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Unit—2: MATLAB

1.) What are the commercial uses and history of MATLAB?

Ans. MATLAB is one of the most popular fourth-generation programming languages in the
world. It is one of the best numerical analysis environment. MATLAB is also the most
powerful and high-performance language that is used in technical computing. It is built to
solve the problems which use mathematics notations.

It is used for matrix calculations and developing the algorithms. It also allows us to run the
programs that have been created in any other programming language. It means that we can
utilize the strength of other programming languages in MATLAB. It is widely used for
image processing, communications, control systems, signal processing as well as for
robotics.

MATLAB was founded in the year 1970 by Cleve Moler to help his students. He was a
professor at the University of New Mexico. But MATLAB was commercially available in
the year 1983. To launch the MATLAB program commercially, Jack Little and Steve
Bangart rewrote the MATLAB in C language. And then start distributing the software under
their company license named Math Works in the year 1984.

2.) How do you plot a cylinder in MATLAB?
We have done in class. Write those steps and equations
and check execution on MATLAB.
3.) Explain with example, the product of 3 x 3 matrices in MATLAB.
We have done in class. Write those steps and check execution on MATLAB.
4.) What are the advantages of MATLAB?
OR, Write the importance of MATLAB.

Ans. MATLAB is multi-purpose software with a proprietary programming language. It
has following advantages:

(i) MATLAB is built to handle mathematical operations like matrix multiplication and
addition easily, which means we can do it using a single code.

(i) Standard loops that can be written in C or C++ can be conveniently written in
MATLAB of even shorter length.

(ii1) Writing user-defined functions in MATLAB is extremely easy and they can be saved
in separate files. This is useful if we have many operations or functions that we regularly
use and we don't want to write them each time.

(iv) We can import data from a txt or excel file using a single command. This is helpful if
we want to do analysis on previously recorded data.



(v) MATLAB allows us to save data into an excel file or a .mat file. Saving data in
variables is very simple as there are ready-to-use commands that store numbers in a
vector or matrix without the need to write a loop.

(vi) MATLAB helps to design a GUI (graphical user interface) using add and drop boxes.
The GUI program can be conveniently compiled in MATLAB to a standalone application
that can be opened on any computer.

(vii) MATLAB is built for specific applications such curve fitting, modelling and
simulation of dynamic systems, digital processing, and many other applications in
engineering, finance, and economics.

5.) Explain MATLAB commands ‘clear’ and ‘clear X, Y, Z’.
6.) Write the program to plot the function y = 4x* — 25x% + 12 for -5 < x < 5.
7.) Solve the following system of equations:
(1 2x+3y—4z=8 (i)
4x — 5y +2z=12

x—y+z=5
2x+3y—z=28
x—y—z=1 x—2y+2z=6
8.) Find the roots of the polynomial p(x) = x3 — 2x + 6.

9.) Match each of the following commands of MATLAB in Group — 1, with the
corresponding function in Group — 2:

Group -1 Group -2
clc Clears the Command Window
clear Removes all variables from memory
clear x, y Removes the variables x and y from memory
quit Stops MATLAB
who Lists the variables currently in memory

. (read as colon)

Generates an array having regularly spaced elements

, (read as comma)

Separates elements of an array

; (read as semicolon)

Suppresses screen printing, also denotes a new row in an
array

... (read as ellipsis)

Continues a line

AN

Exponentiation: a”

*

Multiplication: a X b

/

Right division: a/b = %

Left division: a\b = S




grid Puts grid lines on the plot

plot(x,y) Generates a plot of the array y versus the array x on
rectilinear axes

xlabel(‘text’) Adds a text label to the horizontal axis (the abscissa)

ylabel(‘text”) Adds a text label to the vertical axis (the ordinate)

Note: The above table is already exactly matched. Just learn these commands.

Unit — 3: Mathematica

1.) What is Mathematica?

Ans. Mathematica is a symbolic mathematical computation program, sometimes called a
computer algebra program, used in many scientific, engineering, mathematical, and
computing fields. It was conceived by Stephen Wolfram and is developed by Wolfram
Research of Champaign, Illinois. The Wolfram Language is the programming language
used in Mathematica.

Features include instant dynamic interactivity, high-impact adaptive visualization,
symbolic interface construction, load-on-demand curated data, image and audio
processing, neural networkings, 3D printing, and tools for connecting
to DLL, SQL, Java, .NET, C++, Fortran, CUDA, OpenCL, and http based systems.

2.) Where and why is Mathematica used?

Ans. Mathematica can be used wherever and whenever calculations and computations are
needed. It can be used to solve very simple addition problems (1+4 = 5), or to solve
complex differential equations and advanced physics problems. The visualizations and
graphical capabilities of Mathematica make it very useful for plotting all kinds of data
and functions.

Students, teachers, engineers, physicists, financial analysts, biometricians,
mathematicians and scientists, astrophysicists, computer scientists, etc., all use
Mathematica and find it helpful.

Areas where Mathematica is used include: Aerospace and defense, chemical engineering,
control systems, electrical, engineering, image processing, operations research, education,
software engineering, web development, finance, statistics and business analysis,
bioinformatics, econometrics, astronomy, chemistry, biology, geosciences, and many
others.

3.) Write note on Mathematica.
Ans. Answers of both 1.) and 2.)


http://www.wolfram.com/products/mathematica/
https://en.wikipedia.org/wiki/Dynamic-link_library
https://en.wikipedia.org/wiki/SQL
https://en.wikipedia.org/wiki/Java_%28software_platform%29
https://en.wikipedia.org/wiki/.NET_framework
https://en.wikipedia.org/wiki/C%2B%2B
https://en.wikipedia.org/wiki/Fortran
https://en.wikipedia.org/wiki/CUDA
https://en.wikipedia.org/wiki/OpenCL
https://en.wikipedia.org/wiki/Http

4.) Define a function yourself. Then answer the following:
(i) How is it entered in Mathematica?
(i1) Write full command to plot this function in Mathematica.
Ans. See Page 14 in the pdf file “Mathematica Basics”

5.) What are ‘Set (=)’ and ‘SetDelayed (:=)’ commands in Mathematica? Explain with
example.

Ans. See Pages 14 — 15 in the pdf file “Mathematica Basics”

6.) When is it important to use ‘SetDelayed (:=)’ rather than ‘Set (=)’? Describe by an
example.

Ans. See Page 15 in the pdf file “Mathematica Basics”
7.) Define a piecewise function. How is this function entered in Mathematica by using
‘If”, “Which’ and ‘Piecewise’ commands?
Ans. See Pages 17 — 18 in the pdf file “Mathematica Basics”
8.) Describe the mode of application of ‘Which’ and ‘Piecewise’ commands.
Ans. The command ‘Which’ is supplied with an alternating sequence of conditions and
values, i.e.,
Which[ condl, vall, cond2, val2, ...]

The command ‘Piecewise’ takes a single list containing value-condition pairs, i.e.
Piecewise[ {{vall, condl}, {val2, cond2}, ...} ]

Also, provide an example.

See Pages 17 — 18 in the pdf file “Mathematica Basics”

Unit—4: LaTex

1.) Write a code to print the following table in LaTex:

Sr. No. Paper Name Full Marks | Marks Obtained
1 Topology 100 76
2 Partial Differential Equations 100 82
Hint:

\begin{tabular}{|I|I|}
Apples & Green \\
\hline

Strawberries & Red \\
\hline

Oranges & Orange \\
\end{tabular}



2.) Write a code to insert your pic in the text. Also execute this and get the output in pdf.

Hint:
\begin{figure}[h]
\centering
\includegraphics[scale=0.5]{myimage}
\caption{This is how I look.}
\end{figure}

The picture’s file name is ‘myimage’ which should be in JPEG format and should
be saved in the same folder where the tex file appears. Other formats also work
but for that some packages may be missing.

3.) Type the Laplace transformation formula and Fourier series with expression for
coefficients.

4.) Write the following system of algebraic equations with and without equation numbers.
2x+7y—5z=18
4x — 2y + 6z =13
—Sx+7y—z=24

5.) (a) What is the difference between “eqnarray” and “eqnarray*”?
(b) Write the name of packages used for
(i) mathematical symbols (i1) inserting pictures.

(c) To display “MATHEMATICS” at the center of line, write the code.
(d) How is the following equation written in LaTex?

_(0,ifx€Q
x(t) = {1, if x ¢ Q.

6.) (a) Write the importance of LaTex.
(b) What are the equation environments in LaTex?
(c) What are the main packages for Mathematics?
(d) Write a code to insert a picture in LaTex at the center.
(e) How is the given matrix written in LaTex?

4 5 2
A=[8 2 6].
5 0 8
Disclaimer:

The above content is prepared for the students of M.Sc. Mathematics, Semester — 1V to
fulfil the requirement of study materials during COVID — 19 lockdown.
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Preface

“Introduction to MATLAB for Engineering Students” is a document for an introductory
course in MATLABY! and technical computing. It is used for freshmen classes at North-
western University. This document is not a comprehensive introduction or a reference man-
ual. Instead, it focuses on the specific features of MATLAB that are useful for engineering
classes. The lab sessions are used with one main goal: to allow students to become familiar
with computer software (e.g., MATLAB) to solve application problems. We assume that the
students have no prior experience with MATLAB.

The availability of technical computing environment such as MATLAB is now reshaping
the role and applications of computer laboratory projects to involve students in more intense
problem-solving experience. This availability also provides an opportunity to easily conduct
numerical experiments and to tackle realistic and more complicated problems.

Originally, the manual is divided into computer laboratory sessions (labs). The lab
document is designed to be used by the students while working at the computer. The
emphasis here is “learning by doing”. This quiz-like session is supposed to be fully completed
in 50 minutes in class.

The seven lab sessions include not only the basic concepts of MATLAB, but also an in-
troduction to scientific computing, in which they will be useful for the upcoming engineering
courses. In addition, engineering students will see MATLAB in their other courses.

The end of this document contains two useful sections: a Glossary which contains the
brief summary of the commands and built-in functions as well as a collection of release notes.
The release notes, which include several new features of the Release 14 with Service Pack
2, well known as R14SP2, can also be found in Appendix. All of the MATLAB commands
have been tested to take advantage with new features of the current version of MATLAB
available here at Northwestern (R14SP2). Although, most of the examples and exercises still
work with previous releases as well.

This manual reflects the ongoing effort of the McCormick School of Engineering and
Applied Science leading % Dean Stephen Carr to institute a significant technical computing
in the Engineering First">? courses taught at Northwestern University.

Finally, the students - Engineering Analysis (EA) Section - deserve my special grati-
tude. They were very active participants in class.

David Houcque
Evanston, Illinois
August 2005

IMATLAB® is a registered trademark of MathWorks, Inc.

’Engineering First"Y is a registered trademark of McCormick
School of Engineering and Applied Science (Northwestern University)
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Chapter 1

Tutorial lessons 1

1.1 Introduction

The tutorials are independent of the rest of the document. The primarily objective is to help
you learn quickly the first steps. The emphasis here is “learning by doing”. Therefore, the
best way to learn is by trying it yourself. Working through the examples will give you a feel
for the way that MATLAB operates. In this introduction we will describe how MATLAB
handles simple numerical expressions and mathematical formulas.

The name MATLAB stands for MATrix LABoratory. MATLAB was written originally
to provide easy access to matrix software developed by the LINPACK (linear system package)
and EISPACK (Eigen system package) projects.

MATLAB [1] is a high-performance language for technical computing. It integrates
computation, visualization, and programming environment. Furthermore, MATLAB is a
modern programming language environment: it has sophisticated data structures, contains
built-in editing and debugging tools, and supports object-oriented programming. These factors
make MATLAB an excellent tool for teaching and research.

MATLAB has many advantages compared to conventional computer languages (e.g.,
C, FORTRAN) for solving technical problems. MATLAB is an interactive system whose
basic data element is an array that does not require dimensioning. The software package
has been commercially available since 1984 and is now considered as a standard tool at most
universities and industries worldwide.

It has powerful built-in routines that enable a very wide variety of computations. It
also has easy to use graphics commands that make the visualization of results immediately
available. Specific applications are collected in packages referred to as toolbozr. There are
toolboxes for signal processing, symbolic computation, control theory, simulation, optimiza-
tion, and several other fields of applied science and engineering.

In addition to the MATLAB documentation which is mostly available on-line, we would



recommend the following books: [2], [3], [4], [5], [6], [7], [8], and [9]. They are excellent in
their specific applications.

1.2 Basic features

As we mentioned earlier, the following TUTORIAL lessons are designed to get you started
quickly in MATLAB. The lessons are intended to make you familiar with the basics of
MATLAB. We urge you to complete the EXERCISES given at the end of each lesson.

1.3 A minimum MATLADB session

The goal of this minimum session (also called starting and exiting sessions) is to learn the
first steps:

e How to log on
e Invoke MATLAB
e Do a few simple calculations

e How to quit MATLAB

1.3.1 Starting MATLAB

After logging into your account, you can enter MATLAB by double-clicking on the MATLAB
shortcut icon (MATLAB 7.0.4) on your Windows desktop. When you start MATLAB, a
special window called the MATLAB desktop appears. The desktop is a window that contains
other windows. The major tools within or accessible from the desktop are:

The CoMMAND WINDOW

The COMMAND HISTORY

The WORKSPACE

The CURRENT DIRECTORY

e The HELP BROWSER

The START button
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Figure 1.1: The graphical interface to the MATLAB workspace



When MATLAB is started for the first time, the screen looks like the one that shown
in the Figure 1.1. This illustration also shows the default configuration of the MATLAB
desktop. You can customize the arrangement of tools and documents to suit your needs.

Now, we are interested in doing some simple calculations. We will assume that you
have sufficient understanding of your computer under which MATLAB is being run.

You are now faced with the MATLAB desktop on your computer, which contains the prompt
(>>) in the Command Window. Usually, there are 2 types of prompt:

>> for full version
EDU> for educational version

NoTE: To simplify the notation, we will use this prompt, >>, as a standard prompt sign,
though our MATLAB version is for educational purpose.

1.3.2 Using MATLAB as a calculator

As an example of a simple interactive calculation, just type the expression you want to
evaluate. Let’s start at the very beginning. For example, let’s suppose you want to calculate
the expression, 1+ 2 x 3. You type it at the prompt command (>>) as follows,

>> 14+2%3
ans =

You will have noticed that if you do not specify an output variable, MATLAB uses a
default variable ans, short for answer, to store the results of the current calculation. Note
that the variable ans is created (or overwritten, if it is already existed). To avoid this, you
may assign a value to a variable or output argument name. For example,

>> x = 1+2%3
X =

will result in x being given the value 1 4+ 2 x 3 = 7. This variable name can always
be used to refer to the results of the previous computations. Therefore, computing 4x will
result in

>> 4xx
ans =
28.0000

Before we conclude this minimum session, Table 1.1 gives the partial list of arithmetic
operators.



Table 1.1: Basic arithmetic operators
SYMBOL OPERATION EXAMPLE

+ Addition 243
— Subtraction 2—-3
* Multiplication 2% 3
/ Division 2/3

1.3.3 Quitting MATLAB

To end your MATLAB session, type quit in the Command Window, or select File — Exit
MATLAB in the desktop main menu.

1.4 (Getting started

After learning the minimum MATLAB session, we will now learn to use some additional
operations.

1.4.1 Creating MATLAB variables

MATLAB variables are created with an assignment statement. The syntax of variable as-
signment is

variable name = a value (or an expression)

For example,
>> x = expression

where expression is a combination of numerical values, mathematical operators, variables,
and function calls. On other words, expression can involve:

e manual entry
e built-in functions

e user-defined functions



1.4.2 Overwriting variable

Once a variable has been created, it can be reassigned. In addition, if you do not wish to
see the intermediate results, you can suppress the numerical output by putting a semicolon
(;) at the end of the line. Then the sequence of commands looks like this:

>> t = b;
>> t = t+1
t =

1.4.3 Error messages

If we enter an expression incorrectly, MATLAB will return an error message. For example,
in the following, we left out the multiplication sign, *, in the following expression

>> x = 10;
>> bx
7?77 bx

I
Error: Unexpected MATLAB expression.
1.4.4 Making corrections

To make corrections, we can, of course retype the expressions. But if the expression is
lengthy, we make more mistakes by typing a second time. A previously typed command
can be recalled with the up-arrow key T. When the command is displayed at the command
prompt, it can be modified if needed and executed.

1.4.5 Controlling the hierarchy of operations or precedence

Let’s consider the previous arithmetic operation, but now we will include parentheses. For
example, 1 + 2 x 3 will become (1 +2) x 3

>> (1+2)%3
ans =

and, from previous example



>> 14+2%3
ans =

By adding parentheses, these two expressions give different results: 9 and 7.

The order in which MATLAB performs arithmetic operations is exactly that taught
in high school algebra courses. FEzxponentiations are done first, followed by multiplications
and divisions, and finally by additions and subtractions. However, the standard order of
precedence of arithmetic operations can be changed by inserting parentheses. For example,
the result of 142 x 3 is quite different than the similar expression with parentheses (1+2) x 3.
The results are 7 and 9 respectively. Parentheses can always be used to overrule priority,
and their use is recommended in some complex expressions to avoid ambiguity.

Therefore, to make the evaluation of expressions unambiguous, MATLAB has estab-
lished a series of rules. The order in which the arithmetic operations are evaluated is given
in Table 1.2. MATLAB arithmetic operators obey the same precedence rules as those in

Table 1.2: Hierarchy of arithmetic operations
PRECEDENCE MATHEMATICAL OPERATIONS

First The contents of all parentheses are evaluated first, starting
from the innermost parentheses and working outward.

Second All exponentials are evaluated, working from left to right

Third All multiplications and divisions are evaluated, working
from left to right

Fourth All additions and subtractions are evaluated, starting

from left to right

most computer programs. For operators of equal precedence, evaluation is from left to right.
Now, consider another example:

In MATLAB, it becomes

>> 1/(2+3°2)+4/5%6/7
ans =
0.7766

or, if parentheses are missing,

>> 1/2+3°2+4/5%6/7
ans =
10.1857



So here what we get: two different results. Therefore, we want to emphasize the importance
of precedence rule in order to avoid ambiguity.

1.4.6 Controlling the appearance of floating point number

MATLAB by default displays only 4 decimals in the result of the calculations, for example
—163.6667, as shown in above examples. However, MATLAB does numerical calculations
in double precision, which is 15 digits. The command format controls how the results of
computations are displayed. Here are some examples of the different formats together with
the resulting outputs.

>> format short
>> x=-163.6667

If we want to see all 15 digits, we use the command format long

>> format long
>> x= -1.636666666666667e+002

To return to the standard format, enter format short, or simply format.

There are several other formats. For more details, see the MATLAB documentation,
or type help format.

NoOTE - Up to now, we have let MATLAB repeat everything that we enter at the
prompt (>>). Sometimes this is not quite useful, in particular when the output is pages en
length. To prevent MATLAB from echoing what we type, simply enter a semicolon (;) at
the end of the command. For example,

>> x=-163.6667;

and then ask about the value of x by typing,

-163.6667

1.4.7 Managing the workspace

The contents of the workspace persist between the executions of separate commands. There-
fore, it is possible for the results of one problem to have an effect on the next one. To avoid
this possibility, it is a good idea to issue a clear command at the start of each new inde-
pendent calculation.



>> clear

The command clear or clear all removes all variables from the workspace. This
frees up system memory. In order to display a list of the variables currently in the memory,

type
>> who

while, whos will give more details which include size, space allocation, and class of the
variables.

1.4.8 Keeping track of your work session

It is possible to keep track of everything done during a MATLAB session with the diary
command.

>> diary

or give a name to a created file,
>> diary FileName

where FileName could be any arbitrary name you choose.

The function diary is useful if you want to save a complete MATLAB session. They
save all input and output as they appear in the MATLAB window. When you want to stop
the recording, enter diary off. If you want to start recording again, enter diary on. The
file that is created is a simple text file. It can be opened by an editor or a word processing
program and edited to remove extraneous material, or to add your comments. You can
use the function type to view the diary file or you can edit in a text editor or print. This
command is useful, for example in the process of preparing a homework or lab submission.

1.4.9 Entering multiple statements per line

It is possible to enter multiple statements per line. Use commas (,) or semicolons (;) to
enter more than one statement at once. Commas (,) allow multiple statements per line
without suppressing output.

>> a=7; b=cos(a), c=cosh(a)
b =

0.6570
c =

548.3170



1.4.10 Miscellaneous commands
Here are few additional useful commands:
e To clear the Command Window, type clc

e To abort a MATLAB computation, type ctrl-c

e To continue a line, type ...

1.4.11 Getting help

To view the online documentation, select MATLAB Help from Help menu or MATLAB Help
directly in the Command Window. The preferred method is to use the Help Browser. The
Help Browser can be started by selecting the 7 icon from the desktop toolbar. On the other
hand, information about any command is available by typing

>> help Command

Another way to get help is to use the lookfor command. The lookfor command differs
from the help command. The help command searches for an exact function name match,
while the lookfor command searches the quick summary information in each function for
a match. For example, suppose that we were looking for a function to take the inverse of
a matriz. Since MATLAB does not have a function named inverse, the command help
inverse will produce nothing. On the other hand, the command lookfor inverse will
produce detailed information, which includes the function of interest, inv.

>> lookfor inverse
NOTE - At this particular time of our study, it is important to emphasize one main point.

Because MATLAB is a huge program; it is impossible to cover all the details of each function
one by one. However, we will give you information how to get help. Here are some examples:

e Use on-line help to request info on a specific function
>> help sqrt
e In the current version (MATLAB version 7), the doc function opens the on-line version
of the help manual. This is very helpful for more complex commands.

>> doc plot

10



e Use lookfor to find functions by keywords. The general form is

>> lookfor FunctionName

1.5 Exercises

NOTE: Due to the teaching class during this Fall 2005, the problems are temporarily removed
from this section.
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Chapter 2

Tutorial lessons 2

2.1 Mathematical functions

MATLAB offers many predefined mathematical functions for technical computing which
contains a large set of mathematical functions.

Typing help elfun and help specfun calls up full lists of elementary and special
functions respectively.

There is a long list of mathematical functions that are built into MATLAB. These
functions are called built-ins. Many standard mathematical functions, such as sin(x), cos(z),

tan(z), €*, In(z), are evaluated by the functions sin, cos, tan, exp, and log respectively in
MATLAB.

Table 2.1 lists some commonly used functions, where variables x and y can be numbers,
vectors, or matrices.

Table 2.1: Elementary functions

cos(x) Cosine abs (x) Absolute value

sin(x) Sine sign(x)  Signum function

tan(x) Tangent max (x) Maximum value

acos(x)  Arc cosine min(x) Minimum value

asin(x)  Arc sine ceil(x)  Round towards +oo
atan(x)  Arc tangent floor(x) Round towards —oo
exp(x) Exponential round(x) Round to nearest integer
sqrt(x)  Square root rem(x) Remainder after division
log(x) Natural logarithm | angle(x) Phase angle

logl10(x) Common logarithm | conj(x)  Complex conjugate

In addition to the elementary functions, MATLAB includes a number of predefined

12



constant values. A list of the most common values is given in Table 2.2.

Table 2.2: Predefined constant values

pi  The m number, 7 = 3.14159. ..
i,j The imaginary unit i, /—1
Inf The infinity, oo

NaN Not a number

2.1.1 Examples

We illustrate here some typical examples which related to the elementary functions previously
defined.

As a first example, the value of the expression y = e™*sin(x) + 10,/y, for a = 5, x = 2, and
y = 8 is computed by

> a=5; x=2;y=8;
>> y = exp(-a)*sin(x)+10*sqrt(y)
y =

28.2904

The subsequent examples are

>> log(142)
ans =
4.9558

>> logl10(142)
ans =
2.1523

Note the difference between the natural logarithm log(x) and the decimal logarithm (base
10) logl0(x).

To calculate sin(7r/4) and €', we enter the following commands in MATLAB,

>> sin(pi/4)

ans =

0.7071
>> exp(10)
ans =

2.2026e+004

13



NOTES:

e Only use built-in functions on the right hand side of an expression. Reassigning the
value to a built-in function can create problems.

e There are some exceptions. For example, i and j are pre-assigned to +/—1. However,
one or both of i or j are often used as loop indices.

e To avoid any possible confusion, it is suggested to use instead ii or jj as loop indices.

2.2 Basic plotting

2.2.1 overview

MATLAB has an excellent set of graphic tools. Plotting a given data set or the results
of computation is possible with very few commands. You are highly encouraged to plot
mathematical functions and results of analysis as often as possible. Trying to understand
mathematical equations with graphics is an enjoyable and very efficient way of learning math-
ematics. Being able to plot mathematical functions and data freely is the most important
step, and this section is written to assist you to do just that.

2.2.2 Creating simple plots

The basic MATLAB graphing procedure, for example in 2D, is to take a vector of x-
coordinates, x = (z1,...,zx), and a vector of y-coordinates, y = (yi,...,yn), locate the
points (z;,y;), with i = 1,2, ..., n and then join them by straight lines. You need to prepare
x and y in an identical array form; namely, x and y are both row arrays or column arrays of
the same length.

The MATLAB command to plot a graph is plot(x,y). The vectors x = (1,2, 3,4,5,6)
and y = (3,—1,2,4,5,1) produce the picture shown in Figure 2.1.

> x =[123456];
>y =[3-12451];
>> plot(x,y)

NoOTE: The plot functions has different forms depending on the input arguments. If y is a
vector plot (y)produces a piecewise linear graph of the elements of y versus the index of the
elements of y. If we specify two vectors, as mentioned above, plot(x,y) produces a graph
of y versus x.

For example, to plot the function sin (z) on the interval [0, 27], we first create a vector of
x values ranging from 0 to 27, then compute the sine of these values, and finally plot the
result:

14



Figure 2.1: Plot for the vectors x and y

>> x = 0:pi/100:2*pi;
>> y = sin(x);
>> plot(x,y)

NOTES:

e 0:pi/100:2xpi yields a vector that

— starts at 0,
— takes steps (or increments) of /100,

— stops when 27 is reached.

e If you omit the increment, MATLAB automatically increments by 1.

2.2.3 Adding titles, axis labels, and annotations

MATLAB enables you to add axis labels and titles. For example, using the graph from the
previous example, add an z- and y-axis labels.

Now label the axes and add a title. The character \pi creates the symbol 7. An
example of 2D plot is shown in Figure 2.2.
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Plot of the Sine function

Sine of x

Figure 2.2: Plot of the Sine function

>> xlabel(’x = 0:2\pi’)
>> ylabel(’Sine of x’)
>> title(’Plot of the Sine function’)

The color of a single curve is, by default, blue, but other colors are possible. The desired
color is indicated by a third argument. For example, red is selected by plot(x,y,’r’). Note
the single quotes, ’ ', around r.

2.2.4 Multiple data sets in one plot
Multiple (z, y) pairs arguments create multiple graphs with a single call to plot. For example,

these statements plot three related functions of z: y; = 2cos(z), yo = cos(x), and y3 =
0.5 % cos(z), in the interval 0 < x < 27.

>> x = 0:pi/100:2%pi;

>> y1 = 2%cos(x);
>> y2 = cos(x);
>> y3 = 0.5%cos(x);

>> plot(x,yl,’--’,x,y2,’-’,x,y3,7:’)

>> x1label(’0 \leq x \leq 2\pi’)

>> ylabel(’Cosine functions’)

>> legend(’2*cos(x)’,’cos(x)’,’0.5*%cos(x)’)

16



>> title(’Typical example of multiple plots’)
>> axis([0 2*pi -3 3])

The result of multiple data sets in one graph plot is shown in Figure 2.3.

Typical example of multiple plots

3
— — —2*cos(x)
2 cos(X) |
RN — — 0.5*cos(x) o

Cosine functions

Figure 2.3: Typical example of multiple plots
By default, MATLAB uses line style and color to distinguish the data sets plotted in

the graph. However, you can change the appearance of these graphic components or add
annotations to the graph to help explain your data for presentation.

2.2.5 Specifying line styles and colors

It is possible to specify line styles, colors, and markers (e.g., circles, plus signs, ...) using
the plot command:

plot(x,y,’style_color_marker’)

where style_color_marker is a triplet of values from Table 2.3.

To find additional information, type help plot or doc plot.
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Table 2.3: Attributes for plot

SYMBOL COLOR | SYMBOL LINE STYLE | SYMBOL MARKER
k Black — Solid + Plus sign
r Red —— Dashed o) Circle
b Blue : Dotted * Asterisk
g Green —. Dash-dot . Point
c Cyan none No line X Cross
m Magenta s Square
y Yellow d Diamond

2.3 Exercises

NOTE: Due to the teaching class during this Fall Quarter 2005, the problems are temporarily
removed from this section.
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2.4 Introduction

Matrices are the basic elements of the MATLAB environment. A matrix is a two-dimensional
array consisting of m rows and n columns. Special cases are column vectors (n = 1) and row
vectors (m = 1).

In this section we will illustrate how to apply different operations on matrices. The following

topics are discussed: vectors and matrices in MATLAB, the inverse of a matrix, determinants,
and matrix manipulation.

MATLAB supports two types of operations, known as matriz operations and array opera-
tions. Matrix operations will be discussed first.

2.5 Matrix generation

Matrices are fundamental to MATLAB. Therefore, we need to become familiar with matrix
generation and manipulation. Matrices can be generated in several ways.

2.5.1 Entering a vector

A vector is a special case of a matrix. The purpose of this section is to show how to create
vectors and matrices in MATLAB. As discussed earlier, an array of dimension 1 x n is called
a row vector, whereas an array of dimension m x 1 is called a column vector. The elements
of vectors in MATLAB are enclosed by square brackets and are separated by spaces or by
commas. For example, to enter a row vector, v, type

> v =1[147 10 13]
V:

1 4 7 10 13

Column vectors are created in a similar way, however, semicolon (;) must separate the
components of a column vector,

>> w = [1;4;7;10;13]
W =

1
4
7
10
13

On the other hand, a row vector is converted to a column vector using the transpose operator.
The transpose operation is denoted by an apostrophe or a single quote ().
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Thus, v(1) is the first element of vector v, v(2) its second element, and so forth.

Furthermore, to access blocks of elements, we use MATLAB’s colon notation (:). For exam-
ple, to access the first three elements of v, we write,

>> v(1:3)
ans =
1 4 7
Or, all elements from the third through the last elements,
>> v(3,end)
ans =
7 10 13
where end signifies the last element in the vector. If v is a vector, writing
>> v(:)
produces a column vector, whereas writing

>> v(1:end)

produces a row vector.

2.5.2 Entering a matrix
A matrix is an array of numbers. To type a matrix into MATLAB you must

e begin with a square bracket, |
e separate elements in a row with spaces or commas (,)
e use a semicolon (;) to separate rows

e end the matrix with another square bracket, |.
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Here is a typical example. To enter a matrix A, such as,

1
A= |4 (2.1)
7

co Ot N
O O W

type,
> A =1[123; 456; 7 8 9]

MATLAB then displays the 3 x 3 matrix as follows,

A =
1 2 3
4 5 6
7T 8 9

Note that the use of semicolons (;) here is different from their use mentioned earlier to
suppress output or to write multiple commands in a single line.

Once we have entered the matrix, it is automatically stored and remembered in the
Workspace. We can refer to it simply as matrix A. We can then view a particular element in
a matrix by specifying its location. We write,

>> A(2,1)
ans =
4

A(2,1) is an element located in the second row and first column. Its value is 4.

2.5.3 Matrix indexing

We select elements in a matrix just as we did for vectors, but now we need two indices.
The element of row ¢ and column j of the matrix A is denoted by A(i,j). Thus, A(i,j)
in MATLAB refers to the element A;; of matrix A. The first index is the row number and
the second index is the column number. For example, A(1,3) is an element of first row and
third column. Here, A(1,3)=3.

Correcting any entry is easy through indexing. Here we substitute A(3,3)=9 by
A(3,3)=0. The result is

>> A(3,3) =0

A =
1 2 3
4 5 6
7 8 0
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Single elements of a matrix are accessed as A(i,j), where ¢ > 1 and j > 1. Zero or negative
subscripts are not supported in MATLAB.

2.5.4 Colon operator

The colon operator will prove very useful and understanding how it works is the key to
efficient and convenient usage of MATLAB. It occurs in several different forms.

Often we must deal with matrices or vectors that are too large to enter one ele-
ment at a time. For example, suppose we want to enter a vector x consisting of points
(0,0.1,0.2,0.3,- -+ ,5). We can use the command

>> x = 0:0.1:5;

The row vector has 51 elements.

2.5.5 Linear spacing

On the other hand, there is a command to generate linearly spaced vectors: linspace. It
is similar to the colon operator (:), but gives direct control over the number of points. For
example,

y = linspace(a,b)
generates a row vector y of 100 points linearly spaced between and including a and b.

y = linspace(a,b,n)
generates a row vector y of n points linearly spaced between and including a and b. This is
useful when we want to divide an interval into a number of subintervals of the same length.
For example,

>> theta = linspace(0,2*pi,101)

divides the interval [0, 27| into 100 equal subintervals, then creating a vector of 101 elements.

2.5.6 Colon operator in a matrix
The colon operator can also be used to pick out a certain row or column. For example, the

statement A(m:n,k:1 specifies rows m to n and column £ to [. Subscript expressions refer
to portions of a matrix. For example,
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is the second row elements of A.

The colon operator can also be used to extract a sub-matrix from a matrix A.

>> A(:,2:3)
ans =
2 3
5 6
S} 0

A(:,2:3) is a sub-matrix with the last two columns of A.

A row or a column of a matrix can be deleted by setting it to a null vector, | |.

>> A(:,2)=[]
ans =
1 3
4 6
7 0

2.5.7 Creating a sub-matrix

To extract a submatriz B consisting of rows 2 and 3 and columns 1 and 2 of the matrix A,
do the following

>> B = A([2 3],[1 2])
B =

4 5

7 8

To interchange rows 1 and 2 of A, use the vector of row indices together with the colon
operator.

> C = A([2 1 3],:)

C =
4 5 6
1 2 3
7 8 0

It is important to note that the colon operator (:) stands for all columns or all rows. To
create a vector version of matrix A, do the following

23



>> A(:)
ans

O 00 NO Ok W N~

The submatrix comprising the intersection of rows p to q and columns r to s is denoted by
A(p:q,r:s).

As a special case, a colon (:) as the row or column specifier covers all entries in that row or
column; thus

e A(:,j) is the jth column of A, while
e A(i,:) is the ith row, and

e A(end,:) picks out the last row of A.

The keyword end, used in A(end, :), denotes the last index in the specified dimension. Here
are some examples.

>> A

A =
1 2 3
4 5 6
7 8 9

>> A(2:3,2:3)
ans

c o |l
N

>> A(end:-1:1,end)
ans

w o O Il
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>> A([1 3],[2 3])
ans
3
9

o Nl

2.5.8 Deleting row or column

To delete a row or column of a matrix, use the empty vector operator, | |.

>> A(3,:) = []
A =
1 2 3
4 5 6

Third row of matrix A is now deleted. To restore the third row, we use a technique for
creating a matrix

> A = [A(1,:);A(2,:);[7 8 0]]
A =

1t 2 3

4 5 6

7 8 0

Matrix A is now restored to its original form.

2.5.9 Dimension

To determine the dimensions of a matrix or vector, use the command size. For example,
>> size(A)
ans =

3 3

means 3 rows and 3 columns.

Or more explicitly with,

>> [m,n]=size(A)
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2.5.10 Continuation

If it is not possible to type the entire input on the same line, use consecutive periods, called

an ellipsis ..., to signal continuation, then continue the input on the next line.
B = [4/5 7.23*tan(x) sqrt (6) ;
1/x°2 0 3/ (xxlog(x));
x=7 sqrt (3) x*sin(x)];
Note that blank spaces around +, —, = signs are optional, but they improve readability.

2.5.11 Transposing a matrix

The transpose operation is denoted by an apostrophe or a single quote (’). It flips a matrix
about its main diagonal and it turns a row vector into a column vector. Thus,

>> A

ans =
1 4 7
2 5 8
3 6 O

By using linear algebra notation, the transpose of m x n real matrix A is the n x m matrix
that results from interchanging the rows and columns of A. The transpose matrix is denoted

AT,
2.5.12 Concatenating matrices

Matrices can be made up of sub-matrices. Here is an example. First, let’s recall our previous
matrix A.

A =
1 2 3
4 5 6
7 8 9

The new matrix B will be,
>> B = [A 10%A; -A [1 00; 01 0; 00 1]]

B =
2 3 10 20 30
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4 5 6 40 50 60
7 8 9 70 80 90

-1 -2 -3 1 0 0
-4 -5 -6 0 1 0
-7 -8 -9 0 0 1

2.5.13 Matrix generators
MATLAB provides functions that generates elementary matrices. The matrix of zeros, the

matrix of ones, and the identity matrix are returned by the functions zeros, ones, and eye,
respectively.

Table 2.4: Elementary matrices

eye(m,n) Returns an m-by-n matrix with 1 on the main diagonal
eye(n) Returns an n-by-n square identity matrix

zeros(m,n) | Returns an m-by-n matrix of zeros

ones(m,n) | Returns an m-by-n matrix of ones

diag(A) Extracts the diagonal of matrix A

rand(m,n) | Returns an m-by-n matrix of random numbers

For a complete list of elementary matrices and matriz manipulations, type help elmat
or doc elmat. Here are some examples:

1. >> b=ones(3,1)
b

e e |

Equivalently, we can define b as >> b=[1;1;1]

2. >> eye(3)
ans =
1 0 0
1 0
0 0 1
3. >> c=zeros(2,3)
c =
0 0
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In addition, it is important to remember that the three elementary operations of ad-
dition (+4), subtraction (—), and multiplication (x) apply also to matrices whenever the
dimensions are compatible.

Two other important matrix generation functions are rand and randn, which generate
matrices of (pseudo-)random numbers using the same syntax as eye.

In addition, matrices can be constructed in a block form. With C defined by C = [1
2; 3 4], we may create a matrix D as follows

>> D = [C zeros(2); ones(2) eye(2)]
D

== W=l
== DN
O = O O
= O O O

2.5.14 Special matrices
MATLAB provides a number of special matrices (see Table 2.5). These matrices have inter-

esting properties that make them useful for constructing examples and for testing algorithms.
For more information, see MATLAB documentation.

Table 2.5: Special matrices

hilb Hilbert matrix

invhilb Inverse Hilbert matrix

magic Magic square

pascal Pascal matrix

toeplitz | Toeplitz matrix

vander Vandermonde matrix

wilkinson | Wilkinson’s eigenvalue test matrix
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2.6 Exercises

NoOTE: Due to the teaching class during this Fall Quarter 2005, the problems are temporarily
removed from this section.
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Chapter 3

Array operations and Linear
equations

3.1 Array operations

MATLAB has two different types of arithmetic operations: matrix arithmetic operations
and array arithmetic operations. We have seen matrix arithmetic operations in the previous
lab. Now, we are interested in array operations.

3.1.1 Matrix arithmetic operations

As we mentioned earlier, MATLAB allows arithmetic operations: 4+, —, *, and ~ to be
carried out on matrices. Thus,

A+B or B+A is valid if A and B are of the same size

AxB is valid if A’s number of column equals B’s number of rows
A~2 is valid if A is square and equals AxA

a*A or Axa  multiplies each element of A by «

3.1.2 Array arithmetic operations

On the other hand, array arithmetic operations or array operations for short, are done
element-by-element. The period character, ., distinguishes the array operations from the
matrix operations. However, since the matrix and array operations are the same for addition
(+) and subtraction (—), the character pairs (.4) and (.—) are not used. The list of array
operators is shown below in Table 3.2. If A and B are two matrices of the same size with
elements A = [a;;] and B = [b;;], then the command
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.* | Element-by-element multiplication
./ | Element-by-element division
Element-by-element exponentiation

Table 3.1: Array operators

>> C = A.xB

produces another matrix C of the same size with elements c;; = a;;b;;. For example, using
the same 3 x 3 matrices,

1 2 3 10 20 30
A=1|45 6|, B=| 40 50 60
7 8 9 70 80 90
we have,
>> C = A.*B

c =
10 40 90

160 260 360
490 640 810

To raise a scalar to a power, we use for example the command 1072. If we want the
operation to be applied to each element of a matrix, we use ."2. For example, if we want
to produce a new matrix whose elements are the square of the elements of the matrix A, we
enter

>> A.72
ans =
1 4 9
16 25 36
49 64 81

The relations below summarize the above operations. To simplify, let’s consider two
vectors U and V' with elements U = [u;] and V' = [v;].

U.xV  produces [ujv; ugvs ... u,vy,]

U.JV produces [uj/vy ug/vg... uy,/v,]
U."V  produces [ui' us?®... ulr]
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OPERATION MATRIX ARRAY

Addition + +
Subtraction —

Multiplication * K

Division / ./

Left division \ A\

Exponentiation ) J

Table 3.2: Summary of matrix and array operations

3.2 Solving linear equations

One of the problems encountered most frequently in scientific computation is the solution of
systems of simultaneous linear equations. With matrix notation, a system of simultaneous
linear equations is written

Az =10 (3.1)

where there are as many equations as unknown. A is a given square matrix of order n, b is a
given column vector of n components, and z is an unknown column vector of n components.

In linear algebra we learn that the solution to Az = b can be written as x = A~1b, where
A~1is the inverse of A.

For example, consider the following system of linear equations

r+2y+3z2 =1
dr+5y+62 = 1
Tr + 8y =1
The coefficient matrix A is
1 2 3 1
A=|[4 5 6 and the vector b= | 1
7 8 9 1

With matrix notation, a system of simultaneous linear equations is written
Az =10 (3.2)

This equation can be solved for x using linear algebra. The result is z = A~'b.

There are typically two ways to solve for x in MATLAB:

1. The first one is to use the matrix inverse, inv.
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> A =1[123; 456; 7 8 0];
> b = [1; 1; 1];
inv(A)*b

\%
\
"

I

-1.0000
1.0000
-0.0000

2. The second one is to use the backslash (\)operator. The numerical algorithm behind
this operator is computationally efficient. This is a numerically reliable way of solving
system of linear equations by using a well-known process of Gaussian elimination.

>> A [123; 456; 7 8 0];
> b = [1; 1; 1];
>> x = A\b

-1.0000
1.0000
-0.0000

This problem is at the heart of many problems in scientific computation. Hence it is impor-
tant that we know how to solve this type of problem efficiently.

Now, we know how to solve a system of linear equations. In addition to this, we will
see some additional details which relate to this particular topic.

3.2.1 Matrix inverse

Let’s consider the same matrix A.

A:

~ &~
co Ot N
S O W

Calculating the inverse of A manually is probably not a pleasant work. Here the hand-
calculation of A~! gives as a final result:

1 -16 8 -1
A_l - § 14 —7 2
-1 2 -1

In MATLAB, however, it becomes as simple as the following commands:
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> A=1[123; 456; 78 0];

>> inv(A)

ans =
-1.7778 0.8889 -0.1111
1.5556 -0.7778 0.2222
-0.1111 0.2222 -0.1111

which is similar to:

s G
A‘1:§ 14 -7 2
-1 2 -1

and the determinant of A is

>> det(A)
ans =
27

For further details on applied numerical linear algebra, see [10] and [11].

3.2.2 Matrix functions

MATLAB provides many matrix functions for various matrix/vector manipulations; see
Table 3.3 for some of these functions. Use the online help of MATLAB to find how to use
these functions.

det | Determinant

diag | Diagonal matrices and diagonals of a matrix
eig | Eigenvalues and eigenvectors

inv | Matrix inverse

norm | Matrix and vector norms

rank | Number of linearly independent rows or columns

Table 3.3: Matrix functions

3.3 Exercises

NOTE: Due to the teaching class during this Fall Quarter 2005, the problems are temporarily
removed from this section.
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Chapter 4

Introduction to programming in
MATLAB

4.1 Introduction

So far in these lab sessions, all the commands were executed in the Command Window.
The problem is that the commands entered in the Command Window cannot be saved
and executed again for several times. Therefore, a different way of executing repeatedly
commands with MATLAB is:

1. to create a file with a list of commands,
2. save the file, and

3. run the file.

If needed, corrections or changes can be made to the commands in the file. The files that
are used for this purpose are called script files or scripts for short.

This section covers the following topics:

e M-File Scripts

e M-File Functions

4.2 M-File Scripts

A script file is an external file that contains a sequence of MATLAB statements. Script
files have a filename extension .m and are often called M-files. M-files can be scripts that
simply execute a series of MATLAB statements, or they can be functions that can accept
arguments and can produce one or more outputs.
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4.2.1 Examples

Here are two simple scripts.

Example 1

Consider the system of equations:

r+2y+3z2 =1
r+3y+4z =
20 +3y+32 = 2

—_

Find the solution x to the system of equations.

SOLUTION:

o Use the MATLAB editor to create a file: File — New — M-file.

e Enter the following statements in the file:

A [123; 334; 23 3];
b=1[1; 1; 2];
A\Db

X

e Save the file, for example, examplel.m.

e Run the file, in the command line, by typing:

>> examplel
x =
-0.5000
1.5000
-0.5000

When execution completes, the variables (A, b, and x) remain in the workspace. To see a
listing of them, enter whos at the command prompt.

NoTE: The MATLAB editor is both a text editor specialized for creating M-files and a
graphical MATLAB debugger. The MATLAB editor has numerous menus for tasks such as
saving, viewing, and debugging. Because it performs some simple checks and also uses color
to differentiate between various elements of codes, this text editor is recommended as the
tool of choice for writing and editing M-files.

There is another way to open the editor:
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>> edit
or
>> edit filename.m

to open filename.m.

Example 2
Plot the following cosine functions, y; = 2 cos(z), yo = cos(x), and y3 = 0.5 % cos(x), in the

interval 0 < x < 27. This example has been presented in previous Chapter. Here we put
the commands in a file.

e Create a file, say example2.m, which contains the following commands:

x = 0:pi/100:2%pi;
yl = 2%cos(x);

y2 = cos(x);
y3 = 0.5*cos(x);
plot(x,yl,’--’,x,y2,’-’,x,y3,’:7)

xlabel (°0 \leq x \leq 2\pi’)
ylabel(’Cosine functions’)
legend(’2*cos(x)’,’cos(x)’,’0.5%cos(x)’)
title(’Typical example of multiple plots’)
axis ([0 2*pi -3 3])

e Run the file by typing example2 in the Command Window.

4.2.2 Script side-effects

All variables created in a script file are added to the workspace. This may have undesirable
effects, because:

e Variables already existing in the workspace may be overwritten.

e The execution of the script can be affected by the state variables in the workspace.

As a result, because scripts have some undesirable side-effects, it is better to code any
complicated applications using rather function M-file.
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4.3 M-File functions

As mentioned earlier, functions are programs (or routines) that accept input arguments and
return output arguments. Each M-file function (or function or M-file for short) has its own
area of workspace, separated from the MATLAB base workspace.

4.3.1 Anatomy of a M-File function

This simple function shows the basic parts of an M-file.

function f = factorial(n) (1)
% FACTORIAL(N) returns the factorial of N. (2)
% Compute a factorial value. (3)
f = prod(1:n); (4)

The first line of a function M-file starts with the keyword function. It gives the function
name and order of arguments. In the case of function factorial, there are up to one output
argument and one input argument. Table 4.1 summarizes the M-file function.

As an example, for n = 5, the result is,
>> f = factorial(5)

f =
120

Table 4.1: Anatomy of a M-File function

Part no. | M-file element | Description

(1) Function Define the function name, and the
definition number and order of input and
line output arguments

(2) H1 line A one line summary description

of the program, displayed when you
request Help

(3) Help text A more detailed description of
the program
(4) Function body Program code that performs

the actual computations

Both functions and scripts can have all of these parts, except for the function definition
line which applies to function only.
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In addition, it is important to note that function name must begin with a letter, and
must be no longer than than the maximum of 63 characters. Furthermore, the name of the
text file that you save will consist of the function name with the extension .m. Thus, the
above example file would be factorial.m.

Table 4.2 summarizes the differences between scripts and functions.

Table 4.2: Difference between scripts and functions

SCRIPTS FuNCTIONS

- Do not accept input - Can accept input arguments and
arguments or return output | return output arguments.
arguments.

- Store variables in a - Store variables in a workspace
workspace that is shared internal to the function.

with other scripts
- Are useful for automating | - Are useful for extending the MATLAB
a series of commands language for your application
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4.3.2 Input and output arguments

As mentioned above, the input arguments are listed inside parentheses following the function
name. The output arguments are listed inside the brackets on the left side. They are used
to transfer the output from the function file. The general form looks like this

function [outputs] = function_name(inputs)

Function file can have none, one, or several output arguments. Table 4.3 illustrates some
possible combinations of input and output arguments.

Table 4.3: Example of input and output arguments

function C=FtoC(F) One input argument and
one output argument

function area=TrapArea(a,b,h) Three inputs and one output

function [h,d]=motion(v,angle) Two inputs and two outputs

4.4 Input to a script file

When a script file is executed, the variables that are used in the calculations within the file
must have assigned values. The assignment of a value to a variable can be done in three
ways.

1. The variable is defined in the script file.
2. The variable is defined in the command prompt.

3. The variable is entered when the script is executed.

We have already seen the two first cases. Here, we will focus our attention on the third one.
In this case, the variable is defined in the script file. When the file is executed, the user is
prompted to assign a value to the variable in the command prompt. This is done by using
the input command. Here is an example.

% This script file calculates the average of points
% scored in three games.

% The point from each game are assigned to a variable
% by using the ‘input’ command.

gamel = input(’Enter the points scored in the first game ’);
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game2 = input(’Enter the points scored in the second game ’);
game3 = input(’Enter the points scored in the third game ’);
average = (gamel+game2+game3)/3

The following shows the command prompt when this script file (saved as exampled) is
executed.

>> example3

>> Enter the points scored in the first game 15
>> Enter the points scored in the second game 23
>> Enter the points scored in the third game 10

average =
16

The input command can also be used to assign string to a variable. For more information,
see MATLAB documentation.

A typical example of M-file function programming can be found in a recent paper which
related to the solution of the ordinary differential equation (ODE) [12].

4.5 QOutput commands

As discussed before, MATLAB automatically generates a display when commands are exe-
cuted. In addition to this automatic display, MATLAB has several commands that can be
used to generate displays or outputs.

Two commands that are frequently used to generate output are: disp and fprintf.
The main differences between these two commands can be summarized as follows (Table
4.4).

Table 4.4: disp and fprintf commands

disp . Simple to use.
. Provide limited control over the appearance of output

fprintf . Slightly more complicated than disp.
. Provide total control over the appearance of output
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4.6 Exercises

1. Liz buys three apples, a dozen bananas, and one cantaloupe for $2.36. Bob buys a dozen
apples and two cantaloupe for $5.26. Carol buys two bananas and three cantaloupe
for $2.77. How much do single pieces of each fruit cost?

2. Write a function file that converts temperature in degrees Fahrenheit (°F) to degrees
Centigrade (°C). Use input and fprintf commands to display a mix of text and
numbers. Recall the conversion formulation, C = 5/9 x (F — 32).

3. Write a user-defined MATLAB function, with two input and two output arguments
that determines the height in centimeters (cm) and mass in kilograms (kg)of a person
from his height in inches (in.) and weight in pounds (1b).

(a) Determine in SI units the height and mass of a 5 ft.15 in. person who weight 180
Ib.

(b) Determine your own height and weight in ST units.
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Chapter 5

Control flow and operators

5.1 Introduction

MATLAB is also a programming language. Like other computer programming languages,
MATLAB has some decision making structures for control of command execution. These
decision making or control flow structures include for loops, while loops, and if-else-end
constructions. Control flow structures are often used in script M-files and function M-files.

By creating a file with the extension .m, we can easily write and run programs. We
do not need to compile the program since MATLAB is an interpretative (not compiled)
language. MATLAB has thousand of functions, and you can add your own using m-files.

MATLAB provides several tools that can be used to control the flow of a program
(script or function). In a simple program as shown in the previous Chapter, the commands
are executed one after the other. Here we introduce the flow control structure that make
possible to skip commands or to execute specific group of commands.

5.2 Control flow

MATLAB has four control flow structures: the if statement, the for loop, the while loop,
and the switch statement.

5.2.1 The ¢‘if...end’’ structure

MATLAB supports the variants of “if” construct.

e if ... end

e if ... else ... end
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e if ... elseif ... else ... end
The simplest form of the if statement is

if expression
statements
end

Here are some examples based on the familiar quadratic formula.

1. discr = b*b - 4x*xaxc;
if discr < 0
disp(’Warning: discriminant is negative, roots are
imaginary’);
end

2. discr = b*b - 4x*xaxc;
if discr < 0
disp(’Warning: discriminant is negative, roots are
imaginary’);

else
disp(’Roots are real, but may be repeated’)
end
3. discr = b*b - 4x*axc;

if discr < 0
disp(’Warning: discriminant is negative, roots are
imaginary’);
elseif discr ==
disp(’Discriminant is zero, roots are repeated’)
else
disp(’Roots are real’)
end

It should be noted that:

e elseif has no space between else and if (one word)
e 10 semicolon (;) is needed at the end of lines containing if, else, end
e indentation of if block is not required, but facilitate the reading.

e the end statement is required
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5.2.2 Relational and logical operators

A relational operator compares two numbers by determining whether a comparison is true
or false. Relational operators are shown in Table 5.1.

Table 5.1: Relational and logical operators

OPERATOR DESCRIPTION

> Greater than

< Less than
>= Greater than or equal to
<= Less than or equal to
== Equal to
~= Not equal to

& AND operator

| OR operator

~ NOT operator

Note that the “equal to” relational operator consists of two equal signs (==) (with no space
between them), since = is reserved for the assignment operator.

5.2.3 The ‘‘for...end’’ loop

In the for ... end loop, the execution of a command is repeated at a fixed and predeter-
mined number of times. The syntax is

for variable = expression
statements
end

Usually, expression is a vector of the form i:s:j. A simple example of for loop is
for ii=1:5
x=1i%*ii
end
It is a good idea to indent the loops for readability, especially when they are nested. Note
that MATLAB editor does it automatically.

Multiple for loops can be nested, in which case indentation helps to improve the
readability. The following statements form the 5-by-5 symmetric matrix A with (4, j) element
i/j for j >i:
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n=>5; A=eye(n);
for j=2:n
for i=1:j-1
A(i,j)=1/j;
A(j,1)=1i/3;
end
end

5.2.4 The ‘‘while...end’’ loop

This loop is used when the number of passes is not specified. The looping continues until a
stated condition is satisfied. The while loop has the form:

while expression
statements

end

The statements are executed as long as expression is true.

x =1

while x <= 10
X = 3%x

end

It is important to note that if the condition inside the looping is not well defined, the looping
will continue indefinitely. If this happens, we can stop the execution by pressing Ctrl-C.

5.2.5 Other flow structures

e The break statement. A while loop can be terminated with the break statement,
which passes control to the first statement after the corresponding end. The break
statement can also be used to exit a for loop.

e The continue statement can also be used to exit a for loop to pass immediately to
the next iteration of the loop, skipping the remaining statements in the loop.

e Other control statements include return, continue, switch, etc. For more detail
about these commands, consul MATLAB documentation.
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5.2.6 Operator precedence

We can build expressions that use any combination of arithmetic, relational, and logical
operators. Precedence rules determine the order in which MATLAB evaluates an expression.

We have already seen this in the “Tutorial Lessons”.

Here we add other operators in the list. The precedence rules for MATLAB are shown
in this list (Table 5.2), ordered from highest (1) to lowest (9) precedence level. Operators

are evaluated from left to right.

Table 5.2: Operator precedence

PRECEDENCE OPERATOR

=W N =

Parentheses ()

Transpose (.'), power (."), matrix power (")

Unary plus (+), unary minus (—), logical negation (~
Multiplication (. ), right division (. /), left division (.\),
matrix multiplication (x), matrix right division (/),
matrix left division (\)

Addition (4), subtraction (—)

Colon operator (:)

Less than (<), less than or equal to (<), greater (>),
greater than or equal to (>), equal to (==), not equal to (~=)
Element-wise AND, (&)

Element-wise OR, (|)

5.3 Saving output to a file

In addition to displaying output on the screen, the command fprintf can be used for
writing the output to a file. The saved data can subsequently be used by MATLAB or other

softwares.

To save the results of some computation to a file in a text format requires the following

steps:

1. Open a file using fopen

2. Write the output using fprintf

3. Close the file using fclose

Here is an example (script) of its use.

47




% write some variable length strings to a file

op = fopen(’weekdays.txt’,’wt’);

fprintf (op, ’Sunday\nMonday\nTuesday\nWednesday\n’) ;
fprintf (op, ’Thursday\nFriday\nSaturday\n’) ;
fclose(op);

This file (weekdays.txt) can be opened with any program that can read .txt file.

5.4 Exercises

NoOTE: Due to the teaching class during this Fall Quarter 2005, the problems are temporarily
removed from this section.
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Chapter 6

Debugging M-files

6.1 Introduction

This section introduces general techniques for finding errors in M-files. Debugging is the
process by which you isolate and fix errors in your program or code.

Debugging helps to correct two kind of errors:

e Syntax errors - For example omitting a parenthesis or misspelling a function name.

e Run-time errors - Run-time errors are usually apparent and difficult to track down.
They produce unexpected results.

6.2 Debugging process

We can debug the M-files using the Editor/Debugger as well as using debugging functions
from the Command Window. The debugging process consists of

e Preparing for debugging

Setting breakpoints

Running an M-file with breakpoints

Stepping through an M-file

e Examining values

Correcting problems

Ending debugging

49



6.2.1 Preparing for debugging
Here we use the Editor/Debugger for debugging. Do the following to prepare for debugging:
e Open the file

e Save changes

e Be sure the file you run and any files it calls are in the directories that are on the
search path.

6.2.2 Setting breakpoints

Set breakpoints to pause execution of the function, so we can examine where the problem
might be. There are three basic types of breakpoints:

e A standard breakpoint, which stops at a specified line.
e A conditional breakpoint, which stops at a specified line and under specified conditions.

o An error breakpoint that stops when it produces the specified type of warning, error,
NaN, or infinite value.

You cannot set breakpoints while MATLAB is busy, for example, running an M-file.

6.2.3 Running with breakpoints

After setting breakpoints, run the M-file from the Editor/Debugger or from the Command
Window. Running the M-file results in the following:

e The prompt in the Command Window changes to

K>>

indicating that MATLAB is in debug mode.

e The program pauses at the first breakpoint. This means that line will be executed
when you continue. The pause is indicated by the green arrow.

e In breakpoint, we can examine variable, step through programs, and run other calling
functions.
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6.2.4 Examining values

While the program is paused, we can view the value of any variable currently in the
workspace. Examine values when we want to see whether a line of code has produced
the expected result or not. If the result is as expected, step to the next line, and continue
running. If the result is not as expected, then that line, or the previous line, contains an
error. When we run a program, the current workspace is shown in the Stack field. Use who
or whos to list the variables in the current workspace.

Viewing values as datatips

First, we position the cursor to the left of a variable on that line. Its current value appears.
This is called a datatip, which is like a tooltip for data. If you have trouble getting the
datatip to appear, click in the line and then move the cursor next to the variable.

6.2.5 Correcting and ending debugging

While debugging, we can change the value of a variable to see if the new value produces
expected results. While the program is paused, assign a new value to the variable in the Com-
mand Window, Workspace browser, or Array Editor. Then continue running and stepping
through the program.

6.2.6 Ending debugging

After identifying a problem, end the debugging session. It is best to quit debug mode before

editing an M-file. Otherwise, you can get unexpected results when you run the file. To end
debugging, select Exit Debug Mode from the Debug menu.

6.2.7 Correcting an M-file

To correct errors in an M-file,

e Quit debugging

e Do not make changes to an M-file while MATLAB is in debug mode

Make changes to the M-file

Save the M-file

Clear breakpoints
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e Run the M-file again to be sure it produces the expected results.

For details on debugging process, see MATLAB documentation.
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Appendix A

Summary of commands

Table A.1: Arithmetic operators and special characters

Character | Description

+ Addition

Subtraction

Multiplication (scalar and array)

Division (right)

Power or exponentiation

Colon; creates vectors with equally spaced elements

; Semi-colon; suppresses display; ends row in array

, Comma; separates array subscripts

Continuation of lines

% Percent; denotes a comment; specifies output format
Single quote; creates string; specifies matrix transpose

= Assignment operator

() Parentheses; encloses elements of arrays and input arguments
[] Brackets; encloses matrix elements and output arguments

> TN ¥
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Table A.2: Array operators

Character

Description

.).\

Array multiplication

Array (right) division

Array power

Array (left) division

Array (nonconjugated) transpose

Table A.3: Relational and logical operators

Character | Description

< Less than

< Less than or equal to

> Greater than

> Greater than or equal to
== Equal to
~= Not equal to

& Logical or element-wise AND

| Logical or element-wise OR
&& Short-circuit AND

| | Short-circuit OR
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Table A .4:

Managing workspace and file commands

Command | Description
cd Change current directory
clc Clear the Command Window
clear (all) | Removes all variables from the workspace
clear x Remove x from the workspace
copyfile | Copy file or directory
delete Delete files
dir Display directory listing
exist Check if variables or functions are defined
help Display help for MATLAB functions
lookfor Search for specified word in all help entries
mkdir Make new directory
movefile Move file or directory
pwd Identify current directory
rmdir Remove directory
type Display contents of file
what List MATLAB files in current directory
which Locate functions and files
who Display variables currently in the workspace
whos Display information on variables in the workspace

Table A.5: Predefined variables and math constants

Variable | Description

i

J

pi

ans
eps

Inf
eps

NaN

Value of last variable (answer)
Floating-point relative accuracy
Imaginary unit of a complex number
Infinity (0o0)

Floating-point relative accuracy
Imaginary unit of a complex number
Not a number

The number 7 (3.14159...)
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Table A.6: Elementary matrices and arrays

Command | Description
eye Identity matrix
linspace | Generate linearly space vectors
ones Create array of all ones
rand Uniformly distributed random numbers and arrays
Zeros Create array of all zeros

Table A.7: Arrays and Matrices: Basic information

Command | Description

disp Display text or array
isempty | Determine if input is empty matrix
isequal | Test arrays for equality
length Length of vector

ndims Number of dimensions
numel Number of elements
size Size of matrix

Table A.8: Arrays and Matrices: operations and manipulation

Command | Description
cross Vector cross product
diag Diagonal matrices and diagonals of matrix
dot Vector dot product
end Indicate last index of array
find Find indices of nonzero elements
kron Kronecker tensor product
max Maximum value of array
min Minimum value of array
prod Product of array elements
reshape | Reshape array
sort Sort array elements
sum Sum of array elements
size Size of matrix
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Table A.9: Arrays and Matrices: matrix analysis and linear equations

Command | Description

cond Condition number with respect to inversion
det Determinant
inv Matrix inverse

linsolve | Solve linear system of equations

lu LU factorization

norm Matrix or vector norm

null Null space

orth Orthogonalization

rank Matrix rank

rref Reduced row echelon form

trace Sum of diagonal elements
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Appendix B

Release notes for Release 14 with
Service Pack 2

B.1 Summary of changes

MATLAB 7 Release 14 with Service Pack 2 (R14SP2) includes several new features. The
major focus of R14SP2 is on improving the quality of the product. This document doesn’t
attempt to provide a complete specification of every single feature, but instead provides
a brief introduction to each of them. For full details, you should refer to the MATLAB
documentation (Release Notes).

The following key points may be relevant:

1. Spaces before numbers - For example: Ax .5, you will typically get a mystifying
message saying that A was previously used as a variable. There are two workarounds:

(a) Remove all the spaces:

Ax.5

(b) Or, put a zero in front of the dot:
A x 0.5

2. RHS empty matrix - The right-hand side must literally be the empty matrix [ ]. It
cannot be a variable that has the value [ ], as shown here:

rhs = [];
A(:,2) = rhs
7?77 Subscripted assignment dimension mismatch
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3. New format option - We can display MATLAB output using two new formats:
short eng and long eng.

e short eng — Displays output in engineering format that has at least 5 digits and
a power that is a multiple of three.

>> format short eng

>> pi

ans =
3.1416e+000

e long eng — Displays output in engineering format that has 16 significant digits
and a power that is a multiple of three.

>> format long eng

>> pi

ans =
3.14159265358979e+000

4. Help - To get help for a subfunction, use

>> help function_name>subfunction_name

In previous versions, the syntax was

>> help function_name/subfunction_name

This change was introduced in R14 (MATLAB 7.0) but was not documented. Use the
MathWorks Web site search features to look for the latest information.

5. Publishing - Publishing to IXTEXnow respects the image file type you specify in pref-
erences rather than always using EPSC2-files.

e The Publish image options in Editor/Debugger preferences for Publishing Images
have changed slightly. The changes prevent you from choosing invalid formats.

e The files created when publishing using cells now have more natural extensions.
For example, JPEG-files now have a .jpg instead of a .jpeg extension, and EPSC2-
files now have an .eps instead of an .epsc2 extension.

e Notebook will no longer support Microsoft Word 97 starting in the next release
of MATLAB.

6. Debugging - Go directly to a subfunction or using the enhanced Go To dialog box.
Click the Name column header to arrange the list of function alphabetically, or click
the Line column header to arrange the list by the position of the functions in the file.
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B.2 Other changes

1. There is a new command mlint, which will scan an M-file and show inefficiencies in
the code. For example, it will tell you if you've defined a variable you’ve never used, if
you’ve failed to pre-allocate an array, etc. These are common mistakes in EA1 which
produce runnable but inefficient code.

2. You can comment-out a block of code without putting % at the beginning of each line.
The format is

%

Stuff you want MATLAB to ignore...

h}

The delimiters %{ and %} must appear on lines by themselves, and it may not work
with the comments used in functions to interact with the help system (like the H1
line).

3. There is a new function 1linsolve which will solve Az = b but with the user’s choice of
algorithm. This is in addition to left division © = A\b which uses a default algorithm.

4. The eps constant now takes an optional argument. eps(x) is the same as the old
eps*abs (x).

5. You can break an M-file up into named cells (blocks of code), each of which you can
run separately. This may be useful for testing/debugging code.

6. Functions now optionally end with the end keyword. This keyword is mandatory when
working with nested functions.

B.3 Further details

1. You can dock and un-dock windows from the main window by clicking on an icon.
Thus you can choose to have all Figures, M-files being edited, help browser, command
window, etc. All appear as panes in a single window.

2. Error messages in the command window resulting from running an M-file now include
a clickable link to the offending line in the editor window containing the M-file.

3. You can customize figure interactively (labels, line styles, etc.) and then automatically
generate the code which reproduces the customized figure.
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. feval is no longer needed when working with function handles, but still works for
backward compatibility. For example, x=0sin; x(pi) will produce sin(pi) just like
feval(x,pi) does, but faster.

. You can use function handles to create anonymous functions.

. There is support for nested functions, namely, functions defined within the body of
another function. This is in addition to sub-functions already available in version 6.5.

. There is more support in arithmetic operations for numeric data types other than
double, e.g. single, int8, intl16, uint8, uint32, etc.

Finally, please visit our webpage for other details:

http://computing.mccormick.northwestern.edu/matlab/
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Appendix C

Main characteristics of MATLAB

C.1 History

e Developed primarily by Cleve Moler in the 1970’s

e Derived from FORTRAN subroutines LINPACK and EISPACK, linear and eigenvalue
systems.

e Developed primarily as an interactive system to access LINPACK and EISPACK.
e Gained its popularity through word of mouth, because it was not officially distributed.
e Rewritten in C in the 1980’s with more functionality, which include plotting routines.

e The MathWorks Inc. was created (1984) to market and continue development of
MATLAB.

According to Cleve Moler, three other men played important roles in the origins of MATLAB:
J. H. Wilkinson, George Forsythe, and John Todd. It is also interesting to mention the
authors of LINPACK: Jack Dongara, Pete Steward, Jim Bunch, and Cleve Moler. Since
then another package emerged: LAPACK. LAPACK stands for Linear Algebra Package. It
has been designed to supersede LINPACK and EISPACK.

C.2 Strengths

e MATLAB may behave as a calculator or as a programming language
e MATLAB combine nicely calculation and graphic plotting.

e MATLAB is relatively easy to learn

62



e MATLARB is interpreted (not compiled), errors are easy to fix
e MATLAB is optimized to be relatively fast when performing matrix operations

e MATLAB does have some object-oriented elements

C.3 Weaknesses

e MATLAB is not a general purpose programming language such as C, C++, or FOR-
TRAN

e MATLAB is designed for scientific computing, and is not well suitable for other appli-
cations

e MATLAB is an interpreted language, slower than a compiled language such as C++

e MATLAB commands are specific for MATLAB usage. Most of them do not have a
direct equivalent with other programming language commands

C.4 Competition

e One of MATLAB'’s competitors is Mathematica, the symbolic computation program.

e MATLAB is more convenient for numerical analysis and linear algebra. 1t is frequently
used in engineering community.

e Mathematica has superior symbolic manipulation, making it popular among physicists.
e There are other competitors:

— Scilab
— GNU Octave
— Rlab
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1 Mathematica Basics

This chapter is an introduction to Mathematica. We briefly describe many of the most
important and basic elements of Mathematica and discuss a few of the more common
technical issues related to using Mathematica. Since our primary goal is to use Mathematica
to help us understand calculus, you should not initially spend a great amount of time pouring
over the details of this chapter, except as directed by your professor. Simply familiarize
yourself with what’s here, and refer back to it later as needed.

1.1 Getting Started

Any new user of Mathematica must understand several basic facts concerning the user
interface, syntax, and the various types of objects that one encounters in using Mathematica.
This section is a cursory look at some of these fundamentals.

The Mathematica “Front End”

When you start up Mathematica, the first thing you see is a window displaying the contents
of a “notebook.” This window is displayed by Mathematica’s front end. The front end is
the interface between you and the Mathematica kernel, which does the computations. The
following is a typical (simple) notebook in a front end window.

[=EaNE] 22 mmyoiebook.nb =
. Blw_§am .:1#1'[.!:': - :
. Fleafd [n], (w, =2.2]] k] T|
5/l
| |
I
|
|
|
riges €[z 11
o 1 =Lof|x |
1
....Ii:::ﬂ:
4ij -2 - Log|i&] 1l
—
|0 v

A Mathematica notebook is composed of cells. On the right side of the window you see cell
brackets. Each cell in the notebook shown above is either an input cell, an output cell, or a
graphics cell. There are several other kinds of cells. Some of these are text, title, and section.
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Also notice the horizontal line near the bottom of the window. This indicates the insertion
point for the next new cell. To enter a command into a notebook, simply begin typing. The
default cell type is input. When you’re done typing, just press shift-return (on a Macintosh,
you can also use the “enter” key.) To evaluate an existing input cell, simply click anywhere
inside the cell (or on the cell bracket) and press shift-return (or enter).

To create a cell between two existing cells, move your cursor over one of the cells toward
the other until the “I-beam” cursor becomes horizontal. Then click, and a horizontal line will
appear, indicating the desired insertion point. To delete a cell, click on its bracket and then
choose Clear from the Edit menu or simply press the [oed key

Palettes. You can enter mathematical expressions so that they appear essentially the same as
you would write them on paper or see them in your textbook. For example, to define the

function f(x) = X2+ 1, we could use the “Input Form” ) Basic Math _..
. =
f[x t=Sqrt[x”"2+1 ;
[x_] art[ 1 S Ea
or we could use “Standard Form”: [ ndo |4 =
f[x_] = x2+1 f.d’: d.
There is a vast set of keystroke combinations for typing such }_‘ B l ]_
expressions. However, at first, you will probably want to take = -
advantage of one or more or the standard palettes that are avail- [::) .
able. The image to the right shows the Basiclnput palette. = :
Clicking on one of the palette’s buttons places the corresponding nle|i|eo]®
character/expression at the current input location. This particular b S T B
palette probably appears by default when you start Mathematica, =l+l=l=1=
but if not, you can access it or any of the other palettes through x viuln
your Palette menu.
e|lBlr|d)|c
Flmp|@lx]A
glrv|é|rm|p
clr|é]lelx
vlw|T|A|®
AlE|D®|P|0
L B EEl LB
s|¥|®|m|E
T ————
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The Documentation Center

Mathematica’s Documentation Center may be accessed by selecting Documentation Center
from the Help menu. Among the wealth of information available through the Documenta-
tion Center are descriptions of all of Mathematica’s built-in functions, including examples
of their use and links to related tutorials. You can also enter commands from within the
Documentation Center. (Whatever you change there will not be saved.)

[ NN 5] J Wit Tra e Rlageauthrs D Peviiin Ciine i

T ke MaTrmi i

m Mathematica
MEMTATION CERNTER

Matrrrali s Agsrilbe

= B P [
i i rar iy o Opir i 1 L min i a 1 i i : B e - =
i fommpe Topary L 1 al Swia

Eula =are g L Oala Taasren

O m

The Documentation Center provides a great deal of tutorial material. If you’re a beginner,
we suggest that you peruse the tutorials found by entering each of the following in the
Documentation Center search field.

tutorial/UsingTheMathematicaSystemOverview
tutorial/InputAndOutputinNotebooksOverview
tutorial/BuildingUpCalculationsOverview
tutorial/EnteringTwoDimensionalExpressionsOverview
tutorial/GraphicsAndSoundQOverview

(Hopefully future updates to the Documentation Center will provide a more convenient way
to access these and other tutorials.)
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m Basic Calculations

Mathematica allows multiplication to be indicated in three ways. Expressions separated by a
space are multiplied. (Note that the system automatically replaces the space with x.)
217 x5713

1239721

An asterisk between expressions indicates multiplication.
321%5.479

1758.76

When there is no ambiguity, juxtaposed expressions (without spaces) are understood and
multiplied.

2x
2x

More than one command can be given in one input cell. A single input cell may consist of
two or more lines. A new line within the current cells is obtained by pressing “return.”
Commands on the same line within a cell must be separated by semicolons. The output of
any command that ends with a semicolon is not displayed.

a=17/13+211/93;

b=23a;c=(a+b) /51

34592

20553

The percent sign % refers to the last output (not necessarily the preceding cell).
3/17+1/5
32
85
%2
1024
7225
If the last command on any line is not followed by a semicolon, its result is displayed. This
effect is very handy for showing intermediate steps in a calculation. The following computes
25!

a5 (1)’ (9) (a binomial probability).

251

%/ (31%x221)

%% .1° .9%?

15511210043 330985984 000000
2300

0.226497

¢ You should avoid use of the percent sign as much as possible—especially in separate cells.
It is far better to give names to results and to use those names in subsequent calculations.



Mathematica Basics 5

m Parentheses, Brackets, and Braces

The syntax of Mathematica is absolutely strict and consistent (and quite simple once you get
used to it). For that reason, there are some differences between Mathematica’s syntax and
the often inconsistent and sometimes ambiguous mathematical notation that we’re all used
to. For example:

Parentheses are used only for grouping expressions.

x (x+2)°
X (2 + X) 2
Brackets are used only to enclose the argument(s) of a function.

Cos [/ 3]

1

2
Braces are used only to enclosed the elements of a /ist (which might represent a set, an
ordered pair, or even a matrix).

{1, 2,3, 4}

{1, 2, 3, 4}

Consequently, Mathematica does not understand what you intend by entering any of these
expressions, for example:

[x+y (1-y)]1° [+
Syntax::tsntxi: "[x +y (1 -y)]" is incomplete; more input is needed.
Syntax::sntxi: Incomplete expression; more input is needed.

(1, 2) I+
Syntax::sntxf: "(" cannot be followed by "1, 2)".
Syntax::tsntxi: "1, 2" is incomplete; more input is needed.

Sin (i)
7 Sin
In these first two instances, we were lucky to get an error message. But in the last one,
Mathematica simply multiplied the expressions 7 and Sin—with no complaint at all!
m Symbolic vs. Numerical Computation

Computations are typically done symbolically (and therefore exactly), unless we request
otherwise.

123/V768
413

16
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One way to obtain a numerical result is to use the numerical evaluation function, N.

N[123 /V 768 ]
4.43838

We also get a numerical result if any of the numbers in the expression are made numerical
by use of a decimal point.

123./\/768
4.43838

Unless we cause a numerical result, Mathematica typically returns an exact form, which in
many cases is identical to the expression entered.

Names and Capitalization; Basic Functions

All built-in Mathematica objects—functions, constants, options, etc.—have full names that
begin with a capital letter (or in the case of certain “global” parameters, a dollar sign
followed by a capital letter).

Sin[r /3]

V3

2
PrimeQ[22 801763 489]

True
Solve[x® +x-12 =0, x|
{({x->-4}, {x->3}}

These full names are used internally by Mathematica, even when it is far more natural for us
to use a symbolic form such as x+ 7. FullForm lets us see the internal representation of
an expression.

FullForm[x + 7]
Plus (7, x]
FullForm[x == x2]

Equal [x, Power[x, 2]]
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When the name of a built-in Mathematica object is made of two or more words, all of the
component words are capitalized. Some typical Mathematica-style names are FindRoot,

PlotRange, AspectRatio, NestList, etc. In almost all cases the component words
are spelled out in full.

All of the familiar “elementary functions” are built-in. In some cases—if you remember to
capitalize the first letter and to use brackets instead of braces—you would guess correctly
how to use one of those functions. For example,

Sin[x/12]
-1+V 3
22
There are a few things in this regard that should be pointed out. First, the inverse trigonomet-
ric functions use the “arc-function” convention:

ArcTan[1]

Vs

4

ArcCos[1l/ 2]
VA

3

" Also, the natural logarithm is Log, not Ln.
Log[E]
1

Algebraic Manipulation

Mathematica is an example of a type of software system that is often called a computer
algebra system. In addition to numerical computations, a computer algebra system also does
symbolic computation including the manipulation of algebraic expressions. Mathematica has

a number of functions for this purpose. Among these are Expand, Factor, Together,
and Apart.

li:xpand[(x+5)3 (2x—1)2]
125 - 425 x + 215 %% + 241 %3 + 56 x* + 4 x°
Factor[x3 +2x%>-5%- 6]

(-2+x) (1+x) (3+x)

Together[x+ ]
x2+1
2+x+%3
1+x?
Apart[;]
x2+3x+2
1 2
+
1+x 2+X
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Notice that Mathematica does not automatically simplify algebraic expressions:
x (3-%x)-5%x%+ (x-1) (2x+3)
(3-%x)x-5%%+ (-1+%) (3+2%)

Simplify can be used for this purpose.
Simplify[x (3-x) -5x*+ (x-1) (2x+3)]

~3+4x-4%°

Plotting Graphs: An Introduction to Options

Mathematica is extremely good at creating graphics to help us analyze problems. We will be
primarily interested in graphing functions of one variable. This is done with Plot.

The function f(x) = sin(r x (3 — x)) is graphed on the interval 0 < x < 3 as follows.
Plot[ Sin[rnx (3-%x)], {x, 0, 3}]
10+

05! ‘ /\

-05¢

-10F

Notice that two arguments are provided to Plot. The first is our function in the form of an
expression, and the second is a list with three members, specifying (i) the name of the

There are numerous ways that we could have affected the appearance of the plot by specify-
ing options. Among the options for Plot are PlotRange, Ticks, AxesLabel,
AspectRatio,and PlotStyle.

The following creates a plot with labelled axes with no tick marks. Note that the arrow
character is typed as [est|->[est]. (Actually, just —=> will do.)

Plot[Sin[nx (3-x)]1, {x, 0, 3},
Ticks -» {{1, 2, 3}, {-1, 1}}, AxesLabel - {x, y}]

~

y
1r
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Notice that the following plot chops off high and low parts of the curve.

Sin[2 x2
Plot[ 2] , {x, 0, 10}]
x2+1
020
0.15

0.10

0.05 UL /\ {\ {\ A [ !\Vf\vl\vl\uﬂvl\vl\vhvﬂ A
2 V V@V [ VUV g 10

005 ¢
~0.10

~0.15 |
This can be cured with the P1lotRange option.

Sin[z xz]

Plot[ , {x, 0, 10}, PlotRangeaAll]

x2+1

0.6
04

02}

02|

Without our specifying AspectRatio - Automatic, the following semicircle would be
stretched vertically.

Plot [‘\/ 1-x?, {x, -1, 1}, AspectRatio » Automatic]
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To plot more than one function at once, we give P1lot a list of functions.

Plot[{xe™? Cos[nx], xe™?sin[rx]}, {x, 0, 12}]

When plotting multiple functions, it is often desirable to plot them with different styles. The
PlotStyle option lets us do that.

3
plot[{«/x . x, x°}, {x, 0, 2}, PlotRange - {0, 1.6},
PlotStyle » {{Dashing[{.02}]}, {Red}, {Thickness[.007]}}]

20

m Variables

As we mentioned earlier, all built-in Mathematica objects begin with an upper-case letter.
For that reason, it is usually a good idea to use variable names that begin with a lower-case
letter. In this manual we will loosely follow that convention. It is also good practice to give
meaningful names to variables and never to make assignments to single letter variables.

¢ Assignments to variables are remembered by Mathematica (for the duration of one “kernel
session”) until the variable is “cleared.” This is probably the single most important thing to
remember when you run into difficulties using Mathematica. (We will have more to say on
this in Section 1.8.)

piSixths = N[n/ 6]

0.523599

Clear[piSixths]; piSixths
0.523599

piSixths



Mathematica Basics 11

Assignments in Mathematica are made in two ways: (i) with a single equal sign, or (ii) with
a colon followed by an equal sign. For simple assignments such as

radius := V10. /7w

it makes little difference which method is used. In this particular case, the consequence of
using := is that radius has not yet been computed. (Also notice that no output is produced
when := is used.) The evaluation has been delayed until we cause it to be done—for exam-
ple, by entering

radius
1.78412
A better example to illustrate delayed evaluation with := is as follows. If we assign a plot to

a variable with :=, then no plot is created. The variable is assigned the command itself, not
the result.

graph :=Plot[x Vi-x%, (x, -1, 1}]

graph
04+
02
-10 =05 0.5 1.0
02r
-04r

If we assign a plot to a variable with =, then the plot is created and the variable is assigned
the resulting graphics object.

graph:Plot[x‘\/l—x2 , {x, -1, 1}]

04

02

02r

—041

We will address these issues again in Section 1.2. (See also Exercise 9 in this section.)



12 Chapter 1

m Tips and Shortcuts
We end this quick tour of Mathematica with a few tips and shortcuts with respect to typing
expressions.

s Entering Exponents, Radicals, and Fractions

To enter an exponent or superscript, press [CTRU-[6]. (Note that this is analogous to the [SHFT]-
[6] caret (), which is used for exponentiation in InputForm.) To leave the resulting

exponent “box,” press [—] or [CTRU- [sPACE].

To enter a subscript, press [CTRU-[-]. (This is analogous to the [sHFT]-[-] underscore character
(L), which is used to create subscripts in the TEX typesetting language.) To leave the

M 3 3 2
bl - .
resulting subscript “box,” press [—] or [CTRL]-[SPACE

To enter an expression involving a square root, press [cTRL-[2]. To leave the resulting square

root box, press [—] or [CTRL-[SPACE].

To enter a fraction, press [CTR-[/]. To move from the numerator box to the denominator box,
press To exit the fraction, press [—] or [CTRL-[SPACE].

m Greek Letters and Other Special Characters

Many special characters and symbols can be typed easily by pressing the key before and
after typing some easily remembered standard character(s). For instance, to type the Greek
letter a (alpha), just type [estla [esC] or [EClalpha [est]l. Other Greek letters can be typed
similarly.

Other shortcuts for common special characters include:

[EsClee produces the constant e, the base of the natural logarithm.

i1i [ec] produces the imaginary number i = V1.
int [ec] produces an integral sign f .
[esc]pd [eSC] produces a derivative operator 9.
[esc] inf [esC] produces an infinity symbol co .
Of course, you may prefer to use the buttons on the Basiclnput palette.

We should also point out that the familiar numbers denoted by e, i, and 7 can be entered as
such or as E, I, and Pi, respectively.

{e::E, ]']_:: I, 7r==Pi}

{True, True, True}

Be careful to notice, however, that an ordinary e is not the same as e, and an ordinary i is not
the same as i.
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& Exercises

1.

Compute both an exact and a numerical value for each of the following numbers.

a)@f—3ﬂﬁ—4&ﬂ/ﬂ7iﬁ7 b) cos 12 0 T d) In2981

Use Simplify on each of the following.

X+ @x@x-1) -4

a) ln(2e5) b) 1+cos2x c)
2 —
X +x—-06
Factor each of these polynomials:
a) 6x3+47x2+71x-70 b) 12x° — 56x° + 100x* — 80x3 + 20x% + 8x -4
. sin(x%) . .
Plot the function f(x) = —— on the interval 0 < x < 1 with:
E
a) no options b) PlotRange—~All

c) PlotRange—All, AspectRatio— Automatic
Create a plot containing the graphs of y = x> and y = x> over 0 < x < 2 with:
a) no options b) PlotRange—All c¢) PlotRange- {0,2}

d) PlotStyle— {Red,Blue} e) PlotStyle- {{Red,Thick}, {Blue,Thick}}
Look up each of the following functions in the Documentation Center, and then plot them
on the indicated interval.
a) Floor, 0<x<10 b) PrimePi, 0 <x < 100
Use the Documentation Center to learn what RandomReal[ ] and RandomInteger] ]
do. Then enter and the following and explain the output:

GraphicsRow[ {Plot [RandomReal[] x, {x, 0, 1}],

Plot [RandomInteger[] x, {x, 0, 1}]}]

RandomReal and RandomInteger provide a good illustrations of the difference
between using = and using := in an assignment. Enter each of the following several times.
Describe and explain the difference in the results.

r = RandomInteger[100]; Table[r, {10}]

and

r := RandomInteger[100]; Table[r, {10}]
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1.2 Functions

Defining Functions
Blank

When defining a function, it is essential to follow each argument by a Blank (or
“underscore”). Also, recall that the arguments of a function are enclosed by brackets. For
example, we would define the function f(x) = x* — 2 by entering

fx_] s=x3-2x
Then we can evaluate the function at any number
£[3]
21
or plot its graph:
Plot[f[x], {x, -2, 2}]
4t

4!
Note that the Blank appears next to x only on the left side of the expression. Also, when

defining a function with more than one argument, a Blank must follow each one. For
instance:

glx_, vy _,2_]:s=X+y+2
gll, 2, 3]
6

Set (=) versus SetDelayed (:=)

Definitions of functions—and assignments of expressions to variables in general—can be
made using either “equal” or “colon-equal.” The difference between these two ways is
described by the full Mathematica names of the = and := symbols, which are Set and
SetDelayed.

When an assignment is made using Set, any calculations that are indicated on the right side
are done as the assignment is entered. When an assignment is made using SetDelayed,
any calculations that are indicated on the right side are delayed until the defined expression
is used.
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In many cases, such as in the definitions of £ and g above, it makes no difference which is
used. To see a simple example that indicates the importance of using Set rather than
SetDelayed, let’s suppose we want to define f(x) to be the derivative of (x + 1) cos x. If

we enter
f[x_] :=0x ((x+1) Cos[x])

notice what happens when we try to evaluate f(2):

f[2]
General::ivar: 2 is not a valid variable. >
0, (3Cos[2])

However, if we enter
f[x_] =0x((x+1) Cos[x])
Cos[x] - (1 +x) Sin[x]
then f works the way we want it to:
f[2]
Cos[2] -38in[2]
When is it important to use SetDelayed rather than Set? Here’s a simple example:

Suppose that we want to plot the graph of sin kx for several values of k and that we decide to
define a function as follows to create each of the desired plots.

plotsin[k_] :=Plot[Sin[k x], {x, 0, 2 7}]

For instance, with k = 2, we get the following graph:
plotSin[2] 10¢

05¢

-05¢

-10+

But what would have happened if we used = rather than := in the definition of plotSin?
Mathematica would attempted to plot the graph of sin kx immediately when the definition is
entered. This doesn’t work because k has no numerical value, and an empty plot results.

plotSin[k_] = Plot[Sin[k x], {x, O, 2}, PlotRange -» All]
10¢F

0.5

-10 =05 0.5 10
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The empty plot that was produced and assigned to plotSin[k_] will now be the “value”
of plotsin[k] for any k; for instance:

plotSin[2]
10}
05¢
-1.0 -0.5 0.5 1.0
-05¢
-1.0+

m Applying Functions with @ and //

Suppose that we define a simple function such as
flx_] := x(x-1)

Naturally, we could evaluate this function at, say, x = 3, by entering
£[3]
6

There are two other ways to do the same thing. We can evaluate f at 3 by entering
fe3

-1

On the other hand, we can apply f to 3 like this:
3//¢%
6
We will use this postfix method of function application frequently, often for the purpose of

applying either Simplify to some expression or N to some numerical calculation. For
example, we will use the following style when doing a symbolic calculation:

2x+x (5x+1) // Simplify
X (3+5%)

When doing an exact numerical calculation, we will commonly use a style that is similar but
displays the exact value followed by the numerical value:

/585 /33

%// N
V65

11
0.732933
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B Piecewise-defined Functions

Mathematica has two primary logical functions that we can use to enter definitions of
piecewise- defined functions. These are If and Which. If usually works best for functions
with two pieces, such as
x, ifx=<sl;
fo= {x—Z, if x> 1.
This function can be entered and plotted as follows.
flx_] :=If[x<1, x, x-2]
Plot[f[x], {x, -1, 3}]
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More complicated functions are better handled with Which. For example, the function

1, if x<-1
fx)=4q—x, if —1<x=<1
-1, if x>1

can be entered and plotted as follows.
f[x_] :=Which[x<-1,1, -1<x<1, -x,x>1, -1]
Plot[f[x], {x, -3, 3}]
10}

m Piecewise

Piecewise was new in Mathematica 5.1 and is similar to Which. While Which must be
supplied with an alternating sequence of conditions and values, i.e.,

Which[ cond,,valy, cond,,val,, ...],
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Piecewise takes a single list containing value-condition pairs, as in
Piecewise| {{vali, cond,}, {valy, cond,}, ...} ]

For example, the function
1, if x<-1
fx)=3 —x, if —1<x=<1
-1, if x>1

il

can be input as follows. Notice the automatic display of the output in “left-bracket form.
£[x_] = Piecewise[{{1, x < -1}, {-x, -1<x <1}, {-1, 1 <x}}]

1 x=<-1
-x -l<x=<1
-1 1<x

It is also possible to enter such a definition in the same left-bracket form as follows: Press
pw [esc] followed by [CTRL][RET]. Then you’ll have a template like this:

{ oo
oo
Pressing again will add another row.

= Abs, Floor, and Mod
There are a handful of built-in piecewise-defined functions, including Abs, Floor, and
Mod, whose graphs are shown below.
GraphicsRow|[
{Plot[Abs[x], {x, -1, 1}], Plot[Floor[x], {x, -2, 3}],
Plot[Mod[x, 1], {x, 0, 3}1}]
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The following functions are built with Abs.

GraphicsRow[ {Plot[Abs[Cos[x] - .5], {x, O, 47}],
Plot[Abs[Abs[x] - 1], {x, -3, 3}1}]

Lo ==
howoioe
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Floor helped create each of these step functions:

GraphicsRow[{Plot[(-1)F1°°r[x], {x, -2, 3}],
Plot[Sin[nFloor[6x] /6], {x, 0, 2}1}]

10 10t _
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A periodic function based on a piece of any graph can be constructed with Mod.

GraphicsRow[{Plot[Sin[nMod[x, 1] /2], {x, 0, 3}],
Plot[Abs[Mod[x, 2] - 1], {x, -4, 4}1}]
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& Exercises

1. Enter definitions for each of f(x) = x (x — 2)2, gx)=x-3, and h(x) = x*> — 1 and then
compute and simplify each of the following:

a) f(g(h(x))) b) h(g(f(x))) ¢) f(h(g(x))

2. Enter a definition for f(x) = (l + xz)_l . Then create a plot (over —3 < x < 3) showing the
graphs of:
a) f(x), f(x—1),and f(x+1) b) f(x), f(2x), and f(8x)

-X, if x<O0

xX2-1, ifx=0

1, ifx=<n/2
sinx, if x>m/2

3. Using I£,define and plot each of a) f(x) = { b) f(x) = {

4. Using Which, define and plot each of

1, if x<O x+1, if x<O
a) f=51-x%, if0<x=<2 b) f(x)={1-2x, if0=sx=<1
-3, if x>2 x=2, ifx>1

5. Redo Exercise 4 with Piecewise.
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6. Plot each of the functions:
a) f(x)=(x- FlOor(x))2 b) f(x)=x(- I)Floor(x)

7. The function Mod provides an easy way to create a periodic function from a simpler func-
tion that describes a single period. For example, the function

£0[x_ ] :=\V1- (x-1)2

describes the top half of the circle with radius 1 centered at (1, 0). Plot its graph by entering
Plot[£f0[x], {x, O, 2},
AspectRatio -» Automatic, PlotRange » {-.5, 1.5}]
The corresponding periodic function with period 2 is
£[x_] := £0[Mod[x, 2]]
In a similar manner, define and plot (for 0 < x < 9) a periodic function with period 3 that
agrees with fy(x) = e~ on the interval 0 < x < 3.

, x<0,

Its Mathematica name is UnitStep.
1, x=0.

8. The unit step function is defined by u(x) = {

a) Using UnitStep, plot the graphof uon -1 <x < 2.

b) Plot f(x) =u(x—1)on —1 < x <2 and express f(x) in piecewise form.

¢) Plot f(x) = u(x—1)sin(2rx) on —1 < x < 2 and express f(x) in piecewise form.
d) Plot f(x) = u(x—2)—h(x—1) on0 =< x < 3 and express f(x) in piecewise form.

e) Plot f(x) = (u(x —2) —u(x — 1)) sin(27x) on 0 < x < 3 and express f(x) in piecewise form.

1.3 Equations

Certainly one of the most frequent mathematical tasks that we need to do is to solve an
equation. In order to be able to solve equations with Mathematica, we first need to under-
stand how equations are formed. The important thing to remember is that double equal signs
are used to form an equation.

Actually, double equal signs constitute a logical test that returns either True, False, or the
equation itself.

2%17 - 34 ==
True

3==4
False
x2-4==0

“4+%x%=0
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Notice, however, that Mathematica returns True only when the expressions on each side
are identical. Only the most superficial simplification is done prior to the test, as in:

2x+x-2==3x+5-17
True

Notice that for this equation:
x2-4==(x+2) (x-2)
4+ x% = (-2+%) (2+%)

a nontrivial operation must be done to one side or the other before the expressions become
truly identical. Finally, notice that Mathematica returns an error message if we use a single
equal sign improperly.

3=4
Set::setraw: Cannot assign to raw object 3. >
4

The single equal sign is used only for assignments such as

area = i r?

7t r?

Mathematica has three functions for solving ordinary equations. These are Solve,
NSolve, and FindRoot. Solve works very well on polynomial and many other alge-
braic equations.

Solve[6x®-23x*+25%x-6==0, x|

{{xe%}, {x»%}, {er}}
Solve[x4—2x3—x2+6x—6==0, x]

{{xel—j}, {(x->1+1}, {xe—\/?}, {x»\/?}}

Solve[‘Vx—l +x==4+Vx+4, x]
{{x=>5}}

Solve will also give solutions to trigonometric (or exponential/logarithmic) equations, but
frequently gives a warning.
Solve[2Sin[2x] == Cos[x]® -1, x]
Solve::ifun:
Inverse functions are being used by Solve, so some solutions may not be found;
use Reduce for complete solution information. >

=]} o -wecos | 2]

17

{{X»O}, (X > -7}, {x-7), {x»ArcCos[—
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Solve will also find solutions of a system of equations. The equations must be given as
elements of a list, i.e., separated by commas and enclosed in braces.

Solve[{xz—y== r "X +Yy == 1}, {x, Y}]
{y=0, x> -1}, {y >3, x> 2}}

The solutions of polynomial equations of degree five or greater generally cannot be found in
any exact form. Notice how Mathematica “avoids” the problem:

Solve[x®-10x*+5x+1==0, x|

{{x>Root[1+5u1-1001%+u1°&, 1]},
{x>Root[1+5u1-10u1%+11° &, 2
4

}
b
J
}

{x > Root 1+5H1-10812 +11° &, 4

14

[ ]
[ ]
[x >Root[1+5u1-10n1%+u1° &, 3]
[ ]
[ ]

Xx->Root|1l+5#1-1011°+11° &, 5
2 5

In such situations, we can always resort to numerical solutions. NSolve finds a numerical
approximation to each solution of a polynomial equation, including complex solutions.

NSolve[x® -10%x*+5x+1==0, x|

{{x->-1.22065-1.891691}, {x—>-1.22065+1.891691},
{x—>-0.153102}, {x—>0.66946}, {x > 1.92494})}

In many situations where Solve is successful, such as:

Solve[x’-10x?+5x+1==0, x|

x o 10, 85 1 (L (152349141601 )) 01,

8 3 3(%(1523+91’1\/1691)>1/3 } (2< N

(x> L (1+1V3) (3(1523+9i\/ﬁ))1/37 s (1-473 ) ERE
36 2 32%/3 (1523491 V1691 )

{xeg—o—%(l—j\/?) (%(1523+91m))1/3— o (11 V3 ) 75}

32%/3 (1523+9 1 V1691 )
it may still be preferable to use NSolve:
NSolve[x®-10%*+5x+1==0, x|
{{x->-0.152671}, {x— 0.692369}, {x— 9.4603}}

Many equations require the use of FindRoot, which incorporates a numerical procedure.
For example, consider

x% = cos x.

FindRoot can find only one solution at a time and requires us to supply an initial guess at
the solution we’re looking for. An appropriate initial guess can usually be determined by
examining a graph.
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Plot[{x?, Cos[x]}, {x, 0, 1}] 1.0
08}
0.6
0.4F
02f

FindRoot [x* == Cos[x], {x, .85} ]

(x> 0.824132}

& Exercises
. The equation x*=x+ 1 has one real solution. Find its exact value with Solve and its
numerical value with NSolve.
2. Use Solve to find the solution(s) of each of the systems:
a) 2x+3y=1, x> +y* =1 b) 3x-2y=5,7x+3y=2
¢) x+y+z=2, x—-y+z=1, xz+y2+z2 =2
3. Use Solve on the underdetermined system
X+y+2z=2, x-2y+z=1
and interpret the result. Try each combination of solve variables: {x,y,z}, {x,v}, {x,2},
and {y, z}. Which gives the “cleanest” solution?
4. For each of the following functions, plot the graph to determine the approximate location of
each of its zeros. Then find each of the zeros with FindRoot.
a) f(x)=e? b) f(x)=x—9cosx ¢) fx)=x*—tan"'x
5. For each of the following equations, plot both sides of the equation to determine the approxi-
mate location of each of its solutions in the specified interval. Then find each of the solu-

tions with FindRoot.

2

a) sinx cos2x=cosx sin3x, 0 <x<2nx b) sinx =sin2x, O<sx=nm

¢) tanx=x, 0<x=<3nm d) sinx=e™, 0<x=<4
6. Two spheres have a combined volume of 148 cubic inches and a combined surface area of

160 square inches. Find the radii of the two spheres.

7. Two spheres have a combined volume of 148 cubic inches and a combined surface area of
160 square inches. Find the radii of the two spheres.

8. An open-topped aquarium holds 40 cubic feet of water and is made of 60 square feet of
glass. The length of the aquarium’s base is twice its width. Find the dimensions of the
aquarium.

9. a) Find the equation of the parabola that passes through the points (-1, 1), (1, 2), and (2, 3).
b) Find the cubic polynomial f(x) such that f(1) = f(2) = f(3) =1 and f(4) = 7.



24 Chapter 1

1.4 Lists

Lists are ubiquitous in Mathematica. A list is anything that takes the form of a series of
objects separated by commas and enclosed in braces, such as:

{a, b, ¢}

{{1, 3}, {2, 5}}

{x, 1, 2}

{x2+y==2, 2x—y==0}

Many built-in commands expect lists for certain arguments. For example, in
Plot[Cos[xSin[x]], {x, 0, 2 7}]
10

05¢

-05¢
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the second argument is a list that specifies the variable name and the interval over which to
plot. In

Solve[{x2+y==2, 2x—y==0}, {x, Y}]
y=»2(-1-vV3),x>-1-V3}, {[y=>2(-1+/3), x>-1+3}}

each of the two arguments is a list, and the result is also a list (of lists).

m Listable Functions

Most built-in Mathematica functions and operations are listable. When a listable function is
applied to a list, it is applied to each element of the list and returns the result as a list. For
example,

{1,2,3,4,5,6,17,8,9})°

{1, 4, 9, 16, 25, 36, 49, 64, 81}

\{1(2, 3}, {4, 53}, ({6, T}, {8, 9}})
{Va s} {2, Vs (Ve VT ], {272, 3}

1
{1, 2,3, 4,5}

{ 1 1 1 1}
1, =, = =/ =
2 3 4 5
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{1, 2, 3} + {4, 5, 6}
{5, 7, 9}
{1, 2, 3} {4, 5, 6}
{4, 10, 18}
2{0,1,2,3,4,5,6,7,8,9,10}
{1, 2, 4, 8, 16, 32, 64, 128, 256, 512, 1024}

Cos[{0, n/4, n/2, 3n/4, n}]
(1, 1,0, -1, 1)
V2 V2

m The Parts of a List

Here’s a simple list:
alist = {2, x, y, {a, b}}
{2, %, ¥, {a, b}}

Notice that it has four parts.
Length[alist]
4

Here’s the third part:
alist[[3]]
y

The fourth part is itself a list:
alist[[4]]
{a, b}

Here’s the second part of that sublist:
alist[[4, 2]]
b

This gives the first and third parts:
alist[[{1, 3}]]
{2, v}

This gives the first through the third parts:
alist[[1;; 3]]
{2, %, v}

This uses First to extract the first part:
First[alist]
2

25
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This uses Last to extract the last part:
Last[alist]
{a, b}

m Creating Lists

Mathematica provides three functions that are especially useful for creating lists. These are
Range, Table and NestList.

= Range

Range can be used with one, two, or three arguments. With one argument, it returns a list
of consecutive natural numbers beginning with 1.

Range[10]
{1, 2,3,4,5,6,7,8,9, 10}

Range[a, b] returns a list containinga,a+ 1,a+2, ...,a+n,wherea+n<b<a+n+1.
Range[4.5, 15.1]

{4.5,5.5,6.5,7.5,8.5,9.5, 10.5, 11.5, 12.5, 13.5, 14.5}

A third argument specifies the increment. (The default is 1.)

1
Ran e[O 1, —
g AT
1 1 3 2 1 3 7 4 9
{OI -~ —r — _r —r _r —r — __r —_r — 1 l}
10 5 10 5 2 5 10 5 10

m Table

Table provides an easy way of constructing many kinds of lists. The following computa-
tions illustrate its use.

Table [k?, {k, 10} ]

{1, 4, 9, 16, 25, 36, 49, 64, 81, 100}

Table[Table[i -], {i, 4}], {3, 4}]

{{o0, 1,2, 3}, {(-1,0,1, 2}, {-2,-1,0, 1}, {-3, -2, -1, 0}}
% // MatrixForm

o 1 2 3
-1 0 1 2
-2 -1 0 1
-3 -2 -1 0
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m NestList
NestList creates lists whose elements are terms of a recursive sequence; that is, given a
function f and a starting point a;, it creates a list containing a;, ay as, ...,a,, where

ar+1 = f(ay). For example, ten terms of the arithmetic sequence defined by
a1 =3, a4 =2a;,—1, k=1,2,3, ...
can be computed by first defining
fx_]:=2x-1
and then entering
NestList[£f, 3, 9]
{3, 5,9, 17, 33, 65, 129, 257, 513, 1025}

Notice that NestList has three arguments. The first is the name of the function, the
second is the first member of the list, and the third is the number of “steps” to be computed
(which is one less than the length of the resulting list).

® Manipulating Lists
m Flatten

There are occasions when we need to simplify lists by “merging” smaller lists that it con-
tains. The Flatten command does this. For example:

Flatten[{{1, 2, 3}, {4, 5}}]
{1, 2,3,4,5}

Flatten[{{{x, v}, {3}}, {4, q}}]

(%X, 9,3, 4, q}

= Append and Prepend

We will often need to add elements to the end or beginning of an existing list. These tasks
can be done with Append and Prepend. Here are two examples:

Append[{1, 2}, 3]
{1, 2, 3}
Prepend[{1, 2}, 0]
{0, 1, 2}

m Union and Join

Merging two or more lists into one can be done with Union or Join. Union does not
maintain the order of elements:

Union[{a, 2}, {v, 8}, {h, s}]
{2, 8, a, h, s, v}
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but Join does:
Join[{a, 2}, {v, 8}, {h, s}]
{a, 2, v, 8, h, s}

H Map and Apply
= Map

A very useful method for applying a non-listable function to each element of a list is pro-
vided by Map. Suppose we have a list of ordered pairs of numbers such as

points = Table[{2i, 5-1i}, {i, 8}]

{{2, 4}, {4, 3}, {6, 2}, {8, 1},
{10, 0}, {12, -1}, {14, -2}, {16, -3}}

and we would like to create a list containing the sums of the numbers in each ordered pair in
the list. To do this, we can create the function

addpairs[{x_, y_}] :=x+y

and “map” it through the list of ordered pairs:
Map[addpairs, points]
{6, 7, 8, 9, 10, 11, 12, 13}

As an exercise, explain what goes on in the following:
Map[Flatten, {{3, {5, 6}}, {a, {b, c}}}]
{{3, 5,6}, {a, b, c}}

= Apply
Suppose that we have a function of two variables, say
vol[r ,h ] :=nr?h
and that we would like to compute its value at a pair of numbers in a list, such as
measurements := {3.47, 5.12}
Now entering
vol [measurements]

vol[{3.47, 5.12}]

does not work. A very inconvenient, but effective, workaround is
vol [measurements[[1]], measurements[[2]]]
193.677

But a far simpler and more versatile approach is provided by Apply function:
Apply[vol, measurements]

193.677
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It is usually easy to avoid such a situation (by defining vol[{r_, h_}] := 5 r?h in this
case), but Apply does give us very nice way to compute the sum or product of the elements

of alist:
Apply[Plus, {2, 5, 8, 12, 13}]
40
Apply|[Times, {2, 5, 8, 12, 13}]
12480

& Exercises

1. a) Use Table and Prime to generate a list of the first 100 prime numbers.
b) Generate the same list using only Prime and Range.

2. Generate a list of values of the function f(x) = sin x

forx=.1, .2, ..., 1, first using Table,
then without Table.

3. Generate a list of the first 50 odd natural numbers, using:
a) Table; b) Range; ¢) NestList

4. Generate a list of the first 21 powers of 2 (beginning with 2°), using:
a) Table; b) Range; ¢) NestList

5. Use Table to generate a list of ordered pairs (x, f(x)) for x=0, 1”—2, % ..., T, where

f(x) = sin x. Can you think of a way to do this without Table?
6. Create a list named waves that contains % sinkx for k=1,2,3,4,5. Then plot the expres-
sions in waves by entering
Plot [Evaluate[waves], {x, 0, 2 7}]
Now enter
colors = Map[Hue, Range[.4, 1, .15]]
Plot [Evaluate[waves], {x, 0, 2}, PlotStyle - colors]
Then enter
grays = Map[GrayLevel, Range[.8, 0, -.2]]
Plot[Evaluate[waves], {x, 0, 27}, PlotStyle - grays]
7.a) The function
fx_] :=x°-2x%x2-3x%x+3

has three real zeros. Plot its graph, and create a list named guesses that contains a
rough estimate of each of the zeros.

b) Define the function
getZero[guess_] := FindRoot[f[x], {x, guess}]
and find all three zeros of f with one command by entering

Map[getZero, guesses]
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1.5 Rules

Understanding rules is essential to making efficient use of Mathematica. For example, note
that the Solve command returns its results as lists of rules:

soln = Solve[{x*+x+y? ==2, 2x -y ==1}, {x, y}|
{y->1(-2-V29), x> 2 (3-V29)},
L (—2+\/§),xeL (3+m>}}

ly- To

5

To convert this answer to a list of pairs of numbers, we apply the rules to the list {x,y} as
follows:

{x, y} /. soln
1
g (3-v29 ),

Anticipating this in advance, we might have combined these steps by entering

(-2-v29)}, [ (3++/29),

10

(-2+V29)}}

(SN

L
5

{x, v} /. Solve[{x2+x+y2 ==2,2xXx-Yy == 1}, {x, y}]

H%P’*\/ﬁ), L (,27\/5)}, {% (3+m>: é (72+m>}}

5

The name of the slash-dot object “/.” that we use to apply rules is ReplaceAll. The
following are some simple examples that illustrate its use.

‘\/xz—x+1 /. x> 3

V7

X+y/. y-o>x

2x

XxXy+yz+xz /. {x»>a,y->b+c, z-55}

5a+5 (b+c) +a (b+c)

¢ Exercises
. Trigonometric identities provide a good context in which to learn about rules and gain a bit
of insight into symbolic computation in general. For example, the sine addition formula can
be applied via the rule
sinAdd := Sin[x_+y_] » Sin[x] Cos[y] + Cos[x] Sin[y]
Notice what happens when the rule is applied to sin(3x + 5y):
Sin[3x+5y] /. sinAdd
Cos[5y] Sin[3 x] + Cos[3 x] Sin[5Y]
The same rule provides the sine difference formula as well.
Sin[t - ¢] /. sinAdd
Cos[¢] Sin[t] -Cos[t] Sin[¢]
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This rule also handles expressions with three or more summands, provided we use //.
(ReplaceRepeated) instead of /.:

a)

b)

d)

e)

b)

c)

d)

e)

Sin[a+b+c¢] //. sinAdd

Cos[b+c] Sin[a] + Cos[a] (Cos[c] Sin[b] + Cos[b] Sin[c])
Enter the definition of sinAdd and construct a similar rule, cosAdd, for the cosine
addition formula. Test both rules on several different expressions.
Enter the following multiple-angle expansion formula for sine:

sinMult := Sin[n_Integer x_] » Sin[(n-1) x+x] /. sinAdd
Check that this rule works properly by entering
{Sin[2 x], Sin[3 x]} //. sinMult
{2 Cos[x] Sin[x], 2 Cos[x]?Sin[x] + Cos[2 x] Sin[x] }
Construct a similar rule, cosMult, for the multiple-angle expansion formula for cosine.
Test it on a few expressions.
Notice the result of repeatedly applying all four rules (followed by Expand) by entering
Sin[2x+y] //. {sinAdd, cosAdd, sinMult, cosMult} // Expand

Then enter Simplify[ %] to verify that the expansion is correct.
Define the function
trigExpand[expr_] :=
expr //. {sinAdd, cosAdd, sinMult, cosMult} // Expand
and test it by entering
Cos[x+2y] +Sin[3 x-y] // trigExpand
% // Simplify
Finally, create a table of multiple angle formulas for sine by entering
Table[{Sin[k x], Sin[k x] // trigExpand}, {k, 1, 5}] // TableForm

and create a similar table of multiple angle formulas for cosine.

Use NSolve to find the zeros of the polynomial f(x)=x>—4x*+12x>-9x+ 1.
Convert the result to a list of numbers.

Compute the sum of the zeros of f using Total. Combine the entire process into a
single command.

Repeat the process in parts (a) and (b) after changing the coefficient of x* to 3, and then
once again after changing the coefficient of x* to 1. Try changing the other coefficients to
see if they affect the result. What do you conjecture about the sum of the zeros of a fifth-
degree polynomial?

Compute the product of the zeros of f using Apply and Times. (See section 1.4.)
Experiment with the coefficients to determine which affect the result. What do you
conjecture about the product of the zeros of a fifth-degree polynomial?

Experiment with a few polynomials of other degrees. Do your conjectures depend on
degree? Also, are your conjectures consistent with linear polynomials?
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1.6 Graphics

m Graphics Objects and Show
Graphics commands such as P1ot create and display graphics objects.
graphl = Plot[Sin[x] Cos[10 x], {x, O, 2 7m}]
1.0

0.5}

graph2 = Plot[{Sin[x], -Sin[x]}, {x, 0, 2 7}]

10+

0.5}

-0.5}

-10F

The Show command displays graphics objects, which may consist of two or more combined
graphics objects.

Show[graphl, graph2]
1.0

0.5}

-0.5}

-10F
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m Graphics Primitives

Graphics primitives are the simple objects of which more complex graphics objects are
built. Two- dimensional graphics primitives include Point, Line, Circle, Disk,
Rectangle, Polygon, and Text.

The following defines a graphics primitive consisting of a series of line sergments connect-
ing the specified points:

zigzag :=
Line[{{1, 2}, {1, 1}, {3, 2}, {2, 2}, {1, O}, {3, 1}, {2, 1}, {2, 0}}]

The Graphics command creates a graphics object from the graphics primitive.

Graphics[zigzag]

Here is a list of graphics primitives:

shapes = {Rectangle[{-2, 1}, {0, 2}], Circle[{1, 1}, 1],
Disk[{0, O}, .7], Text["rectangle", {-1.5, .8}],
Text["disk", {-1, 0}], Text["circle", {1.5, 1.5}]1};

This is the resulting graphics object:

Graphics[shapes, AspectRatio -» Automatic]

rectangle

disk

m Graphics Directives

Graphics directives affect the way graphics primitives are displayed. Common graphics
directives include Opacity, PointSize, and Thickness, as well as common colors
such as Red, Blue, Orange, and so on. (RGBColor, Hue, GrayLevel, and CMYK-
Color are available for mixing your own colors.)
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A graphics directive is associated with a graphics primitive by creating a list of the form
{directive, primitive}. More than one primitive can be specified by creating a list of the form
{directivel, directive2, ..., primitive}. The following suggests the many possibilities:

redRect = {Red, Opacity[.67], Rectangle[{-1, 1}, {1, 2}]1};
thickCircle =

{Thickness[.02], Opacity[.5], Green, Circle[{1, 1}, 1]};
purpleDisk = {Purple, Opacity[.4], Disk[{O0, 1}, .7]1};
Graphics[{redRect, thickCircle, purpleDisk}]

Often graphics directives are provided through options such as PlotStyle, AxesStyle,
and Background. For example,

Plot[x?, {x, -1, 1}, PlotStyle » {Thick, White},
AxesStyle » Green, Background -» GrayLevel[.5] ]

m Suppressing and Combining Graphics

Suppose that we want to plot the parabola y = x> along with the circle of radius 1/2 cen-
tered at (0, 1/2). The following assigns names to plots of the parabola and the circle. The
output of each is surpressed by a semicolon. (That’s new in Mathematica 6.)

curve = Plot[xz, {x, -1.4, 1.4}] ;

circ = Graphics[Circle[{0, .5}, .5]1];
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We can now combine the two graphics with Show.

Show[curve, circ, AspectRatio -» Automatic]

20¢

-10 -05

05 10

The same thing could be accomplished all at once by entering

Show[Plot[x?, {x, -1.4, 1.4}],
Graphics[Circle[{O0, .5}, .5]], AspectRatio - Automatic]

(This behavior is new in Mathematica 6; in earlier versions the preceding command would

have produced thre

e separate plots.)

B GraphicsRow and GraphicsGrid

Two very useful graphics commands are GraphicsRow and GraphicsGrid. With these
we can create composite graphics objects containing rectangular arrays of individual
graphics objects. For instance, let’s create the following four graphics objects:

segment = Graphics[Line[{{0, 0}, {2, 2}}]1];

circ = Graphics[Circle[{0, 0}, 1]];

parabola =

Plot[xz, {x, -1, 1}, Axes—)None];

rect = Graphics|[{Gray, Rectangle[{0, 0}, {1, 1}11}];

The following shows these four graphics objects in a one-by-four array:

GraphicsRow[ {segment, circ, parabola, rect}]

OAVE

We would get a tw

o-by-two array instead if we enter

GraphicsGrid[{{segment, circ}, {parabola, rect}}]

e

B
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& Exercises

1. Predict the result of each of the following commands before entering it.

GraphicsRow[Table[Graphics|[{Thickness[t], Orange, Circle[]}],
{t, .02, .1, .02}]]

GraphicsRow[Table[
Graphics[{PointSize[t], Point[{0, 0}]}], {t, .1, 1.1, .25}]]

GraphicsRow[Table[Graphics[{col, Disk[]}],
{col, {Red, Blue, Green, Purple}}]]

GraphicsRow[Table[Graphics[{col, Disk[]}],
{col, NestList[Lighter, Red, 3]}1]]
GraphicsRow|[
Table[Graphics[ {RGBColor[h, O, 1 -h], Disk[]}], {h, O, 1, .1}]]

Graphics[Table[ {Hue[RandomReal[]],
Disk[{Cos[t], Sin[t]}, .25]}, {t, n/6, 27, w/6}]]

1.7 Animate and Manipulate

One of the most instructive and fun features of Mathematica has always been its ability to
animate graphics. New in Mathematica 6 is the function Animate, which provides a
convenient, simple mechanism for creating animations.

For the sake of comparison, let’s first create a simple table containing graphs of
y = sin(x — ¢) for various values of the phase shift ¢. Here ¢ will go from 0 to 2 in steps of
1 (by default).

Table[Plot[Sin[x - ¢], {x, O, 6 7},

PlotRange » {{0, 6 7}, {-1.1, 1.1}}, AspectRatio- .2,
Ticks » {Range[6] w, None}], {¢, 0, 2 7}]

SN N
Mﬂ' 3>1\/¢{71 SUﬂ'

—

;r \2// 3‘71\\4// 5‘71 6‘71’ 7r \2\7r/ 3‘77 \QT/ 5‘7r \§:ﬂ’
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If we change Table to Animate, we get an animation instead, in which ¢ goes from O to
2 continuously. The controls allow you to start, stop, slow down, speed up, and reverse the
animation. Moreover, the slider lets you “manually” move forward or backward through the
animation.
Animate[Plot[Sin[x - ¢], {x, 0, 6 7},
PlotRange » {{0, 6 7}, {-1.1, 1.1}}, AspectRatio- .2,
Ticks -» {Range[6] &, None}], {¢, 0, 2 7}]

. ] MERIE

LN NN
VAR VARRVEAR

Using Manipulate instead, we get only the slider control. However, clicking on the
icon at the right end of the slider will reveal animation controls.

Manipulate[
Plot[Sin[x - ¢], {x, O, 6 7}, PlotRange » {{0, 6 n}, {-1.1, 1.1}},
AspectRatio —» .2, Ticks » {Range[6] nr, None}], {¢, O, 2 x}]

¢ Notice in the preceding examples the specification of the PlotRange option. This is
generally necessary to ensure that each plot created corresponds to the same rectangle in the
plane, thereby producing an animation in which any fixed point remains still.

Animate and Manipulate can be used to animate or manipulate any type of expression,
not just graphics.

Manipulate[Expand[(a+b)"], {n, 1, 20, 1}] // boldEdge

M

n r

</

a’+7a’*b+21a’b?+35a*b3+35a°b?+21a?b>+7abb+b’

Here are two simple examples that use a different ControlType:
Manipulate[Expand[(a+b)"],
{n, 1, 15, 1}, ControlType - SetterBar]|

Manipulate[xY, {x, 1, 15, 1, ControlType - SetterBar},
{y, 1, 15, 1, ControlType -» SetterBar}]
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& Exercises

1.

The following creats a Manipulate object that plots the graph of y = sin(ax) + sin(bx) for

manipulable angular frequencies a and b of the individual terms. Enter the command and
experiment with the two sliders. Then describe what you observe whenever the value of a
“crosses over” the value of b or vice versa.

Manipulate[Plot[Sin[at] +Sin[b t],
{t, 0, 5}, PlotRange -» {-2, 2}, PlotPoints -» 40],
{a, 50, 100}, {{b, 100}, 50, 100}]
This demonstrates the same phenomenon with sound:
Play[Sin[ (950 + 10 t) t] + Sin[1000t], {t, O, 5}]
And this is the same thing in stereo:
Play[{Sin[ (950 + 10t) t], Sin[1000t]}, {t, O, 5}]
This is the phenomenon known as beats, which is useful in tuning string instruments by ear.
In this exercise, we will build up some simple and strangely interesting pieces of Mathemat-
ica-generated “art.” Begin by entering
r := RandomReal[];
Show [Graphics[Line[{{r, r}, {r, r}}]], PlotRange - {{0, 1}, {0, 1}}]
This simply plots a random line segment within the square -1 <x<1,-1=<y=<1. (Re-

enter this a couple of times to observe the difference in the results.) Now enter the following
several times. You should observe forty random segments each time.

Graphics[Table[Line[{{r, r}, {r, r}}], {40}],
PlotRange -» {{0, 1}, {0, 1}}]
Let’s now give random color and thickness to the segments. Enter this a few times:
Graphics[Table[
{RGBColor[r, r, r], Opacity[e !***], Thickness[.0l + .02 r],
Line[{{r, r}, {r, r}}]1}, {40}], PlotRange -» {{0, 1}, {0, 1}}]
Now create a composite graphic by entering
GraphicsRow[Table[Graphics[Table[ {RGBColor[r, r, r],
Thickness[.003 + .01 r], Line[{{r, r}, {r, r}}]}, {40}1]1, {5}]11]
Enter the following to produce an animated piece on a black background:
Animate[Graphics[k; Table[
{RGBColor[r, r, r], Opacity[.9 e 2%], Thickness[.0l + .02 r],

Polygon[{{r, r}, {r, r}, {r, r}}1}, {30}],
PlotRange -» {{0, 1}, {0, 1}}, Background -» Black], {k, 1, 20}]

Repeat the animation above, replacing the Line[ {{r,r}, {r,r}} ] primitive with
a) Circle[.25{1+2r,1+2r},7r/5]
b) Disk[{r,r}, .5r] ¢) Polygon[{{r,r},{r,r},{r,r}}]
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1.8 Avoiding and Getting Out of Trouble

% A Top Eleven List: Causes of Mathematica Problems

11.

10.

Forgetting that the natural log function is Log, not Ln

This is not peculiar to Mathematica; many advanced texts use this convention.
However, if this bothers you, you can always define Ln[x_ ] :=Log[x].

Typing an equation with one equal sign (=) instead of two (==)

A single equal sign is used only for assignments; an equation requires two. Recover-
ing from this mistake often requires that you Clear a variable.

Forgetting to type a space between multiplied expressions

For example, if you accidentally type xSin[x], Mathematica assumes that you are
refering to a function named xSin.

Using parentheses instead of brackets or braces (or vice-versa)

Parentheses, brackets, and braces have very specific and different uses. Parentheses
are used only for grouping within expressions, brackets enclose function arguments,
and braces enclose members of a list.

Forgetting to load a package before referencing something in it

To correct the “shadowing” problem that results from this, you can enter
Remove [ object] where object is what you tried to use prior to loading the package.

Entering a command that relies on a previous definition that has
not been entered during the current session

Whenever you resume work from a previous session, be sure that you re-enter
commands in order from the top of your Mathematica notebook.

Doing an enormous symbolic computation instead of a simple
numerical computation

See m Symbolic versus Numerical Computation below.

Making multiple definitions for one variable or function name

See m Multiple Definitions and Using the Question Mark below.

. Spelling errors (including capitalization)

Enough said.
Forgetting to use a Blank when defining a function

See Section 1.3.

Forgetting to save your work before the inevitable crash

A word to the wise...
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m What to Do When You Run into Trouble

o Check for spelling mistakes, typos, and other syntax errors.
o Look for online help.

You can access the Documentation Center through the Help menu or by simply pressing
your “help” key. If you want help on a particular command, option, etc., highlight that item
before pressing “help.”

o Clear variable names.

Remember that entering Clear [varl,var2,...] clears variables.

o Clear everything.
Here’s a quick way to clear all previous definitions:

ClearAll["Global ™ *"]

o Quit and restart the kernel.

Do this by choosing Quit Kernel: Local from your Kernel menu. You can then choose Start
Kernel: Local from your Kernel menu or simply enter a command to start a new kernel
session.

o Quit and restart Mathematica.

Be sure to save your work first.

o Quit Mathematica and restart your computer.

Again, be sure to save your work.

o Quit and restart your day. (Just kidding.)
Seriously though, if you get frustrated, take a break!

¢ Important note: Although Mathematica remembers everything you enter during a particu-
lar session, it does not remember anything from a previous session or anything prior to
clearing all variables or restarting the kernel. Since much of what you do in Mathematica
depends on previously entered commands, you must be careful to reénter the commands that
are needed after clearing all variables or restarting the kernel.

m Interrupting Calculations

You will occasionally enter a command that takes Mathematica a very long time to evaluate.
To stop a computation, select Abort Evaluation from the Evaluation menu. The keyboard
shortcut for this is 3-. (command-period) on a Macintosh and [crR]-C on an Windows PC.

It is often necessary to press these keys repeated to interrupt a calculation, and sometimes
there is no alternative but to quit the kernel.
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m Interpreting Mathematica Output When Things Don’t Work

In many circumstances, Mathematica will give you a useful error message when a bad
command is entered. Here are two examples:

Plot[x?, {0, 1}]
Plot::pllim : Range specification {0, 1} is not of the form {x, xmin, xmax}. >

Plot|[x?, {0, 1}]

Solve[x? +5x =2, x|

Set::write: Tag Plus in 5 x + X% is Protected. >
Solve::eqf: 2 is not a well-formed equation. >

Solve[2, x]
However, it is very common for Mathematica simply to give a problematic command back

to you with no message. Mathematica does this whenever the syntax is correct, but no
currently defined rules affect the result. For example,

aFunctionNotEntered[O0]

aFunctionNotEntered[0]
and

Ln[1]

Ln[1]

¢ When Mathematica simply gives a command back to you with no error message, it means
that the syntax is okay, but something in the command is unrecognizable.

m Symbolic Versus Numerical Computation

It is easy to run into major trouble by inadvertently asking Mathematica to create a huge
symbolic expression. This is most likely to happen as a result of doing some kind of recur-
sive calculation. For example, suppose we want to calculate several terms in the sequence
defined by

xo=1and x;,; =3sinx; —x;, fork=0,1,2, ...
Here is a typical Mathematica approach: We’ll define the function
f[x_] :=38Sin[x] -x
and use NestList to compute terms in the sequence. This computes the first five terms:
NestList[f, 1, 4]

{1, -1+38S8in[1], 1-38in[1] -3Sin[1-3Sin[1]], -1+38Sin[1] +
3Sin[1-3Sin[1]] +3Sin[1-3Sin[1] -3Sin[1-3Sin[1]]],
1-38in[1] -3Sin[1-3Sin[l1]] -3Sin[1-3Sin[1] -3Sin[1-3Sin[1]]] -
3Sin[1-38in[l] -3Sin[1-3Sin[1]] -
3Sin[1-38in[1] -3Sin[1-3Sin[1]]]]}
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This is not exactly what we had in mind, is it? If we had asked for ten terms instead of five,
the result would have filled several pages. (Try it.) If we had asked for thirty terms, and if
the computation had eventually succeeded, the result would have contained more than 1/2
billion copies of the expression Sin! (Do yourself a favor; don’t try it.)

So what should we do? We simply need to coerce Mathematica into doing the calculation
numerically instead of symbolically, which is what we wanted to begin with! One simple
way to do this is to start the sequence with the real number 1. instead of the integer 1. (Can
you think of two other ways to accomplish the same thing?)

f[x_] :=3Sin[x] - x; NestList[f, 1., 30]

{1., 1.52441, 1.47236, 1.51312, 1.48189, 1.50626,

1.4875, 1.5021, 1.49082, 1.49959, 1.49281, 1.49807, 1.494,
1.49716, 1.49471, 1.49661, 1.49514, 1.49628, 1.4954,
1.49608, 1.49555, 1.49596, 1.49564, 1.49589, 1.4957,
1.49585, 1.49573, 1.49582, 1.49575, 1.49581, 1.49576}

) A useful tip: When attempting a complicated computation, start small! In other words, see
what happens when you do three steps before you try to do thirty.

Multiple Definitions and Using the Question Mark
Suppose that we enter
f[x] =x?+3x

3x+x°

and we then realize that we forgot the Blank that we need to put beside the variable. So we
then enter

fx_] =x2+3x

3x+x°

and everything seems fine. Later... when working on a different problem, we redefine £ as
flx_ ]1=x-2

-2+X

This function behaves as we expect; we find that its graph is the expected straight line, etc.
But then we enter

glx_] = £[x]?
(3x+x2)2

which does not give the function g that we expect. So what’s going on here? Mathematica
remembers our original, “erroneous” definition of the expression £ [x].
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¢ Using the Question Mark

To get information on any variable or other object, just type its name after a question mark.
For example, to get information on £ we’ll enter

?2f

Global™ f

f[x] =3 x+x°

f[(x_List] :=3x

f(x_] :=Which[x<-1,1, -1<x=<1, -x,x>1, -1]

filx ,vy_]:t=x+y
This shows us that multiple definitions are associated with £. In fact, we could cause
Mathematica to associate numerous other definitions with £:

flx_,y_]:=x+y

f[x_List] :=3x
Now let’s get information on f£:

?2f

Global ™ f

f[x] =3 x+x°

f(x List] :=3x
f[(x_] :=Which[{x<-1,1, -1<x<1, -x,x>1, -1]

flx ,y ] :=x+y

When Mathematica encounters an expression involving £, it looks through the definitions
associated with £ until one makes sense for that expression. For example:

£[3, 5]
8

£[13]

11

£({4, 7}]
{12, 21}
f[x]

2

3x+x

As you may well imagine, this behavior of Mathematica can potentially be the source of all
kinds of trouble.

¢ The key to resolving difficulties caused by multiple definitions is to Clear the culprit
variable. If you get into a really complicated mess, try quitting the kernel or entering

ClearAll["Global ™ *"]
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The question mark is also useful for getting the “usage message” for built-in objects. Here
are a few examples:

? Plot

Plot[f, {x, Xuin, Xmax}] g€nerates a plot of £ as a function of x from x,,;, tO x,4x-
Plot[{f,, /5, ...} {%, Xpin, Xmax}] PlOts several functions f,. >

? $DisplayFunction

$DisplayFunction gives the default setting
for the option DisplayFunction in graphics functions. >

? NestList

NestList[f, expr, n] gives a list of the results of applying f to expr 0 through n times.
>

?2/.

expr /. rules applies a rule or list of rules in an
attempt to transform each subpart of an expression expr. >

® Memory

Some of the most common difficulties that arise when using Mathematica are memory
related—or rather, lack-of-memory related. Mathematica consists of two applications—the
kernel and the front end—working together. Each of these has its own memory.

m Kernel Memory

The kernel is the part of Mathematica that does the computation. Many of the computations
done by Mathematica involve highly complex algorithms and require a great deal of mem-
ory. In addition, the kernel remembers (by default) every command entered and every
computation done in a given session. So it is easy to understand why running out of kernel
memory—or experiencing poor performance due to use of virtual memory—can happen.

There are a couple of simple things that you can do to conserve memory:

¢ Set $HistoryLength to some small value such as 10 (i.e., enter $HistoryLength=
10). This causes the kernel to forget older input and output lines. The default value of
S$HistoryLengthis Infinity.

¢ Use the Share command occasionally:
Share[]
1010880
This causes stored expressions to “share” subexpressions, thus reducing the amount of
memory used. The output shows the number of freed bytes.

Also, see m Symbolic versus Numerical Computation in the preceeding section.
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= Front End Memory and File Size

Front-end memory and notebook file size usually only become an issue when your notebook
contains a lot of graphics. While the computations that create a graphic are done by the
kernel, the code that actually produces the graphic is stored in the front end’s memory.

By deleting graphics cells—especially cells containing three-dimensional graphics or
graphics created with a high value for the PlotPoints option—you can greatly decrease
the amount of front-end memory used.

When you save your work, it is information in the front end’s memory that you are saving—
in the form of a Mathematica “notebook.” When a notebook becomes very large, you can
usually remedy the situation by deleting graphics cells before saving. Graphics can always
be reproduced, as long as the commands are saved.

¢ A handy feature is the Delete All Output item in the Cell menu. This will let you quickly
save the essence of your work in a very small file.

m Exercises

1. Purposely commit each of the errors described in the eleven causes of problems outlined
above—with the exception of numbers 4 and 1. In cases where no consequence is immedi-
ately evident, construct a subsequent scenario that exposes the error.

1.9 Turning a Notebook into a Report

You will likely be asked to put the work you do in Mathematica into a form that will be
presentable enough to submit to your professor. Fortunately, the Mathematica front end
serves as a very versatile word processor. In fact, this entire manual was written with
Mathematica.

m Cell Styles

You should always provide comments and narrative along with your calculations (whether
you’re using Mathematica or pencil and calculator). Any cell that contains text should be
given Text Style by selecting Text from the Style submenu of the Format menu before you
begin typing text into the cell. You can also give an existing cell Text Style by highlighting
the cell bracket and selecting Text from the same menu.

You should also use Title, Section, Subsection cells, etc., to organize your notebook. These
items are also in the Style submenu of the Format menu.

Aside from resulting in much nicer looking work, this is also important because when an
Input cell contains text, all kinds of errors and garbage can result if it is accidentally
evaluated.

For example notice what happens when I enter this

i enter example For happens notice this what when
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or when I enter this. |T

Syntax::tsntxi: "this." is incomplete; more input is needed.
Syntax::tsntxi: "this." is incomplete; more input is needed.
Syntax::sntxi: Incomplete expression; more input is needed.

Moreover, if Input cells only contain valid Mathematica commands, it is possible to evalute
all of them in order by selecting Evaluate Notebook from the Evaluation menu without
making a big mess of your the notebook.

Page Breaks

Bad page breaks usually involve a large amount of blank space at the bottom of a page.
Frequently this is caused by a graphic being just a little too large to fit on the current page.
The default size of Mathematica graphics is larger than it usually needs to be for printing.
So by resizing (i.e., shrinking) graphics, you can avoid a lot of bad page breaks. A graphic
can be resized by clicking on it and dragging a corner. Also, a good way to get smaller,
consistently-sized graphics from P1lot, for instance, is to use SetOptions:

SetOptions[Plot, ImageSize —» 200]
How can you tell where page breaks will occur before you print? You can select Show

Page Breaks from the Printing Settings submenu of the File menu. (In Mathematica 5 X,
this is located in the Format menu.)

You can also force a page break between two cells by selecting Page Break from the Insert
Menu.

Other Tips

In the Printing Settings submenu of the File menu, you’ll see Printing Options... In the
resulting dialog box, you can set margins and specify whether or not to print cell brackets.

In the Style Sheet submenu of the Format menu, you can choose from among several
standard style sheets. The choice of style sheet affects the appearance of title and section
cells, background color, etc. Experiment to find one that you like. But don’t be surprised if
you end up preferring the default.

Exercises

. Write a short but detailed report (2-3 pages) in Mathematica on any one of the following

topics. Your report must include input, output, text, section, and title cells.
a) The rational root theorem for polynomials.

b) How to find the inverse of a one-to-one function.

¢) Even functions and odd functions.

d) The unit circle and the graphs of sin x and cos x.

e) The compound interest formula.

f) Rational functions with slant asymptotes.
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1.10 Miscellaneous Advice

B The Cube Root Function

When you ask Mathematica for the cube root (or any odd root) of a negative number, it
returns a complex number. This complex number is indeed the principal value the cube root
function defined on the complex numbers.

3

-8.
1.+1.732051

However, this is not what we want when we talk about the cube root function defined on the
real numbers. A simple remedy is to define your own cube root function as follows:

Cbrt[x_] := Sign[x] m

Plot[Cbrt([x], {x, -4, 4}]
15f
10}
05,

m Custom Initialization

You may find that there are certain commands you want to enter every time you run Mathe-
matica. For instance, if you prefer that the curves drawn by Plot are always thicker than
the default thickness, you can avoid specifying that with the PlotStyle option every time
you use plot by entering

SetOptions[Plot, PlotStyle » Thickness[.005]]

But that will only be in effect during the current kernel session; that is, the next time you
start Mathematica, you'll have to enter that command again.

Assuming that you have appropriate priviledges on the computer on which you’re working,
you can execute a group of commands automatically each time the kernel starts up by
placing those commands in a file named init.m that’s located in a particular directory. An
easy way to find and open that file is to enter

ToFileName[ {$SUserBaseDirectory, "Kernel"}, "init.m"]
NotebookOpen [%]

You can type in the commands you want executed automatically upon startup and then save
and close the file. Actually, it’s best to type the commands in an open notebook, make sure
they work correctly, and then copy and paste them into the init.m file.
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Here are a few examples of things you might want to put in init.m:
* This sets options for P1ot so that it draws thicker curves and makes plots 3 inches wide.

SetOptions[Plot,
{PlotStyle -» Thickness[Medium], ImageSize » 3 %x72}];

¢ This defines a real cube root function.

Cbrt[x_] := Sign[x] ‘\/3 Abs [x] ;
* This sets $SHistoryLength to conserve memory.

SHistoryLength = 10
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Introduction

1.1 What is BKETEX?

ITEX (pronounced lay-tek) is a document preparation system for producing
professional-looking documents, it is not a word processor. It is particularly
suited to producing long, structured documents, and is very good at type-
setting equations. It is available as free software for most operating systems.

KETEX is based on TEX, a typesetting system designed by Donald Knuth in
1978 for high quality digital typesetting. TEX is a low-level language that
computers can work with, but most people would find difficult to use; so
KTEX has been developed to make it easier. The current version of ITEX is
ETEX2e.

If you are used to producing documents with Microsoft Word, you will find
that IXTEX is a very different style of working. Microsoft Word is ‘What You
See Is What You Get’ (WYSIWYG), this means that you see how the final
document will look as you are typing. When working in this way you will
probably make changes to the document’s appearance (such as line spacing,
headings, page breaks) as you type. With KTEX you do not see how the final
document will look while you are typing it — this allows you to concentrate
on the content rather than appearance.

A ITEX document is a plain text file with a .tex file extension. It can be typed
in a simple text editor such as Notepad, but most people find it is easier to
use a dedicated IXTEX editor. As you type you mark the document structure
(title, chapters, subheadings, lists etc.) with tags. When the document
is finished you compile it — this means converting it into another format.
Several different output formats are available, but probably the most useful



is Portable Document Format (PDF), which appears as it will be printed and
can be transferred easily between computers.

1.2 Before You Start

The following conventions are used throughout this workbook:

e Actions for you to carry out are bulleted with an arrow 2.
e Text you type is written in this font.
e Menu commands and button names are shown in bold.

Although the code in this workbook should work in any BKTEX editor, specific
examples and screenshots refer to TeXworks 0.4.5 on Windows 7.



Chapter 2

Document Structure

2.1 Essentials
2 Start TeXworks.
A new document will automatically open.
2 Go to the Format menu and select Line Numbers.

Line numbers are not essential, but will make it easier to compare your code
with the screenshots and find errors.

2 Go to the Format menu and select Syntax Coloring, then LaTeX.

Syntax colouring will highlight commands in blue and can make it easier to
spot mistakes.

2 Type the following:
\documentclass [adpaper,12pt]{article}
\begin{document}
A sentence of text.

\end{document}



The \documentclass command must appear at the start of every KIEX
document. The text in the curly brackets specifies the document class. The
article document class is suitable for shorter documents such as journal
articles and short reports. Other document classes include report (for longer
documents with chapters, e.g. PhD theses), proc (conference proceedings),
book and slides. The text in the square brackets specifies options — in this
case it sets the paper size to A4 and the main font size to 12pt.

The \begin{document} and \end{document} commands enclose the text
and commands that make up your document. Anything typed before \begin
{document} is known as the preamble, and will affect the whole document.
Anything typed after \end{document} is ignored.

The empty lines aren’t necessaryE], but they will make it easier to navigate
between the different parts of the document as it gets longer.

%
2 Click on the Save button. =
2 Create a new folder called LaTeX course in Libraries>Documents.

2 Name your document Docl and save it as a TeX document in this
folder.

It is a good idea to keep each of your KTEX documents in a separate folder
as the compiling process creates multiple files.

> Make sure the typeset menu is set to pdfLaTeX. [pdftaTeX

2 Click on the Typeset button.

There will be a pause while your document is being converted to a PDF
file. When the compiling is complete TeXworks” PDF viewer will open and
display your document. The PDF file is automatically saved in the same
folder as the .tex file.

1See section on page (14| for information about how ITEX deals with empty space
in the .tex file.



2.2 Troubleshooting

If there is an error in your document and TeXworks cannot create the PDF
the Typeset button will change to red with a white X (Abort typesetting
button) and the Console output at the bottom of the screen will stay open.
If this happens:

2 Click on the Abort typesetting button. e

> Read the Console output - the last line will probably include a line
number and the command that caused the error.

2 Go to the line number in your document and fix the error.

2 C(lick on the Typeset button again.

2.3 Creating a Title

The \maketitle command creates a title. You need to specify the title of
the document. If the date is not specified today’s date is used. Author is
optional.

2 Type the following directly after the \begin{document} command:

\title{My First Document}
\author{My Name}
\date{\today}

\maketitle

Your document should now look like figure [2.1]
2 C(lick on the Typeset button and check the PDF.

Points to note:

e \today is a command that inserts today’s date. You can also type in
a different date, for example \date{November 2013}.

e Article documents start the text immediately below the title on the
same page. Reports put the title on a separate page (like this work-
book).



1 ‘documentdass[a4paper, 12pt] {artide}
2

3 ‘begin{document}

4

5 \title{My First Document}
6 ‘author{My Mame}

7 ‘date{\today}

& ‘'maketitle

By

10 A sentence of text.

11

12 ‘end{document}

Figure 2.1: TeXworks screenshot showing the maketitle command.

2.4 Sections

You should divide your document into chapters (if needed), sections and sub-
sections. The following sectioning commands are available for the article
class:

e \section{...}

\subsection{...}

\subsubsection{...}

\paragraph{...}

\subparagraph{...}

The title of the section replaces the dots between the curly brackets. With
the report and book classes we also have \chapter{...}.

b

> Replace “A sentence of text.” with the following:

\section{Introduction}
This is the introduction.

\section{Methods}

\subsection{Stage 1}
The first part of the methods.



\subsection{Stage 2}
The second part of the methods.

\section{Results}
Here are my results.

Your document should now look like figure 2.2

1 documentclass[adpaper, 12pt] {artide}
2

3 ‘begin{document}

.q.

5 \title{My First Document}

6 ‘author{My Mame}

7 ‘date{\today}

8 'maketitle

4

10 ‘section{Introduction}

11 This is the introduction.

12

13 ‘section{Methods}

14

15 ‘subsection{Stage 1}

16 The first part of the methods,
17

18 ‘subsection{Stage 2}

19 The second part of the methods.
20
21 'section{Results}
22 Here are my results,

25

24 ‘end{document}

Figure 2.2: TeXworks screenshot of document with sections.

2 C(lick on the Typeset button and check the PDF.

2.5 Labelling

You can label any of the sectioning commands so they can be referred to in
other parts of the document. Label the section with \label{labelname}.
Then type \ref{labelname} or \pageref{labelname}, when you want to
refer to the section or page number of the label.

2 Type\label{secl} on anew line directly below \subsection{Stage 1}.

7



2 TypeReferring to section \ref{secl} on page \pageref{secl}
in the Results section.

Your document should now look like figure [2.3]

1 documentdass[adpaper, 12pt]{artide}
2

3 ‘begin{document}

.q.

5 \title{My First Document}

6 ‘author{My Name}

7 ‘date{\today}

8 'maketitle

2

10 ‘section{Introduction}

11 This is the introduction.

12

13 ‘section{Methods}

14

15 ‘subsection{Stage 1}

16 abel{sec 1}

17 The first part of the methods,

18

19 '‘subsection{Stage Z}
20 The second part of the methods.
21
22 ‘section{Results}

23 Here are my results. Referring to section Yref{sec1} on page ‘pageref{secl}
24

25 ‘end{document}

Figure 2.3: TeXworks screenshot of document with labels.

2 Click on the Typeset button and check the PDF. You may need to
typeset the document twice before the references appear in the PDF.

2.6 Table of Contents

If you use sectioning commands it is very easy to generate a table of contents.
Type \tableofcontents where you want the table of contents to appear in
your document — often directly after the title page.

You may also want to change the page numbering so that roman numerals

ensure that the main document starts on page 1. Page numbering can be
switched between arabic and roman using \pagenumbering{...}.

8



2 Type the following on a new line below \maketitle:

\pagenumbering{roman}
\tableofcontents
\newpage
\pagenumbering{arabic}

The \newpage command inserts a page break so that we can see the effect of
the page numbering commands. The first 14 lines of code should now look

like figure [2.4]

1 ‘documentdass [adpaper, 12pt] {artide}
2

3 ‘\begin{document}

4

5 ‘tite{My First Document}
6 ‘author{My Name}

T ‘date{\today}

& ‘'maketitle

g
10/ ‘\pagenumbering{raman}
11 ‘tableofrontents
12 ‘newpage
13 ‘pagenumbering{arabick
14

Figure 2.4: TeXworks screenshot of document showing table of contents com-
mand.

2 Click on the Typeset button and check the PDF.
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Chapter 3

Typesetting Text

3.1 Font Effects

There are IXTEX commands for a variety of font effects:

\textit{words in italics} words in italics
\textsl{words slanted} words slanted
\textsc{words in smallcaps} WORDS IN SMALLCAPS
\textbf{words in bold} words in bold
\texttt{words in teletypel} words in teletype
\textsf{sans serif words} sans serif words
\textrm{roman words} roman words

\underline{underlined words} underlined words

2 Add some more text to your document and experiment with different
text effects.

3.2 Coloured Text

To put coloured text in your document you need to use a package. There
are many packages that can be used with IATEX to enhance its functionality.
Packages are included in the preamble (i.e. before the \begin{document}
command). Packages are activated using the \usepackage [options]{package}
command, where package is the name of the package and options is an op-
tional list of keywords that trigger special features in the package.

11



The basic colour names that \usepackage{color} knows about are black,
red, green, blue, cyan, magenta, yellow and white:

Red, , blue, cyan, magenta, Ryclteud and Kgaige].

The following code to produces coloured text:
{\color{colour_name}text}

Where colour_name is the name of the colour you want, and text is the text
you want to be coloured.

2 Type \usepackage{color} on the line before \begin{document}.
2 Type {\color{red}fire} in your document.
2 Click on the Typeset button and check the PDF.

The word ‘fire’ should appear in red.

It is possible to add options that allow \usepackage{color} to understand
more colour names, and even to define your own colours. It is also possible
to change the background colour of text (as for white and yellow in the
example above), but this is beyond the scope of this workbook. If you want
more information about see the Colors chapter in the ETEX WikibooK}

3.3 Font Sizes

There are ETEX commands for a range of font sizes:

{\tiny tiny words} tiny words
{\scriptsize scriptsize words} scriptsize words
{\footnotesize footnotesize words} footnotesize words
{\small small words} small words
{\normalsize normalsize words} normalsize words
{\large large words} large words
{\Large Large words} Large words

{\LARGE LARGE words} LARGE words
{\huge huge words} huge WOl”dS

"http://en.wikibooks.org/wiki/LaTeX/Colors
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2 Experiment with different font sizes in your document.

3.4 Lists

ITEX supports two types of lists: enumerate produces numbered lists, while
itemize is for bulleted lists. Each list item is defined by \item. Lists can
be nested to produce sub-lists.

2 Type the following to produce a numbered list with a bulleted sub-list:

\begin{enumerate}

\item First thing

\item Second thing
\begin{itemize}

\item A sub-thing

\item Another sub-thing
\end{itemize}

\item Third thing
\end{enumerate}

2 Click on the Typeset button and check the PDF.
The list should look like this:

1. First thing
2. Second thing

e A sub-thing
e Another sub-thing

3. Third thing

It is easy to change the bullet symbol using square brackets after the \item,
for example, \item[-] will give a dash as the bullet. You can even use words
as bullets, for example, \item[One].

The following code:

13



\begin{itemize}

\item[-] First thing

\item[+] Second thing
\begin{itemize}

\item[Fish] A sub-thing
\item[Plants] Another sub-thing
\end{itemize}

\item[Q] Third thing
\end{itemize}

Produces:

- First thing
+ Second thing

Fish A sub-thing
Plants Another sub-thing
Q Third thing

3.5 Comments & Spacing

Comments are created using %. When IETEX encounters a % character while
processing a .tex file, it ignores the rest of the line (until the [Return] key
has been pressed to start a new line — not to be confused with line wrapping
in your editor). This can be used to write notes in the input file which will
not show up in the printed version.

The following code:

It is a truth universally acknowledged), Note comic irony
in the very first sentence

, that a single man in possession of a good fortune, must
be in want of a wife.

Produces:

It is a truth universally acknowledged, that a single man in pos-
session of a good fortune, must be in want of a wife.

14



Multiple consecutive spaces in BTEX are treated as a single space. Several
empty lines are treated as one empty line. The main function of an empty
line in I¥TEX is to start a new paragraph. In general, IXTEX ignores blank
lines and other empty space in the .tex file. Two backslashes (\\) can be
used to start a new line.

2 Experiment with putting comments and blank lines in to your docu-
ment.

If you want to add blank space into your document use the \vspace{...}
command. This will add blank vertical space of a height specified in typo-
graphical points (pt). For example, \vspace{12pt} will add space equivalent
to the height of a 12pt font.

3.6 Special Characters

The following symbols are reserved characters which have a special meaning
in TRX:

# $ %5 - & _ { r 7 A\
All of these apart from the backslash \ can be inserted as characters in your

document by adding a prefix backslash:

\# A8 \% V{3 \e \_ \{ \} \"{}

Note that you need to type a pair of curly brackets {} after the hat ~ and
tilde ~, otherwise these will appear as accents over the following character.

WA

For example, “\" e” produces “é”.

The above code will produce:
# s % - & - { } 7

The backslash character \ can not be entered by adding a prefix backslash,
\\, as this is used for line breaking. Use the \textbackslash command
instead.

2 Type code to produce the following sentence in your document:
Item #1A\642 costs $8 & is sold at a “10% profit.

Ask the tutor, or check the .tex file of this workbook, if you need help.
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Chapter 4

Tables

The tabular command is used to typeset tables. By default, IATEX tables
are drawn without horizontal and vertical lines — you need to specify if you
want lines drawn. IXTEX determines the width of the columns automatically.

This code starts a table:
\begin{tabular}{...}

Where the dots between the curly brackets are replaced by code defining the
columns:

e 1 for a column of left-aligned text (letter el, not number one).
e r for a column of right-aligned text.
e c for a column of centre-aligned text.

e | for a vertical line.

For example, {111} (i.e. left left left) will produce 3 columns of left-aligned
text with no vertical lines , while {1111 |3} (i.e. [left|left|right|) will produce
3 columns — the first 2 are left-aligned, the third is right-aligned, and there
are vertical lines around each column.

The table data follows the \begin command:

e & is placed between columns.

e \\ is placed at the end of a row (to start a new one).

17



e \hline inserts a horizontal line.

e \cline{1-2} inserts a partial horizontal line between column 1 and

column 2.

The command \end{tabular} finishes the table.

Examples of tabular code and the resulting tables:

\begin{tabular}{|1|1]}
Apples & Green \\
Strawberries & Red \\
Oranges & Orange \\
\end{tabular}

\begin{tabular}{rc}
Apples & Green \\
\hline

Strawberries & Red \\
\cline{1-1}

Oranges & Orange \\
\end{tabular}

\begin{tabular}{|r|1l}
\hline

8 & here’s \\
\cline{2-2}

86 & stuff \\

\hline \hline

2008 & now \\

\hline

\end{tabular}

4.1 Practical

Apples Green
Strawberries | Red
Oranges Orange

Apples  Green
Strawberries ~ Red
Oranges Orange

8 | here’s
86 | stuff
| 2008 | now |

> Write code to produce the following tables:

Item | Quantity | Price ($)
Nails 500
Wooden boards 100
Bricks 240

18



Year

City 2006 2007 2008
London | 45789 46551 51298
Berlin | 34549 32543 29870
Paris 49835 51009 51970

Ask the tutor, or look at the .tex file of this workbook, if you need help.
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Chapter 5

Figures

This chapter describes how to insert an image in to your BTEX document,
which requires the graphicx package. Images should be PDF, PNG, JPEG
or GIF files. The following code will insert an image called myimage:

\begin{figure} [h]

\centering

\includegraphics [width=1\textwidth] {myimage}
\caption{Here is my imagel}
\label{image-myimage}

\end{figure}

[h] is the placement specifier. h means put the figure approximately here (if
it will fit). Other options are t (at the top of the page), b (at the bottom of
the page) and p (on a separate page for figures). You can also add !, which
overrides the rule KTEX uses for choosing where to put the figure, and makes
it more likely it will put it where you want (even if it doesn’t look so good).

\centering centres the image on the page, if not used images are left-aligned
by default. It’s a good idea to use this as the figure captions are centred.

includegraphics{. ..} is the command that actually puts the image in your
document. The image file should be saved in the same folder as the .tex file.

[width=1\textwidth] is an optional command that specifies the width of
the picture - in this case the same width as the text. The width could also
be given in centimeters (cm). You could also use [scale=0.5] which scales
the image by the desired factor, in this case reducing by half.

21



\caption{. ..} defines a caption for the figure. If this is used KTEX will add
“Figure” and a number before the caption. If you use captions, you can use
\listoffigures to create a table of figures in a similar way to the table of

contents (section [2.6] page .

\label{...} creates a label to allow you to refer to the table or figure in
your text (section , page [7)).

5.1 Practical

> Add \usepackage{graphicx} in the preamble of your document (be-
fore the \begin{document} command).

2 Find an image and save a copy to your LaTeX course folder.

2 Type the following text at the point where you want your image in-
serted:

\begin{figure}[h!]

\centering

\includegraphics[width=1\textwidth] {ImageFilename}
\caption{My test image}

\end{figure}

Replace ImageFilename with the name of your image file, excluding the file
extension. If there are any spaces in the file name enclose it in quotation
marks, for example "screen 20".

2 Click on the Typeset button and check the PDF.
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Chapter 6

Equations

One of the main reasons for writing documents in KTEX is because it is really
good at typesetting equations. Equations are written in ‘math mode’.

6.1 Inserting Equations

You can enter math mode with an opening and closing dollar sign $. This
can be used to write mathematical symbols within a sentence — for example,
typing $1+2=38$ produces 1 + 2 = 3.

If you want a “displayed” equation on its own line use $$. . .3$$.

For example, $$1+2=3$%$ produces:

1+2=3

For a numbered displayed equation, use \begin{equation}...\end{equation}.

For example, \begin{equation}1+2=3\end{equation} produces:

1+2=3 (6.1)

The number 6 refers to the chapter number, this will only appear if you are
using a document class with chapters, such as report.

Use \begin{eqnarray}...\end{eqnarray} to write equation arrays for a
series of equations/inequalities. For example —

\begin{eqgnarray}
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a&=&b+ c\\
k=8&y -2z
\end{eqnarray}

Produces:

a = b+c (6.2)
= y—z

For unnumbered equations add the star symbol * after the equation or
eqnarray command (i.e. use {equation*} or {eqnarrayx*}).

6.2 Mathematical Symbols

Although some basic mathematical symbols (+-="! /() []:) can be accessed
directly from the keyboard, most must be inserted using a command.

This section is a very brief introduction to using ETEX to produce mathe-
matical symbols — the Mathematics chapter in the IXTEX Wikibook is an
excellent tutorial on mathematical symbol commands, which you should refer
to if you want to learn more. If you want to find the command for a specific
symbol try Detexify]!] which can recognise hand drawn symbols.

6.2.1 Powers & Indices

Powers are inserted using the hat ~ symbol. For example, $n~2$ produces

n?.

Indices are inserted using an underscore _. For example, $2_a$ produces 2,.

If the power or index includes more than one character, group them using
curly brackets {...7}, e.g. $b_{a-2}$ produces b,_».

6.2.2 Fractions

Fractions are inserted using \frac{numerator}{denominator}.

http://detexify.kirelabs.org
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$$\frac{a}{3}$$ produces:

wl e

Fractions can be nested —

$$\frac{y{\frac{3 {x}+b}$$ produces:

Yy
S+
6.2.3 Roots
Square root symbols are inserted using \sqrt{. ..} where ... is replaced by

the square root content. If a magnitude is required it can be added using
optional square brackets [...].

$$\sqrt{y~2}$$ produces:
Vo

$$\sqrt [x]{y~2}$$ produces:

T

y2

6.2.4 Sums & Integrals
The command \sum inserts a sum symbol; \int inserts an integral. For

both functions, the upper limit is specified by a hat = and the lower by an
underscore _.

$$\sum_{x=1}"5 y~z$$ produces:

$$\int_a"b f(x)$$ produces:

6.2.5 Greek letters

Greek letters can be typed in math mode using the name of the letter pre-
ceded by a backslash \. Many Greek capital letters are used in the Latin
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alphabet — for those that are different capitalise the first letter of the name
to produce a capital Greek letter.

For example —

$\alpha$ = «

$\beta$ = [

$\delta, \Delta$ =, A
$\theta, \Theta$ =0,0
$\mu$ = 1

$\pi, \Pi$ = 7, II
$\sigma, \Sigma$ = o, 2
$\phi, \Phi$ = ¢, ®
$\psi, \Psi$ =, U
$\omega, \Omega$ = w, )

6.3 Practical

> Write code to produce the following equations:

e = mc’ (6.1)
T = % (6.2)
d X ___ X

et =e (6.3)

d [e's)
= [ #s)ds = () (6.4)

0 (0)

fly =y ==L 0 (6.5)
xr = %y (6.6)

Ask the tutor, or look at the .tex file of this workbook, if you need help.
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Chapter 7

Inserting References

7.1 Introduction

BTEX includes features that allow you to easily cite references and create
bibliographies in your document. This document will explain how to do this
using a separate BibTeX file to store the details of your references.

7.2 The BibTeX file

Your BibTeX file contains all the references you want to cite in your docu-
ment. It has the file extension .bib. It should be given the same name as and
kept in the same folder as your .tex file. The .bib file is plain text - it can
be edited using Notepad or your KTEX editor (e.g. TeXworks). You should
enter each of your references in the BibTeX file in the following format:

Qarticleq{
Birdetal2001,
Author = {Bird, R. B. and Smith, E. A. and Bird, D. W.},
Title = {The hunting handicap: costly signaling in human
foraging strategies},
Journal = {Behavioral Ecology and Sociobiology},
Volume = {507},
Pages = {9-19},
Year = {2001} }
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Each reference starts with the reference type (Qarticle in the example
above). Other reference types include @book, @incollection for a chapter in
an edited book and @inproceedings for papers presented at conference}

The reference type declaration is followed by a curly bracket, then the ci-
tation key. Each reference’s citation key must be unique - you can use
anything you want, but a system based on the first author’s name and year
(as in the example above) is probably easiest to keep track of.

The remaining lines contain the reference information in the format
Field name = {field contents},.

You need to include LaTeX commands in your BibTeX file for any special
text formatting - e.g. italics (\emph{Rattus norvegicus}), quotation marks
(“¢...”7), ampersand (\&).

Surround any letters in a journal article title that need to be capitalised
with curly brackets {...}. BibTeX automatically uncapitalises any capital
letters within the journal article title. For example, “Dispersal in the con-
temporary United States” will be printed as “Dispersal in the contemporary
united states”, but “Dispersal in the contemporary {U}nited {S}tates” will
be printed as “Dispersal in the contemporary United States”.

You can type the BibTeX file yourself, or you can use reference management
software such as EndNote to create it [ .

7.3 Inserting the bibliography

Type the following where you want the bibliography to appear in your doc-
ument (usually at the end):

\bibliographystyle{plain}
\bibliography{Doc1}

Where references is the name of your .bib file.

!See the Bibliography Management chapter in the LaTeX Wikibook http://en.
wikibooks.org/wiki/LaTeX/Bibliography_Management| for a full list of the reference
types that BibTeX knows about, and their required and optional fields.

2Instructions for using EndNote with LaTeX are available on the HowTo wiki https:
//www.wiki.ed.ac.uk/x/sZpKBg
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7.4 Citing references

Type \cite{citationkey} where you want to cite a reference in your .tex
document. If you don’t want an in text citation, but still want the reference
to appear in the bibliography, use \nocite{citationkey}.

To include a page number in your in-text citation put it in square brackets
before the citation key: \cite[p. 215]{citationkey}.

To cite multiple references include all the citation keys within the curly brack-
ets separated by commas: \cite{citationO1,citation02,citation03}.

7.5 Styles

7.5.1 Numerical citations

BTEX comes with several styles with numerical in-text citations, these in-
clude:

Plain The citation is a number in square brackets (e.g. [1]). The bibliog-
raphy is ordered alphabetically by first author surname. All of the authors’
names are written in full.

Abbrv The same as plain except the authors’ first names are abbreviated
to an initial.

Unsrt The same as plain except the references in the bibliography appear
in the order that the citations appear in the document.

Alpha The same as plain except the citation is an alphanumeric abbrevi-
ation based on the author(s) surname(s) and year of publication, surrounded
by square brackets (e.g. [Kop10]).

7.5.2 Author-date citations

Use the natbib package if you want to include author-date citations. Natbib
uses the command \citep{...} for a citation in brackets (e.g. [Koppe,
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2010]) and \citet{...} for a citation where only the year is in brackets
(e.g. Koppe [2010]). There are lots of other ways that you can modify
citations when using the natbib package - see the package’s reference sheet

for full detaildl

Natbib comes with three bibliography styles: plainnat, abbrvnat and un-
srtnat. These format the bibliography in the same way as the plain, abbrv
and unsrt styles, respectively.

7.5.3 Other bibliography styles

If you want to use a different style (e.g. one provided by the journal you
are submitting an article to) you should save the style file (.bst file) in the
same folder as your .tex and .bib files. Include the name of the .bst file in
the \bibliographystyle{. ..} commmand.

7.6 Practical

> Create a new file in TeXworks (File menu > New).

2 Type your references in the correct format (see example at start of
chapter).

2 Click the Save button, the Save File window will open.

> Give the file the same name as your .tex document (for example, Docl)
and save it as a BibTeX database in the same folder as your .tex file.

2 Switch to your .tex document and insert \cite, \bibliographystyle
and \bibliography commands in the relevant places.

2 Typeset your .tex file.

2 Switch to your .bib file, choose BibTeX from the typeset menu and
click the Typeset button.

2 Switch to your .tex file and typeset it twice. The in-text citations and
reference list should be inserted.

3Reference sheet for natbib usage http://mirror.ctan.org/macros/latex/contrib/
natbib/natnotes.pdf
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Chapter 8

Further Reading

ETEX Project

http://www.latex-project.org/

Official website - has links to documentation, information about installing
KETEX on your own computer, and information about where to look for help.

The Not So Short Introduction to ETEX2e
http://ctan.tug.org/tex-archive/info/lshort/english/lshort.pdf
A good tutorial for beginners.

ETEX Wikibook

http://en.wikibooks.org/wiki/LaTeX/

Comprehensive and clearly written, although still a work in progress. A
downloadable PDF is also available.

Comparison of TEX Editors on Wikipedia
http://en.wikipedia.org/wiki/Comparison_of_TeX_editors
Information to help you to choose which KTEX editor to install on your own
computer.

TeX Live

http://www.tug.org/texlive/

“An easy way to get up and running with the TeX document production
system”. Available for Unix and Windows (links to MacTeX for MacOSX
users). Includes the TeXworks editor.

Workbook Source Files
http://edin.ac/17EQPM1
Download the .tex file and other files needed to compile this workbook.
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