

ans =
-7.3464e-006

which is a good approximation to the exact result. MATLAB has a predefined
value for the constant 7 and which is simply called pi. Then, we have

>> sin(pi)

ans =
1.2246e-016

which is closer to the expected result. Other examples are
>> sqrt (2)

ans =
1.4142

>> logl0 (1000)
ans = 3.0000

Some of the predefined constants are shown in Table 1.3.
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TABLE 1.3: Predefined constants in MATLAB

MATLAB
pi 3.14159265
i Imaginary unit = +/—1.
j Same as 1.
eps Precision of the floating point operations, 2.22*10~¢
Inf Infinity
NaN Not a number.

1.4 Variables

Variables are created in MATLAB as they are defined. That is, there is no
need to predefine them together with their type as it has to be done in lan-
guages such as C, Fortran, and Visual Basic, to name a few. For example, the
variable alpha is created the first time we use it as:

>> alpha = 32

alpha =
32

Now, this variable appears in the Workspace window and will remain there
until we delete it with the instruction clear which erases all variables stored
in the Workspace. To see a list of variables in the Workspace we only need to
type who. For example, if the MATLAB session just started, the only variable
is alpha. Then, we obtain

>> who

Your variables are:
alpha

Variable names can have up to 63 characters. If a variable name is longer
than 63 characters, the name will be truncated to 63 characters.

The number of digits used by MATLAB can be changed according to the
format chosen for this purpose. The formats available are shown in Table 1.4.
We show the formats with the irrational number /2.

Each time MATLAB performs an action, the result is displayed in the
Command Window. Sometimes we are only interested in the final results and
not in the intermediate ones. We can suppress intermediate results by typing
a semicolon after the instruction at the end of the line. For example:
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TABLE 1.4: Formats for displaying numerical values

MATLAB format | Displayed value Comments
format short 1.4142 5 digits
format 1.4142 Same as format short
format long 1.414213562373095 16 digits
format short e 1.4142e+00 5 digits plus exponent
format long e 1.414213562373095e+00 | 16 digits plus exponent
format hex 3ff6a09e667f3bcd Hexadecimal
format bank 1.14 2 decimals (for currency)
format + + Positive or negative
format rat 1393/985 Approximates to a ratio

>> 23 + 32

ans =

55

>> 23 + 32;

The first time we calculate 23 + 32 we get an answer, the second time we
have a semicolon after the indicated addition and we do not get an answer
at all; however, the result is stored in the variable ans.

MATLARB variable names are case sensitive, so care must be taken when
writing long programs as we see in Chapter 6. Thus, variable A1 is different
from variable al.

For a set of numbers written between brackets as in

v=_[pi2-48 sin(2)]

The variable v is called a vector, in this case a row vector. In a column vector,
the elements are separated by semicolons, thus it is written as

w=1[2; 3; -7; sqrt(3)]
In the column vector w the elements are separated by a semicolon. This
indicates that the elements after the semicolon are located in a different row.

Thus, MATLAB gives as an answer to these two vectors:

>> v =[pi2 -4 8 sin(2)]

3.1416 2.0000 -4.0000 8.0000 0.9093
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>> w=[2; 3; -7; sqrt(3)]

1.7321

In the case of row vector v, the elements can be separated by either blanks
or by commas, while in a column vector elements are separated by semicolons.
A vector has dimension n if it has n elements. Thus, vector v has dimension
5 whereas vector w has dimension 4.

If we have two row vectors with the same dimension, we define the dot
product by

x*xy’

but if we have two column vectors with the same dimension, we define the dot
product by

X7 *y
The result is a scalar. Thus, for vectors v, w given by
>> v=1[-147-9]

V=
-147 -9

>> w =[98 -6 3]

98 -6 3
>> vy

ans =
-46

1.4.1 Variable Types

Variables have a type in MATLAB. The available types are shown in Table
1.5 and we have also the size in bytes that each type uses in the memory.
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TABLE 1.5: Data types

Data type | Name Size

double double precision 8 bytes
single single precision 4 bytes
int8 8-bit signed integer 1 byte
int16 16-bit signed integer 2 bytes
int32 32-bit signed integer 4 bytes
int64 64-bit signed integer 8 bytes
uint8 8-bit unsigned integer | 1 byte
uint16 16-bit unsigned integer | 2 bytes
uint32 32-bit unsigned integer | 4 bytes
uint64 64-bit unsigned integer | 8 bytes

1.5 Strings

A string of characters is a series of letters, and/or numbers, and/or any other
symbols. A string is defined by enclosing the set of characters between sin-
gle quotes. As examples of strings we have ‘book’, ‘technical computing’,
‘2332’. A variable in MATLAB can be a string. For example,

>>a = ‘taylor’

a =
taylor

>> b=1a2b3c!"#¥

b =
1a2b3c!"#

If for any reason a string has to have a quote as a part of the string, we
simply repeat the quote as in

>> a = ‘Laura’’s bear’

a:
Laura’s bear

In this example, the blank space is also a character in the string.

The elements in a string have a position. Thus a(k) is the kth element
in the string. The number k is called the index. For the string a given above,
a(1) = L and a(10) = e,



Introduction to MATLAB 11

>> a(l)

ans =
L

>> a(10)
ans =
To specify a range of characters we use a(k:n) which indicates the char-
acters from the kth to the nth. For example,
>> a(3:9)
ans =
ura’s b
We can also use a(3:2:9) which indicates the set of characters in a string
from index 3 to index 9 but incrementing the index by 2, that is, we are
looking for a(3), a(5), a(7) and a(9),
>> a(3:2:9)
ans =
uasb

We can concatenate several strings by using

New_string = [string 1, string 2, string 3]

For example, if we have three strings al, a2, and a3, defined by (there is a
blank space after each country name)
>> al = ‘Canada ’; a2 = ‘Mexico ’; a3 = ‘USA ’;

We can form

>> b = [al, a2]
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TABLE 1.6: Functions for strings
MATLAB | Function

length Number of characters in a string.
strcmp Compares two strings.

str2num Converts a string to a numerical value.
num2str | Converts a number to a string.

strrep Replaces characters in a string with different characters.
upper Changes lowercase characters to uppercase.
lower Changes uppercase characters to lowercase.

Canada Mexico
>> b2 = [al, a3]
b2 =
Canada USA
We can also form new strings with elements from the strings already defined
as

>>yl = [a1(1:3), a2(1:3), a3(1:2)]

yl =
CanMexUS

There exists a set of functions that can be performed on strings. Table 1.6
shows a list of some of the most used ones.

For the function length and the string a = ‘This is Chapter 1’, we
have

>> length(a)

ans =
17

The instruction strcmp(a, b) compares two strings a and b. If they are equal
the result is unity, if they are not equal the result is zero. For example, for

the strings al and a2 given above,

>> strcmp(al, a2)
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ans =
logical
0

>> strcmp(a2, ‘Mexico ’)
ans =
logical

1

The instruction str2num converts a string to a number only if the string
characters are numbers, as

>>d = str2num(¢2010’)

d =
2010

The instruction num2str transforms a number into a string. For the number
a = 810

>> num2str(a)

ans =
€810°

which is a string. The instruction strrep (c1 , c2 , c3) replaces the string
c2 by string c3 in the string c1. For example, in the string ‘MATLAB is a high
level programming language’ we can replace the string ‘level’ by ‘level
technical’ with

>> cl = ‘MATLAB is a high level programming language’ ;
>>c2 = ‘level’;
>> c3 = ‘level technical’;

>> strrep( cl, c2, c3)

ans =
‘MATLAB is a high level technical programming language’

The instructions upper and lower convert lowercase characters to uppercase
and vice versa, respectively. For the strings a = ‘American Continent’ and
b = ‘European Continent’ we have:
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h = upper(a)
k = upper(b)
lower (h)
lower (k)

h ‘AMERICAN CONTINENT’
k = ‘EUROPEAN CONTINENT’
ans =

‘american continent’

ans =

‘european continent

1.6 Saving a Session and Its Variables

A variable and its value are kept only during the session and only until the user
uses the instruction clear which deletes all the variables in the session. How-
ever, in several cases it is desired to have them available in another session. In
other cases, we wish to save not only the variables, but also the instructions
executed during the session. That is, we might need to keep the complete ses-
sion. This can be done using the instruction diary followed by the file name.
The instructions and variables will be stored in that file until the instruction
diary off is executed, as in the following,

diary file_name

diary off

where the dots indicate the instructions and variables. Let us consider the
following session

>>a =1; b = 2;
>> diary session.txt

>>b = 3;
>>a = bA2
a =

9.0000

>>x = -b/a

-0.3333
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| Untitled2* 5| session.txt L+ |
1 b=3; -
2 a=hb"2
3
4 a=
5
6 9
7
8 Xx=-b/a
9
10 x=
11
12 -0.3333
13
14 diary off
15 v
plain text file Ln 1 Col 1

FIGURE 1.2: Instructions and variables saved with diary.

>> diary off
>> d = 3%x

d =
-1.0000

Now we take a look at the Current Folder window and we observe that there
is a new file called session.txt. If we open it with File — Open we see that
all the variables and instructions together with the responses executed after
diary session.txt and before diary off are stored in the file. This is shown
in Figure 1.2. If a file name is not specified, the default file name is diary.m.

Another way to save information is by using the icon Save Workspace
which is available from the tools bar. In this case we only save variable in-
formation. We cannot save instructions with this option. In this case the file
name has the extension .mat. For this session we save the data in the file
sessionOne.mat.

Alternatively, we can also execute

>> save(‘sessionOne’)

To load the variables in a later session we simply execute
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= Example_12_6
Example_12_7

« Example_12_8
%-- 02/05/2018 02:07 p. m. --%

= Example_12_6

- openExample('images/Comparelm...
%-- 07/05/2018 07:13 p. m. --%

Cut Ctrl+X

diary session.ixt Cor) c-C
- 2. Delete Suprimir
b - 31 Undo Delete Ctrl+Z I

Ch bA2 Evaluate Selection F9
X = -b/a Create Script
H Create Live Script
dlary ff Create Shnr!(utp
FIGURE 1.3: Selecting instructions and variables in the Command History
window using the mouse right button.

>> load (‘sessionOne’)

We can also use icon Open and select the file variables.

From the Command History window we can also save information. By se-
lecting with the left button mouse the instructions and variables and then
with a right click we select the option Create Script as shown in Figure 1.3.
The file name is saved with the extension .m. The final file is shown in Figure
1.4.

1.7 Input/Output Instructions

Up to now we have used MATLAB as a calculator, where the result is written
right after we hit the ENTER key. Sometimes this is not very convenient,
especially if we are not interested in intermediate results but rather at the
final one. Fortunately, we can omit intermediate outputs by typing a semicolon
after the instruction, as we saw in Section 1.4. Now we see how to read and
write data from a to a file, respectively.

1.7.1 Formatted Output

Besides the direct output obtained after entering an instruction and hitting
the ENTER key, we can use the instruction fprintf. We illustrate its use
with an example. To write the string ‘This is chapter 1.’ we use:
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|# Editor - Untitled2* - m} x

1 \,,,=1)»b,_2' =
2 b=3;

3 a=Dh"2

4 X =-b/a

5 d=3"%

script Ln 1 Col 1

FIGURE 1.4: Instructions and variables saved in the file variables.m.

>> fprintf(‘This is chapter 1.\n’);
This is chapter 1.

We note several things. First we added \n which indicates that there is
a line feed after writing the desired string. If we now use again the fprintf
instruction, the string included there will be written in the following line.
Second, the semicolon does not preclude writing the desired output. And third,
there is not a line with ans as before. If we continue writing data with fprintf
but we do not use \n, the output is going to be written in the same line. This
is so because the instruction fprintf does not make a line feed by itself, but
we have to indicate it. For example,

>> fprintf (‘This ’) ;fprintf (‘is ’) ;fprintf (‘Chapter 1.7);
This is Chapter 1.

>> fprintf (‘This \n’) ;fprintf(‘is \n’);fprintf (‘Chapter 1.\n’);
This

is
Chapter 1.

The first time we executed the fprintf instruction, the strings were writ-
ten in the same row because we omitted the line feed part. In the second
fprintf instruction we placed an \n before ending each string. Thus, after
each fprintf instruction there is a line feed.
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We can format the output variables. We have different formats to do this.
The formats are:

f - floating point
g - fixed or floating point

i - integer
¢ - character
s - string

d - double precision
e - exponential notation

We can also use fprintf with numerical quantities. For example, for the
number a = pi, we can use

>> fprintf ( ‘The number is %12.8f\n’, pi )
The number is 3.14159265

which means that the number pi is written as a fixed point number with 8
decimal places.

1.7.2 Data Input

The easiest way to input data to MATLAB is through the keyboard, in the
same way we have done it so far. Another way is to use the instruction input
which has the format

x = input (‘Enter the value of x’)

This instruction displays the string between quotes and waits for the value of
x. So we can have the following:

>>x = input ( ‘Enter the value of x’) ;

Enter the value of x 56

b

>> fprintf ( ‘\n You entered the number %g.\n ’, x)

You entered the number 56.

The instruction input does not generate a line feed. As mentioned before, the
line feed can only be generated with \n, which can go anywhere within the
string.

If we enter an alphanumeric value instead of a numerical one, we get an



