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Preface

This book has been written for use in University of Vermont’s CS1210 In-
troduction to Programming. This is a semester long course which covers
much of the basics of programming, and an introduction to some funda-
mental concepts in computer science. Not being happy with any of the
available textbooks, I endeavored to write my own. Drafting began in
August 2022, essentially writing a chapter a week over the course of the
semester, delivered to students via UVM’s learning management system.
The text was revised, edited, and expanded in the following semester.

UVM’s CS1210 carries “QR” (quantitative reasoning) and “QD”
(quantitative and data literacy) designations. Accordingly, there’s some
mathematics included:

e writing functions to perform calculations,

e writing programs to generate interesting integer sequences,

¢ demonstrating the connection between pure functions and mathe-
matical functions,

e demonstrating the connection between list indices and subscript
notation,

e demonstrating that summations are loops,

and so on, to address the QR requirement. To address the QD require-
ment, we include some simple plotting with Matplotlib. Other aspects
of these requirements are addressed in programming assignments, lab
exercises, and lecture.

Nevertheless, despite this book’s primary objective as instructional
material for a specific course at UVM, others may find this material
useful.

~CC, July 2023
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Preface to the second edition

This book was always intended to remain a work-in-progress, and the sec-
ond edition includes new topics which address frequent questions we’ve
encountered in teaching CS 1210 Introduction to Programming at UVM:

Chapter 5 (Functions) now includes discussion of free variables and
Python’s LEGB (local, enclosing, global, built-in) resolution strat-
egy for finding matching identifiers, UnboundLocalError, and new
exercises.

Chapter 6 (Style) now includes strategies for dealing with long lines
and PEP 8 conformance.

Chapter 8 has been retitled “Branching, comparisons, and condi-
tions,” and now includes coverage of using the keyword is to test
identity and UnboundLocalError which often occurs when we have
poorly-written branching structures within functions.

Chapter 10 (Sequences) includes new material on selected string
methods, the sequence method .count(), the built-in sorted(), and
use and misuse of the global keyword (introduced here because it
is only when we get to this chapter that we enter into a discussion
of mutability and immutability).

Chapter 11 has been retitled “Loops, iteration, and iterables,” and
now covers the list method .extend() (since in this chapter we can
speak of iterables).

Chapter 12 (Randomness, games, and simulations) has been ex-
panded to include .sample() and .gauss() on account of their abun-
dant applications still accessible to beginners.

Chapter 13 (File I/O) now includes coverage of UnicodeDecodeError.
Chapter 15 (Exception handling) now includes coverage of Unbound-
LocalError, UnicodeDecodeError, and JSONDecodeError.

Chapter 16 has been retitled “Dictionaries, sets, and structured
data,” and now includes sets, named tuples, and basic use of the
JSON module.

There are four new appendices:

— Appendix G: Code smells for beginners,

— Appendix H: The call stack,

— Appendix I: The joy of Unicode,

— Appendix J: An introduction to databases with SQLite.

Since UVM’s CS2100 introduces object-oriented programming in Java,
I've included, either in new chapter material or in appendices, transi-
tional material like named tuples and dataclass. These are lightweight

ix



X Preface to the second edition

alternatives to full-fledged OOP which also introduce the concept of defin-
ing a class.

There are other minor revisions and corrections, a few new examples,
and some additional exercises.

I have been on the fence about all(), any(), map(), zip(), filter(),
reduce(), and a few other built-in features. I’ve also considered more cov-
erage of the collections module, and introducing portions of argparse,
datetime, functools, glob, itertools, os, pathlib, re, shutil, subprocess,
and sys modules (or some subset thereof). I've also haggled with my-
self over including doctests, raise, generators (with yield), decorators,
lambdas, closures, and recursion. These are all widely used in everyday
practice, but I’ve held off on these for the time being. Needless to say,
what can be covered in an introductory text is, of necessity, only the tip
of a very large iceberg. Nevertheless, if you have suggestions as to what
else might be included in this book, I'd love to hear from you.

I don’t expect everything here can be covered in a semester, but I
think this will serve as a reference for students as they continue to learn
Python. Also it will give instructors some flexibility if they wish to cover
a few additional topics in more detail.

—-CC, July 2025
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Errata and suggestions

Once again, I'm aware that this text isn’t quite “ready for prime time,”
but, as it’s been said, “time and tide wait for no one,” and a new semester
approaches. So we push this unfinished work out of the nest, and hope
for the best. If you have errata (which I'm sure are present) or sugges-
tions, I'm all ears and I welcome your feedback—bouquets or brickbats
or anything in between.

Contact

Clayton Cafiero

The University of Vermont

College of Engineering and Mathematical Sciences
Department of Computer Science

Innovation E309

82 University Place

Burlington, VT 05405-0125 (USA)

cbcafier@uvm.edu
https://www.uvm.edu/~cbcafier






To the student

Learning how to program is fun and rewarding, but it demands a rather
different, structured approach to problem solving. This comes with time
and practice. While I hope this book will help you learn how to solve
problems with code, the only way to learn programming is by doing it.
There’s more than a little trial and error involved. If you find yourself
struggling, don’t despair—it just takes time and practice.

You will make mistakes—that’s part of the process. As John Dewey
once said, “Failure is instructive. The person who really thinks learns
quite as much from their failures as from their successes.”

You’ll notice in this book that there are abundant examples given
using the Python shell. The Python shell is a great way to experiment
and deepen your understanding. I encourage you to follow along with
the examples in the book, and enter them into the shell yourself. Unlike
writing programs and then running them, interacting with the Python
shell gives you immediate feedback. If you don’t understand something
as well as you’d like, turn to the shell. Experiment there, and then go
back to writing your program.

If you take away only one thing from a first course in programming,
it should not be the details of the syntax of the language. Rather, it
should be an ability to decompose a problem into smaller units, to solve
the smaller problems in code, and then to build up a complete solution
from partial solutions of smaller problems. The primary vehicle for this
approach is functions. So make sure you gain a firm grasp of functions
(see in particular Chapter 5).

Some might say that in the age of Al a strong foundation in program-
ming is no longer necessary. I'd argue quite the opposite. Now more than
ever, students need a strong foundation in order to work effectively with
new tools, judge the quality of model output, and to keep a firm hand
on the rudder. It’s also crucial that we continue to develop and exercise
our critical thinking and problem solving skills. Without these, we are
lost.

Good luck and happy coding!

xiii
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Chapter 1

Introduction

Computer science is a science of abstraction—creating
the right model for a problem and devising the appro-
priate mechanizable techniques to solve it.

—Alfred V. Aho

Abstraction is deliverance.

—James Brandon Lewis

The goal of this book is to provide an introduction to computer pro-
gramming with Python. This includes

o functional decomposition and a structured approach to program-
ming,

e writing idiomatic Python,

o understanding the importance of abstraction,

e practical problem-solving exercises, and

o understanding and using structured data.

When you get to know it, Python is a peculiar programming lan-
guage.! Much of what’s peculiar about Python is concealed by its seem-
ingly simple syntax. This is part of what makes Python a great first
language—and it’s fun!

Organization of this book

The book is organized into chapters which roughly correspond to a week’s
worth of material (with some deviations). Some chapters, particularly
the first few, should be consumed at a rate of two a week. We present
below a brief description of each chapter, followed by mention of some
conventions used in the book.

11t’s not quite sui generis—Python is firmly rooted in the tradition of ALGOL-
influenced programming languages.



2 Introduction

Programming and the Python shell

This chapter provides some motivation for why programming languages
are useful, and gives a general outline of how a program is executed by the
Python interpreter. This chapter also introduces the two modes of using
Python. The interactive mode allows the user to interact with the Python
interpreter using the Python shell. Python statements and expressions
are entered one at a time, and the interpreter evaluates or executes the
code entered by the user. This is an essential tool for experimentation
and learning the details of various language features. Script mode allows
the user to write, save, and execute Python programs. This is convenient
since in this mode we can save our work, and run it multiple times
without having to type it again and again at the Python shell.

This chapter also includes a brief introduction to binary numbers and
binary arithmetic.

Types and literals

The concept of type is one of the most important in all computer science
(indeed there’s an entire field called “type theory”).

This chapter introduces the most commonly used Python types,
though in some cases, complete presentation of a given type will come
later in the text—Ilists and dictionaries, for example. Other types are in-
troduced later in the text (for example, function, range, enumerate, etc.).
As types are introduced, examples of literals of each type are given.

Since representation error is a common cause of bewilderment among
beginners, there is some discussion of why this occurs with float objects.

Variables, statements, and expressions

This chapter introduces much of the machinery that will be used through-
out the remainder of the text: variables, assignment, expressions, opera-
tors, and evaluation of expressions.

On account of its broad applicability, a substantial account of modular
arithmetic is presented as well.

Functions

Functions are the single most important concept a beginning programmer
can acquire. Functional decomposition is a crucial requirement of writing
reliable, robust, correct code.

This chapter explains why we use functions, how functions are defined,
how functions are called, and how values are returned. We’ve tried to
keep this “non-technical” and so there’s no discussion of a call stack,
though there is discussion of scope.

Because beginning programmers often introduce side effects into func-
tions where they are undesirable or unnecessary, this chapter makes clear
the distinction between pure functions (those without side effects) and
impure functions (those with side effects, including mutating mutable
objects).

Because the math module is so widely used and includes many useful
functions, we introduce the math module in this chapter. In this way, we



also reinforce the idea of information hiding and good functional design.
Do we need to know how the math module implements its sqrt () function?
Of course not. Should we have to know how a function is implemented
in order to use it? Apart from knowing what constitutes a valid input
and what it returns as an output, no, we do not!

Style

Our goal here is to encourage the writing of idiomatic Python. Accord-
ingly, we address the high points of PEP 8—the de facto style guide for
Python—and provide examples of good and bad style.

Students don’t always understand how important style is for the read-
ability of one’s code. By following style guidelines we can reduce the
cognitive load that’s required to read code, thereby making it easier to
reason about and understand our code.

Console I/O (input/output)

This chapter demonstrates how to get input from the user (in command
line programs) and how to format output using f-strings. Because f-
strings have been around so long now, and because they allow for more
readable code, we’ve avoided presentation of older, and now seldom used,
C-style string formatting.

Branching, comparisons, and conditions

Branching is a programming language’s way of handling conditional ex-
ecution of code. In this chapter, we cover conditions (Boolean expres-
sions) which evaluate to a true or false (or a value which is “truthy”
or “falsey”—like true or like false). Python uses these conditions to de-
termine whether a block of code should be executed. In many cases we
have multiple branches—multiple paths of execution that might be taken.
These are implemented with if, elif (a portmanteau of “else if”), and
often else.

One common confusion that beginners face is understanding which
branch is executed in an if/elif/else structure, and hopefully the chap-
ter makes this clear.

Also covered are nested if statements, and two ways of visually rep-
resenting branching (each appropriate to different use cases)—decision
trees and flow charts.

Structure, development, and testing

Beginners often struggle with how to structure their code—both for
proper flow of execution and for readability. This chapter gives clear
guidelines for structuring code based on common idioms in Python. It
also addresses how we can incrementally build and test our code.
Unlike many introductory texts, we present assertions in this chapter.
Assertions are easy to understand and their use has great pedagogical
value. In order to write an assertion, a programmer must understand
clearly what behavior or output is expected for a given input. Using
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assertions helps you reason about what should be happening when your
code is executed.

Sequences

Sequences—Ilists, tuples, and strings—are presented in this chapter. It
makes sense to present these before presenting loops for two reasons.
First, sequences are iterable, and as such are used in for loops, and with-
out a clear understanding of what constitutes an iterable, understanding
such loops may present challenges. Second, we often do work within a
loop which might involve constructing or filtering a list of objects.

Common features of sequences—for example, they are all indexed,
support indexed reads, and are iterable—are highlighted throughout the
chapter.

As this chapter introduces our first mutable type, the Python list, we
present the concepts of mutability and immutability in this chapter.

Loops, iteration, and iterables

Loops allow for repetitive work or calculation. In this chapter we present
the two kinds of loop supported by Python—uwhile loops and for loops.
At this point, students have seen iterables (in the form of sequences)
and Boolean expressions, which are a necessary foundation for a proper
presentation of loops.

Also, this chapter introduces two new types—range and enumerate—
and their corresponding constructors. Presentation of range entails dis-
cussion of arithmetic sequences, and presentation of enumerate works
nicely with tuple unpacking (or more generally, sequence unpacking),
and so these are presented first in this chapter.

This chapter also provides a brief introduction to stacks and queues,
which are trivially implemented in Python using list as an underlying
data structure.

I’ve intentionally excluded treatment of comprehensions since begin-
ners have difficulty reading and writing comprehensions without a prior,
solid foundation in for loops.

Randomness, games, and simulations

There are many uses for randomness. Students love to write programs
which implement games, and many games involve some chance element or
elements—rolling dice, spinning a wheel, tossing a coin, shuffling a deck,
and so on. Another application is in simulations, which may also include
some chance elements. All manner of physical and other phenomena can
be simulated with some randomness built in.

This chapter presents Python’s random module, and some of the more
commonly used methods within this module—random.random(), ran-
dom. randint(), random.choice(), and random.shuffle(). Much of this is
done within the context of games of chance, but we also include some sim-
ulations (for example, random walk and Gambler’s Ruin). There is also
some discussion of pseudo-random numbers and how Python’s pseudo-
random number generator is seeded.



File I/0 (input/output)

This chapter shows you how to read data from and write data to a file.
File I/O is best accomplished using a context manager. Context man-
agers were introduced with Python 2.5 in 2006, and are a much preferred
idiom (as compared to using try/finally). Accordingly, all file I/O demon-
strations make use of context managers created with the Python keyword
with.

Because so much data is in CSV format (or can be exported to this
format easily), we introduce the csv module in this chapter. Using the
csv module reduces some of the complexity we face when reading data
from a file, since we don’t have to parse it ourselves.

Data analysis and presentation

This chapter is motivated in large part by the University of Vermont’s
QD (quantitative and data literacy) designation for the course for which
this textbook was written. Accordingly, we present some very basic de-
scriptive statistics and introduce Python’s statistics module including
statistics.mean(), statistics.pstdev(), and statistics.quantiles().
The presentation component of this chapter is done using Matplotlib,
which is the de facto standard for plotting and visualization with Python.
This covers only the rudiments of Matplotlib’s Pyplot interface (line plot,
bar plot, etc.), and is not intended as a complete introduction.

Exception handling

In this chapter, we present simple exception handling (using try/except,
but not finally), and explain that some exceptions should not be han-
dled since in doing so, we can hide programming defects which should
be corrected. We also demonstrate the use of exception handling in in-
put validation. When you reach this chapter, you’ll already have seen
while loops for input validation, so the addition of exception handling
represents only an incremental increase in complexity in this context.

Dictionaries, sets, and structured data

Dictionaries are the last new type we present in the text. Dictionaries
store information using a key/value model—we look up values in a dic-
tionary by their keys. Like sequences, dictionaries are iterable, but since
they have keys rather than indices, this works a little differently. We’ll
see three different ways to iterate over a dictionary.

We'll also learn about hashability in the context of dictionary keys.

Graphs

Since graphs are so commonplace in computer science, it seems appro-
priate to include a basic introduction to graphs in this text. Plus, graphs
are really fun!

A graph is a collection of vertices (also called nodes) and edges, which
connect the vertices of the graph. The concrete example of a highway map
is used, and an algorithm for breadth-first search (BFS) is demonstrated.
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Since queues were introduced in chapter 11, the conceptual leap here—
using a queue in the BFS algorithm—shouldn’t be too great.

Assumptions regarding prior knowledge of mathematics

This text assumes a reasonable background in high-school algebra and a
little geometry (for example, the Pythagorean theorem and right trian-
gles). Prior exposure to summations and subscripts would help the reader
but is not essential, as these are introduced in the text. The same goes
for mean, standard deviation, and quantiles. You might find it helpful if
you’ve seen these before, but these, too, are introduced in the text.

The minimum expectation is that you can add, subtract, multiply
and divide; that you understand exponents and square roots; and that
you understand the precedence of operations, grouping of expressions
with parentheses, and evaluating expressions with multiple terms and
operations.

Assumptions regarding prior knowledge of computer use

While this book assumes no prior knowledge whatsoever when it comes
to programming, it does assume that you have some familiarity with
using a computer and have a basic understanding of your computer’s file
system (a hierarchical system consisting of files and directories). If you
don’t know what a file is, or what a directory is, see Appendix D, or
consult documentation for your operating system. Writing and running
programs requires that you understand the basics of a computer file
system.

Typographic conventions used in this book

Names of functions, variables, and modules are rendered in fixed-pitch
typeface, as are Python keywords, code snippets, and sample output.

print("Hello, World!")

When referring to structures which make use of multiple keywords
we render these keywords separated by slashes but do not use fixed-
pitch typeface. Examples: if/else, if/elif, if/elif/else, try/except,
try/finally, etc.

File names, for example, hello_world.py, and module names, for ex-
ample, math, are also rendered in fixed-pitch typeface.

Where it is understood that code is entered into the Python shell,
the interactive Python prompt >>> is shown. Wherever you see this, you
should understand we’re working in Python shell. >>> should never ap-
pear in your code.? Return values and evaluation of expressions are in-
dicated just as they are in the Python shell, without the leading >>>.

2Except in the case of doctests, which are not presented in this text.



>>> 1 + 2

3

>>> dmport math
>>> math.sqrt(36)
6

In a few places, items which are placeholders for actual values or
variable names are given in angle brackets, thus <foo>. For example, when
describing the three-argument syntax for the range () function, we might
write range(<start>, <stop>, <stride>) to indicate that three arguments
must be supplied—the first for the start value, the second for the stop
value, and the last for the stride. It’s important to understand that the
angle brackets are not part of the syntax, but are merely a typographic
convention to indicate where an appropriate substitution must be made.

All of these conventions are in accord with the typographical conven-
tions used in the official Python documentation at python.org. Hopefully,
this will make it easier for students when they consult the official docu-
mentation.

Note that this use of angle brackets is a little different when it comes
to traceback messages printed when exceptions occur. There you may
see things like <stdin> and <module>, and in this context, they are not
placeholders requiring substitution by the user.

Other conventions

When referring to functions, whether built-in, from some imported mod-
ule, or otherwise, without any other context or specific problem instance,
we write function identifiers along with parentheses (as a visual indica-
tor that we’re speaking of a function) but without formal parameters.
Example: “The range() function accepts one, two, or three arguments.”
This should not be read as suggesting that range() takes no arguments.

Entry point / top-level code environment

As noted in the text, unlike many other languages such as C, C++,
Java, etc., a function named main() has no special meaning in Python
whatsoever. The correct way to specify the entry point of your code in
Python is with

if __name__ == '__main__":

# the rest of your code here

This is explained fully in Chapter 9.

In code samples in the book, we do, however, avoid using this if there
are no function definitions included in the code. We do this for space
and conciseness of the examples. The same could reasonably apply to
your code. In most cases, if there are no function definitions in your
module, there’s no need for this if statement (though it’s fine to include
it). However, if there are any function definitions in your module, then
if __name__ == '__main__': is the correct, Pythonic way to segregate
your driver code from your function definitions.
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Origin of Python

Python has been around a long time, with the first release appearing
in 1991 (four years before Java). It was invented by Guido van Rossum,
who is now officially Python’s benevolent dictator for life (BDFL).

Figure 1.1: Guido van Rossum, BDFL

Python gets its name from the British comedy troupe Monty Python’s
Flying Circus (Guido is a fan).

Nowadays, Python is one of the most widely used programming lan-
guages on the planet and is supported by an immense ecosystem and
thriving community. See: https://python.org/ for more.

Python version

As this book is written (second edition), the current version of Python
is 3.13. However, no new language features introduced since version 3.9
are presented in this book (as most are not appropriate or even useful
for beginners). This book does cover f-strings, which were introduced in
version 3.6. Accordingly, if you have Python version 3.9 or higher, you
should be able to follow along with all code samples and exercises.

Using the Python documentation

For beginners and experts alike, a language’s documentation is an essen-
tial resource. Accordingly, it’s important that you know how to find and
consult Python’s online documentation.

There are many resources available on the internet and the quality
of these resources varies from truly awful to superb. The online Python
documentation falls toward the good end of that spectrum.

Pros

¢ Definitive and up-to-date

e Documentation for different versions clearly specified

e Thorough and accurate

e Includes references for all standard libraries

e Available in multiple languages

e Includes a comprehensive tutorial for Python beginners

e Coding examples (where given) conform to good Python style (PEP

8)


https://python.org/

Cons

e Can be lengthy or technical—not always ideal for beginners
e Don’t always appear at top of search engine results.

python.org

Official Python documentation, tutorials, and other resources are hosted
at https://python.org.

o Documentation: https://docs.python.org/3/
e Tutorial: https://docs.python.org/3/tutorial/
o Beginner’s Guide: https://wiki.python.org/moin/BeginnersGuide

I recommend these as the first place to check for online resources.
Warning

There’s a lot of incorrect, dated, or otherwise questionable code on
the internet. Be careful when consulting sources other than official
documentation.


https://python.org
https://docs.python.org/3/
https://docs.python.org/3/tutorial/
https://wiki.python.org/moin/BeginnersGuide




Chapter 2

Programming and the Python
Shell

Our objective for this chapter is to lay the foundations for the rest of
the course. If you’ve done any programming before, some of this may
seem familiar, but read carefully nonetheless. If you haven’t done any
programming before that’s OK.

Learning objectives

You will learn how to interact with the Python interpreter using
the Python shell.

You will learn the difference between interactive mode (in the shell)
and script mode (writing, saving, and running programs).

You will learn a little about computers, how they are structured,
and that they use binary code.

You will understand why we wish to write code in something other
than just zeros and ones, and you’ll learn a little about how Python
translates high-level code (written by you, the programmer) into
binary instructions that a computer can execute.

You will write, save, and run your first Python program—an or-
dered collection of statements and expressions.

Terms introduced

binary code

bytecode

compilation vs interpretation

compiler

console

integrated development environment (IDE)
interactive mode

low-level vs high-level programming language
Python interpreter / shell
read-evaluate-print loop (REPL)

semantics

script mode

11
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e syntax
e terminal

2.1 Why learn a programming language?

Computers are powerful tools. Computers can perform all manner of
tasks: communication, computation, managing and manipulating data,
modeling natural phenomena, and creating images, videos, and music,
just to name a few. However, computers don’t read minds (yet), and
thus we have to provide instructions to computers so they can perform
these tasks.

Computers don’t speak natural languages (yet)—they only under-
stand binary code. Binary code is unreadable by humans.

For example, a portion of an executable program might look like this
(in binary):

0110101101101011
1010010100100100
1110100100010101
0000100000000001
0010100101110000

1100000000110101
0010100100010011
0001110110000000
0100101101110100
0101001001001001

1011110100100100
1110100100010101
1110000111100000
0000001000101011
1010100110101000

This is unintelligible. It’s bad enough to try to read it, and it would be
even worse if we had to write our computer programs in this fashion.

Computers don’t speak human language, and humans don’t speak
computer language. That’s a problem. The solution is programming lan-
guages.

Programming languages allow us, as humans, to write instructions
in a form we can understand and reason about, and then have these
instructions converted into a form that a computer can read and execute.

There is a tremendous variety of programming languages. Some lan-
guages are low-level, like assembly language, where there’s roughly a
one-to-one correspondence between machine instructions and assembly
language instructions. Here’s a “Hello World!” program in assembly lan-
guage (for ARM64 architecture):!

.equ STDOUT, 1
.equ SVC_WRITE, 64
.equ SVC_EXIT, 93

.text
.global _start

_start:
stp x29, x30, [sp, -16]!
mov x0, #STDOUT
ldr x1, =msg
mov x2, 13

! Assembly language code sample from Rosetta Code: https://www.rosettacode.
org/wiki/Hello_world


https://www.rosettacode.org/wiki/Hello_world
https://www.rosettacode.org/wiki/Hello_world
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mov x8, #SVC_WRITE

mov x29, sp

svc #0 // write(stdout, msg, 13);
ldp x29, x30, [sp], 16

mov x0, #0

mov x8, #SVC_EXIT

svc #0 // exit(0);

msg: .ascii "Hello World!\n"
.align 4

Now, while this is a lot better than a string of zeros and ones, it’s not
so easy to read, write, and reason about code in assembly language.

Fortunately, we have high-level languages. Here’s the same program
in C++:

#include <iostream>

int main () {
std::cout << "Hello World!" << std::endl;
}

Much better, right?
In Python, the same program is even more succinct:

print('Hello World!"')

Notice that as we progress from machine code to Python, we're in-
creasing abstraction. Machine code is the least abstract. These are the ac-
tual instructions executed on your computer. Assembly code uses human-
readable symbols, but still retains (for the most part) a one-to-one corre-
spondence between assembly instructions and machine instructions. In
the case of C++, we’re using a library iostream to provide us with an ab-
straction of an output stream, std::cout, and we're just sending strings
to that stream. In the case of Python, we simply say “print this string”
(more or less). This is the most abstract of these examples—we needn’t
concern ourselves with low-level details.
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machine code

assembly

C++

Python

18118108 18118111 Ba181811
80611810 62819108 10111811
18001800 'H'Hmﬂ nmmﬂﬂﬂ
18181810 8818110

_equ STOOUT,
“equ SVC_) WRITE 64
.equ SVC_EXIT, 93

#include <iostream>

int main () {

print(‘Hello World')
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Figure 2.1: Increasing abstraction

Now, you may be wondering: How is it that we can write programs in
such languages when computers only understand zeros and ones? There
are programs which convert high-level code into machine code for ex-
ecution. There are two main approaches when dealing with high-level
languages, compilation and interpretation.

2.2 Compilation and interpretation

Generally speaking, compilation is a process whereby source code in some
programming language is converted into binary code for execution on a
particular architecture. The program which performs this conversion is
called a compiler. The compiler takes source code (in some programming
language) as an input, and yields binary machine code as an output.

source code machine code

18118188 18118111 24181811

fn ged(a: 132, b: i32) => 132 {
{ BA611418 AAB18188 18111811

if a==48

b.abs{) la@a1eae 11110111 ealpiees
} else { 18187818 88181181 88818881
ged(b % a, a) 81818818 11181180 11818881

- compller 188181868 16818184 40160808
1 00006080 10100081 08118881
18787887 80818181 84181818
20100180 10810180 01118081
11118181 11181811 44141111
aleleals 1esaaisl 11111118

Y

readable and writeable

executable by
by humans

computer

Figure 2.2: Compilation (simplified)

Interpreted languages work a little differently. Python is an inter-
preted language. In the case of Python, intermediate code is generated,
and then this intermediate code is read and executed by another program.
The intermediate code is called bytecode.

While the difference between compilation and interpretation is not
quite as clear-cut as suggested here, these descriptions will serve for the
present purposes.
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The Python interpreter
Python is an interpreted language with intermediate bytecode. While
you don’t need to understand all the details of this process, it’s helpful
to have a general idea of what’s going on.
Say you have written this program and saved it as hello_world.py.
print('Hello World!"')
You may run this program from the terminal (command prompt), thus:

$ python hello_world.py

where $ indicates a command prompt (your prompt may vary). When
this runs, the following is printed to the console:

Hello World!
When we run this program, Python first reads the source code, then

produces the intermediate bytecode, then executes each instruction in
the bytecode.

Input: Source code

Erint("Hello World!"™)

Python interpreter

Bytecode (intermediate)
Python compiler
@ LOAD_GLOBAL @ (print) -
2 LOAD_CONST 1 ('Hello World!')
4 CALL_FUNCTION 1
6 POP_TOP
8 LOAD_CONST 2 (None)

1@ RETURN_VALUE

Output: Console Python Virtual
: Machine (PVM)

A

Hello World!

Figure 2.3: Execution of a Python program

1. By issuing the command python hello_world.py, we invoke the
Python interpreter and tell it to read and execute the program
hello_world.py (.py is the file extension used for Python files).

2. The Python interpreter reads the file hello_world.py.
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3. The Python interpreter produces an intermediate, bytecode repre-
sentation of the program in hello_world.py.

4. The bytecode is executed by the Python Virtual Machine.

5. This results in the words “Hello World!” being printed to the con-
sole.

So you see, there’s a lot going on behind the scenes when we run a
Python program.? However, this allows us to write programs in a high-
level language that we as humans can understand.

Supplemental reading

o Whetting Your Appetite, from The (Official) Python Tutorial.

2.3 The Python shell

The Python interpreter provides you with an environment for experimen-
tation and observation—the Python shell, where we work in interactive
mode. It’s a great way to get your feet wet.

When working with the Python shell, you can enter expressions and
Python will read them, evaluate them, and print the result. (There’s
more you can do, but this is a start.)

There are several ways to run the Python shell: in a terminal (com-
mand prompt) by typing python, python3, or py depending on the ver-
sion(s) of Python installed on your machine. You can also run the Python
shell through your chosen IDE (details will vary).

(ONONO) terminal

$ python

Python 3.10.11 ..

Type "help", "copyright", "credits" or "license" for
more information.

>>> 'Hello, World!'

'Hello, World!'

>>>

Figure 2.4: The Python shell in a terminal (above)

2 Actually, there’s quite a bit more going on behind the scenes, but this should
suffice for our purposes. If you’re curious and wish to learn more, ask!
3https://docs.python.org/release/3.10.4/tutorial /appetite.html
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The first thing you’ll notice is this symbol: >>>. This is the Python
prompt (you don’t type this bit, this is Python telling you it’s ready for
new input).

We'll start with some simple examples (open the shell on your com-
puter and follow along):

>>> 1
1

Here we’ve entered 1. This is interpreted by Python as an integer, and
Python responds by printing the evaluation of what you've just typed:
1.

When we enter numbers like this, we call them “integer literals”—in
the example above, what we entered was literally a 1. Literals are special
in that they evaluate to themselves.

Now let’s try a simple expression that’s not a mere literal:

>>> 1 + 2
3

Python understands arithmetic and when the operands are numbers (in-
tegers or floating-point) then + works just like you’d expect. So here we
have a simple expression—a syntactically valid sequence of symbols that
evaluates to a value. What does this expression evaluate to? 3 of course!

We refer to the + operator as a binary infiz operator, since it takes
two operands (hence, “binary”) and the operand is placed between the
operands (hence, “infix”).

Here’s another familiar binary infix operator: -. You already know
what this does.

>>> 17 - 5
12

Yup. Just as you'd expect. The Python shell evaluates the expression 17
- 5 and returns the result: 12.

REPL

This process—of entering an expression and having Python evaluate it
and display the result—is called REPL which is an acronym for read-
evaluate-print loop. Many languages have REPLs, and obviously, Python
does too. REPLs were invented (back in the early 1960s) to provide an
environment for exploratory programming. This is facilitated by allowing
the programmer to see the result of each portion of code they enter.
Accordingly, I encourage you to experiment with the Python shell. Do
some tinkering and see the results. You can learn a lot by working this
way.
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Saving your work

Entering expressions into the Python shell does not save anything. In
order to save your code, you'll want to work outside the shell (we’ll see
more on this soon).

Exiting the interpreter

If you're using an IDE there’s no need to exit the shell. However, if you're
using a terminal, and you wish to return to your command prompt, you
may exit the shell with exit().

>>> exit()

2.4 Hello, Python!

It is customary—a nearly universal ritual, in fact—when learning a new
programming language, to write a program that prints “Hello World!” to
the console. This tradition goes back as at least as far as 1974, when Brian
Kernighan included such a program in his tutorial for the C programming
language at Bell Labs, perhaps earlier.

So, in keeping with this fine tradition, our first program will do the
same—oprint “Hello World!” to the console.

Python provides us with simple means to print to the console: a func-
tion named print(). If we wish to print something to the console, we
write print() and place what we wish to print within the parentheses.

print("Hello World!")

That’s it!

If we want to run a program in script mode we must write it and save
it. Let’s do that.

In your editor or IDE open a new file, and enter this one line of code
(above). Save the file as hello_world.py.

Now you can run your program. If you're using an IDE, you can run
the file within your IDE. You can also run the file from the command
line, for example,

$ python hello_world.py
where $ is the command line prompt (this will vary from system to
system). The $ isn’t something you type, it’s just meant to indicate a
command prompt (like >>> in the Python shell). When you run this

program it should print:

Hello World!
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Next steps

The basic steps above will be similar for each new program you write. Of
course, as we progress, programs will become more challenging, and it’s
likely you may need to test a program by running it multiple times as
you make changes before you get it right. That’s to be expected. But now
you've learned the basic steps to create a new file, write some Python
code, and run your program.

2.5 Syntax and semantics

In this text we’ll talk about syntaxr and semantics, so it’s important that
we understand what these terms mean, particularly in the context of
computer programming.

Syntax

In a (natural) language course—say Spanish, Chinese, or Latin—you’d
learn about certain rules of syntazx, that is, how we arrange words and
choose the correct forms of words to produce a valid sentence or utter-
ance. For example, in English,

My hovercraft is full of eels.

is a syntactically valid sentence.* While it may or may not be true, and
may not even make sense, it is certainly a well-formed English sentence.
By contrast, the sequence of words

Is by is is and cheese for

is not a well-formed English sentence. These are examples of valid and
invalid syntax. The first is syntactically valid (well-formed); the second
is not.

Every programming language has rules of syntax—rules which govern
what is and is not a valid statement or expression in the language. For
example, in Python

>>> 2 3

is not syntactically valid. If we were to try this using the Python shell,
the Python interpreter would complain.

>>> 2 3
File "<stdin>", line 1
23

AAN

SyntaxError: invalid syntax. Perhaps you forgot a comma?

That’s a clear-cut example of a syntax error in Python. Here’s another:

4“My hovercraft is full of eels” originates in a famous sketch by Monty Python’s
Flying Circus.
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>>> = 5

File "<stdin>", line 1
=5
A

SyntaxError: invalid syntax

Python makes it clear when we have syntax errors in our code. Usually
it can point to the exact position within a line where such an error occurs.
Sometimes, it can even provide suggestions, for example, “Perhaps you
forgot a comma?”

Semantics

On the other hand, semantics is about meaning. In English we may say
The ball is red.

We know there’s some object being referred to—a ball—and that an
assertion is being made about the color of the ball—red. This is fairly
straightforward.

Of course, it’s possible to construct ambiguous sentences in English.
For example (with apologies to any vegetarians who may be reading):

The turkey is ready to eat.

Does this mean that someone has cooked a turkey and that it is ready to
be eaten? Or does this mean that there’s a hungry turkey who is ready
to be fed? This kind of ambiguity is quite common in natural languages.
Not so with programming languages. If we’'ve produced a syntactically
valid statement or expression, it has only one “interpretation.” There is
no ambiguity in programming.

H5ere’s another famous example, devised by the linguist Noam Chom-
sky:

Colorless green ideas sleep furiously.

This is a perfectly valid English sentence with respect to syntax. How-
ever, it is meaningless, nonsensical. How can anything be colorless and
green at the same time? How can something abstract like an idea have
color? What does it mean to “sleep furiously”? Syntax: A-OK. Semantics:
nonsense.

Again, in programming, every syntactically valid statement or expres-
sion has a meaning. It is our job as programmers to write code which is
syntactically valid but also semantically correct.

What happens if we write something which is syntactically valid and
also semantically incorrect? It means that we’ve written code that does
not do what we intend for it to do. There’s a word for that: a bug.

Here’s an example. Let’s say we know the temperature in degrees
Fahrenheit, but we want to know the equivalent in degrees Celsius. You
may know the formula

Shttps://en.wikipedia.org/wiki/Noam_ Chomsky
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F—32

C=3

where F is degrees Fahrenheit and C is degrees Celsius.
Let’s say we wrote this Python code.

f = 68.0 # 68 degrees Fahrenheit
c=(f -32) 1.8 # attempt conversion to Celsius
print(c) # print the result

This prints 64.8 which is incorrect! What’s wrong? We’re multiplying by
1.8 when we should be dividing by 1.8! This is a problem of semantics.
Our code is syntactically valid. Python interprets it, runs it, and produces
a result—but the result is wrong. Our code does not do what we intend
for it to do. Call it what you will—a defect, an error, a bug—but it’s a
semantic error, not a syntactic error.

To fix it, we must change the semantics—the meaning—of our code.
In this case the fix is simple.

f = 68.0 # 68 degrees Fahrenheit
c=(f-32) /1.8 # correct conversion to Celsius
print(c) # print the result

and now this prints 20.0 which is correct. Now our program has the
semantics we intend for it.

2.6 Introduction to binary numbers

You may know that computers use binary code to represent, well ... ev-
erything. Everything stored on your computer’s disk or solid-state drive
is stored in binary form, a sequence of zeros and ones. All the programs
your computer runs are sequences of zeros and ones. All the photos you
save, all the music you listen to, even your word processing documents
are all zeros and ones. Colors are represented with binary numbers. Au-
dio waveforms are represented with binary numbers. Characters in your
word processing document are represented with binary numbers. All the
instructions executed and data processed by your computer are repre-
sented in binary form.
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10110110 11111000
10100011 00011111
00011010 11010001

Hello, World!

Figure 2.5

Accordingly, as computer scientists, we need to understand how we rep-
resent numbers in binary form and how we can perform arithmetic oper-
ations on such numbers.

However, first, let’s review the familiar decimal system.

The decimal system

We’ve all used the decimal system.

Figure 2.6

The decimal system is a positional numeral system based on powers of
ten.® What do we mean by that? In the decimal system, we represent

6In fact, the first positional numeral system, developed in ancient Babylonia
around 2000 BCE, used 60 as a base. Our base 10 system is an extension of the
Hindu-Arabic numeral system. Other cultures have used other bases. For example,
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numbers as coefficients in a sequence of powers of ten, where each coeffi-
cient appears in a position which corresponds to a certain power of ten.
(That’s a mouthful, I know.) This is best explained with an example.

Take the (decimal) number 8,675,309. Each digit is a coefficient in the
sequence

8x 100 +6x10°+7x10*+5x10%+3 x 1024+ 0 x 10* +9 x 10°

Recall that anything to the zero power is one—so, 10° = 1. If we do the
arithmetic we get the correct result:

8 x 106 = 8,000,000
6x10° = 600,000
7x10*= 70,000
5x 10% = 5,000
3 x10% = 300
0x 10 = 00
9 x10° = 9

and all that adds up to 8,675,309.

This demonstrates the power and conciseness of a positional numeral
system.

Notice that if we use base 10 for our system we need ten numerals to
use as coefficients. For base 10, we use the numerals 0, 1, 2, 3, 4, 5, 6, 7,
8, and 9.

However, apart from the fact that most of us conveniently have ten
fingers to count on, the choice of 10 as a base is arbitrary.

Computers and the binary system

As noted, computers use the binary system. This choice was originally
motivated by the fact that electronic components which can be in one of
two states are generally easier to design and implement than components
that can be in one of more than two states.

So how does the binary system work? It, too, is a positional numeral
system, but instead of using 10 as a base we use 2.

When using base 2, we need only two numerals: 0 and 1.

In the binary system, we represent numbers as coefficients in a se-
quence of powers of two. As with the decimal system, this is best ex-
plained with an example.

Take the decimal number 975. In binary this is 1111001111. That’s

1x294+1x2854+1x274+1x2040x25
FOx2+1x224+1x224+1x21+1x20

Again, doing the arithmetic

the Kewa counting system in Papua New Guinea is base 37—counting on fingers
and other parts of the body: heel of thumb, palm, wrist, forearm, etc, up to the top
of the head, and then back down the other side! See: Wolfers, E. P. (1971). “The
Original Counting Systems of Papua and New Guinea”, The Arithmetic Teacher,
18(2), 77-83, https://www.jstor.org/stable/41187615.
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1 x 2% = 1000000000
1 x 28 = 100000000
1 x27= 10000000

1x26=" 1000000
0x2°= 000000
0x2%= 00000
1x2%= 1000
1x22= 100
1x2! = 10
1x20= 1

and that all adds up to 1111001111. To verify, let’s represent these values
in decimal format and check our arithmetic.

1x29 =512
1x 28 =256
1x27 =128
1x20= 64
0x2°= 0
0x2t= 0
1x23= 8
1x22= 4
1x2l= 2
1x20= 1

Indeed, this adds to 975.

Where in the decimal system we have the ones place, the tens place,
the hundreds place, and so on, in the binary system we have the ones
place, the twos place, the fours place, and so on.

How would we write, in binary, the decimal number 37 11. That’s one
two, and one one.

How about the decimal number 107 1010. That’s one eight, zero fours,
one two, and zero ones.

How about the decimal number 137 1101. That’s one eight, one four,
zero twos, and one one.

Binary arithmetic

Once you get the hang of it, binary arithmetic is straightforward. Here’s
the most basic example: adding 1 and 1.
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In the ones column we add one plus one, that’s two—binary 10—so we
write 0, carry 1 into the twos column, and then write 1 in the twos
column, and we’re done.

Now let’s add 1011 (decimal 11) and 11 (decimal 3).

1011
+ 11

1110

In the ones column we add one plus one, that’s two—binary 10—so we
write 0 and carry 1 into the twos column. Then in the twos column we
add one (carried) plus one, plus one, that’s three—binary 11—so we
write 1 and carry 1 into the fours column. In the fours column we add
one (carried) plus zero, so we write 1, and we have nothing to carry. In
the eights column we have only the single eight, so we write that, and
we're done. To verify (in decimal):

1x224+1x2241x214+0x20

I1x8+1x4+1x2+0x1
= 14

That checks out.

2.7 Exercises

Exercise 01

Write a line of Python code that prints your name to the console.

Exercise 02

Multiple choice: Python is a(n) programming language.

compiled
assembly
interpreted
binary

o Te

Exercise 03

True or false? Code that you write in the Python shell is saved.

Exercise 04

How do you exit the Python shell?

Exercise 05

Python can operate in two different modes. What are these modes and
how do they differ?
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Exercise 06

The following is an example of what kind of code?

1001011011011011 1110010110110001 10101010101601111
1111000011110010 0000101101101011 0110111000110110
Exercise 07

Calculate the following sums in binary:

a. 10 +1
b. 100 + 11
c. 11 +11
d. 1011 + 10

After you’ve worked these out in binary, convert to decimal form and
check your arithmetic.
Exercise 08 (challenge!)

Try binary subtraction. What is 11011 - 11107 After calculating in binary,
convert to decimal and check your answer.



Chapter 3

Types and literals

This chapter will expand our understanding of programming by intro-
ducing types and literals. All objects in Python have a type, and literals
are fixed values of a given type. For example, the literal 1 is an integer
and is of type int (short for “integer”). Python has many different types.

Learning objectives

¢ You will learn about many commonly used types in Python.

¢ You will understand why we have different types.

e You will be able to write literals of various types.

¢ You will learn different ways to write string literals which include
various quotation marks within them.

e You will learn about representation error as it applies to numeric
types (especially floating-point values).

Terms introduced

e dynamic typing

e escape sequence

e empty string, empty tuple, and empty list
e heterogeneous

o literal

e representation error

o static typing

e “strong” vs “weak” typing

¢ type (including int, float, str, list, tuple, dict, etc.)
e type inference

e Unicode

27
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3.1 What are types?

Consider the universe of wheeled motor vehicles. There are many types:
motorcycles, mopeds, automobiles, sport utility vehicles, busses, vans,
tractor-trailers, pickup trucks, all-terrain vehicles, etc., and agricultural
vehicles such as tractors, harvesters, etc. Each type has characteristics
which distinguish it from other types. Each type is suited for a particular
purpose (you wouldn’t use a moped to do the work of a tractor, would
you?).

Similarly, everything in Python has a type, and every type is suited
for a particular purpose. Python’s types include numeric types such as
integers and floating-point numbers; sequences such as strings, lists, and
tuples; Booleans (true and false); and other types such as sets, dictionar-
ies, ranges, and functions.

Why do we have different types in a programming language? Primarily
for three reasons.

First, different types have different requirements regarding how they
are stored in the computer’s memory (we’ll take a peek into this when
we discuss representation).

Second, certain operations may or may not be appropriate for different
types. For example, we can’t raise 5 to the 'pumpkin' power, or divide
"illuminate' by 2.

Third, some operators behave differently depending on the types of
their operands. For example, we’ll see in the next chapter how + is used
to add numeric types, but when the operands are strings + performs
concatenation. How does Python know what operations to perform and
what operations are permitted? It checks the type of the operands.

What’s a literal?

A literal is simply fixed values of a given type. For example, 1 is a literal.
It means, literally, the integer 1. Other examples of literals follow.

Some commonly used types in Python

Here are examples of some types we’ll see. Don’t worry if you don’t know
what they all are now—all will become clear in time.

Type Description Example(s) of literals
int integer 42,0, -1
float floating-point 3.14159, 2.7182, 0.0
number
str string 'Python', 'badger', 'hovercraft'
bool Boolean True, False
NoneType none, no value None

tuple tuple O, ('a', 'b', 'c¢"), (-1, 1)
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Type Description Example(s) of literals
list list [1, (1, 2, 31, ['foo', 'bar',
'baz']
dict dictionary (key: {'cheese': 'stilton'}, {'age': 99}
value)
function  function (see: Chapter 5)
int

The 4int type represents integers, that is, whole numbers, positive or
negative, and zero. Examples of int literals: 1, 42, -99, 0, 10000000, etc.
For readability, we can write integer literals with underscores in place
of thousands separators. For example, 1_000_000 is rather easier to read
than 1000000, and both have the same value.

float

Objects of the float type represent floating-point numbers, that is, num-
bers with decimal (radix) points. These approximate real numbers (to
varying degrees; see the section on representation error). Examples of
float literals: 1.0, 3.1415, -25.1, etc.

str

A string is an ordered sequence of characters. Each word on this page is
a string. So are "abc123" and "@&)z)$"—the symbols of a string needn’t
be alphabetic. In Python, objects of the str (string) type hold zero or
more symbols in an ordered sequence. Strings must be delimited to dis-
tinguish them from variable names and other identifiers which we’ll see
later. Strings may be delimited with single quotation marks, double quo-
tation marks, or “triple quotes.” Examples of str literals: "abc", "123",
"vegetable", "My hovercraft is full of eels.", """What nonsense is
this?""" etc.

Single and double quotation marks are equivalent when delimiting
strings, but you must be consistent in their use—starting and ending
delimiters must be the same. "foo" and 'foo' are both valid string literals;
"foo' and 'foo" are not.

>>> "foo'
File "<stdin>", line 1
"foo'

A

SyntaxError: unterminated string literal (detected at line 1)
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It is possible to have a string without any characters at alll We call
this the empty string, and we write it ' or "" (just quotation marks with
nothing in between).

Triple-quoted strings have special meaning in Python, and we’ll see
more about that in Chapter 6, on style. These can also be used for
creating multi-line strings. Multi-line strings are handy for things like
email templates and longer text, but in general it’s best to use the single-
or double-quoted versions.

bool

bool type is used for two special values in Python: True and False. bool
is short for “Boolean”, named after George Boole (1815-1864), a largely
self-taught logician and mathematician, who devised Boolean logic—a
cornerstone of modern logic and computer science (though computers
did not yet exist in Boole’s day).

There are only two literals of type bool: True and False. Notice that
these are not strings, but instead are special literals of this type (so there
aren’t any quotation marks, and capitalization is significant).!

NoneType

NoneType is a special type in Python to represent the absence of a value.
This may seem a little odd, but this comes up quite often in programming.
There is ezactly one literal of this type: None (and indeed there is exactly
one instance of this type).

Like True and False, None is not a string, but rather a special literal.

tuple

A tuple is an immutable sequence of zero or more values. If an object
is immutable, this means it cannot be changed once it’s been created.
Tuples are constructed using the comma to separate values. The empty
tuple, (), is a tuple containing no elements.

The elements of a tuple can be of any type—including another tuple!
The elements of a tuple needn’t be the same type. That is, tuples can be
heterogeneous.

While not strictly required by Python syntax (except in the case of
the empty tuple), it is conventional to write tuples with enclosing paren-
theses. Examples of tuples: (), (42, 71, 99), (x, y), ('cheese', 11,
True), etc.

A complete introduction to tuples appears in Chapter 10.

list

A list is a mutable sequence of zero or more values. If an object is muta-
ble, then it can be changed after it is created (we’ll see how to mutate
lists later). Lists must be created with square brackets and elements

In some instances, it might be helpful to interpret these as “on” and “off” but
this will vary with context.
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within a list are separated by commas. The empty list, [1, is a list con-
taining no elements.

The elements of a list can be of any type—including another list! The
elements of a list needn’t be the same type. That is, like tuples, lists can
be heterogeneous.

Examples of lists: [1, ['hello'], ’['Larry', 'Moe', 'Curly'l, [3, 6,
9, 12], [a, b, c], [4, 'alpha', ()], etc.

A complete introduction to lists appears in Chapter 10.

dict

dict is short for dictionary. Much like a conventional dictionary, Python
dictionaries store information as pairs of keys and values. We write dictio-
naries with curly braces. Keys and values come in pairs, and are written
with a colon separating key from value.

There are significant constraints on dictionary keys (which we’ll see
later in Chapter 16). However, dictionary values can be just about
anything—including lists, tuples, and other dictionaries! Like lists, dic-
tionaries are mutable. Example:

{'Egbert': 19, 'Edwina': 22, 'Winston': 35}
A complete introduction to dictionaries appears in Chapter 16.

The first few types we’ll investigate are int (integer), float (floating-
point number), str (string), and bool (Boolean). As noted, we’ll learn
more about other types later.

For a complete reference of built-in Python types, see: https://docs
.python.org/3/library /stdtypes.html

3.2 Dynamic typing

You may have heard of “strongly typed” languages or “weakly typed”
languages. These terms do not have precise definitions, and they are of
limited utility. However, it’s not uncommon to hear people referring to
Python as a weakly typed language. This is not the case. If we're going
to use these terms at all, Python exists toward the strong end of the
spectrum. Python prevents most type errors at runtime, and performs
very few implicit conversions between types—hence, it’s more accurately
characterized as being strongly typed.

Static and dynamic typing

Much more useful—and precise—are the concepts of static typing and
dynamic typing. Some languages are statically typed, meaning that types
are known at compile time—and types of objects (variables) cannot be
changed at runtime—the time when the program is run.

Python, however, is dynamically typed. This means that the types of
variables can change at runtime. For example, this works just fine in
Python:


https://docs.python.org/3/library/stdtypes.html
https://docs.python.org/3/library/stdtypes.html

32 Types and literals

>>> x =1

>>> print(type(x))

<class 'int'>

>>> x = 'Hey! Now I am a string!'
>>> print(type(x))

<class 'str'>

This demonstrates dynamic typing. When we first create the variable
x, we assign to it the literal value 1. Python understands that 1 is an
integer, and so the result is an object of type 'int' (which is short for
“integer”). On the next line, we print the type of x, and Python prints:
<class 'int'> as we’d expect. Then, we assign a new value to x, and
Python doesn’t miss a beat. Since Python is dynamically typed, we can
change a variable’s type at runtime. When we assign to x the value 'Hey!
Now I am a string!', the type of x becomes 'str' (which is short for
“string”).

In statically typed languages (say, C or Java or Rust) if we were to
attempt something similar, we’d receive an error at compile time.

For example, in Java:

int x = 1;
x = "Hey! Now I am a string!";

would result in a compile-time error: “incompatible  types:
java.lang.String cannot be converted to int”.

Notice that, unlike Python, when declaring a variable in Java a type
annotation must be supplied, and once something is declared as a given
type, that type cannot be changed.

It’s important to note that it’s not the type annotation

int x =1

that makes Java statically typed. For example, other languages have type
inference but are still statically typed (Python has limited type inference).
Type inference is when the compiler or interpreter can infer something’s
type without having to be told explicitly “this is a string” or “this is an
integer.” For example, in Rust:

let x = 1;
x = "Hey! Now I am a string!";

would, again, result in a compile-time error: “mismatched types...
expected integer, found &str”.

While dynamic typing is convenient, this does place additional respon-
sibility on you the programmer. This is particularly true since Python,
unlike many other languages, doesn’t care a whit about the types of
formal parameters or return values of functions. Some languages ensure
that programmers can’t write code that calls a function with arguments
of the wrong type, or return the wrong type of value from a function.
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Python does not. Python won’t enforce the correct use of types—that’s
up to you!

3.3 Types and memory

The details of how Python stores objects in memory is outside the scope
of this text. Nevertheless, a little peek can be instructive.

X =65

Actual memory contents of variable x

00001000
00000000
10100000
00000001
00000001
00000000

00000000
00000000
10100011
00000000
00000000
00000000

00000000
00000000
00111111
00000000
00000000
00000000

00000000
00000000
00000111
00000000
00000000
00000000

(01000001 00000000 |00ONONOO

*®

These two bytes store the numeric value

00000000

Figure 3.1: A sneak peek into an int object

Figure 3.1 includes a representation of an integer with value (decimal)
65. In binary, decimal 65 is represented as 01000001. That’s

O0x2T4+1x204+0x254+0x224+0x224+0x2240x21+1x20

Find 01000001 within the bitstring? shown in Figure 3.1. That’s the
integer value.?

Figure 3.2 shows the representation of the string 'A'.* The letter ‘A’
is represented with the value (code point) of 65.

2A bitstring is just a sequence of zeros and ones.

3 Actually, the value is stored in two bytes 01000001 00000000 as shown within the
box in Figure 3.1. This layout in memory will vary with the particular implementa-
tion on your machine.

4Python uses Unicode encoding for strings. For reading on character encodings,
don’t miss Joel Spolsky’s “The Absolute Minimum Every Software Developer Abso-
lutely, Positively Must Know About Unicode and Character Sets (No Excuses!)”.
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x="A

Actual memory contents of variable x

00001010
00000000
01110000
00000001
00000001
00000000
10010110
10010111
11100101
00000000
00000000
00000000

00000000
00000000
00011011
00000000
00000000
00000000
11011111
00110000
00000000
00000000
00000000
00000000

00000000
00000000
01010001
00000000
00000000
00000000
00001100
00011100
00000000
00000000
00000000
00000000

00000000
00000000
00001011
00000000
00000000
00000000
00100001
11010110
00000000
00000000
00000000
00000000

(601000001 000000 |

AN

These two bytes store the encoding of the letter 'A'

Figure 3.2: A sneak peek into a str object

Again, find 01600001 within the bitstring Figure 3.2—that’s the en-
coding of 'A".

Apart from both representations containing the value 65 (91000001),
notice how different the representations of an integer and a string are!
How does Python know to interpret one as an integer and the other as a
string? The type information is encoded in this representation (that’s a
part of what all the other ones and zeros are). That’s how Python knows.
That’s one reason types are cruciall

Note: Other languages do this differently, and the representations
(above) will vary somewhat depending on your machine’s architecture.

Now, you don’t need to know all the details of how Python uses your
computer’s memory in order to write effective programs, but this should
give you a little insight into one reason why we need types. What'’s
important for you as a programmer is to understand that different types
have different behaviors. There are things that you can do with an integer
that you can’t do with a string, and vice versa (and that’s a good thing).
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3.4 More on string literals

Strings as ordered collections of characters

As we’ve seen, strings are ordered collections of characters, delimited
by quotation marks. But what kind of characters can be included in a
string?

Since Python 3.0, strings are composed of Unicode characters.’®

Unicode, formally The Unicode Standard, is an information
technology standard for the consistent encoding, representa-
tion, and handling of text expressed in most of the world’s
writing systems. The standard, which is maintained by the
Unicode Consortium, defines as of the current version (15.0)
149,186 characters covering 161 modern and historic scripts,
as well as symbols, thousands of emoji (including in colors),
and non-visual control and formatting codes.®

That’s a lot of characters!

We won’t dive deep into Unicode, but you should be aware that
Python uses it, and that "hello", "rei1d cou", and "npusit" are all valid
strings in Python. Strings can contain emojis too!

Strings containing quotation marks or apostrophes

You’ve learned that in Python, we can use either single or double quota-
tion marks to delimit strings.

>>> 'Hello World!'
'Hello World!'
>>> "Hello World!"
'Hello World!'

Both are syntactically valid, and Python does not differentiate between
the two.

It’s not unusual that we have a string which contains quotation marks
or apostrophes. This can motivate our choice of delimiters.

For example, given the name of a local coffee shop, Speeder and Earl’s,
there are two ways we could write this in Python. One approach would
be to escape the apostrophe within a string delimited by single quotes:

>>> 'Speeder and Earl\'s'
"Speeder and Earl's"

Notice what’s going on here. Since we want an apostrophe within this
string, if we use single quotes, we precede the apostrophe with \. This

5You may have heard of Unicode, or perhaps ASCII (American Standard Code
for Information Interchange). ASCII was an early standard and in Python was su-
perseded in 2008 with the introduction of Python 3.

Shttps://en.wikipedia.org/wiki/Unicode
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is called escaping, and it tells Python that what follows should be in-
terpreted as an apostrophe and not a closing delimiter. We refer to the
string \', as an escape sequence.”

What would happen if we left that out?

>>> 'Speeder and Earl's'
Traceback (most recent call last):

File "<input>", line 1
'Speeder and Earl's'
A

SyntaxError: unterminated string literal (detected at line 1)

What’s going on here? Python reads the second single quote as the ending
delimiter, so there’s an extra—syntactically invalid—trailing s' at the
end.

Another approach is to use double quotations as delimiters.

>>> "Speeder and Earl's"
"Speeder and Earl's"

The same applies to double quotes within a string. Let’s say we wanted
to print

“Medium coffee, please”, she said.

We could escape the double quotes within a string delimited by double
quotes:

>>> "\"Medium coffee, please\", she said."
'"Medium coffee, please", she said.'

However, it’s a little tidier in this case to use single quote delimiters.

>>> '"Medium coffee, please", she said.'
'"Medium coffee, please", she said.'

What happens if we have a string with both apostrophes
and double quotes?

Say we want the string
“I’ll have a Speeder’s Blend to go”, she said.

What now? Now we must use escapes. Either of the following work:

7 Escape sequence is a term whose precise origins are unknown. It’s generally un-
derstood to mean that we use these sequences to “escape” from the usual meaning
of the symbols used. In this particular context, it means we don’t treat the apostro-
phe following the slash as a string delimiter (as it would otherwise be treated), but
rather as a literal apostrophe.
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>>> '"I\'ll have a Speeder\'s Blend to go", she said.'
'"I\'1l have a Speeder\'s Blend to go", she said.'

>>> print('"I\'ll have a Speeder\'s Blend to go", she said.')
"I'll have a Speeder's Blend to go", she said.

or

>>> "\"I'1ll have a Speeder's Blend to go\", she said."
'"I\'1ll have a Speeder\'s Blend to go", she said.'

>>> print("\"I'll have a Speeder's Blend to go\", she said.")
"I'll have a Speeder's Blend to go", she said.

Not especially pretty, but there you have it.

More on escape sequences

We’ve seen how we can use the escape sequences \' and \" to avoid
having the apostrophe and quotation mark treated as string delimiters,
thereby allowing us to use these symbols within a string literal.

There are other escape sequences which work differently. The escape
sequences \n and \t are used to insert a newline or tab character into
a string, respectively. The escape sequence \\ is used to insert a single
backslash into a string.

Escape sequence meaning

\n newline

\t tab

\\ backslash

\! single quote / apostrophe
\" double quote

Python documentation for strings

For more, see the Python documentation for strings, including An Infor-
mal Introduction to Python® and Lezical Analysis.”

3.5 Representation error of numeric types

Representation error occurs when we try to represent a number using a
finite number of bits or digits which cannot be accurately represented in
the system chosen. For example, in our familiar decimal system:

8https://docs.python.org/3/tutorial /introduction.html#strings
9https://docs.python.org/3/reference/lexical _analysis.html#literals
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number decimal representation  representation error

1 1 0

1/3 0.3333333333333333 0.0000000000000000333...
1/7 0.1428571428571428 0.0000000000000000571428...

Natural numbers, integers, rational numbers, and real
numbers

You probably know that the set of all natural numbers
N=1{0,1,2,3,..}

is infinite.

From there it’s not a great leap to see that the set of all integers
z={.,-2,-1,0,1,2,...}

is infinite too.

The rational numbers, Q, and set of all real numbers, R, also are
infinite.

This fact—that these sets are of infinite size—has implications for
numeric representation and numeric calculations on computers.

When we work with computers, numbers are given integer or floating-
point representations. For example, in Python, we have distinct types,
int and float, for holding integer and floating-point numbers, respec-
tively.

I won’t get into too much detail about how these are represented in
binary, but here’s a little bit of information.

Integers

Representation of integers is relatively straightforward. Integers are rep-
resented as binary numbers with a position set aside for the sign. So,
12345 would be represented as 00110000 00111001. That’s

0x 25 +0x 214 4+1x213 41 x 212
+0x 10" 4+ 0 x 10'% 4+ 0 x 10° + 0 x 108
+0x1004+1x2°+1x2%+1x23
+0x2240x24+1x20

This works out to

8192 + 4096 + 32 + 16 + 8 + 1 = 12345.

Negative integers are a little different. If you’re curious about this, see
the Wikipedia article on Two’s Complement.
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Floating-point numbers and IEEE 754

Floating-point numbers are a little tricky. Stop and think for a minute:
How would you represent floating-point numbers? (It’s not as straight-
forward as you might think.)

Floating-point numbers are represented using the IEEE 754 standard
(IEEE stands for “Institute of Electrical and Electronics Engineers”).1?
There are three parts to this representation: the sign, the exponent, and
the fraction (also called the mantissa or significand)—and all of these
must be expressed in binary. IEEE 754 uses either 32 or 64 bits for
representing floating point numbers. The issue with representation lies
in the fact that there’s a fixed number of bits available: one bit for the sign
of a number, eight bits for the exponent, and the rest for the fractional
portion. With a finite number of bits, there’s a finite number of values
that can be represented without error.

Examples of representation error

Now we have some idea of how integers and floating-point numbers are
represented in a computer. Consider this: We have some fixed number of
bits set aside for these representations.'’ So we have a limited number
of bits we can use to represent numbers on a computer. Do you see the
problem?

The set of all integers, Z, is infinite. The set of all real numbers, R, is
infinite. Any computer we can manufacture is finite. Now do you see the
problem?

There exist infinitely more integers, and infinitely more real numbers,
than we can represent in any system with a fixed number of bits. Let
that soak in.

For any given machine or finite representation scheme, there are in-
finitely many numbers that cannot be represented in that system! This
means that many numbers are represented by an approximation only.

Let’s return to the example of 1/3 in our decimal system. We can
never write down enough digits to the right of the decimal point so that
we have the exact value of 1/3.

0.333333333333333333333 ...

No matter how far we extend this expansion, the value will only be an
approxzimation of 1/3. However, the fact that its decimal expansion is
non-terminating is determined by the choice of base (10).

What if we were to represent this in base 37 In base 3, decimal 1/3 is
0.1. In base 3, it’s easy to represent!

Of course our computers use binary, and so in that system (base
2) there are some numbers that can be represented accurately, and an
infinite number that can only be approximated.

Here’s the canonical example, in Python:

1OFor more, see: https://en.wikipedia.org/wiki/IEEE_ 754
1 That’s not entirely true for integers in Python, but it’s reasonable to think of
it this way for the purpose at hand.
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>>> 0.1

0.1

>>> 0.2

0.2

>>> 0.1 + 0.2

0.30000000000000004

Wait! What? Yup. Something strange is going on. Python rounds values
when displaying in the shell. Here’s proof:

>>> print(f'{0.1:.56f}")
0.10000000000000000555111512312578270211815834045410156250
>>> print(f'{0.2:.56f}")
0.20000000000000001110223024625156540423631668090820312500
>>> print(f'{0.1 + 0.2:.56f}")
0.30000000000000004440892098500626161694526672363281250000

The last, 0.1 + 0.2, is an example of representation error that accu-
mulates to the point that it is no longer hidden by Python’s automatic
rounding, hence

>>> 0.1 + 0.2
0.30000000000000004

Remember we only work with powers of two. So there’s no way to
accurately represent these numbers in binary with a fixed number of
decimal places.

What’s the point?

1.

The subset of real numbers that can be accurately represented
within a given positional system depends on the base chosen (1/3
cannot be represented without error in the decimal system, but it
can be in base 3).

. It’s important that we understand that no finite machine can rep-

resent all real numbers without error.

. Most numbers that we provide to the computer and which the

computer provides to us in the form of answers are only approzi-
mations.

. Perhaps most important from a practical standpoint, representa-

tion error can accumulate with repeated calculations.

. Understanding representation error can prevent you from chasing

bugs when none exist.

For more, see:

e Floating Point Arithmetic: Issues and Limitations: https://docs.p

ython.org/3.10/tutorial /floatingpoint.html.


https://docs.python.org/3.10/tutorial/floatingpoint.html
https://docs.python.org/3.10/tutorial/floatingpoint.html
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3.6 Exercises

Exercise 01

Give the type of each of the following literals:

42

True
"Burlington"
-17.45

n 100"
"3.141592"
"False"

©® -0 0 o

You may check your work in the Python shell, using the built-in function
type (). For example,

>>> type(777)
<class 'int'>

This tells us that the type of 777 is int.

Exercise 02

What happens when you enter the following in the Python shell?

123.456.789

123_456_789

hello

"hello'

"Hello" "World!" (this one may surprise you!)
1,000 (this one, too, may surprise you!)
1,000.234

1,000,000,000

'1,000,000,000'

PR e o T

Exercise 03

The following all result in SyntaxError. Fix them!

a. 'Still the question sings like Saturn's rings'

b. "when I asked him what he was doing, he said "That isn't any
business of yours.""

c. 'I can't hide from you like I hide from myself.'

d. what's up, doc?

Exercise 04 (challenge!)

We’ve seen that representation error occurs for most floating-point deci-
mal values. Can you find values in the interval [0.0,1.0) that do not have
representation error? Give three or four examples. What do all these
examples have in common?






Chapter 4

Variables, statements, and
expressions

In this chapter, we’ll learn about variables and assignment, and the dif-
ference between statements (code which has no evaluation) and expres-
stons (which have evaluations). We’'ll also learn about two additional
arithmetic operators: floor division using the // operator (also called
Euclidean division or integer division), and the modulo operator % (also
called the remainder operator). Please note that the modulo operator has
nothing to do with calculating percentages—this is a common confusion
for beginners.

Learning objectives

You will learn how to use the assignment operator and how to
create and name variables.

You will learn how to use the addition, subtraction, multiplication,
division, and exponentiation operators.

You will learn the difference between and use cases of division and
Euclidian division (integer division).

You will learn about modular arithmetic and how to use the re-
mainder or “modulo” operator and floor division operator.

You will learn operator precedence in Python.

Terms introduced

absolute value
assignment
congruence
dividend
divisor
Euclidean division
evaluation
exception
expression
floor function
identifier

43
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e modulus
¢ name

e operator
e quotient
e remainder
e statement
e variable

4.1 Variables and assignment

You have already written a “Hello, World!” program. As you can see,
this isn’t very flexible—you provided the exact text you wanted to print.
However, more often than not, we don’t know the values we want to
use in our programs when we write them. Values may depend on user
input, database records, results of calculations, and other sources that
we cannot know in advance when we write our programs.

Imagine writing a program to calculate the sum of two numbers and
print the result. We could write,

print(1 + 1)
print(2 + 2)

but that’s really awkward. For every sum we want to calculate, we’d have
to write another statement.

So when we write computer programs we use variables. In Python,
a variable is the combination of a name (identifier) and an associated
value which has a specific type.!

It’s important to note that variables in a computer program are not
like variables you’ve learned about in mathematics. For example, in math-
ematics we might write a+b = 5 and, of course, there’s an infinite number
of possible pairs of values which sum to five.

When writing computer programs, variables are rather different.
While the same name can refer to different values at different times,
a name can refer to only one value at a time.

Assignment statements

In Python, we use the = to assign a value to a variable, and we call = the
assignment operator. The variable name is on the left-hand side of the
assignment operator, and the expression (which evaluates to some value)
is on the right-hand side of the assignment operator.

1Python differs from most other programming languages in this regard. In many
other programming languages, variables refer to memory locations which hold values.
(Yes, deep down, this is what goes on “under the hood” but the paradigm from the
perspective of those writing programs in Python is that variables are names attached
to values.) Feel free to check the entry in the glossary for more.
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a=3 # the variable named ‘a' has the value 3
print(a) # prints 3 to the console

a = 17 # now the variable named “a’ has the value 17
print(a) # prints 17 to the console

Assignment is a kind of statement in Python. Assignment statements
associate a name with a value.

Beginners often get confused about the assignment operator. You may
find it helpful to think of it as a left-pointing arrow.? When reading your
code, for example

a = 42

it may help to say, “Let a equal 427, or “a gets 427, rather than “a equals
42” (which sounds more like a claim or assertion about the value of a).
This can reinforce the concept of assignment.>

Dynamic typing

In Python, all values have a type, and Python knows the type of each
value at every instant. However, Python is a dynamically typed language.
This means that any given name can refer to values of different types at
different points in a program. So this is valid Python:

a = 42 # now ‘a’ is of type 1int
print(a) # prints 42 to the console

a = 'abc' # now ‘a' is of type str
print(a) # prints 'abc' to the console

Evaluation and assignment

Sometimes we can use a variable in some calculation and reassign the
result. For example:

X =0

print(x) # prints 0 to the console
X =x + 1

print(x) # prints 1 to the console
X =x + 1

print(x) # prints 2 to the console

2In fact, the left-facing arrow is commonly used to indicate assignment in pseu-
docode—descriptions of algorithms outside the context of any particular program-
ming language.

3Later on, we’ll see the comparison operator ==. This is used to compare two
values to see if they are identical. For example, a == b would be true if the values of
a and b were the same. So it’s important to keep the assignment (=) and comparison
(==) operators straight in your mind.
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What’s going on here? Remember, = is the assignment operator. So in
the code snippet above, we’re not making assertions about equivalence;
instead, we’re assigning values to x. With:

we’re assigning the literal value zero to x. At this point we can say the
value of x is zero.
Consider what happens here:

So first, Python will evaluate the expression on the right, and then it
will assign the result to x. At the start, the value of x is still zero, so we
can think of Python substituting the value of x for the object x on the
right hand side.

now the x on the right has the value one, and one plus one is two, so the
variable x has the value two.

Variables are names associated with values

What are variables in Python? Variables work differently in Python than
they do in many other languages. Again, in Python, a variable is a name
(identifier) associated with a value.

Consider this code:

>>> x = 1001
>>>y = x

What we’ve done here is give two different names to the same value. This
is A-OK in Python. What does x refer to? The value 1001. What does
y refer to? The exact same 1001.* Tt is not the case that there are two
different locations in memory both holding the value 1001 (as might be
the case in a different programming language).

Now what happens if we assign a new value to x? Does y “change”?
What do you think?

4We can verify this by inspecting the identity number of the object(s) in question
using Python’s built-in id() function.
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>>> x = 2001
>>> x

2001

>>> y

1001

No. Even though x now has the new value of 2001, y is unchanged and
still has the value of 1001.
When we assign a value to a variable,

>>> x = 1001

what’s really going on is that we’re associating a name with a value. In
the above example, 1001 is the value, and x is a name we’ve given to it.

Values can have more than one name associated with them. In fact,
we can give any number of names to the same value.

>>> x = 1001
>>> y = x
>>> z =y

Now what happens if we assign a new value to x?

>>> x = 500
>>> x

500

>>> y

1001

>>> z

1001

y and z are still names for 1001, but now the name x is associated with
a new value, 500.

While it’s true that values can have more than one name associated
with them, it’s important to understand that each name can only refer
to a single value (or object). x can’t have two different values at the same
time.

>>> x = 3

>>> X

3

>>> x = 42 # What happened to 3? Gone forever.
>>> X

42
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Comprehension check

Given the following snippets of Python code, determine the resulting
value x:

1.
x =1
2.
=1
=x + 1
3.
y = 200
X =y
4.
=0
X = X *x 200
5.
x =1
x = 'hello'
6.
X =5
y =3

X =X+2x*xy -1

Constants

A lot of the time in programming, we want to use a specific value or
calculation multiple times. Instead of repeating that same value or cal-
culation over and over again, we can just assign the value to a variable
and reuse it throughout a program. We call this constant. A constant
is a variable that has a value that will be left unchanged throughout a
program. Using constants improves the readability of programs because
they provide meaningful and recognizable names for fixed values. Let’s
look at an example:

HOURS_IN_A_DAY = 24
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Here we have assigned the variable HOURS_IN_A_DAY to 24. This variable
is a constant because the number of hours in a day will always be 24 (at
least for the foreseeable future). Now if we need to do some calculation
using the number of hours in a day, we can just use this variable. Note
that constants are uppercase. This isn’t enforced by Python, but it’s
good common practice.

4.2 Expressions

In programming—and computer science in general—an expression is
something which can be evaluated—that is, a syntactically valid combi-
nation of constants, variables, functions, and operators which yields a
value.

Let’s try out a few expressions with the Python shell.

Literals and types revisited

The simplest possible expression is a single literal.

>>> 1
1

What just happened? We typed a simple expression—a single literal—
and Python replied with its value. Literals are special in that they eval-
uate to themselves!

Here’s another:

>>> 'Hello, Python!'
'Hello, Python!'

Once again, we've provided a single literal, and again, Python has replied
with its value.

You may notice that 'Hello, Python!' is rather different from 1. You
might say these are literals of different types—and you’d be correct! Liter-
als come in different types. Here are four different literals of four different

types.

'Hello, Python' string (str)

1 integer (int)
3.141592 floating-point (float)
True Boolean (bool)

'Hello, Python!' is a string literal. The quotation marks delimit the
string. They let Python know that what’s between them is to be inter-
preted as a string, but they are not part of the string itself. Python allows
single-quoted or double-quoted strings, so "Hello, Python!" and 'Hello,
Python!' are both syntactically correct. Note that if you start with a
single quote ('), you must end with a single quote. Likewise, if you start
with a double quote ("), you must end with a double quote.
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1 is different. It is an integer literal. Notice that there are no quotation
marks around it.
Given all this, the latter two examples work as you’d expect.

>>> 3.141592
3.141592

>>> True
True

What types are these? 3.141592 is a floating point literal (that’s a number
that has something to the right of the decimal point). True is what’s called
a Boolean literal. Notice there are no quotation marks around it and the
first letter is capitalized. True and False are the only two Boolean literals.

Expressions with arithmetic operators

Let’s try some more complex expressions. In order to construct more
complex expressions we’ll use some simple arithmetic operators, specifi-
cally some binary infix operators. These should be very familiar. A binary
operator is one which operates on two operands. The term infiz means
that we put the operator between the operands.

>>> 1 + 2
3

Surprised? Probably not. But let’s consider what just happened any-
way.

At the prompt, we typed 1 + 2 and Python responded with 3. 1 and
2 are integer literals, and + is the operator for addition. 1 and 2 are the
operands, and + is the operator. This combination 1 + 2 is a syntactically
valid Python expression which evaluates to.. you guessed it, 3.

Some infix arithmetic operators in Python are:

+  addition

- subtraction

»  multiplication (notice we use » and not x)
/ division

// integer or “floor” division

%  remainder or “modulo”

*%  exponentiation

There are other operators, but these will suffice for now. Here we’ll
present examples of the first four, and we’ll present the others later—
floor division, modulo, and exponentiation. Let’s try a few (I encourage
you follow along and try these out in the Python shell as we go).

>>> 40 + 2
42
>>> 3 % 5
15
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>>> 5 - 1
4

>>> 30 / 3
10.0

Notice that in the last case, when performing division, Python returns
a floating-point number and not an integer (Python does support what’s
called integer division or floor division, but we’ll get to that later). So
even if we have two integer operands, division yields a floating-point
number.

What do you think would be the result if we were to add the following?

>>> 1 + 1.0

In a case like this, Python performs implicit type conversion, essentially
promoting 1 to 1.0 so it can add like types. Accordingly, the result is:

>>> 1 + 1.0
2.0

Python will perform similar type conversions in similar contexts:

>>> 2 - 1.0
1.0
>>> 3 x 5.0
15.0

Precedence of operators

No doubt you’ve learned about precedence of operations, and Python
respects these rules.

>>> 40 + 2 x 3

46

>>> 3 x5 -1
14

>>> 30 - 18 / 3
24.0

Multiplication and division have higher precedence than addition and
subtraction. We also say multiplication and division bind more strongly
than addition and subtraction—this is just a different way of saying the
same thing.

As you might expect, we can use parentheses to group expressions.
We do this to group operations of lower precedence—either in order to
perform the desired calculation, or to disambiguate or make our code
easier to read, or both.
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>>> 40 + (2 * 3)

46

>>> 3 x (5 - 1)
12

>>> (30 - 18) / 3
4.0

So what happens here? The portions within the parentheses are eval-
uated first, and then Python performs the remaining operation.

We can construct expressions of arbitrary complexity using these
arithmetic operators and parentheses.

>>> (L + 1) » (L + 1+ 1) -1
5

Python also has unary operators. These are operators with a single
operand. For example, we negate a number by prefixing -.

>>> -1

-1

>>> -1 + 3
2

>>> 1 + -3
-2

We can also negate expressions within parentheses.

>>> -(3 * 5)
-15

Summary of operator precedence

xk exponentiation
+, - unary positive or negative (+x, -x)

%, /, //,% multiplication, and various forms of division
+, - addition and subtraction (x - y, x + y)

Expressions grouped within parentheses are evaluated first, so the rule
you might have learned in high school and its associated mnemonic—
PEMDAS (parentheses, exponentiation, multiplication and division, ad-
dition and subtraction)—apply.
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Comprehension check

1. When evaluating expressions, do you think Python proceeds left-to-
right or right-to-left? Can you think of an experiment you might
perform to test your hypothesis? Write down an expression that
might provide some evidence.

2. Why do you think 1 / 1 evaluates to 1.0 (a float) and not just 1
(an integer)?

More on operations

So far, we've seen some simple expressions involving literals, operators,
and parentheses. We’ve also seen examples of a few types: integers,
floating-point numbers (“floats” for short), strings, and Booleans.

We’ve seen that we can perform arithmetic operations on numeric
types (integers and floats).

The operators + and * applied to strings

Certain arithmetic operators behave differently when their operands are
strings. For example,

>>> 'Hello' + ', ' + 'World!'
'Hello, World!'

This is an example of operator overloading, which is just a fancy way
of saying that an operator behaves differently in different contexts. In
this context, with strings as operands, + doesn’t perform addition, but
instead performs concatenation. Concatenation is the joining of two or
more strings, like the coupling of railroad cars.

We can also use the multiplication operator x with strings. In the
context of strings, this operator concatenates multiple copies of a string
together.

>>> 'Foo' x 1

'Foo'

>>> 'Foo' *x 2
'FooFoo'

>>> 'Foo' *x 3
'FooFooFoo'

What do you think would be the result of the following?
>>> 'Foo' x 0
This gives us '' which is called the empty string and is the result of

concatenating zero copies of 'Foo' together. Notice that the result is
still a string, albeit an empty one.
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4.3 Augmented assignment operators

As a shorthand, Python provides what are called augmented assignment
operators. Here are some (but not all):

augmented assignment simila to

a+=b a=a+b
a-=b>b a=a-b
a *x=b a=ax*b

A common example is incrementing or decrementing by one.

>>> a

>>> a +=1
>>> a

1

>>> a += 1
>>> a

2

>>> a -=1
>>> a

>>> a -=1
>>> a

You can use these or not, depending on your own preference.’

4.4 Euclidean or “floor” division

When presenting expressions, we saw examples of common arithmetic op-
erations: addition, subtraction, multiplication, and division. Here we will
present two additional operations which are closely related: the modulo
or “remainder” operator, and what’s variously called “quotient”, “floor
division”, “integer division” or “Euclidean division.”®

Chances are, when you first learned division in primary school, you
learned about Euclidean (floor) division. For example, 17+5 =31 2, or
21 +4 = 5r 1. In the latter example, we’'d call 21 the dividend, 4 the

divisor, 5 the quotient, and 1 the remainder.

5The table above says “similar to” because, for example, a += b isn’t exactly the
same as a = a + b. In augmented assignment, the left-hand side is evaluated before
the right-hand side, then the right-hand side is evaluated and the result is assigned
to the variable on the left-hand side. There are some other minor differences.

SEuclid had many things named after him, even if he wasn’t the originator
(I guess fame begets fame). Anyhow, Euclid was unaware of the division algorithm
you’re taught in primary school. Similar division algorithms depend on the positional
system of Hindu-Arabic numerals, and these date from around the 12th Century CE.
The algorithm you most likely learned, called “long division”, dates from around
1600 CE.
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Obviously the operations of finding the quotient and the remainder
are closely related. For any two integers a, b, with b # 0 there exist
unique integers ¢ and r such that

a=bg+r

where ¢ is the Euclidean quotient and r is the remainder.
Furthermore, 0 < r < |b|, where || is the absolute value of b. This should
be familiar.

Just in case you need a refresher:

.. This is the dividend.

..~ This is the divisor.
3 R (In the context of the modulo
’ operator, we refer to this as

the modulus.)

7 25 | .This is the quotient.
21
4
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3

7525

AN

.. This is the remainder.

Python’s // and % operators

Python provides us with operators for calculating quotient and remain-
der. These are // and %, respectively. Here are some examples:

>>> 17 // 5 # calculate the quotient
3
>>> 17 % 5 # calculate the remainder
2
>>> 21 // 4 # calculate the quotient
5
>>> 21 % 4 # calculate the remainder
1

You may ask: What’s the difference between the division we saw ear-
lier, /, and floor division with //? The difference is that / calculates the
quotient as a decimal expansion. Here’s a simple comparison:

>>> 4 [/ 3

1.3333333333333333 # three goes 1into four 1 and 1/3 times
>>> 4 /] 3 # calculates Euclidean quotient

1

>>> 4 % 3 # calculates remainder

1

Common questions
What happens when the divisor is zero?

Just as in mathematics, we cannot divide by zero in Python either. So
all of these operations will fail if the right operand is zero, and Python
will complain: zeroDivisionError.

What happens if we supply floating-point operands to // or %7

In both cases, operands are first converted to a common type. So if
one operand is a float and the other an int, the int will be implicitly
converted to a float. Then the calculations behave as you’d expect.
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>>> 7 /] 2 # if both operands are ints, we get an int

>>> 7.0 // 2 # otherwise, we get a float...

3.0

>>> 7 /] 2.0

3.0

>>> 7.0 // 2.0

3.0

>>> 7 % 2 # if both operands are ints, we get an int

>>> 7.0 % 2 # otherwise, we get a float...
1.0

>>> 7 % 2.0

1.0

>>> 7.0 % 2.0

1.0

What if the dividend is zero?

What are @ // nand 0 % n?

>>> 0 // 5 # five goes into zero zero times
(0]

>>> 0 % 5 # the remainder 1is also zero

(0]

What if the dividend is less than the divisor?

What are m // nand m % n, when m < n, with m and n both integers,
and m >0, n > 07

The first one’s easy: if m < n?, then m // n yields zero. The other
trips some folks up at first.

>>> 5 % 7
5

That is, seven goes into five zero times and leaves a remainder of five.
So if m < n, then m % n yields m.

What if the divisor is negative?
What is m % n, when n < 07 This might not work the way you’d expect
at first.

>>> 15 // -5
-3
>>> 15 % -5
0

So far, so good. Now consider:
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>>> 17 // -5
-4
>>> 17 % -5
-3

Why does 17 // -5 yield -4 and not -3? Remember that this is
what’s called “floor division” What Python does, is that it calculates
the (floating-point) quotient and then applies the floor function.

The floor function is a mathematical function which, given some num-
ber x, returns the greatest integer less than or equal to . In mathematics
this is written as:

So in the case of 17 // -5, Python first converts the operands to
float type, then calculates the (floating-point) quotient, which is —3.4
and then applies the floor function, to yield —4 (since -4 is the largest
integer less than or equal to -3.4).

This also makes clear why 17 % -5 yields -3. This preserves the equality

a=bq+r
17 = (=5 x —4)+ (-3)
17=20-3.

What if the dividend is negative?

>>> -15 // 5
-3
>>> =15 % 5
0

So far so good. Now consider:
>>> =17 // 5
-4
>>> -17 % 5

3

Again, Python preserves the equality

a=bq+r
—17=(5x—4)+3
—17=—-20+ 3.

Yeah. I know. These take a little getting used to.

What if dividend and divisor both are negative?

Let’s try it out—having seen the previous examples, this should come as
no surprise.
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>>> -43 // -3

14
>>> -43 % -3
-1

Check this result:

a=bg+r
—43 = (=3 x 14) + (1)
—43 =—-42—1

The % operator will always yield a result with the same sign as the
second operand (or zero).

You are encouraged to experiment with the Python shell. It is a great
tool to further your understanding.

4.5 Modular arithmetic

Now, in the Python documentation”, you’ll see // referred to as floor
division. You’ll also see that % is referred to as the modulo operator.
It’s fine to think about % as the remainder operator (with the provisos
noted above), but what is a “modulo operator”?
Let’s start with the example of clocks.

=

Figure 4.1: Clock face

Perhaps you don’t realize it, but you do modular arithmetic in your
head all the time. For example, if you were asked what time is 5 hours
after 9 o’clock, you’d answer 2 o’clock. You wouldn’t say 14 o’clock.?
This is an example of modular arithmetic. In fact, modular arithmetic is
sometimes called “clock arithmetic.”

"https://docs.python.org/3/reference/expressions.html

80K. Maybe in the military or in Europe you might, but you get the idea. We
have a clock with numbers 12—-11, and 12 hours brings us back to where we started
(at least as far as the clock face is concerned). Notice also that the arithmetic is the
same for an analog clock face with hands and a digital clock face. This difference
in interface doesn’t change the math at all, it’s just that visually things work out
nicely with the analog clock face.


https://docs.python.org/3/reference/expressions.html
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Figure 4.2: Clock arithmetic: 5+ 9 =2 (mod 12)

In mathematics, we would say that 549 is congruent to 2 modulo 12,
and we’d write

549=2 (mod 12)

So5 + 9 =14 and 14 + 12 has a remainder of 2.
Here’s another example:

Figure 4.3: Clock arithmetic: 11 +6 =5 (mod 12)

Similarly, we’d say that 11 4 6 is congruent to 5 modulo 12, and we’d
write

11+6=5 (mod 12)

Let’s think of this a little more formally. Suppose we have some pos-
itive integer, n, which we call the modulus. We can perform arithmetic
with respect to this integer in the following way. When counting, when
we reach this number we start over at zero. Now in the case of clocks, this
positive integer is 12, but it needn’t be—we could choose any positive
integer.

For example, with n = 5, we’d count

07 172737470’ 17273747 07 1321374707

Notice that we never count to five, we start over at zero. You'll see
that the clocks in the figures above don’t have twelve on their face but
instead have zero. If n = 5, then we’d have five positions on our “clock”,
numbered zero through four.
Under such a system, addition and subtraction would take on a new
meaning. For example, with n =5, 44+ 1 =0 (mod 5),
44+2=1 (mod 5),
443 =2 (mod 5),
and so on.

Things work similarly for subtraction, except we proceed anti-
clockwise. For example 1 —3 =3 (mod 5).

The same principle applies to multiplication: 2 x 4 = 3 (mod 5) and
3x3=4 (mod 5).
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3 2
Figure 4.4: A “clock” for (mod 5)

0
4
1
3 2
Figure 4.5: 4+1=0 (mod 5)
0
4
1
3 2

Figure 4.6: 4+ 2 =1 (mod 5)
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Figure 4.7: 4+ 3 =2 (mod 5)

0

3 2
Figure 4.8: 1 —3 =3 (mod 5)

Negative modulus

We’ve seen that when we add we go clockwise, and when we subtract we
go anti-clockwise. What happens when the modulus is negative?

To preserve the “direction” of addition (clockwise) and subtraction
(anti-clockwise), if our modulus is negative we number the face of the
clock anti-clockwise.

Examples:

= —4 (mod —5)

2=-3 (mod —5)

24+4=—4 (mod —5)

We can confirm these agree with Python’s evaluation of these expres-
sions:

>>> 1 % -5
-4
>>> 2 % -5



Modular arithmetic

63

Figure 4.9: A “clock” for (mod -5)

\ _4

Figure 4.10: 1 = —4 (mod —5)

Figure 4.11: 2= —3 (mod —5)
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Figure 4.12: 2+ 4= —4 (mod —5)

-3
>>> (4 + 2) % -5
-4

Why did I put (4 + 2) in parentheses? Because % has higher precedence
than +. Again, try inputting your own expressions into the Python shell.

Some things to note

o If the modulus is an integer, n > 0, then the only possible remain-
ders are [0,1,...,n — 1].

o If the modulus is an integer, n < 0, then the only possible remain-
ders are [n+1,...,—1,0].

What now?

This is actually a big topic, involving equivalence classes, remainders (in
this context, called “residues”), and others. That’s all outside the scope
of this textbook. Practically, however, there are abundant applications
for modular arithmetic, and this is something we’ll see again and again
in this text.

Some applications for modular arithmetic include:

e Hashing function

e Cryptography

e Primality and divisibility testing
e Number theory

Here are a couple of simple examples.

Example: eggs and cartons

Jenny has n eggs. If a carton holds 12 eggs, how many complete cartons
can she make and how many eggs will be left over?
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EGGS_PER_CARTON = 12
cartons = n // EGGS_PER_CARTON
leftover = n % EGGS_PER_CARTON

Example: even or odd
Given some integer n is n even or odd?
if n% 2 ==0:
print(f'{n} is even')

else:
print(f'{n} is odd')

(Yes, there’s an even simpler way to write this. We’ll get to that in due
course.)

Comprehension check

1. Given some modulus, n, an integer, and some dividend, d, also an
integer, what are the possible values of d % n if

a. n=>5
b. n=-4
c.n=2
d n=0

2. Explain why, if the modulus is positive, the remainder can never
be greater than the modulus.

3. The planet Zorlax orbits its sun every 291 1/3 Zorlaxian days. Thus,
starting from the year one, every third year is a leap year on Zorlax.
So the year three is a leap year. The year six is a leap year. The
year 273 is a leap year. Write a Python expression which, given
some integer y greater than or equal to one representing the year,
will determine whether y represents a Zorlaxian leap year.

4. There’s a funny little poem: Solomon Grundy— / Born on a Mon-
day, / Christened on Tuesday, / Married on Wednesday, / Took
ill on Thursday, / Grew worse on Friday, / Died on Saturday, /
Buried on Sunday. / That was the end / Of Solomon Grundy.®
How could this be? Was Solomon Grundy married as an infant?
Did he die before he was a week old? What does this have to do
with modular arithmetic? What if I told you that Solomon Grundy
was married at age 28, and died at age 817 Explain.

9First recorded by James Orchard Halliwell and published in 1842. Minor changes
to punctuation by the author.
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4.6 Exponentiation

Exponentiation is a ubiquitous mathematical operation. However, the
syntax for exponentiation varies between programming languages. In
some languages, the caret (#) is the exponentiation operator. In other lan-
guages, including Python, it’s the double-asterisk (xx). Some languages
don’t have an exponentiation operator, and instead they provide a library
function, pow().

The reasons for these differences are largely historical. In mathemat-
ics, we write an exponent as a superscript, for example, 2. However,
keyboards and character sets don’t know about superscripts,'® and so
the designers of programming languages had to come up with different
ways of writing exponentiation.

xx was first used in Fortran, which first appeared in 1957. This is the
operator which Python uses for exponentiation.

For the curious, here’s a table with some programming languages and
the operators or functions they use for exponentiation.

*x Algol, Basic, Fortran, JavaScript, OCaml, Pascal, Perl,
Python, Ruby, Smalltalk

A J, Julia, Lua, Mathematica
pow() C, C++, C#, Dart, Go, Java, Kotlin, Rust, Scala

expt  Lisp, Clojure

Exponentiation in Python

Now we know that *x is the exponentiation operator in Python. This
is an infiz operator, meaning that the operator appears between its two
operands. As you’d expect, the first operand is the base, and the second
operand is the exponent or power. So,

b xx n

implements b™.
Here are some examples,

Area of a circle of a given radius 3.14159 x radius ** 2
Kinetic energy, given mass and velocity (1 / 2) * m % v %% 2

Also, as you’d expect, ** has precedence over * so in the above exam-
ples, radius ** 2 and v ** 2 are calculated before multiplication with
other terms.

10Pjcking nits, that’s not entirely true, since nowadays there are some character
sets that include superscript 2 and 3. But they’re not understood as numbers and
aren’t useful in programming.
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But wait! There’s more!

You're going to find out sooner or later, so you might as well know now
that Python also has a built-in function pow(). For our purposes, xx
and pow() are equivalent, so you may use either. Here’s a session at the
Python shell:

>>> 3 *x%x 2

9

>>> 3.0 *%x 2
9.0

>>>

>>> pow(3, 2)

9

>>> pow(3.0, 2)
9.0

With two operands or arguments, ** and pow() behave identically. If
both operands are integers, and the exponent is positive, the result will
be an integer. If one or more of the operands is a float, the result will be
a float.

Negative or fractional exponents behave as you’d expect.

>>> 3 x%x 0.5 # Calculates the square root of 3
1.7320508075688772
>>> 3 *% -1 # Calculates 1 / 3

0.3333333333333333

No surprises here.

20 =1

Remember from algebra that any non-zero number raised to the zero
power is one. If that weren’t the case, what would become of this rule?
bm+n =}p™m x h"

So 2% =1 for all non-zero z. Python knows about that, too.

>>> 1 x% 0

1

>>> 2 x% 0

1

>>> 0.1 *x%x 0
1.0

What about 0°? Many mathematics texts state that this should be un-
defined or indeterminate. Others say 0° = 1. What do you think Python
does?
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>>> 0 *x%x 0

So, Python has an opinion on this.
Now, go forth and exponentiate!

A little puzzle

Consider the following Python shell session:

>>> pow(-1, 0)
1

>>> -1 *x 0
-1

What’s going on here? The answer we get using pow() is what we’d expect.
Shouldn’t these both produce the same result? Can you guess why these
yield different answers?

4.7 Exceptions

Exceptions are errors that occur at run time, that is, when you run your
code. When such an error occurs Python raises an exception, prints a
message with information about the exception, and then halts execution.
Exceptions have different types, and this tells us about the kind of error
that’s occurred.

If there is a syntax error, an exception of type SyntaxError is raised.
If there is an indentation error (a more specific kind of syntax error), an
IndentationError is raised. These errors occur before your code is ever
run—they are discovered as Python is first reading your file.

Most other exceptions occur as your program is run. In these cases,
the message will include what’s called a traceback, which provides a little
information about where in your code the error occurred. The last line
in an exception message reports the type of exception that has occurred.
It’s often helpful to read such messages from the bottom up.

What follows are brief summaries of the first types of exceptions you're
likely to encounter, and in each new chapter, we’ll introduce new excep-
tion types as appropriate.

SyntaxError

If you write code which does not follow the rules of Python syntax,
Python will raise an exception of type SyntaxError. Example:

>>> 1+ /1
File "<stdin>", line 1
1+ /1

A

SyntaxError: invalid syntax
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Notice that the » character is used to indicate the point at which the
error occurred.
Here’s another:

>>> True False
File "<stdin>", line 1
True False

A

SyntaxError: dinvalid syntax

When you encounter a syntax error, it means that some portion of
your code does not follow the rules of syntax. Code which includes a
syntax error cannot be executed by the Python interpreter, and syntax
errors must be corrected before your code will run.

NameError

A NameError occurs when we try to use a name which is undefined. There
must be a value assigned to a name before we can use the name.
Here’s an example of a NameError:

>>> print(x)

Traceback (most recent call last):
File "<stdin>", line 1, in <module>

NameError: name 'x' is not defined

Notice that Python reports the NameError and informs you of the name
you tried to use but which is undefined (in this case x).

These kinds of errors most often occur when we’ve made a typo in a
name.

Depending on the root cause of the error, there are two ways to correct
these errors.

o If the cause is a typo, just correct your typo.
o If it’s not just a typo, then you must define the name by making
an assignment with the appropriate name.

>>> pet = 'rabbit'

>>> print(pot)

Traceback (most recent call last):
File "<stdin>", line 1, in <module>

NameError: name 'pot' is not defined

>>> print(pet)

rabbit

>>> age = age + 1 # Happy birthday!

Traceback (most recent call last):
File "<stdin>", line 1, in <module>

NameError: name 'age' is not defined
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>>> age = 100

>>> age = age + 1 # Happy birthday!
>>> print(age)

101

TypeError

A TypeError occurs when we try to perform an operation on an object
which does not support that operation.

The Python documentation states: “[TypeError is] raised when an op-
eration or function is applied to an object of inappropriate type. The
associated value is a string giving details about the type mismatch.”!?

For example, we can perform addition with operands of type int using
the + operator, and we can concatenate strings using the same operator,
but we cannot add an int to a str.

>>> 2 + 2

4

>>> 'fast' + 'fast' + 'fast'
'fastfastfast'

>>> 2 + 'armadillo'
Traceback (most recent call last):
File "<stdin>", line 1, in <module>
TypeError: unsupported operand type(s) for +: 'int' and 'str'

When you encounter a TypeError, you must examine the operator and
operands and determine the best fix. This will vary on a case-by-case
basis.

Here are some other examples of TypeError:

>>> 'hopscotch' / 2
Traceback (most recent call last):
File "<stdin>", line 1, in <module>
TypeError: unsupported operand type(s) for /: 'str' and 'int'

>>> 'barbequeue' + 1
Traceback (most recent call last):
File "<stdin>", line 1, in <module>
TypeError: can only concatenate str (not "int") to str

ZeroD1ivisionError

Just as we cannot divide by zero in mathematics, we cannot divide by
zero in Python either. Since the remainder operation (%) and integer
(a.k.a. floor) division (//) depend on division, the same restriction applies
to these as well.

Hhttps://docs.python.org/3/library /exceptions.html#TypeError
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>>> 1000 / 0

Traceback (most recent call last):
File "<stdin>", line 1, in <module>

ZeroDivisionError: division by zero

4.8 Exercises

Exercise 01

Without typing these at a Python prompt first, determine the value of
each of the following expressions. Once you’ve worked out what you think
the evaluation should be, check your answer using the Python shell.

a. 13 +6 - 1 x 7
b. 17 -2) /5
c. -5/ -1

d. 42 /2 /3

e. 3.0+ 1
f.1.0/3

g. 2 *x 2

h. 2 »x 3

I.3 % 2 xx 8 + 1

Exercise 02
For each of the expressions in exercise 01, give the type of the result of
evaluation. Example: 1 + 1 evaluates to 2 which is of type int.
Exercise 03
What is the evaluation of the following expressions?

a. 10 % 2

b. 19 % 2

C. 24 %5

d. -8 % 3
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Exercise 04

What do you think would happen if we were to use the operands we’ve
just seen with non-numeric types? For example, what do you think would
happen if we were to enter the following. Then check your expectations
using the Python interpreter. Any surprises?

a. 'Hello' + ', ' + 'World!'
b. 'Hello' x 3

C. True * True

d. True % False

e. False * 42

f. -True

g. True + True

Exercise 05
What is the difference between the following statements?

it_is_cloudy_today = True
it_will_rain_tomorrow = 'True'

Exercise 06

Some operands don’t work with certain types. For example, the following
will result in errors. Try these out at a prompt, and observe what happens.
Make a note of the type of error which occurs.

a. 'Hello' / 3
b. -'Hello'

c. 'Hello' - 'H'

Exercise 07

a. Write a statement that assigns the value 79.95 to a variable name
subtotal.

b. Write a statement that assigns the value 0.06 to a variable name
tax_rate.

c. Write a statement that multiplies subtotal by tax_rate and assigns
the result to a variable name sales_tax.

d. Write a statement that adds subtotal and sales_tax and assigns
the result to a variable name total.
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Exercise 08

What do you think would happen if we were to evaluate the expression
1 / 0?7 Why? Does this result in an error? What type of error results?

Exercise 09

a. Now that we’ve learned a little about modular arithmetic, recon-
sider the numerals we use in our decimal (base 10) system. In that
system, why do we have only the numerals 0, 1, 2, 3, 4, 5, 6, 7, 8,
and 97

b. What numerals would we need in a base 7 system? How about base
57






Chapter 5

Functions

Functions are the first forms of reusable code.

—source unknown

A function should do one thing, and do it well.
~Robert C Martin!

This chapter introduces functions. Functions are a fundamental build-
ing block for code in all programming languages (though they may go
by different names, depending on context).

Learning objectives

You will learn how to write simple functions in Python, using def
and return.

You will learn how to use functions in your code.

You will learn the difference between pure and impure functions,
and side effects.

You will learn how arguments are passed to Python functions (pass
by assignment).

You will learn that indentation is syntactically meaningful in
Python (unlike many other languages).

You will learn how to use functions (and constants) in Python’s
math module, such as square root and sine.

You will expand on and solidify your understanding of topics pre-
sented in earlier chapters.

Terms and keywords introduced

argument
call or invoke
def keyword
dot notation

1T don’t always agree with Uncle Bob, but certainly I agree with this.

75
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o formal parameter

o free variable

o function

e import

e keyword

e lexical scoping

o LEGB (local, enclosing, global, built-in)
¢ local variable

e module

e pass by assignment

¢ pure and impure functions
e return keyword

e return value

e scope

e shadowing

o side effect

e UnboundLocalError

5.1 Introduction to functions

Among the most powerful tools we have as programmers—perhaps the
most powerful tools—are functions.

We've already seen some built-in Python functions, for example,
print() and type(). We’ll see many others soon.

Essentially, a function is a sub-program which we can “call” or “in-
voke” from within our larger program. For example, consider this code
which prints a string to the console.

print('Do you want a cookie?')

Here we're making use of built-in Python function print(). The de-
velopers of Python have written this function for you, so you can use it
within your program. When we use a function, we say we are “calling”
or “invoking” the function.

In the example above, we call the print() function, supplying the
string 'Do you want a cookie?' as an argument.

As a programmer using this function, you don’t need to worry about
what goes on “under the hood” (which is quite a bit, actually). How
convenient!

When we call a function, the flow of control within our program passes
to the function, the function does its work, and then returns a value. All
Pythoanunctions return a value, though in some cases, the value returned
18 None.

2Unlike C or Java, there is no such thing as a void function in Python. All
Python functions return a value, even if that value is None.
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Defining a function

Python allows us to define our own functions.® A function is a unit
of code which performs some calculation or some task. A function may
take zero or more arguments (inputs to the function). The definition
of a function may include zero or more formal parameters which are,
essentially, variables that will take on the values of the arguments pro-
vided. When called, the body of the function is executed. In most, but
not all cases, a value is explicitly returned. Returned values might be the
result of a calculation or some status indicator—this will vary depending
on the purpose of the function. If a value is not explicitly returned, the
value None is returned implicitly.

Let’s take the simple example of a function which squares a number.
In your mathematics class you might write

f(z) =a?
and you would understand that when we apply the function f to some

argument z the result is 22. For example, f(3) = 9. Let’s write a function
in Python which squares the argument supplied:

def square(x):
return x * X

def is a Python keyword, short for “define”, which tells Python we’re
defining a function. (Keywords are reserved words that are part of
the syntax of the language. def is one such keyword, and we will see
others soon.) Functions defined with def must have names (a.k.a., “iden-
tifiers”),* so we give our function the name “square”.

Now, in order to calculate the square of something we need to know
what that something is. That’s where the x comes in. We refer to this as
a formal parameter of the function. When we use this function elsewhere
in our code we must supply a value for x. Values passed to a function are
called arguments (however, in casual usage it’s not uncommon to hear
people use “parameter” and “argument” interchangeably).

At the end of the first line of our definition we add a colon. What
follows after the colon is referred to as the body of the function. It is
within the body of the function that the actual work is done. The body
of a function must be indented as shown below—this is required by the
syntax of the language. It is important to note that the body of the
function is only executed when the function is called, not when it is
defined.

In this example, we calculate the square, x * x, and we return the
result. return is a Python keyword, which does exactly that: it returns
some value from a function.

3Different languages have different names for sub-programs we can call within
a larger program, for example, functions, methods, procedures, subroutines, etc.,
and some of these designations vary with context. Also, these are defined and im-
plemented somewhat differently in different languages. However, the fundamental
idea is similar for all: these are portions of code we can call or invoke within our
programs.

4Python does allow for anonymous functions, called “lambdas”, but that’s for
another day. For the time being, we’ll be defining and calling functions as demon-
strated here.
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Let’s try this in the Python shell to see how it works:

>>> def square(x):
return x * x

>>>
Here we’ve defined the function square(). Notice that if we enter this
in the shell, after we hit return after the colon, Python replies with ...
and indents for us. This is to indicate that Python expects the body
of the function to follow. Remember: The body of a function must be
indented. Indentation in Python is syntactically significant (which might
seem strange if you've coded in Java, C, C++, Rust, JavaScript, C#,
etc.; Python uses indentation rather than braces).

So we write the body—in this case, it’s just a single line. Again,
Python replies with ..., essentially asking “Is there more?”. Here we
hit the return/enter key, and Python understands we’re done, and we
wind up back at the >>> prompt.

Now let’s use our function by calling it. To call a function, we give
the name, and we supply the required argument(s).

>>> square(5) # call “square’ with argument 5

25

>>> square(7) # call “square’ with argument 7
49

>>> square(l0) # call ‘square’ with argument 10
100

Notice that once we define our function we can reuse it over and over
again. This is one of the primary motivations for functions.

Notice also that in this case, there is no x outside the body of the
function.

>>> X
Traceback (most recent call last):
File "/blah/blah/code.py", line 90, in runcode
exec(code, self.locals)
File "<input>", line 1, in <module>
NameError: name 'x' is not defined

In this case, x exists only within the body of the function.® The ar-
gument we supply within the parentheses becomes available within the
body of the function as x. The function then calculates x * x and returns
the value which is the result of this calculation.

If we wish to use the value returned by our function we can save it by
assigning the value to some variable, or use it in an expression, or even
include it as an argument to another function!

5This is what is called “scope”, and in the example given x exists only within
the scope of the function. It does not exist outside the function—for this we say “x
is out of scope.” We’ll learn more about scope later.
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Can we create new variables in our functions?
Yes. Of course.
def cube(x):

y = X %% 3 # assign result local variable 'y
return y # return the value of ‘y°

We refer to such variable names (y in this example) as local variables,
and like the formal parameters of a function, they exist only within the
body of the function.

Storing a value returned by a function

Continuing with our example of square():

>>> a = 17

>>> b = square(a)
>>> b

289

Notice that we can supply a variable as an argument to our function.
Notice also that this object needn’t be called x.%

Using the value returned by a function in an expression

Sometimes there’s no need for assigning the value returned by a function
to a variable. Let’s use the value returned by the square() function to
calculate the circumference of a circle of radius r.

>>> PI = 3.1415926
>>> r = 126.1

>>> PI x square(r)
49955.123667046

Notice we didn’t assign the value returned to a variable first, but
rather, we used the result directly in an expression.

Passing the value returned from a function to another
function
Similarly, we can pass the value returned from a function to another

function.

>>> print(square(12))
144

6In fact, even though it’s syntactically valid for a variable in the outer scope to
have the same name as a parameter to a function, or a local variable within a func-
tion, it’s best if they don’t have the same identifier. See the section on “shadowing”
for more.



80 Functions

What happens here? We pass the value 12 to the square() function,
this calculates the square and returns the result (144). This result be-
comes the value we pass to the print() function, and, unsurprisingly,
Python prints 144.

Do all Python functions return a value?

This is a reasonable question to ask, and the answer is “yes.”

But what about print()? Well, the point of print() is not to return
some value but rather to display something in the console. We call things
that a function does apart from returning a value side effects. The side
effect of calling print() is that it displays something in the console.

>>> print('My hovercraft is full of eels!')
My hovercraft is full of eels!

But does print() return a value? How would you find out? Can you
think of a way you might check this?
What do you think would happen here?

>>> mystery = print('Hello')
Let’s see:

>>> mystery = print('Hello')
Hello

>>> print(mystery)

None

None is Python’s special way of saying “no value.” None is the default value
returned by functions which don’t otherwise return a value. All Python
functions return a value, though in some cases that value is None.” So
print() returns the None.

How do we return None (assuming that’s something we want to do)?
By default, in the absence of any return statement, None will be returned
implicitly.

>>> def nothing():
pass # “pass’ means "don't do anything"

>>> type(nothing())
<class 'NoneType'>

Using the keyword return without any value will also return None.

7If you’ve seen void in C4++ or Java you have some prior experience with func-
tions that don’t return anything. All Python functions return a value, even if that
value is None.
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>>> def nothing():
return

>>> type(nothing())
<class 'NoneType'>

Or, if you wish, you can explicitly return None.

>>> def nothing():
return None

>>> type(nothing())
<class 'NoneType'>

What functions can do for us

e Functions allow us to break a program into smaller, more manage-
able pieces.

e They make the program easier to debug.

e They make it easier for programmers to work in teams.

e Functions can be efficiently tested.

¢ Functions can be written once, and used many times.

Comprehension check

1. Write a function which calculates the successor of any integer. That
is, given some argument n the function should return n + 1.

2. What’s the difference between a formal parameter and an argu-
ment?

3. When is the body of a function executed?

5.2 A deeper dive into functions

Recall that we define a function using the Python keyword def. So, for
example, if we wanted to implement the following mathematical function
in Python:

flz)=2%2-1

Our function would need to take a single argument and return the result
of the calculation.

def f(x):
return x *x*x 2 - 1

We refer to f as the name or identifier of the function. What follows the
identifier, within parentheses, are the formal parameters of the function.
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A function may have zero or more parameters. The function above has
one parameter x.8

Let’s take a look at a complete Python program in which this function
is defined and then called twice: once with the argument 12 and once
with the argument 5.

Demonstration of a function

def f(x): Here we define the function.
return x xx 2 - 1 < Atthjs point, x does not have a value,
and this code is not executed.
if __name__ == '__main__"':
y = f(12)
print(y)

y = f(5)
print(y)

Remember: Writing a function definition does not execute the function.
A function is executed only when it is called.

Calling a function

Once we have written our function, we may call or invoke the function
by name, supplying the necessary arguments. To call the function f()
above, we must supply one argument.

y = f(12)

This calls the function f(), with the argument 12 and assigns the result
to a variable named y. Now what happens?

Demonstration of a function
nnn

def f(x):
return x *x 2 - 1

if __name__ == '__main__":

y = f(12) < Here we call the function,
print(y) supplying 12 as an argument.

y = f(5)

print(y)

When we call a function with an argument, the argument is passed to
the function. The formal parameter receives the argument—that is, the

8While Python does support optional parameters, we won’t present the syntax
for this here.
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argument is assigned to the formal parameter. So when we pass the ar-
gument 12 to the function f(), then the first thing that happens is that
the formal parameter x is assigned the argument. It’s almost as if we
performed the assignment x = 12 as the first line within the body of the
function.

Demonstration of a function

def f(x): When we call the function and pass
return x ** 2 -1 the argument 12, x takes on the value
12.
if __name__ == '__main__"':
y = f(12)

print(y)

y = f(5)
print(y)

Once the formal parameter has been assigned the value of the argument,
the function does its work, executing the body of the function.

Demonstration of a function

Now, with x = 12, the function evaluates
the expression...

def f(x): /
L12x12-1

return x *x 2 - 1

..144 -1
if __name__ == '__main__"': ...143
y = f(12)
print(y)
y = f(5)
print(y)

Then, the function returns the result. Flow of control is returned to the
point at which the function was called.

Demonstration of a function
nmnn

def f(x): The function returns the calculated
return x *x 2 - 1
value (143)...
if __name__/== '__main__":
y = f(12) So 1(12) has evaluated to 143, and
print(y) the result is assigned to y.
y = f(5)
print(y)

For this example, we print the result, 143.
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Demonstration of a function

def f(x):
return x **x 2 - 1
if __name__ == '__main__":
y = f(12)
print(y) «———_ Prints 143 at the console.
y = f(5)
print(y)

Let’s call the function again, this time with a different argument, 5.

Demonstration of a function

def f(x):
return x *x 2 - 1
1

if __name__ == _main_

y = f(12)
print(y)

y = f(5) = Here we call the function again,
print(y) supplying 5 as an argument.

Demonstration of a function
win

def f(x): When we call the function and pass
return x %% 2 -1 the argument 5, x takes on the value
5.

y = f(5)
print(y)
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Demonstration of a function
i

Now, with x = 5, the function evaluates

the expression...
def f(x):

return x **x 2 - 1 Lhxb-1
..25-1
if __name__ == '__main__": .24
y = f(12)
print(y)
y = f(5)
print(y)

Demonstration of a function
i

def 0O The function returns the calculated
return x **x 2 - 1
value (24)...

if __name__ =% '__main__":

So f(5) has evaluated to 24, and
the result is assigned to y.

y = f(12)
print(y)

y = f(5
print(y)

Demonstration of a function
nmnn

def f(x):
return x *x 2 - 1

if __name__ == '__main__":

y = f(12)
print(y)

y = f(5)
print(y) «— Prints 24 at the console.

What to pass to a function?

A function call must match the signature of the function. The signature
of a function is its identifier and formal parameters. When we call a
function, the number of arguments must agree with the number of formal
parameters.9

9 Again, we’re excluding from consideration functions with optional arguments
or keyword arguments.
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A function should receive as arguments all of the information it needs
to do its work. A function should not depend on variables that exist only
in the outer scope. (In most cases, it’s OK for a function to depend on
a constant defined in the outer scope.)

Here’s an example of how things can go wrong if we write a function
which depends on some variable that exists in the outer scope.

y =2

def square(x):
return x xx y

print(square(3)) # prints "9"
y =3
print(square(3)) # oops! prints "27"

This is a great way to introduce bugs and cause headaches. Better
that the function should use a value passed in as an argument, or a
value assigned within the body of the function (a local variable), or a
literal. For example, this is OK:

def square(x):
y =2
return x x% y

and this is even better:

def square(x):
return x *x 2

Now, whenever we supply some particular argument, we’ll always get
the same, correct return value.

Functions should be “black boxes”

In most cases functions should operate like black bores which take some
input (or inputs) and return some output.

g ]_.“_.

We should write functions in such a way that, once written, we don’t
need to keep track of what’s going on within the function in order to
use it correctly. A cardinal rule of programming: functions should hide
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implementation details from the outside world. In fact, information
hiding is considered a fundamental principle of software design.!'®

For example, let’s say I gave you a function which calculates the
square root of any real number greater than zero. Should you be required
to understand the internal workings of this function in order to use it
correctly? Of course not! Imagine if you had to initialize variables used
internally by this function in order for it to work correctly! That would
make our job as programmers much more complicated and error-prone.

Instead, we write functions that take care of their implementation
details internally, without having to rely on code or the existence of
variables outside the function body.

5.3 Passing arguments to a function

What happens when we pass arguments to a function in Python? When
we call a function and supply an argument, the argument is assigned to
the corresponding formal parameter. For example:

def f(z):
z=2z+1
return z

X =5

y = f(x)

print(x) # prints 5
print(y) # prints 6

When we called this function supplying x as an argument we assigned
the value x to z. It is just as if we wrote z = x. This assignment takes
place automatically when we call a function and supply an argument.

If we had two (or more) formal parameters it would be no different.

def add(a, b):
return a + b

print(add(x, y)) # prints 3

In this example, we have two formal parameters, a and b, so when we
call the add function we must supply two arguments. Here we supply x
and y as arguments, so when the function is called Python automatically
makes the assignments a = x and b = y.

10Tf you’re curious, check out David Parnas’ seminal 1972 article: “On the Criteria
To Be Used in Decomposing Systems into Modules”, Communications of the ACM,
15(12) (https://dl.acm.org/doi/pdf/10.1145/361598.361623).
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It would work similarly if we were to supply literals instead of vari-
ables.

print(add(12, 5)) # prints 17

In this example, the assignments that are performed are a = 12 and
b = 5.
You may have heard the terms “pass by value” or “pass by reference.”
These don’t really apply to Python. Python always passes arguments by
assignment. Always.

5.4 Scope

Names of formal parameters and any local variables created within a
function have a limited lifetime—they exist only until the function is
done with its work. We refer to this as scope.

The most important thing to understand here is that names of formal
parameters and names of local variables we define within a function have
local scope. They have a lifetime limited to the execution of the function,
and then those names are gone.

Here’s a trivial example.

>>> def foo():
x =1
return x

>>> y = foo()
>>> y
1

The name x within the function foo only exists as long as foo is being
executed. Once foo returns the value of x, x is no more.

>>> def foo():
x =1
return x

>>> y = foo()

>>> y

1

>>> X

Traceback (most recent call last):
File "<stdin>", line 1, in <module>

NameError: name 'x' is not defined

So the name x lives only within the execution of foo. In this example,
the scope of x is limited to the function foo.
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Shadowing

It is, perhaps, unfortunate that Python allows us to use variable names
within a function that exist outside the function. This is called shadowing,
and it sometimes leads to confusion.

Here’s an example:

>>> def square(x):

X = X * X
return x
>>> x =5
>>> y = square(x)
>>> y
25
>>> X
5

What has happened? Didn’t we set x = x * x? Shouldn’t x also be 257

No. Here we have two different variables with the same name, x. We
have the x in the outer scope, created with the assignment x = 5. The x
within the function square is local, within that function. Yes, it has the
same name as the x in the outer scope, but it’s a different x.

Generally, it’s not a good idea to shadow variable names in a function.
Python allows it, but this is more a matter of style and avoiding confu-
sion. Oftentimes, we rename the variables in our functions, appending
an underscore.

>>> def square(x_):

X_ = X_ * X_
return x_
>>> x = 5
>>> y = square(x)
>>> y
25

This is one way to avoid shadowing.

Another approach is to give longer, more descriptive names to vari-
ables in the outer scope, and leave the shorter or single-character names
to the function. Which approach is best depends on context.

5.5 Pure and impure functions

So far, all the functions we’ve written are pure. That is, they accept some
argument or arguments, and return a result, behaving like a black box
with no interaction with anything outside the box. Example:

def successor(n):
return n + 1
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In this case, there’s an argument, a simple calculation, and the result
is returned. This is pure, in that there’s nothing changed outside the
function and there’s no observable behavior of the function other than
returning the result. This is just like the mathematical function

s(n)=n+1.

Impure functions

Sometimes it’s useful to implement an impure function. An impure func-
tion is one that has side effects. For example, we might want to write a
function that prompts the user for an input and then returns the result.

def get_price():
while True:
price = float(input("Enter the asking price "
"for the ditem you wish "
"to sell: $"))
if price > 1.00:
break
else:
print("Price must be greater than $1.00!")
return price

This is an impure function since it has side effects, the side effects
being the prompts and responses displayed to the user. That is, we can
observe behavior in this function other than its return value. It does
return a value, but it exposes other behaviors as well.

Keep side effects to a minimum

Always, always consider what side effects your functions have, and
whether such side effects are correct and desirable.

As a rule, it’s best to keep side effects to a minimum (eliminating
them entirely if possible). But sometimes it is appropriate to rely on side
effects. Just make sure that if you are relying on side effects, that it is
correct and by design, and not due to a defect in programming. That is,
if you write a function with side effects, it should be because you choose
to do so and you understand how side effects may or may not change the
s