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Preface

Data structures play a vital role in storing and organizing data within an application. Itis important
to choose the right data structure to significantly improve the application’s performance, as it is
highly desirable to be able to scale the application as the data quantity increases. This new edition
teaches you essential Python data structures and the most common and important algorithms
for building easy, maintainable applications. It also allows you to implement these algorithms

with working examples and easy to follow step-by-step instructions.

In this book, you will learn the essential Python data structures and the most common algorithms.
With this easy-to-read book, you will learn how to create complex data structures such as linked
lists, stacks, heaps, queues, trees, and graphs as well as sorting algorithms including bubble sort,
insertion sort, heapsort, and quicksort. We also describe various selection algorithms such as
randomized and deterministic selection and provide a detailed discussion of various data structure
algorithms and design paradigms such as greedy algorithms, divide-and-conquer, and dynamic
programming. In addition, complex data structures such as trees and graphs are explained with
easy pictorial examples to understand the concepts of these useful data structures. You will also
learn various important string processing and pattern-matching algorithms such as KMP and

Boyer-Moore algorithms along with their easy implementation in Python.

Who this book is for

This book is intended for Python developers who are studying data structures and algorithms at
abeginner or intermediate level, as chapters provide practical examples and an easy approach to
complex algorithms. It may also be useful for engineering students on a course in data structures
and algorithms, as it covers almost all the algorithms, concepts, and designs that are studied. This
book is also designed for software developers who want to deploy various applications using a

specific data structures, as this book provides efficient ways to store relevant data.

Itis assumed that the reader has some basic knowledge of the Python; however, itis not necessary,

as we provide a quick overview of Python and object-oriented concepts.
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What this book covers

Chapter 1, Python Data Types and Structures, introduces the basic data types and structures in
Python. It will provide an overview of several built-in data structures available in Python that

are pivotal for understanding the internals of data structures.

Chapter 2, Introduction to Algorithm Design, provides details about algorithm design issues and
techniques. This chapter will compare different analyzing algorithms via running time and
computation complexity, which will tell us which ones perform better than others for a given

problem.

Chapter 3, Algorithm Design Techniques and Strategies, covers various important data structure
design paradigms such as greedy algorithms, dynamic programming, divide-and-conquer. We will
learn to create data structures via a number of primary principles, such as robustness, adaptability

and reusability, and learn to separate structure from a function.

Chapter 4, Linked Lists, covers linked lists, which are one of the most common data structures
and are often used to implement other structures, such as stacks and queues. In this chapter, we
describe linked lists, their operation, and implementation. We compare their behavior to arrays

and discuss the relative advantages and disadvantages of each.

Chapter 5, Stacks and Queues, describes stack and queue data structures in detail. It also discusses
the behavior and demonstrates some implementations of these linear data structures. We give

examples of typical real-life example applications.

Chapter 6, Trees, considers how trees form the basis of many of the mostimportant advanced data
structures. In this chapter we look at how to implement a binary tree. We will examine how to

traverse trees and retrieve and insert values.

Chapter 7, Heaps and Priority Queues, looks into priority queues as important data structures and

shows how to implement them using heap.

Chapter 8, Hash Tables, describes symbol tables, gives some typical implementations, and discusses
various applications. We will look at the process of hashing, give an implementation of a hash

table, and discuss the various design considerations.

Chapter 9, Graphs and Algorithms, looks at some of the more specialized structures, including
graphs and spatial structures. We will learn to represent data through nodes and vertices and
create structures such as directed and undirected graphs. We will also learn different algorithms

for minimum spanning trees such as Prim’s algorithm and Kruskal’s algorithm.
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Chapter 10, Searching, discusses the most common searching algorithms including, binary search
and interpolation searching algorithms. We also give examples of their use for various data

structures. Searching a data structure is a fundamental task and there are a number of approaches.

Chapter 11, Sorting, looks at the most common approaches to sorting. This will include bubble sort,
insertion sort, selection sort, quick sort, and heap sort algorithms with detailed explanations,

along with their Python implementations.

Chapter 12, Selection Algorithms, discusses how selection algorithms are commonly used to find
the i smallest element from the list. It is an important operation related to sorting algorithms,

and broadly related to the data structures and algorithms.

Chapter 13, String Matching Algorithms, covers basic concepts and definitions related to strings. In this
chapter, various string and pattern matching algorithms are discussed in detail such as the naive

approach, and the Knuth-Morris-Pratt (KMP) and Boyer-Moore pattern matching algorithms.

Appendix, Answers to the Questions, provides answers to the exercises at the end of each chapter.

Please feel free to check the appendix at the end of the book.

There is also bonus content available online related to tree algorithms at https://static.packt-
cdn.com/downloads/9781801073448 Bonus_Content.pdf.

To get the most out of this book

The code in this book needs to be run on Python 3.10 or higher. Python’s interactive environment
can also be used to run the code snippets. It is advised to learn the algorithms and concepts by
executing the code provided in the book to better understand the algorithms. The book is aimed
to give practical exposure to the readers, so it is recommended to do the programming for all the

algorithms to get maximum out of this book.

Download the example code files
The code bundle for the book is hosted on GitHub at https://github.com/PacktPublishing/

Hands-On-Data-Structures-and-Algorithms-with-Python-Third-Edition.In casethere’san

update to the code, it will be updated on the existing GitHub repository.

We also have other code bundles from our rich catalog of books and videos available at https://

github.com/PacktPublishing/. Check them out!
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XX Preface

Download the color images

We also provide a PDF file that has color images of the screenshots/diagrams used in this book.
You can download it here: https://static.packt-cdn.com/downloads/9781801073448_
ColorImages.pdf.

Conventions used

There are a number of text conventions used throughout this book.

CodeInText: Indicates code words in text, database table names, folder names, filenames, file
extensions, pathnames, dummy URLs, user input, and Twitter handles. Here is an example: “The
‘not in'operator returns True if it does not find a variable in the specified sequence and False

ifitis found.”

Ablock of code is set as follows:

p = "Hello India"
q =10

r =10.2
print(type(p))
print(type(q))
print(type(r))

When we wish to draw your attention to a particular part of a code block, the relevant lines or

items are setin bold:

while self.slots[h] != None:
if self.slots[h].key == key:
return self.slots[h].value
h = (h + j * (self.prime_num - (self.h2(key) % self.prime_num))) %
self.size
j=3+1

return None

Any command-line input or output is written as follows:

sudo apt-get install python3.10

Bold: Indicates a new term, an important word, or words that you see onscreen. For example,
words in menus or dialog boxes appear in the text like this. Here is an example: “Each position

in the hash table is often called a slot or bucket that can store an element.”
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\/V) Warnings or important notes appear like this.

_,@\_ Tips and tricks appear like this.

Get in touch

Feedback from our readers is always welcome.

General feedback: Email feedback@packtpub.com and mention the book title in the subject of
your message. If you have questions about any aspect of this book, please email us at questions@

packtpub.com.

Errata: Although we have taken every care to ensure the accuracy of our content, mistakes do
happen. If you have found a mistake in this book, we would be grateful if you would report this
to us. Please visit www. packtpub.com/submit-errata, selecting your book, clicking on the Errata

Submission Form link, and entering the details.

Piracy: If you come across any illegal copies of our works in any form on the Internet, we would
be grateful if you would provide us with the location address or website name. Please contact us

at copyright@packtpub.comwith alink to the material.

If you are interested in becoming an author: If there is a topic that you have expertise in and

you are interested in either writing or contributing to a book, please visit authors. packtpub. com.
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xxii Preface

Share Your Thoughts

Once you've read Hands-On Data Structures and Algorithms with Python - Third Edition, we’d love
to hear your thoughts! Please click here to go straight to the Amazon review page for this book

and share your feedback.

Your review is important to us and the tech community and will help us make sure we’re delivering

excellent quality content.
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Structures

Data structures and algorithms are important components in the development of any software
system. An algorithm can be defined as a set of step-by-step instructions to solve any given problem;
an algorithm processes the data and produces the output results based on the specific problem.
The data used by the algorithm to solve the problem has to be stored and organized efficiently in
the computer memory for the efficient implementation of the software. The performance of the
system depends upon the efficient access and retrieval of the data, and that depends upon how

well the data structures that store and organize the data in the system are chosen.

Data structures deal with how the data is stored and organized in the memory of the computer
that is going to be used in a program. Computer scientists should understand how efficient
an algorithm is and which data structure should be used in its implementation. The Python
programming language is a robust, powerful, and widely used language to develop software-based
systems. Python is a high-level, interpreted, and object-oriented language that is very convenient

to learn and understand the concepts of data structures and algorithms.

In this chapter, we briefly review the Python programming language components that we will
be using to implement the various data structures discussed in this book. For a more detailed

discussion on the Python language in broader terms, take a look at the Python documentation:

e https://docs.python.org/3/reference/index.html
e https://docs.python.org/3/tutorial/index.html
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In this chapter, we will look at the following topics:

¢ Introducing Python 3.10

e Installing Python

e  Setting up a Python development environment
e  Overview of data types and objects

e  Basic data types

e  Complex data types

e  Python’s collections module

Introducing Python 3.10

Pythonis aninterpreted language: the statements are executed line by line. It follows the concepts
of object-oriented programming. Python is dynamically typed, which makes it an ideal candidate
among languages for scripting and fast-paced development on many platforms. Its source code is
open source, and there is a very big community that is using and developing it continuously, at a
very fast pace. Python code can be written in any text editor and saved with the . py file extension.

Python is easy to use and learn because of its compactness and elegant syntax.

Since the Python language will be used to write the algorithms, an explanation is provided of

how to set up the environment to run the examples.

Installing Python

Python is preinstalled on Linux- and Mac-based operating systems. However, you will want to
install the latest version of Python, which can be done on different operating systems as per the

following instructions.

Windows operating system

For Windows, Python can be installed through an executable . exe file.

1. Gotohttps://www.python.org/downloads/.

2. Choose thelatest version of Python—currently, it is 3.10.0—according to your architecture.
If you have a 32-bit version of Windows, choose the 32-bit installer; otherwise, choose

the 64-bit installer.
3. Download the .exe file.

4. Openthe python-3.10.0.exe file.
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5. Make sure to check Add Python 3.10.0 to PATH.
6. ClickInstall Now and then wait until the installation is complete; you can now use Python.

7. To verify that Python is installed correctly, open the Command Prompt and type the
python --version command. It should output Python 3.10.60.

Linux-based operating systems
To install Python on a Linux machine, take the following steps:
1. Checkwhether you have Python preinstalled by entering the python --versioncommand
in the terminal.

2. Ifyoudo have not a version of Python, then install it through the following command:

sudo apt-get install python3.10

3. Now, verify thatyou have installed Python correctly by typing the python3.10 --version
command in the terminal. It should output Python 3.10.0.

Mac operating system

To install Python on a Mac, take the following steps:

1. Gotohttps://www.python.org/downloads/.

2. Download and open the installer file for Python 3.10.60.
3. Click Install Now.
4

To verify that Python is installed correctly, open the terminal and type python -version.
It should output Python 3.10.0.

Setting up a Python development environment

Once you have installed Python successfully for your respective OS, you can start this hands-on
approach with data structures and algorithms. There are two popular methods to set up the

development environment.

Setup via the command line

The first method to set up the Python executing environment is via the command line, after
installation of the Python package on your respective operating system. It can be set up using

the following steps.

1. Open the terminal on Mac/Linux OS or Command Prompt on Windows.
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2. Execute the Python 3 command to start Python, or simply type py to start Python in the
Windows Command Prompt.

3. Commands can be executed on the terminal.

apple@Apples-MBP-2399 ~ % python3
Python 3.18.8 (v3.18.0:b494f5935¢c, Oct 4 2821, 14:59:28) [Clang 12.8.5 (clang-1
205.0.22.11)] on darwin

Type "help", "copyright", "credits" or "license" for more information.
>>> p = "hello world"
>>> q = 10

>>> print(p)

hello world

>>> print(type(p))
<class 'str'>

>>> ||

Figure 1.1: Screenshot of the command-line interface for Python

The User Interface for the command-line execution environment is shown in Figure 1.1.

Setup via Jupyter Notebook

The second method to run the Python program is through Jupyter Notebook, which is a browser-
based interface where we can write the code. The User Interface of Jupyter Notebook is shown in

Figure 1.2. The place where we can write the code is called a “cell.”

® ® & Chapteri - Jupyter Notebook X +

C ([ @ localhost:8888/notebooks/Chapterl.ipynb 4
: Jupyter Chapter1 (autosaved) Logout
File Edit View Insert Cell Kernel Help Trusted ‘Pythonﬂ(\pykerne\) (o]
B+ x @B 4+ ¥ PRin B C P Code ML
In [1]: p = "Hello India"
q =10
r = 10.2

print(type(p))

<class 'str'>

In [2]: var = 13.2
print(var)

13.2

I In [ ]:

Figure 1.2: Screenshot of the Jupyter Notebook interface
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Once Python is installed, on Windows, Jupyter Notebook can be easily installed and set up using

a scientific Python distribution called Anaconda by taking the following steps.

1

Download the Anaconda distribution from https://www.anaconda.com/products/

individual.

Install it according to the installation instructions.

Once installed, on Windows, we can run the notebook by executing the jupyter notebook
command at the Command Prompt. Alternatively, following installation, the Jupyter
Notebook app can be searched for and run from the taskbar.

On Linux/Mac operating systems, Jupyter Notebook can be installed using pip3 by running

the following code in the terminal:

pip3 install notebook

After installation of Jupyter Notebook, we can run it by executing the following command

at the Terminal:

jupyter notebook

Y On some systems, this command does not work, depending upon the oper-
\/;D> ating system or system configuration. In that case, Jupyter Notebook should

start by executing the following command on the terminal.

python3 -m notebook

Itis important to note that we will be using Jupyter Notebook to execute all the commands and

programs throughout the book, but the code will also function in the command line if you’d

prefer to use that.

Overview of data types and objects

Given a problem, we can plan to solve it by writing a computer program or software. The first

step is to develop an algorithm, essentially a step-by-step set of instructions to be followed by a

computer system, to solve the problem. An algorithm can be converted into computer software

using any programming language. It is always desired that the computer software or program

be as efficient and fast as possible; the performance or efficiency of the computer program also

depends highly on how the data is stored in the memory of a computer, which is then going to

be used in the algorithm.
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The data to be used in an algorithm has to be stored in variables, which differ depending upon
whatkind of values are going to be stored in those variables. These are called data types: an integer
variable can store only integer numbers, and a float variable can store real numbers, characters,
and so on. The variables are containers that can store the values, and the values are the contents

of different data types.

In most programming languages, variables and their data types must initially be declared, and
then only that type of data can be statically stored in those variables. However, in Python, this is
notthe case. Python is a dynamically typed language; the data type of the variables is not required
to be explicitly defined. The Python interpreter implicitly binds the value of the variable with
its type at runtime. In Python, data types of the variable type can be checked using the function

type(), which returns the type of variable passed. For example, if we enter the following code:

p = "Hello India"
q = 10

r=10.2
print(type(p))
print(type(q))
print(type(r))
print(type(12+31j))

We will get an output like the following:

<class 'str'>
<class 'int'>

<class 'float'>

<class 'complex'>

The following example, demonstrates a variable that has a var float value, which is substituted

for a string value:

var = 13.2

print(var)

print(type (var))

var = "Now the type is string"

print(type(var))
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The output of the code is:

13.2

<class 'float'>

<class 'str'>

In Python, every item of data is an object of a specific type. Consider the preceding example; here,
when avariable varis assigned a value of 13. 2, the interpreter initially creates a float object having

avalue of 13.2; a variable var then points to that object as shown in Figure 1.3:

var 13.2

Figure 1.3: Variable assignment

Python is an easy-to-learn object-oriented language, with a rich set of built-in data types. The
principal built-in types are as follows and will be discussed in more detail in the following sections:
e  Numeric types: Integer (int), float, complex
e Boolean types: bool
e Sequence types: String (str),range, list, tuple
e  Mapping types: dictionary (dict)

e Settypes: set, frozenset

We will divide these into basic (numeric, Boolean, and sequence) and complex (mapping and set)

data types. In subsequent sections, we will discuss them one by one in detail.

Basic data types

The most basic data types are numeric and Boolean types. We'll cover those first, followed by

sequence data types.

Numeric
Numeric data type variables store numeric values. Integer, float, and complex values belong to

this data type. Python supports three types of numeric types:

e Integer (int): In Python, the interpreter takes a sequence of decimal digits as a decimal

value, such as the integers 45, 1000, or -25.
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e  Float: Python considers a value having a floating-point value as a float type; it is specified
with a decimal point. It is used to store floating-point numbers such as 2.5 and 100.98.
Itis accurate up to 15 decimal points.

e  Complex: A complex number is represented using two floating-point values. It contains an
ordered pair, such as a + ib. Here, a and b denote real numbers and i denotes the imaginary

component. The complex numbers take the form of 3.0 + 1.3i,4.0i, and so on.

Boolean

This provides a value of either True or False, checking whether any statement is true or false. True

can be represented by any non-zero value, whereas False can be represented by 0. For example:
print(type(bool(22)))
print(type(True))
print(type(False))

The output will be the following:

<class 'bool'>

<class 'bool'>

<class 'bool'>

In Python, the numeric values can be used as bool values using the built-in bool () function. Any
number (integer, float, complex) having a value of zero is regarded as False, and a non-zero value

isregarded as True. For example:

bool(False)
print(bool(False))

val = @
print(bool(val))

va2 = 11
print(bool(va2))

va3d = -2.3
print(bool(va3))
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The output of the above code will be as follows.

Sequence data types are also a very basic and common data type, which we’ll look at next.

Sequences

Sequence data types are used to store multiple values in a single variable in an organized and

efficient way. There are four basic sequence types: string, range, lists, and tuples.

Strings

A string is an immutable sequence of characters represented in single, double, or triple quotes.

\/‘n/. Immutable means that once a data type has been assigned some value, it can’t be
changed.

The string type in Python is called str. A triple quote string can span into multiple lines that

include all the whitespace in the string. For example:

strl = 'Hello how are you'

str2 = "Hello how are you"

str3 = """multiline
String"""

print(strl)

print(str2)

print(str3)

The output will be as follows:

Hello how are you

Hello how are you

multiline

String
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The + operator concatenates strings, which returns a string after concatenating the operands,

joining them together. For example:

f = 'data’

s = 'structure'

print(f + s)

print('Data ' + 'structure')

The output will be as follows:

datastructure

Data structure

The * operator can be used to create multiple copies of a string. When it is applied with an integer
(n, let’s say) and a string, the * operator returns a string consisting of #n concatenated copies of

the string. For example:

st = 'data.’

print(st * 3)
print(3 * st)

The output will be as follows.

data.data.data.

data.data.data.

Range
The range data type represents an immutable sequence of numbers. It is mainly used in for and

while loops. It returns a sequence of numbers starting from a given number up to a number

specified by the function argument. It is used as in the following command:

range(start, stop, step)

Here, the start argument specifies the start of the sequence, the stop argument specifies the
end limit of the sequence, and the step argument specifies how the sequence should increase or
decrease. This example Python code demonstrates the working of the range function:

print(list(range(10)))

print(range(10))

print(list(range(10)))
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print(range(1,10,2))
print(list(range(1,10,2)))
print(list(range(20,10,-2)))

The output will be as follows.

[9) 1) 2) 3) 4) 5) 6J 7.’ 8) 9]
range(9, 10)
[e) 1, 2) 31 4J 51 6) 7) 8) 9]

range(1, 10, 2)
[1, 3, 5, 7, 9]
[20, 18, 16, 14, 12]

Lists

Python lists are used to store multiple items in a single variable. Duplicate values are allowed in
alist, and elements can be of different types: for example, you can have both numeric and string

data in a Python list.

The items stored in the list are enclosed within square brackets, [ ], and separated with a comma,

as shown below:
a = ['food', 'bus', 'apple', 'queen']
print(a)
mylist = [10, "India", "world", 8]

print(mylist[1])

The output of the above code will be as follows.

['food', 'bus', 'apple', 'queen']

India

The data element of the listis shown in Figure 1.4, showing the index value of each of the listitems:

10 India world 8 Values

Index

Figure 1.4: Data elements of a sample list
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The characteristics of a list in Python are as follows. Firstly, the list elements can be accessed by
its index, as shown in Figure 1.4. The list elements are ordered and dynamic. It can contain any
arbitrary objects that are so desired. In addition, the 1ist data structure is mutable, whereas

most of the other data types, such as integer and float are immutable.

\ "’r Seeing as a list is a mutable data type, once created, the list elements can be added,
\/ deleted, shifted, and moved within the list.

All the properties of lists are explained in Table 1.1 below for greater clarity:

Property Description Example

Ordered The list elements are ordered [1e, 12, 31, 14] == [14, 16, 31,
in a sequence in which they are 12]
specified in the list at the time of
defining them. This order does

not need to change and remains

innate for its lifetime.

Dynamic The list is dynamic. It can grow b = ['data’, 'and', 'book',
'structure’, 'hello', 'st']

b += [32]
print(b)
b[2:3] = []
print(b)
del b[e@]
print(b)

or shrink as needed by adding or

removing list items.

['data', 'and', 'book',
'structure', 'hello', 'st',
32]

['data', 'and', 'structure',
'hello', 'st', 32]

[*and', 'structure', 'hello’,
'st', 32]
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alist can be updated through

indexing and simple assignment.

Modifying multiple list values is
also possible through slicing.

List elements | List elements can be of the same a = [2.2, 'python’, 31, 14,
can be any type or varying data types. ‘data’, False, 33.59]
arbitrary set print(a)
of objects
[2.2, 'python', 31, 14,
'data’, False, 33.59]
List elements | Elements can be accessed using a = ['data’, 'structures’,
can be zero-based indexing in square ‘using’, ‘python’, ‘happy’,
accessed brackets, similar to a string. ‘learning’]
through an Accessing elements in a list is print(afe])
index similar to strings; negative list print(a[2])
indexing also works in lists. A print(a[-1])
negative list index counts from print(a[-5])
the end of the list. print(a[1:5])
print(a[-3:-1])
Lists also support slicing. If abc
is a list, the expression abc[x:y]
will return the portion of data
elements from index x to index y using
(notincluding index y) learning
structures
["structures', 'using',
'python', ‘happy']
['python’, “happy’]
Mutable Single list value: Elements in a = ['data’, 'and', 'book’,

'structure’, 'hello', 'st']
print(a)

a[l] =1

a[-1] = 120

print(a)

a = ['data', 'and', 'book',
'structure’', 'hello', 'st']
print(a[2:5])

a[2:5] = [1, 2, 3, 4, 5]
print(a)
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['data', 'and', 'book',
'structure', 'hello', 'st']
['data', 1, 'book',
'structure', 'hello', 120]

["book"', 'structure',
'hello']

['data', 'and', 1, 2, 3, 4,
5, 'st']

operators in functions can also be

Moreover, other built-in

Other Several operators and built-

applied in lists, such as in,
not in, concatenation (+),

and replication (*) operators.

functions, such as len(), min(),

and max(), are also available.

a = ['data', 'structures',
'using', 'python', ‘'happy’,
'learning’]

print('data' in a)

print(a)

print(a + ['New', 'elements'])
print(a)

print(a *2)

print(len(a))

print(min(a))

['data', 'structures',
'using', 'python', ‘'happy’,
'learning’']

["data', 'structures',
'using', ‘'python', 'happy',
'learning', 'New',
‘elements’]

['data', 'structures',
'using', ‘'python', ‘'happy’,
'learning’]

['data', 'structures',
'using', 'python',

‘happy', 'learning’,
‘data', 'structures',

'using', ‘'python', ‘'happy’,
'learning’']

6

data

Table 1.1: Characteristics of list data structures with examples
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Now, while discussing list data types, we should first understand different operators, such as
membership, identity, and logical operators, before discussing them and how they can be used
in list data types or any other data types. In the coming section, we discuss how these operators

work and are used in various data types.

Membership, identity, and logical operations

Python supports membership, identity, and logical operators. Several data types in Python support
them. In order to understand how these operators work, we’ll discuss each of these operations

in this section.

Membership operators

These operators are used to validate the membership of an item. Membership means we wish to
testif a given value is stored in the sequence variable, such as a string, list, or tuple. Membership
operators are to test for membership in a sequence; that is, a string, list, or tuple. Two common

membership operators used in Python are in and not in.

The in operator is used to check whether a value exists in a sequence. It returns True if it finds

the given variable in the specified sequence, and False if it does not:

mylistl = [100,20,30,40]

mylist2 = [10,50,60,90]

if mylisti1[1] in mylist2:
print(“"elements are overlapping")

else:

print("elements are not overlapping")

The output will be as follows:

elements are not overlapping

The ‘not in' operator returns to True if it does not find a variable in the specified sequence and

Falseifitis found:

val = 104
mylist = [100, 210, 430, 840, 108]
if val not in mylist:

print("Value is NOT present in mylist")
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else:

print("Value is present in mylist")

The output will be as follows.

Value is NOT present in mylist

Identity operators

Identity operators are used to compare objects. The different types of identity operators are is

and is not, which are defined as follows.

The is operator is used to check whether two variables refer to the same object. This is different
from the equality (==) operator. In the equality operator, we check whether two variables are

equal. It returns True if both side variables point to the same object; if not, then it returns False:

Firstlist = []
Secondlist = []

if Firstlist ==
print("Both

else:
print("Both

if Firstlist is

Secondlist:

are equal")

are not equal")

Secondlist:

print("Both variables are pointing to the same object")
else:

print("Both variables are not pointing to the same object")

thirdList = Firstlist

if thirdList is Secondlist:
print("Both are pointing to the same object")
else:

print("Both are not pointing to the same object")

The output will be as follows:

Both are equal

Both variables are not pointing to the same object

Both are not pointing to the same object
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The is not operator is used to check whether two variables point to the same object or not. True

is returned if both side variables point to different objects, otherwise, it returns False:

Firstlist = []
Secondlist = []
if Firstlist is not Secondlist:
print("Both Firstlist and Secondlist variables are the same object")
else:

print("Both Firstlist and Secondlist variables are not the same object")

The output will be as follows:

Both Firstlist and Secondlist variables are not the same object

This section was about identity operators. Next, let us discuss logical operators.

Logical operators

These operators are used to combine conditional statements (True or False). There are three

types of logical operators: AND, OR, and NOT.

The logical AND operator returns True if both the statements are true, otherwise it returns False.

It uses the following syntax: A and B:

a = 32
b = 132
if a > 9@ and b > 0:
print("Both a and b are greater than zero")
else:

print("At least one variable is less than 0")

The output will be as follows.

Both a and b are greater than zero

The logical OR operator returns True if any of the statements are true, otherwise it returns False.
It uses the following syntax: A or B:

a =32

b =-32

ifa>0orb>ao:

print("At least one variable is greater than zero")
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else:

print("Both variables are less than 0")

The output will be as follows.

At least one variable is greater than zero

The logical NOT operator is a Boolean operator, which can be applied to any object. It returns True if
the object/operand is false, otherwise it returns False. Here, the operand is the unary expression/
statement on which the operator is applied. It uses the following syntax: not A:
a = 32
if not a:
print("Boolean value of a is False")
else:

print("Boolean value of a is True")

The output will be as follows.

Boolean value of a is True

In this section, we learned about different operators available in Python, and also saw how
membership and identity operators can be applied to list data types. In the next section, we will

continue discussing a final sequence data type: tuples.

Tuples

Tuples are used to store multiple items in a single variable. It is a read-only collection where
data is ordered (zero-based indexing) and unchangeable/immutable (items cannot be added,
modified, removed). Duplicate values are allowed in a tuple, and elements can be of different
types, similar to lists. Tuples are used instead of lists when we wish to store the data that should

not be changed in the program.

Tuples are written with round brackets and items are separated by a comma:
tuple_name = ("entryl", "entry2", "entry3")

For example:
my_tuple = ("Shyam", 23, True, "male")

Tuples support + (concatenation) and * (repetition) operations, similar to strings in Python. In
addition, a membership operator and iteration operation are also available in a tuple. Different

operations that tuples support are listed in Table 1.2:
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Expression Result Description
print(len((4,5, "hello"))) 3 Length
print((4,5)+(10,20)) (4,5,10,20) Concatenation
print((2,1)*3) (2,1,2,1,2,1) Repetition
print(3 in ('hi', ‘'xyz',3)) True Membership
for p in (6,7,8): 6,7,8 Iteration

print(p)

Table 1.2: Example of tuple operations

Tuples in Python support zero-based indexing, negative indexing, and slicing. To understand it,

let’s take a sample tuple, as shown below:

x = ( "hello", "world", " india")

We can see examples of zero-based indexing, negative indexing, and slicing operations in Table 1.3:

Expression Result Description

print(x[1]) “world" Zero-based indexing means that indexing starts from
O rather than 1, and hence in this example, the first

index refers to the second member of the tuple.

print(x[-2]) "world" Negative: counting from the right-hand side.
print(x[1:]) ("world", Slicing fetches a section.
"india")

Table 1.3: Example of tuple indexing and slicing

Complex data types
We have discussed basic data types. Next, we discuss complex data types, which are mapping data
types, in other words, dictionary, and set data types, namely, set and frozenset. We will discuss

these data types in detail in this section.

Dictionaries

In Python, a dictionary is another of the important data types, similar to a list, in the sense that it
is also a collection of objects. It stores the data in unordered {key-value} pairs; a key must be of a
hashable and immutable data type, and value can be any arbitrary Python object. In this context,

an objectis hashableifithas a hash value that does not change during its lifetime in the program.
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Items in the dictionary are enclosed in curly braces, { }, separated by a comma, and can be created
using the {key:value} syntax, as shown below:
dict = {
<key>: <value>,

<key>: <value>,

<key>: <value>

Keysin dictionaries are case-sensitive, they should be unique, and cannot be duplicated; however,
the values in the dictionary can be duplicated. For example, the following code can be used to

create a dictionary:

my_dict = {'1': 'data’,

'2': 'structure',
'3': 'python',

'4': 'programming',
'5': 'language'’

Figure 1.5 shows the {key-value} pairs created by the preceding piece of code:

/ Key Values \
O—w )

\ my_dict dictionary /

Figure 1.5: Example dictionary data structure
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Values in a dictionary can be fetched based on the key. For example: my_dict['1'] gives data

as the output.

The dictionary data typeis mutable and dynamic. It differs from lists in the sense that dictionary
elements can be accessed using keys, whereas the list elements are accessed via indexing. Table

1.4 shows different characteristics of the dictionary data structure with examples:

Item Example

Creating a dictionary, and person = {}

accessing elements from a print(type(person))

dictionary person['name'] = 'ABC'
person[ 'lastname’'] = 'XYZ'

person['age'] = 31
person['address'] = ['Jaipur']
print(person)

print(person[ 'name’'])

<class 'dict'>{'name': 'ABC', 'lastname’:

'XYzZ', 'age': 31, 'address': ['Jaipur']}ABC

in and not in operators print(‘name’ in person)
print('fname' not in person)

True

True

Length of the dictionary print(len(person))

Table 1.4: Characteristics of dictionary data structures with examples
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Python also includes the dictionary methods as shown in Table 1.5:

Function Description Example
mydict.clear() Removes all elements from a mydict = {'a': 1, 'b': 2,
dictionary. ‘¢t 3}
print(mydict)
mydict.clear()
print(mydict)
mydict.get(<key>) Searches the dictionary
for a key and returns the EEY
corresponding value, if it is print(mydict.get('b"))
found; otherwise, it returns print(mydict)
None. print(mydict.get('z"))
mydict.items() Returns a list of dictionary print(list(mydict.items()))
items in (key, value) pairs.
[(ta’, 1), ('b", 2),
('c', 3)]
mydict.keys() Returns a list of dictionary print(list(mydict.keys()))
keys.
['a’, 'b', c']
mydict.values() Returns a list of dictionary print(list(mydict.values()))
values.
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mydict.pop() If a given key is present in the print(mydict.pop('b"))
dictionary, then this function print(mydict)
will remove the key and

return the associated value.

mydict.popitem() This method removes the mydict = {'a': 1,'b": 2,'c":
last key-value pair added in 3}
the dictionary and returns it print(mydict.popitem())
as a tuple. print(mydict)
{"a': 1, 'b': 2}
mydict.update(<obj>) | Merges one dictionary with di = {'a': 1@, 'b': 20, 'c':

another. Firstly, it checks
d2 = {'b': 200, 'd': 400}
print(dl.update(d2))
print(d1)

whether a key of the second
dictionary is present in

the first dictionary; the
corresponding value is then
updated. If the key is not

{'a': 10, 'b': 200,
present in the first dictionary,

30, 'd': 400}

then the key-value pair is

added.

Table 1.5: List of methods of dictionary data structures

Sets

Asetisanunordered collection of hashable objects. Itisiterable, mutable, and has unique elements.
The order of the elements is also not defined. While the addition and removal of items are allowed,
the items themselves within the set must be immutable and hashable. Sets support membership
testing operators (in, not in), and operations such as intersection, union, difference, and
symmetric difference. Sets cannot contain duplicate items. They are created by using the built-in

set() function or curly braces {}. A set() returns a set object from an iterable. For example:

x1 = set(['and', 'python', 'data', 'structure'])

print(x1)

print(type(x1))

x2 = {'and', 'python', ‘'data', 'structure'}
print(x2)
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The output will be as follows:

{'python', ‘'structure', 'data‘, ‘'and'}

<class 'set'>

{'python', ‘'structure', 'data‘', ‘'and'}

Itisimportant to note that sets are unordered data structures, and the order of items

\// in sets is not preserved. Therefore, your outputs in this section may be slightly dif-
K A%

ferent than those displayed here. However, this does not affect the function of the

operations we will be demonstrating in this section.

Sets are generally used to perform mathematical operations, such as intersection, union, difference,
and complement. The len() method gives the number of items in a set, and the in and not in
operators can be used in sets to test for membership:

x = {'data', 'structure', 'and', ‘'python'}

print(len(x))

print('structure' in x)

The output will be as follows:

4

True

The most commonly used methods and operations that can be applied to set data structures are as

follows. The union of the two sets, say, x1 and x2, is a set that consists of all elements in either set:

x1 = {'data’', 'structure'}
x2 = {'python', 'java', 'c', 'data'}

Figure 1.6 shows a Venn diagram demonstrating the relationship between the two sets:

Structure

\

Figure 1.6: Venn diagram of sets
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A description of the various operations that can be applied on set type variables is shown, with

examples, in Table 1.6:

Description

Example sample code

Union of two sets, x1 and x2. It can
be done using two methods, (1) using
the | operator, (2) using the union
method.

x1 = {'data', 'structure'}

x2 = {'python', 'java', 'c', 'data'}
x3 = x1 | x2

print(x3)

print(x1.union(x2))

{'structure', 'data‘', 'java', 'c',
‘python'}

{'structure', 'data', 'java', 'c',
"python'}

Intersection of sets: to compute the
intersection of two sets, an & operator
and the intersection() method can
be used, which returns a set of items

common to both sets, x1 and x2.

print(x1l.intersection(x2))
print(x1 & x2)

{'data'}
{'data’'}

The difference between sets can be
obtained using .difference() and
the subtraction operator, -, which
returns a set of all elements that are

in x1, but not in x2.

print(x1l.difference(x2))
print(x1 - x2)

{'structure'}

{"'structure'}

Symmetric difference can be obtained
using .symmetric_difference(),
while ~ returns a set of all data items
that are presentin either x1 or x2, but

not both.

print(x1.symmetric_difference(x2))
print(x1 ~ x2)

{'structure', 'python', 'c', 'java'}

{'structure', 'python', 'c', 'java'}

To test whether a set is a subset of
another, use . issubset() and the

operator <=.

print(x1l.issubset(x2))
print(x1l <= x2)

False

False

Table 1.6: Description of various operations applicable to set type variables
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Immutable sets

In Python, frozenset is another built-in type data structure, which is, in all respects, exactly
like a set, except that it is immutable, and so cannot be changed after creation. The order of the

elements is also undefined. A frozenset is created by using the built-in function frozenset():

x = frozenset(['data', 'structure', 'and', 'python'])

print(x)

The outputis:

frozenset({'python', 'structure', 'data', 'and'})

Frozensets are useful when we want to use a set but require the use of an immutable object.
Moreover, it is not possible to use set elements in the set, since they must also be immutable.

Consider an example:

all = set(['data'])

a2l = set(['structure'])
a3l = set(['python'])
x1 = {al11, a21, a31l}

The output will be:

TypeError: unhashable type: 'set

Now with frozenset:

al = frozenset(['data'])

a2 = frozenset(['structure'])
a3 = frozenset(['python'])

x = {al, a2, a3}

print(x)

The outputis:

{frozenset({'structure'}), frozenset({'python'}), frozenset({'data'})}

In the above example, we create a set x of frozensets (a1, a2, and a3), which is possible because

the frozensets are immutable.

We have discussed the most important and popular data types available in Python. Python also
provides a collection of other important methods and modules, which we will discuss in the

next section.
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Python's collections module

The collections module provides different types of containers, which are objects that are used
to store different objects and provide a way to access them. Before accessing these, let’s consider

briefly the role and relationships between modules, packages, and scripts.

A moduleis a Python script with the . py extension that contains a collection of functions, classes,
and variables. A package is a directory that contains collections of modules;ithasan __init_ .
py file, which lets the interpreter know that it is a package. A module can be called into a Python
script, which can in turn make use of the module’s functions and variables in its code. In Python,
we can import these to a script using the import statement. Whenever the interpreter encounters

the import statement, it imports the code of the specified module.

Table 1.7 provides the data types and operations of the collections module and their descriptions:

Container data type | Description

namedtuple Creates a tuple with named fields similar to regular tuples.

deque Doubly-linked lists that provide efficient adding and removing of items
from both ends of the list.

defaultdict A dictionary subclass that returns default values for missing keys.
ChainMap Adictionary that merges multiple dictionaries.
Counter A dictionary thatreturns the counts corresponding to their objects/key.

UserDict UserList | These data types are used to add more functionalities to their base data

UserString structure, such asadictionary, 1list, and string. And we can create

subclasses from them for custom dict/list/string.

Table 1.7: Different container data type of the collections module

Let’s consider these types in more detail.

Named tuples

The namedtuple of collections provides an extension of the built-in tuple data type. namedtuple
objects are immutable, similar to standard tuples. Thus, we can’t add new fields or modify existing
ones after the namedtuple instance is created. They contain keys that are mapped to a particular
value, and we can iterate through named tuples either by index or key. The namedtuple function
is mainly useful when several tuples are used in an application and it is important to keep track

of each of the tuples in terms of what they represent.
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In this situation, namedtuple presents a more readable and self-documenting method. The syntax

is as follows:

nt = namedtuple(typename , field_names)

Here is an example:

from collections import namedtuple
Book = namedtuple ('Book', ['name', 'ISBN', 'quantity'])
Bookl = Book('Hands on Data Structures', '9781788995573', '50')

print('Using index ISBN:' + Book1[1])
print('Using key ISBN:' + Bookl1.ISBN)

The output will be as follows.

Using index ISBN:9781788995573

Using key ISBN:9781788995573

Here, in the above code, we firstly imported namedtuple from the collections module. Book is
a named tuples, “class,” and then, Book1 is created, which is an instance of Book. We also see

that the data elements can be accessed using index and key methods.

Deque
Adequeis adouble-ended queue (deque) that supports append and pop elements from both sides
of the list. Deques are implemented as double-linked lists, which are very efficient for inserting

and deleting elements in O(1) time complexity.

Consider an example:

from collections import deque

s = deque()

print(s)

my_queue = deque([1, 2, 'Name'])

print(my_queue)

The output will be as follows.

deque([])

deque([1, 2, 'Name'])
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You can also use some of the following predefined functions:

Function Description
my_queue.append(‘age") Insert 'age' at the right end of the list.
my_queue.appendleft('age") Insert 'age' at the left end of the list.
my_queue. pop () Delete the rightmost value.
my_queue.popleft() Delete the leftmost value.

Table 1.8: Description of different queue functions

In this section, we showed the use of the deque method of the collections module, and how

elements can be added and deleted from the queue.

Ordered dictionaries

An ordered dictionary is a dictionary that preserves the order of the keys that are inserted. If the

key order is important for any application, then OrderedDict can be used:

od = OrderedDict([items])

An example could look like the following:
from collections import OrderedDict
od = OrderedDict({'my': 2, 'name ': 4, "is': 2, 'Mohan' :5})
od[ 'hello'] = 4
print(od)

The output will be as follows.

OrderedDict([('my"', 2), ('name ', 4), ('is', 2), ('Mohan', 5), ('hello’,

4)]1)

In the above code, we create a dictionary, od, using the OrderedDict module. We can observe

that the order of the keys is the same as the order when we created the key.

Default dictionary

The default dictionary (defaultdict) is a subclass of the built-in dictionary class (dict) that
has the same methods and operations as that of the dictionary class, with the only difference
being thatitnever raises a KeyError, as anormal dictionary would. defaultdictis a convenient

way to initialize dictionaries:

d = defaultdict(def_value)
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An example could look like the following:

from collections import defaultdict
dd = defaultdict(int)
words = str.split('data python data data structure data python')
for word in words:
dd[word] += 1
print(dd)

The output will be as follows.

defaultdict(<class 'int'>, {'data': 4, 'python': 2, 'structure': 1})

In the above example, if an ordinary dictionary had been used, then Python would have shown
KeyError while the first key was added. int, which we supplied as an argument to defaultdict,

is really the int () function, which simply returns a zero.

ChainMap object

ChainMap is used to create a list of dictionaries. The collections.ChainMap data structure
combines several dictionaries into a single mapping. Whenever a key is searched in the chainmap,

itlooks through all the dictionaries one by one, until the key is not found:

class collections.ChainMap(dictl, dict2)

An example could look like the following:

from collections import ChainMap
dictl {"data": 1, "structure": 2}
dict2 = {"python": 3, "language": 4}
chain = ChainMap(dictl, dict2)

print(chain)
print(list(chain.keys()))
print(list(chain.values()))
print(chain["data"])
print(chain["language"])

The output will be:

ChainMap({'data': 1, 'structure': 2}, {'python': 3, 'language': 4})

['python', 'language', 'data', 'structure']
[3, 4, 1, 2]
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1

4

In the above code, we create two dictionaries, namely, dict1 and dict2, and then we can combine

both of these dictionaries using the ChainMap method.

Counter objects

As we discussed earlier, a hashable object is one whose hash value will remain the same during
its lifetime in the program. counter is used to count the number of hashable objects. Here, the
dictionary key is a hashable object, while the corresponding value is the count of that object. In
other words, counter objects create a hash table in which the elements and their count are stored

as dictionary keys and value pairs.

Dictionary and counter objects are similar in the sense that datais storedin a {key, value}
pair, butin counter objects, the value is the count of the key whereas it can be anything in the case
of dictionary. Thus, when we only want to see how many times each unique word is occurring

in a string, we use the counter object.

An example could look like the following:

from collections import Counter
inventory = Counter('hello")
print(inventory)
print(inventory['1'])
print(inventory[‘e'])

print(inventory[‘o'])

The output will be:

Counter({'1': 2,

In the above code, the inventory variable is created, which holds the counts of all the characters
using the counter module. The count values of these characters can be accessed using dictionary-

like key access ([key]).
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UserDict

Python supports a container, UserDict, presentin the collections module, that wraps the dictionary
objects. We can add customized functions to the dictionary. This is very useful for applications
where we want to add/update/modify the functionalities of the dictionary. Consider the example

code below where pushing/adding a new data element is not allowed in the dictionary:

from collections import UserDict
class MyDict(UserDict):
def push(self, key, value):
raise RuntimeError("Cannot insert")
d = MyDict({'ab':1, 'bc': 2, 'cd': 3})
d.push('b", 2)

The output is as follows:

RuntimeError: Cannot insert

In the above code, a customized push function in the MyDict classis created to add the customized

functionality, which does not allow you to insert an element into the dictionary.

UserlList

AUserList isa container that wraps list objects. It can be used to extend the functionality of the
1ist data structure. Consider the example code below, where pushing/adding a new data element

is not allowed in the 1ist data structure:

from collections import UserlList
class MyList(UserList):
def push(self, key):
raise RuntimeError("Cannot insert in the 1list")
d = MyList([11, 12, 13])
d.push(2)

The output s as follows:

RuntimeError: Cannot insert in the list

In the above code, a customized push function in the MyList classis created to add the functionality

to not allow you to insert an element into the 1ist variable.
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UserString

Strings can be considered as an array of characters. In Python, a character is a string of one length
and acts as a container that wraps a string object. It can be used to create strings with customized

functionalities. An example could look like the following:

from collections import UserString
class MyString(UserString):

def append(self, value):

self.data += value

sl = MyString("data")
print("Original:", sl1)
sl.append('h")
print("After append: ", s1)

The outputis:

Original: data

After append: datah

In the above example code, a customized append function in the MyString classis created to add

the functionality to append a string.

Summary

In this chapter, we have discussed different built-in data types supported by Python. We have also
looked at a few basic Python functions, libraries, and modules, such as the collections module.
The main objective of this chapter was to give an overview of Python and make a user acquainted

with the language so that it is easy to implement the advanced algorithms of data structures.

Overall, this chapter has provided an overview of several data structures available in Python
that are pivotal for understanding the internals of data structures. In the next chapter, we will

introduce the basic concepts of algorithm design and analysis.
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Introduction to Algorithm
Design

The objective of this chapter is to understand the principles of designing algorithms, and the im-
portance of analyzing algorithms in solving real-world problems. Given input data, an algorithm

is a step-by-step set of instructions that should be executed in sequence to solve a given problem.

In this chapter, we will also learn how to compare different algorithms and determine the best
algorithm for the given use-case. There can be many possible correct solutions for a given prob-
lem, for example, we can have several algorithms for the problem of sorting » numeric values. So,

there is no one algorithm to solve any real-world problem.
In this chapter, we will look at the following topics:

e Introducing algorithms

e  Performance analysis of an algorithm
e Asymptotic notation

e  Amortized analysis

e Choosing complexity classes

e Computing the running time complexity of an algorithm

Introducing algorithms

An algorithm is a sequence of steps that should be followed in order to complete a given task/

problem.
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Itis a well-defined procedure that takes input data, processes it, and produces the desired output.

Arepresentation of this is shown in Figure 2.1.

Input

Algorithm

v
[ Output }

Figure 2.1: Introduction to algorithms

Summarized below are some important reasons for studying algorithms:

e Essential for computer science and engineering

¢ Important in many other domains (such as computational biology, economics, ecology,
communications, ecology, physics, and so on)

e They play arole in technology innovation

e  Theyimprove problem-solving and analytical thinking

There are two aspects that are of prime importance in solving a given problem. Firstly, we need
an efficient mechanism to store, manage, and retrieve data, which is required to solve a problem
(this comes under data structures); secondly, we require an efficient algorithm that is a finite set
of instructions to solve that problem. Thus, the study of data structures and algorithms is key to

solving any problem using computer programs. An efficient algorithm should have the following

characteristics:

e Itshould be as specific as possible

e Itshould have each instruction properly defined

e  There should not be any ambiguous instructions

e  All the instructions of the algorithm should be executable in a finite amount of time and

in a finite number of steps
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e Itshould have clear input and output to solve the problem

e  Eachinstruction of the algorithm should be integral in solving the given problem

Consider an example of an algorithm (an analogy) to complete a task in our daily lives; let us
take the example of preparing a cup of tea. The algorithm to prepare a cup of tea can include the

following steps:

1. Pour water into the pan

Put the pan on the stove and light the stove
Add crushed ginger to the warming water
Add tea leaves to the pan

Add milk

When it starts boiling, add sugar to it

N oo on s woN

After 2-3 minutes, the tea can be served

The above procedure is one of the possible ways to prepare tea. In the same way, the solution to
areal-world problem can be converted into an algorithm, which can be developed into computer
software using a programming language. Since it is possible to have several solutions for a given
problem, it should be as efficient as possible when it is to be implemented using software. Given a
problem, there may be more than one correct algorithm, defined as the one that produces exactly
the desired output for all valid input values. The costs of executing different algorithms may be
different; it may be measured in terms of the time required to run the algorithm on a computer

system and the memory space required for it.
There are primarily two things that one should keep in mind while designing an efficient algorithm:

1. The algorithm should be correct and should produce the results as expected for all valid

input values

2. The algorithm should be optimal in the sense that it should be executed on the computer

within the desired time limit, in line with an optimal memory space requirement

Performance analysis of the algorithm is very important for deciding the best solution for a given
problem. If the performance of an algorithm is within the desired time and space requirements, it
is optimal. One of the most popular and common methods of estimating the performance of an
algorithm is through analyzing its complexity. Analysis of the algorithm helps us to determine

which one is most efficient in terms of the time and space consumed.
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Performance analysis of an algorithm

The performance of an algorithm is generally measured by the size of its input data, n, and the
time and the memory space used by the algorithm. The time required is measured by the key
operations to be performed by the algorithm (such as comparison operations), where key opera-
tions are instructions that take a significant amount of time during execution. Whereas the space
requirement of an algorithm is measured by the memory needed to store the variables, constants,

and instructions during the execution of the program.

Time complexity

The time complexity of the algorithm is the amount of time that an algorithm will take to execute
on a computer system to produce the output. The aim of analyzing the time complexity of the
algorithm is to determine, for a given problem and more than one algorithm, which one of the
algorithms is the most efficient with respect to the time required to execute. The running time
required by an algorithm depends on the input size; as the input size, #, increases, the runtime
alsoincreases. Input size is measured as the number of items in the input, for example, the input
size for a sorting algorithm will be the number of items in the input. So, a sorting algorithm will

have an increased runtime to sort a list of input size 5,000 than that of a list of input size 50.

The runtime of an algorithm for a specific input depends on the key operations to be executed in
the algorithm. For example, the key operation for a sorting algorithm is a comparison operation
that will take up most of the runtime, compared to assignment or any other operation. Ideally,
these key operations should not depend upon the hardware, the operating system, or the pro-

gramming language being used to implement the algorithm.

A constant amount of time is required to execute each line of code; however, each line may take
a different amount of time to execute. In order to understand the running time required for an

algorithm, consider the below code as an example:

Code Time required (Cost)

if n==0 || n ==

cl

print("data") 2
else: 3
for i in range( ca
c5

print("structure")
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Here, in statement 1 of the above example, if the condition is true then "data" will be printed,
and if the condition is not true then the for loop will execute n times. The time required by the
algorithm depends on the time required for each statement, and how many times a statement
is executed. The running time of the algorithm is the sum of time required by all the statements.
For the above code, assume statement 1 takes c1 amount of time, statement 2 takes c2 amount of
time, and so on. So, if the i” statement takes a constant amount of time ¢;and if the i” statement
is executed n times, then it will take ¢ time. The total running time T(n) of the algorithm for a

given value of n (assuming the value of 7 is not zero or three) will be as follows.
T(n)=c+c;+c,Xxn+csxn
If the value of nis equal to zero or three, then the time required by the algorithm will be as follows.
T(n)=c¢ +c,

Therefore, the running time required for an algorithm also depends upon what input is given in
addition to the size of the input given. For the given example, the best case will be when the input
is either zero or three, and in that case, the running time of the algorithm will be constant. In the
worst case, the value of nis not equal to zero or three, then, the running time of the algorithm can
berepresented asa x n + b. Here, the values of a and b are constants that depend on the statement
costs, and the constant times are not considered in the final time complexity. In the worst case,

the runtime required by the algorithm is a linear function of n.

Let us consider another example, linear search:

def linear_search(input_list, element):
for index, value in enumerate(input_list):
if value == element:

return index
return -1

input_list = [3, 4, 1, 6, 14]
element = 4

print("Index position for the element x is:", linear_search(input_
list,element))

The output in this instance will be as follows:

Index position for the element x is: 1
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The worst-case running time of the algorithm is the upper-bound complexity; it is the maximum
runtime required for an algorithm to execute for any given input. The worst-case time complexity
is very useful in that it guarantees that for any input data, the runtime required will not take more
time as compared to the worst-case running time. For example, in the linear search problem, the
worst case occurs when the element to be searched is found in the last comparison or not found
in the list. In this case, the running time required will linearly depend upon the length of the list,

whereas, in the best case, the search element will be found in the first comparison.

The average-case running time is the average running time required for an algorithm to execute.
In this analysis, we compute the average over the running time for all possible input values. Gen-
erally, probabilistic analysis is used to analyze the average-case running time of an algorithm,
which is computed by averaging the cost over the distribution of all the possible inputs. For ex-
ample, in the linear search, the number of comparisons at all positions would be 1if the element
to be searched was found at the 0" index; and similarly, the number of comparisons would be 2,
3, and so forth, up to n, respectively, for elements found atthe 1, 2, 3, .. (n-1) index positions.

Thus, the average-case running time will be as follows.

1+2+3..n n(n+1)

) = n 2n

For average-case, the running time required is also linearly dependent upon the value of n. How-
ever, in mostreal-world applications, worst-case analysis is mostly used, since it gives a guarantee
that the running time will not take any longer than the worst-case running time of the algorithm

for any input value.

Best-case running time is the minimum time needed for an algorithm to run; it is the lower
bound on the running time required for an algorithm; in the example above, the input data is

organized in such a way that it takes its minimum running time to execute the given algorithm.

Space complexity

The space complexity of the algorithm estimates the memory requirement to execute it on a
computer to produce the output as a function of input data. The memory space requirement of
an algorithm is one of the criteria used to decide how efficientitis. While executing the algorithm
on the computer system, storage of the input is required, along with intermediate and tempo-
rary data in data structures, which are stored in the memory of the computer. In order to write a
programming solution for any problem, some memory is required for storing variables, program
instructions, and executing the program on the computer. The space complexity of an algorithm

is the amount of memory required for executing and producing the result.
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For computing the space complexity, consider the following example, in which, given a list of

integer values, the function returns the square value of the corresponding integer number.

def squares(n):
square_numbers = []
for number in n:
square_numbers.append(number * number)

return square_numbers

nums = [2, 3, 5, 8 ]

print(squares(nums))

The output of the code is:

[4, 9, 25, 64]

In the above code, the algorithm will require allocating memory for the number of items in the
inputlist. Say the number of elements in the inputis n, then the space requirement increases with

the input size, therefore, the space complexity of the algorithm becomes 0(n).

Given two algorithms to solve a given problem, with all other requirements being equal, then the
algorithm thatrequires less memory can be considered more efficient. For example, suppose there
are two search algorithms, one has 0(n) and another algorithm has 0(nlogn) space complexity.
The first algorithm is the better algorithm as compared to the second with respect to the space
requirements. Space complexity analysis is important to understand the efficiency of an algorithm,

especially for applications where the memory space requirement is high.

When the input size becomes large enough, the order of growth also becomes important. In
such situations, we study the asymptotic efficiency of algorithms. Generally, algorithms that are
asymptotically efficient are considered to be better algorithms for large-size inputs. In the next

section, we will study asymptotic notation.

Asymptotic notation

To analyze the time complexity of an algorithm, the rate of growth (order of growth) is very
important when the input size is large. When the input size becomes large, we only consider the
higher-order terms and ignore the insignificant terms. In asymptotic analysis, we analyze the
efficiency of algorithms for large input sizes considering the higher order of growth and ignoring

the multiplicative constants and lower-order terms.
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We compare two algorithms with respect to input size rather than the actual runtime and measure
how the time taken increases with an increased input size. The algorithm which is more efficient
asymptotically is generally considered a better algorithm as compared to the other algorithm. The
following asymptotic notations are commonly used to calculate the running time complexity of

an algorithm:

*  Onotation: It denotes the worst-case running time complexity with a tight bound.
* O notation: It denotes the worst-case running time complexity with an upper bound,
which ensures that the function never grows faster than the upper bound.

¢ Qnotation: It denotes the lower bound of an algorithm’s running time. It measures the

best amount of time to execute the algorithm.

Theta notation

The following function characterizes the worst-case running time for the first example discussed

in the Time complexity section:
T(n)=c+cxn+cxn

Here, for a large input size, the worst-case running time will be 8(n) (pronounced as theta of n).
We usually consider one algorithm to be more efficient than another if its worst-case running
time has a lower order of growth. Due to constant factors and lower-order terms, an algorithm
whose running time has a higher order of growth might take less time for small inputs than an
algorithm whose running time has a lower order of growth. For example, once the input size n
becomes large enough, the merge sort algorithm performs better as compared to insertion sort

with worst-case running times of ©(1ogn) and 8(n’) respectively.

Theta notation (6) denotes the worst-case running time for an algorithm with a tight bound. For a

given function F(n), the asymptotic worst-case running time complexity can be defined as follows.
T(n) = 6(F(n))
iff there exists constants n,, ¢;,, and ¢, such that:

0 <q(F(n) < T() < cy(Fn)) foralln = no

The function T(n) belongs to a set of functions © (F(n)) if there exists positive constants ¢; and c,
such that the value of T'(n) always lies in between ¢,F(n) and ¢,F(n) for all large values of n. If this

condition is true, then we say F(n) is asymptotically tight bound for T(n).
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Figure 