
Practical Quantum 
Computing for 
Developers

Programming Quantum Rigs in the  
Cloud using Python, Quantum Assembly 
Language and IBM QExperience
—
Vladimir Silva



Practical Quantum 
Computing for Developers

Programming Quantum Rigs in the 
Cloud using Python, Quantum 
Assembly Language and IBM  

QExperience

Vladimir Silva



Practical Quantum Computing for Developers: Programming Quantum Rigs in the 
Cloud using Python, Quantum Assembly Language and IBM QExperience

ISBN-13 (pbk): 978-1-4842-4217-9   ISBN-13 (electronic): 978-1-4842-4218-6
https://doi.org/10.1007/978-1-4842-4218-6

Library of Congress Control Number: 2018966346

Copyright © 2018 by Vladimir Silva 

This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part of the 
material is concerned, specifically the rights of translation, reprinting, reuse of illustrations, recitation, 
broadcasting, reproduction on microfilms or in any other physical way, and transmission or information 
storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar methodology now 
known or hereafter developed.

Trademarked names, logos, and images may appear in this book. Rather than use a trademark symbol with 
every occurrence of a trademarked name, logo, or image we use the names, logos, and images only in an 
editorial fashion and to the benefit of the trademark owner, with no intention of infringement of the 
trademark. 

The use in this publication of trade names, trademarks, service marks, and similar terms, even if they are not 
identified as such, is not to be taken as an expression of opinion as to whether or not they are subject to 
proprietary rights.

While the advice and information in this book are believed to be true and accurate at the date of publication, 
neither the authors nor the editors nor the publisher can accept any legal responsibility for any errors or 
omissions that may be made. The publisher makes no warranty, express or implied, with respect to the 
material contained herein.

Managing Director, Apress Media LLC: Welmoed Spahr
Acquisitions Editor: Steve Anglin
Development Editor: Matthew Moodie
Coordinating Editor: Mark Powers

Cover designed by eStudioCalamar

Cover image designed by Freepik (www.freepik.com)

Distributed to the book trade worldwide by Springer Science+Business Media New York, 233 Spring Street, 
6th Floor, New York, NY 10013. Phone 1-800-SPRINGER, fax (201) 348-4505, e-mail orders-ny@springer-
sbm.com, or visit www.springeronline.com. Apress Media, LLC is a California LLC and the sole member 
(owner) is Springer Science + Business Media Finance Inc (SSBM Finance Inc). SSBM Finance Inc is a 
Delaware corporation.

For information on translations, please e-mail editorial@apress.com; for reprint, paperback, or audio rights, 
please email bookpermissions@springernature.com.

Apress titles may be purchased in bulk for academic, corporate, or promotional use. eBook versions and 
licenses are also available for most titles. For more information, reference our Print and eBook Bulk Sales 
web page at http://www.apress.com/bulk-sales.

Any source code or other supplementary material referenced by the author in this book is available to 
readers on GitHub via the book’s product page, located at www.apress.com/9781484242179. For more 
detailed information, please visit http://www.apress.com/source-code.

Printed on acid-free paper

Vladimir Silva
CARY, NC, USA

https://doi.org/10.1007/978-1-4842-4218-6


iii

About the Author ����������������������������������������������������������������������������������������������������� ix

About the Technical Reviewer ��������������������������������������������������������������������������������� xi

Introduction ����������������������������������������������������������������������������������������������������������� xiii

Table of Contents

Chapter 1:  The Bizarre and Awesome World of Quantum Mechanics����������������������� 1

The Golden Age of Physics in the Twentieth Century �������������������������������������������������������������������� 2

Max Planck and the Ultraviolet Catastrophe Started It All ������������������������������������������������������������ 2

Bohr’s Quantum Jump ������������������������������������������������������������������������������������������������������������������ 4

Clash of Titans: Quantum Cats and the Uncertainty Principle ������������������������������������������������������� 5

Enter the Almighty Wave Function ������������������������������������������������������������������������������������������� 7

Probabilistic Interpretation of ψ: The Wave Function Was Meant to Defeat Quantum 
Mechanics Not Become Its Foundation ����������������������������������������������������������������������������������� 8

The Quantum Cat Attempts to Crash Born’s Probabilistic Party ���������������������������������������������� 9

Uncertainty Principle ������������������������������������������������������������������������������������������������������������� 10

Interference and the Double Slit Experiment ������������������������������������������������������������������������� 11

Einstein to Bohr: God Does Not Throw Dice �������������������������������������������������������������������������������� 13

Bohr to Einstein: You Should Not Tell God What to Do ����������������������������������������������������������������� 14

Entanglement and the EPR Paradox: Spooky Action at a Distance ��������������������������������������������� 15

Bell’s Inequality: A Test for Entanglement ����������������������������������������������������������������������������������� 16

EPR Paradox Defeated: Bohr Has the Last Laugh ����������������������������������������������������������������������� 18

Reality Playing Tricks on Us: Is Everything Interconnected? ������������������������������������������������������� 21



iv

Chapter 2:  Quantum Computing: Bending the Fabric of Reality Itself �������������������� 23

The Transistor Is in a Collision Course with the Laws of Physics ������������������������������������������������ 24

Five-Nanometer Transistor: Big Problem ������������������������������������������������������������������������������������ 26

Quantum Scale and the Demise of the Transistor ����������������������������������������������������������������������� 29

Electron Tunnelling ���������������������������������������������������������������������������������������������������������������� 29

Slit Experiments �������������������������������������������������������������������������������������������������������������������� 37

Possible Futures for the Transistor ��������������������������������������������������������������������������������������������� 38

Enter Richard Feynman and the Quantum Computer ������������������������������������������������������������������ 38

The Qubit Is Weird and Awesome at the Same Time ������������������������������������������������������������������� 40

Superposition of States ��������������������������������������������������������������������������������������������������������� 41

Entanglement: Observing a Qubit Reveals the State of Its Partner ��������������������������������������� 42

Qubit Manipulation with Quantum Gates ������������������������������������������������������������������������������� 43

Qubit Design �������������������������������������������������������������������������������������������������������������������������� 49

Quantum Computers vs� Traditional Hardware ���������������������������������������������������������������������������� 57

Complex Simulations ������������������������������������������������������������������������������������������������������������� 58

Molecular Modelling and New Materials ������������������������������������������������������������������������������� 58

Sophisticated Deep Learning������������������������������������������������������������������������������������������������� 59

Quantum Neural Networks (QNN) and Artificial Intelligence (AI) ������������������������������������������� 61

Pitfalls of Quantum Computers: Decoherence and Interference ������������������������������������������������� 62

Decoherence (Longevity) ������������������������������������������������������������������������������������������������������� 62

Quantum Error Correction (QEC) �������������������������������������������������������������������������������������������� 64

The 50-Qubit Processor and the Quest for Quantum Supremacy ����������������������������������������������� 66

Quantum Annealing (QA) and Energy Minimization Controversy ������������������������������������������������� 68

2000   Qubits: Things Are Not As They Seem ��������������������������������������������������������������������������� 69

Quantum Annealing: A Subset of Quantum Computing ��������������������������������������������������������� 70

Universal Quantum Computation and the Future ������������������������������������������������������������������������ 73

Google and Quantum Artificial Intelligence ��������������������������������������������������������������������������� 73

Quantum Machines in the Data Center ���������������������������������������������������������������������������������� 74

The Race Is Going Global ������������������������������������������������������������������������������������������������������� 75

Future Applications ���������������������������������������������������������������������������������������������������������������� 76

Table of ConTenTs



v

Chapter 3: Enter the IBM Q Experience: A One-of-a-Kind Platform for  
Quantum Computing in the Cloud ��������������������������������������������������������������������������� 77

Getting Your Feet Wet with IBM Q Experience ����������������������������������������������������������������������������� 78

Quantum Composer ��������������������������������������������������������������������������������������������������������������� 79

Quantum Gates ���������������������������������������������������������������������������������������������������������������������� 79

Quantum Backends Available for Use ������������������������������������������������������������������������������������ 82

Opus 1: Variations on Bell and GHZ States ���������������������������������������������������������������������������������� 89

Bell States and Spooky Action at a Distance ������������������������������������������������������������������������� 89

Even Spookier: GHZ States Tests ������������������������������������������������������������������������������������������� 94

Super Determinism: A Way Out of the Spookiness� Was Einstein Right All Along? ���������������� 98

Remote Access via the REST API ���������������������������������������������������������������������������������������������� 101

Authentication ��������������������������������������������������������������������������������������������������������������������� 102

List Available Backends ������������������������������������������������������������������������������������������������������� 103

Get Calibration Information for a Given Processor �������������������������������������������������������������� 106

Get Backend Parameters ����������������������������������������������������������������������������������������������������� 108

Get the Status of a Processor’s Queue �������������������������������������������������������������������������������� 111

List Jobs in the Execution Queue ���������������������������������������������������������������������������������������� 112

Get Account Credit Information ������������������������������������������������������������������������������������������� 114

List User’s Experiments ������������������������������������������������������������������������������������������������������� 115

Run Experiment ������������������������������������������������������������������������������������������������������������������� 117

Run a Job ���������������������������������������������������������������������������������������������������������������������������� 123

Get the API Version �������������������������������������������������������������������������������������������������������������� 126

A Node JS Client for the IBMQuantumExperience ��������������������������������������������������������������������� 127

Build a Node Module for IBMQuantumExperience ��������������������������������������������������������������� 128

Export API Methods ������������������������������������������������������������������������������������������������������������� 129

Authenticate with a Token ��������������������������������������������������������������������������������������������������� 130

List Backends ���������������������������������������������������������������������������������������������������������������������� 133

List Calibration Parameters ������������������������������������������������������������������������������������������������� 134

Run the Experiment ������������������������������������������������������������������������������������������������������������� 136

Debugging and Testing �������������������������������������������������������������������������������������������������������� 138

Share with the World: Publish Your Module ������������������������������������������������������������������������� 140

Table of ConTenTs



vi

Chapter 4:  QISKit, Awesome SDK for Quantum Programming in Python �������������� 143

Installing the QISKit ������������������������������������������������������������������������������������������������������������������� 143

Setting Up in Windows��������������������������������������������������������������������������������������������������������� 144

Setting Up in Linux CentOS �������������������������������������������������������������������������������������������������� 145

Qubit 101: It’s Just Basic Algebra ��������������������������������������������������������������������������������������������� 149

Algebraic Representation of a Quantum Bit ������������������������������������������������������������������������ 151

Changing the State of a Qubit with Quantum Gates ������������������������������������������������������������ 153

Universal Quantum Computation Delivers Shortcuts over Classical Computation �������������� 160

Your First Quantum Program ����������������������������������������������������������������������������������������������������� 161

SDK Internals: Circuit Compilation and QASM ��������������������������������������������������������������������� 166

Running in a Real Quantum Device ������������������������������������������������������������������������������������� 175

Quantum Assembly: The Power Behind the Scenes ������������������������������������������������������������������ 188

Chapter 5: Start Your Engines: From Quantum Random Numbers to  
Teleportation, Pit Stop at Super Dense Coding ����������������������������������������������������� 193

Quantum Random Number Generation ������������������������������������������������������������������������������������� 193

Random Bit Generation Using the Hadamard Gate �������������������������������������������������������������� 194

Putting Randomness Results to the Test ����������������������������������������������������������������������������� 200

Super Dense Coding ������������������������������������������������������������������������������������������������������������������ 201

Circuit for Composer ������������������������������������������������������������������������������������������������������������ 204

Running Remotely Using Python ����������������������������������������������������������������������������������������� 205

Looking at the Results ��������������������������������������������������������������������������������������������������������� 208

Quantum Teleportation �������������������������������������������������������������������������������������������������������������� 210

Circuit for Composer ������������������������������������������������������������������������������������������������������������ 212

Running Remotely Using Python ����������������������������������������������������������������������������������������� 213

Looking at the Results ��������������������������������������������������������������������������������������������������������� 219

Chapter 6:  Fun with Quantum Games ������������������������������������������������������������������� 223

Quantum Battleship with a Twist ���������������������������������������������������������������������������������������������� 224

Setup Instructions ��������������������������������������������������������������������������������������������������������������� 225

Initialization ������������������������������������������������������������������������������������������������������������������������� 225

Set Ships in the Board ��������������������������������������������������������������������������������������������������������� 227

Main Loop and Results �������������������������������������������������������������������������������������������������������� 229

Table of ConTenTs



vii

Cloud Battleship: Modifying for Remote Access ����������������������������������������������������������������������� 236

Exercise 1: Decouple the User Interface from the Game Logic ������������������������������������������� 237

Exercise 2: Build a Web Interface for the Ship-Bomb Boards ���������������������������������������������� 238

Exercise 3: Deploy and Troubleshoot in Apache HTTPD ������������������������������������������������������� 241

Solution 1: A Reusable Python Program ������������������������������������������������������������������������������ 241

Solution 2: User Interface ���������������������������������������������������������������������������������������������������� 248

Solution 3: Deploy and Test ������������������������������������������������������������������������������������������������� 262

Troubleshooting ������������������������������������������������������������������������������������������������������������������� 265

Further Improvements ��������������������������������������������������������������������������������������������������������� 267

Chapter 7: Game Theory: With Quantum Mechanics, Odds Are Always in  
Your Favor������������������������������������������������������������������������������������������������������������� 283

Counterfeit Coin Puzzle ������������������������������������������������������������������������������������������������������������� 284

Counterfeit Coin, the Quantum Way ������������������������������������������������������������������������������������� 286

Step 1: Query the Quantum Beam Balance ������������������������������������������������������������������������� 287

Step 2: Construct the Quantum Balance ������������������������������������������������������������������������������ 289

Step 3: Identify the False Coin ��������������������������������������������������������������������������������������������� 290

Generalization for Any Number of False Coins �������������������������������������������������������������������� 292

Mermin-Peres Magic Square ���������������������������������������������������������������������������������������������������� 293

Mermin-Peres Magic Square Exercise �������������������������������������������������������������������������������� 295

Quantum Winning Strategy �������������������������������������������������������������������������������������������������� 296

Shared Entangled State ������������������������������������������������������������������������������������������������������� 296

Unitary Transformations ������������������������������������������������������������������������������������������������������ 298

Measure in the Computational Basis ����������������������������������������������������������������������������������� 305

Answers for the Mermin-Peres Magic Square Exercise ������������������������������������������������������ 310

Chapter 8: Faster Search plus Threatening the Foundation of Asymmetric 
Cryptography with Grover and Shor ��������������������������������������������������������������������� 313

Quantum Unstructured Search �������������������������������������������������������������������������������������������������� 314

Phase Inversion ������������������������������������������������������������������������������������������������������������������� 315

Inversion About the Mean ���������������������������������������������������������������������������������������������������� 316

Practical Implementation����������������������������������������������������������������������������������������������������� 318

Generalized Circuit �������������������������������������������������������������������������������������������������������������� 321

Table of ConTenTs



viii

Integer Factorization with Shor’s Algorithm ������������������������������������������������������������������������������ 325

Challenging Asymmetric Cryptography with Quantum Factorization ���������������������������������� 325

Period Finding ��������������������������������������������������������������������������������������������������������������������� 327

Shor’s Algorithm by ProjectQ ����������������������������������������������������������������������������������������������� 331

Index ��������������������������������������������������������������������������������������������������������������������� 339

Table of ConTenTs



ix

About the Author

Vladimir Silva holds a Master’s degree in Computer science from Middle TN State 

University. He worked for 5 years for IBM as a Research Engineer where he acquired 

extensive experience in distributed and Grid computing.

He holds numerous IT certifications, including OCP, MCSD, and MCP, and has 

written many technical articles for IBM developerWorks. His previous books include Grid 

Computing for Developers (Charles River Media), Practical Eclipse Rich Client Platform 

(Apress), Pro Android Games (Apress), and Advanced Android 4 Games (Apress).

An avid marathon runner, with over 16 races completed all over the state of NC 

(by the time of this writing), when not coding, writing or running he enjoys playing his 

classic guitar and pondering about awesome things like Quantum Mechanics.  



xi

About the Technical Reviewer

Jason Whitehorn is an experienced entrepreneur and 

software developer and has helped many oil and gas 

companies automate and enhance their oilfield solutions 

through field data capture, SCADA, and machine learning. 

Jason obtained his Bachelor of Science in Computer Science 

from Arkansas State University, but he traces his passion 

for development back many years before then, having first 

taught himself to program BASIC on his family’s computer 

while still in middle school.

When he’s not mentoring and helping his team at work, 

writing, or pursuing one of his many side projects, Jason enjoys spending time with his 

wife and four children and living in the Tulsa, Oklahoma region. More information about 

Jason can be found on his website:  https://jason.whitehorn.us

https://jason.whitehorn.us/


xiii

Introduction

I wrote this book to be the ultimate guide for programming a quantum computer in the 

cloud. Thanks to the good folks at IBM Research, this is now possible. IBM has made 

their prototype quantum rig (known as the IBM Q Experience) available not only for 

research but for individuals in general interested in this field of computing.

Quantum computing is gaining traction, and now is the time to learn to program 

these machines. In years to come, the first commercial quantum computers should be 

available, and they promise significant computational speedups compared to classical 

computers. Consider the following graph showing the time complexities for two large 

integer factorization algorithms: the best classical algorithm, the Number Field Sieve, vs. 

the quantum factorization algorithm developed by Peter Shor.
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Shor’s algorithm provides a significant speedup over the Number Field Sieve for a 

problem, that is, the foundation of current cryptography. A practical implementation of 

this algorithm will render current asymmetric encryption useless!

All in all, this book is a journey of understanding. If you find the concepts explained 

throughout the chapters difficult to grasp, then you are not alone. The great physicist 

Richard Feynman once said: If somebody tells you he understands quantum mechanics, it 

means he doesn’t understand quantum mechanics. Even the titans of this bizarre theory 

have struggled to understand what it all means.

I have tried to explore quantum computation to the best of my abilities by using real- 

world algorithms, circuits, code, and graphical results. Some of the algorithms included 

in this manuscript defy logic and seem more voodoo magic than a computational 

description of a physical system. This is the main reason I decided to tackle this subject. 

Even though I find it hard to understand the mind-bending principles of quantum 

mechanics, I’ve always been fascinated by this awesome theory. Thus when IBM came 

up with its one-of-a-kind quantum computing platform for the cloud, and opened it up 

for the rest of us, I jumped to the opportunity to learn and create this manuscript.

Ultimately, this is my take on quantum computing in the cloud, and I hope you find 

as much enjoyment reading it as I got writing it. My humble advice: Learn to program 

quantum computers; soon they will be ever present in the data center, doing everything 

from search and simulations to medicine and artificial intelligence. You name it. In 

general terms, the manuscript is divided into the following chapters:

 Chapter 1: The Bizarre and Awesome World 
of Quantum Mechanics
It all began in the 1930s with Max Planck, the reluctant genius. He came up with a 

new interpretation for the energy distribution of the light spectrum. He started it all by 

unwillingly postulating that the energy of the photon was not described by a continuous 

function, as believed by classical physicists, but by tiny chucks he called quanta. He was 

about to start the greatest revolution in science in this century: quantum mechanics. This 

chapter is an appetizer to the main course and explores the clash of two titans of physics: 

Albert Einstein and Niels Bohr. Quantum mechanics was a revolutionary theory in the 

1930s, and most of the scientific establishment was reluctant to accept it, including the 

colossus of the century: Albert Einstein. Fresh from winning the Nobel Prize, Einstein 

never accepted the probabilistic nature of quantum mechanics. This caused a rift with 
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its biggest champion: Niels Bohr. The two greats debated it out for decades and never 

resolved their differences. Ultimately, quantum mechanics has withstood 70 years 

of theoretical and experimental challenges, to emerge always triumphant. Read this 

chapter and explore the theory, experiments, and results, all under the cover of the 

incredible story of these two extraordinary individuals.

 Chapter 2: Quantum Computing: Bending the Fabric 
of Reality Itself
In the 1980s, another great physicist – Richard Feynman – proposes a quantum 

computer, that is, a computer that can take advantage of the principles of quantum 

mechanics to solve problems faster. The race is on to construct such a machine. This 

chapter explores, in general terms, the basic architecture of a quantum computer: 

qubits, the basic blocks of quantum computation. They may not seem like much, but 

they have almost magical properties: superposition; believe it or not, a qubit can be 

in two states at the same time: 0 and 1. This concept is hard to grasp at the macroscale 

where we live. Nevertheless, at the atomic scale, all bets are off. This fact has been proven 

experimentally for over 70 years. Thus superposition allows a quantum computer to 

outmuscle a classical computer by performing large amounts of computation with 

relatively small numbers of qubits. Another mind bender is qubit entanglement: 

something that, when explored, seems more like voodoo magic than a physical 

principle. Entangled qubits transfer states, when observed, faster than the speed of light 

across time or space! Wrap your head around that. All in all, this chapter explores all 

the physical components of a quantum computer: quantum gates, types of qubits such 

as superconducting loops, ion traps, topological braids, and more. Furthermore, the 

current efforts of all major technology players in the subject are described, as well as 

other types of quantum computation such as quantum annealing.

 Chapter 3: Enter the IBM Q Experience: A One-of-a-
Kind Platform for Quantum Computing in the Cloud
In this chapter, you will get your feet wet with the IBM Q Experience. This is the first 

quantum computing platform in the cloud that provides real or simulated quantum 

devices for the rest of us. Traditionally, a real quantum device will be available only for 
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research purposes. Not anymore, thanks to the folks at IBM who have been building this 

stuff for decades and graciously decided to open it up for public use.

Learn how to create a quantum circuit using the visual Composer or write it down 

using the excellent Python SDK for the programmer within you. Then execute your 

circuit in the real thing, explore the results, and take the first step in your new career as a 

quantum programmer. IBM may have created the first quantum computing platform in 

the cloud, but its competitors are close behind. Expect to see new cloud platforms in the 

near future from other IT giants. Now is the time to learn.

 Chapter 4: QISKit, Awesome SDK for Quantum 
Programming in Python
QISKit stands for Quantum Information Software Kit. It is a Python SDK to write 

quantum programs in the cloud or a local simulator. In this chapter, you will learn how 

to set up the Python SDK in your PC. Next, you will learn how the quantum gates are 

described using linear algebra to gain a deeper understanding of what goes on behind 

the scenes. This is the appetizer to your first quantum program, a very simple thing 

to familiarize yourself with the syntax of the Python SDK. Finally you will run it in a 

real quantum device. Of course, quantum programs can also be created visually in the 

Composer. Gain a deeper understanding of quantum gates, the basic building blocks of a 

quantum program. All this and more is covered in this chapter.

 Chapter 5: Start Your Engines: From Quantum 
Random Numbers to Teleportation, Pit Stop at  
Super Dense Coding
This chapter is a journey through three remarkable information processing capabilities 

of quantum systems. Quantum random number generation explores the nature of 

quantum mechanics as a source for true randomness. You will learn how this can be 

achieved using very simple logic gates and the Python SDK. Next, this chapter explores 

two related information processing protocols: super dense coding and quantum 

teleportation. They have exuberant names and almost magical properties. Discover 

their secrets, write circuits for the Composer, execute remotely using Python, and finally 

interpret and verify their results.
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 Chapter 6: Fun with Quantum Games
In this chapter, you will learn how to implement a basic game in a quantum computer. 

For this purpose, we use the quintessential Quantum Battleship distributed with the 

QISKit Python tutorial. The first part looks at the mechanics of the game, yet we don’t 

stop there. The second part of this chapter takes things to the next level by giving it a 

major face-lift. In this part, you will put Quantum Battleship in the cloud by giving it a 

browser-based user interface, an Apache CGI interface to consume events and dispatch 

them to the quantum simulator, and more. Impress your friends and family by playing 

Quantum Battleship with your web browsers in the cloud.

 Chapter 7: Game Theory: With Quantum Mechanics, 
Odds Are Always in Your Favor
This is a weird one, even for quantum mechanics standards. This chapter explores 

two game puzzles that show the remarkable power of quantum algorithms over their 

classical counterparts: the counterfeit coin puzzle and the Mermin-Peres Magic Square. 

In the counterfeit coin puzzle, a quantum algorithm is used to reach quartic speedup 

over the classical solution for finding a fake coin using balance scale a limited number of 

times. The Mermin-Peres Magic Square is an example of quantum pseudo-telepathy or 

the ability of players to almost read each other’s minds achieving outcomes only possible 

if they communicate during the game.

 Chapter 8: Faster Search plus Threatening the 
Foundation of Asymmetric Cryptography with 
Grover and Shor
This chapter brings proceedings to a close with two algorithms that have generated 

excitement about the possibilities of practical quantum computation: Grover’s search, an 

unstructured quantum search algorithm capable of finding inputs at an average of square 

root of N steps. This is much faster than the best classical solution at N/2 steps. It may not 

seem that much, but, when talking about very large databases, this algorithm can crush it 

in the data center. Expect all web searches to be performed by Grover’s in the future. Shor’s 

integer factorization: The notorious quantum factorization that experts say could bring 

current asymmetric cryptography to its knees. This is the best example of the power of 

quantum computation by providing exponential speedups over the best classical solution.

InTroduCTIon



1
© Vladimir Silva 2018
V. Silva, Practical Quantum Computing for Developers, https://doi.org/10.1007/978-1-4842-4218-6_1

CHAPTER 1

The Bizarre and  
Awesome World of 
Quantum Mechanics
The story of quantum mechanics is a fable of wonder and bewilderment. It has elements 

of science, philosophy, religion, and dare I say magic. It’ll turn your mind upside down, 

and sometimes it’ll make you question the existence of an all-powerful creator out there. 

Even though I find its concepts difficult to grasp, I’ve always been fascinated by it. Some 

of the concepts presented in this chapter are hard to understand; however don’t be 

troubled. Nobody has been able to fully describe what this all means, not even the titans 

of physics fully understand quantum mechanics. However that doesn’t mean we can’t be 

fascinated by it. The great physicist Richard Feynman once said: If somebody tells you he 

understands quantum mechanics, it means he doesn’t understand quantum mechanics. 

This chapter is my take on this fascinating fable and how the struggle of two titans of 

science shaped its past, present, and future.

It all began in the 1930s, after Albert Einstein rose to world fame with the theory of 

special relativity which built upon Newtonian physics to unify the heavens and the earth. 

While Einstein was looking to the heavens, a new breed of scientists were looking at the 

very small. Spearheaded by giants of physics such as Max Planck, Ernest Rutherford, and 

Niels Bohr, it started a clash of titans and one of the greatest debates of physics in the 

twentieth century – on one side, Albert Einstein, fresh from winning the Nobel Prize for 

his groundbreaking discoveries on the nature of light and special relativity and, on the 

other side, Niels Bohr, whose contributions to the field of quantum mechanics would 

earn him a Nobel Prize in 1922 and the prestigious Order of the Elephant, a Danish 

distinction normally reserved for royalty. Let’s take a look how the struggle between 

these two greats shaped the science masterpiece, that is, quantum mechanics.
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 The Golden Age of Physics in the Twentieth Century
At the beginning of the twentieth century, British scientist Ernest Rutherford made a 

startling discovery about the nature of the atom. He postulated that atoms look like 

tiny solar systems, made of a tiny nucleus with positive charge and electrons negatively 

charged rotating like tiny planes around it. This was a remarkable insight as it was 

previously believed that the atom was a simple spherical blob of mass with positive and 

negative charges.

Bohr arrived at Rutherford’s lab in Cambridge in 1920 and fell in love with 

Rutherford’s model of the atom, but there was a problem, and a big one. If classical 

Newtonian physics are applied to Rutherford’s model where negatively charged 

electrons rotate around a positively charged nucleus, the electron will eventually fall 

inside and crash against the nucleus creating a catastrophic paradox. Nothing should 

exist, as electrons will crash in a matter of seconds. Bohr saw this, and with undeterred 

excitement, he delayed his marriage and canceled his honeymoon in an effort to save 

Rutherford’s model. Bohr postulates in a paper that electrons move in fixed orbits that 

cannot change. This goes against the basis of Newtonian physics but draws upon new 

ideas from the father of quantum mechanics, Max Planck.

 Max Planck and the Ultraviolet Catastrophe  
Started It All
Planck suggested that heat and light come in units that cannot be divided, which he 

called “energy quanta.” Planck’s idea came from his efforts to solve the black-body 

radiation experiments where a body that completely absorbs all radiation (heat) inside 

it has a cavity that allows some radiation to escape (see Figure 1-1). As the heat increases 

inside the box, the frequency of the radiation reaches ranges visible to the human eye, 

glowing at different colors. It was well known by porcelain makers at the time that all 

bodies produce fixed colors at given temperatures (see Table 1-1).

Chapter 1  the Bizarre and awesome world of Quantum meChaniCs 
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Figure 1-1. Black-body radiation experiment results

Table 1-1. Light Colorization at 

Different Temperatures

Temperature (°C) Color

500 dark red

800 Cherry red

900 orange

1000 Yellow

1200 white

Chapter 1  the Bizarre and awesome world of Quantum meChaniCs 
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Figure 1-1 shows the black-body radiation experiment along with the results 

provided by the classical theory of radiation curves collected from experiments in the 

1890s. Classical physicist’s experiments predicted infinite intensities for the ultraviolet 

spectrum. This became known as the ultraviolet catastrophe and was the product of 

dubious theoretical arguments and experimental results. If true, this would mean, for 

example, that it will be dangerous to seat anywhere close to a fireplace! Planck sought to 

find a solution to the ultraviolet catastrophe.

Planck used the second law of thermodynamics also known as entropy to derive a 

formula for the experimental results derived from the black-body radiation problem.

S = k log W

This is Boltzmann’s entropy (S), where k is known as the Boltzmann’s constant and 

W is the probability that a particular arrangement of atoms will occur for an element be 

that a solid, liquid, or gas.

Using Boltzmann’s statistical method to calculate entropy, Planck sought a formula 

to match the results of the black-body experiment. By dividing the total energy (e) in 

chunks proportional to the frequency (f), he came up with the equation:

e = hf

where e is a chunk of energy, h is known as the Planck constant, and f is the frequency. 

Yet, he faced an obstacle; Boltzmann’s statistical method demanded the chunks 

decrease to zero over time. This will nullify his equation and thus defeat its validity. After 

much struggle, Planck was forced reluctantly to postulate that the energy quantity must 

be finite. And here comes Planck’s incredible insight; if this is correct, it meant that is not 

possible for an oscillator to absorb or emit energy in a continuous range. It must absorb 

or emit energy in small indivisible chunks of e = hf which he called “energy quanta,” 

hence the term quantum mechanics.

 Bohr’s Quantum Jump
Bohr applied Plank’s groundbreaking idea of energy quanta to the atom, the smallest 

unit of matter. He provided a bold description of the relationship of the atom and light 

where the electron which rotates around the nucleus will emit or absorb light causing a 

quantum jump. A quantum jump was therefore a transition between two states; however 

Bohr was incapable of fully describing it.

Chapter 1  the Bizarre and awesome world of Quantum meChaniCs 
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This idea was met with skepticism by other scientists who labelled his theory as 

nonsense, a cheap excuse for not knowing, or too bold, too fantastic to be true. The 

result was a rift in the physics community with one camp around Bohr believing in the 

quantum nature of matter and those supporting the classical view. Einstein will soon 

join the fight in the classical side of the struggle.

 Clash of Titans: Quantum Cats and the Uncertainty 
Principle
By the mid-1920s the new theory about the quantum nature of matter is in shaky 

ground facing the real prospect of an early demise. It will take two new groundbreaking 

discoveries to solidify its foundation.

The first came around 1926 when German physicist Werner Heisenberg sought 

to legitimize Bohr’s view by creating a mathematical description of the atom for 

what is now known as matrix mechanics. This idea was considered too complex 

to imagine even for the seasoned physicist. Nevertheless, Heisenberg’s greatest 

contribution to the field is his famous uncertainty principle, which we will explore 

next. A second discovery came from Austrian physicist Erwin Schrödinger who came 

up with a new description of the atom not as a particle but as a wave. This idea built 

upon arguments of Louis de Broglie, a French prince who postulated that particles 

may exhibit wave properties and that duality may be necessary to understand the 

nature of light (see Figure 1-2).

Figure 1-2. Duality of the nature of the photon. It behaves as both a particle and 
wave.

Chapter 1  the Bizarre and awesome world of Quantum meChaniCs 
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de Broglie used both Einstein’s famous equation for energy E = mc2 and 

Planck’s energy quanta e = hf to find a relation between the wavelength (λ) and the 

momentum (P) of a photon:

E = mc2 = (m c) * c

Given that (mc) is the momentum (P) of the photon and c (speed) = f 

(frequency) * λ (wavelength), the equation becomes:

E = (P) (f λ)

But wait, Planck’s relation states that energy E = (h)(f); thus using basic algebra,  

de Broglie concluded:

h * f = P * (f λ)

h = P * λ
λ = h / P

de Broglie showed that the wavelength of a photon decreases as the momentum 

increases (see Figure 1-3). By analogy, he proposed that this relation was true not only 

for photons but for all particles. Given that at the time, the momentum of the electron 

P = (mass)*(velocity) could be easily determined via experiment; this meant that 

the wavelength could be calculated from de Broglie’s equation! The idea seemed 

preposterous at the time, as classical physicists knew that the electron was a particle, a 

discovery made long ago by J. J. Thomson in 1897.

Figure 1-3. de Broglie relation between the wavelength and the momentum of a photon

Chapter 1  the Bizarre and awesome world of Quantum meChaniCs 
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Schrödinger used de Broglie’s ideas to find an approach that was more acceptable 

to the status quo, marking a return to the continuous, visualizable world of classical 

physics. He was right about his wave function but dead wrong about appeasing the 

status quo.

 Enter the Almighty Wave Function
Schrödinger sought to find a function that could be applied to any physical system 

for which a mathematical form of energy is known, thus creating his notorious wave 

function denoted by the Greek symbol ψ (pronounced Psi - see Figure 1-4). The wave 

function uses Fourier’s method of solving equations by expressing any mathematical 

function as the sum of an infinite series of other periodic functions. This technique is 

called the method of eigenvalues (eigen being the German word for “certain” – a term 

that is commonplace in quantum physics). Schrödinger wave function was immediately 

accepted as a mathematical tool of exceptional power for solving problems related to the 

atomic structure of matter and is considered to be one of the greatest achievements of 

the twentieth century.

Figure 1-4. Schrödinger famous wave function sought to describe any physical 
system with known energy

Chapter 1  the Bizarre and awesome world of Quantum meChaniCs 
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Bohr and Heisenberg joined forces with Schrödinger given the incredible power 

of his wave function, but they needed to work out their differences first. It all took 

place in 1926 at a newly formed institute in Copenhagen where the three giants met to 

discuss.

Schrödinger rejected the Bohr/Heisenberg concept of discontinuous quantum 

jumps in the atom structure. He wanted to use his new discovery as a pathway back to 

the continuous process of physics undisturbed by sudden transitions. He was in fact 

proposing a classical theory of matter based entirely on waves, even to the point of 

doubting the existence of particles. Schrödinger proposed that particles are in fact a 

superposition of waves, a claim that was later proved wrong by Hendrik Lorentz who 

brought him to his senses, proving that you can’t win them all after all. Schrödinger 

will later waver in his conviction on the importance of wave motion as the source of all 

physical reality.

Bohr, Heisenberg, and Schrödinger argued relentlessly until the point of exhaustion. 

Bohr demanded absolute clarity in all arguments, trying to force Schrödinger to admit 

that his interpretation was incomplete, Schrödinger clinging to his classical view, 

sometimes bemoaning his work on atomic theory and quantum jumps (something that 

he probably didn’t mean).

Schrödinger loathed Bohr interpretation of the atomic structure. A final piece was 

required before these two could come to terms on a solid quantum theory.

 Probabilistic Interpretation of ψ: The Wave Function 
Was Meant to Defeat Quantum Mechanics Not Become Its 
Foundation
Just like when the great rock guitarist Jimi Hendrix heard the tune Hey Joe, released a 

cover, and made it his own, thus creating arguably one of the greatest tune covers, so 

did the fathers of quantum mechanics. They realized the tremendous power of the 

wave function and made it their own. A little factoid about this story is that Schrödinger 

detested Planck’s noncontinuous interpretation of energy and heat. He wanted to use 

his smooth and continuous wave function to defeat Planck’s energy quanta. It is hard to 

believe, but in the 1930s, Planck’s discovery was so revolutionary that most physicists 

thought he was nuts. Nevertheless, just as Hendrix did with that tune, the founders of 

quantum mechanics will make the wave function theirs.

Chapter 1  the Bizarre and awesome world of Quantum meChaniCs 
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A breakthrough came from German physicist Max Born, who developed the idea of 

the wave function as the probability of an electron for a given state to scatter in some 

direction. Born stated that the probability (P) of the existence of a state is given by the 

square of the normalized amplitude of the wave function, that is, P = |ψ|2. This was 

groundbreaking at the time as Born claimed no more exact answers; all we get in atomic 

theory are probabilities. This brand new idea took Bohr interpretation of the atom in an 

entirely new direction (see Figure 1-5).

 The Quantum Cat Attempts to Crash Born’s  
Probabilistic Party
As Born’s idea about the probabilistic nature of ψ gained traction, Schrödinger 

through his wave function was being misused, and that originated the famous thought 

experiment that will be later known as the quantum cat, a story that you probably heard 

of. In the experiment, Schrödinger sought to rebuff Born’s probabilistic interpretation 

of ψ. It goes like this: a live cat is placed in a box with a radioactive source that triggers 

the release of a hammer that breaks a flask with poison that will kill the cat. Assuming 

a 50% probability of radioactive decay per hour, after one hour the mechanism 

will be triggered, thus killing the cat. Schrödinger claimed that according to Born’s 

interpretation, quantum theory will predict that after one hour, the box would contain 

Figure 1-5. Bohr vs. Max Born probabilistic view of the wave function

Chapter 1  the Bizarre and awesome world of Quantum meChaniCs 
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a cat that is neither dead nor alive but a mixture of both states, a superposition of both 

wave functions. Schrödinger thought this was ridiculous and would create a paradox. 

Yet today, this so-called paradox is used to teach about quantum probabilities and 

superposition of states.

This is the genius of superposition; as soon as the box is opened, the superimposed 

wave functions collapse into a single one making the cat dead or alive – thus the act 

of observation resolves the impasse. Yet another incredible insight will come from 

Heisenberg pondering about a certain amount of uncertainty about the position of a 

particle in the atomic structure championed by Bohr.

 Uncertainty Principle
Heisenberg pondered about how the position of a particle cannot be known in 

Bohr’s atom. After much reflection, in a moment of clarity, he realized that to know 

where a particle is, you have to look at it, and to look at it, you have to shine a photon 

of light on it. However, when you do this, it disturbs the particle position; thus the 

act of observing a particle changes its location. Heisenberg called this idea the 

uncertainty principle.

To study the problem, Heisenberg devised a hypothetical experiment using a 

microscope firing gamma rays, which carry high momentum and low frequency, 

toward a passing electron to be observed. With Bohr’s help, the goal was to describe a 

quantitative relationship by estimating the imprecision on a simultaneous measurement 

of the position and momentum. The imprecision of the position was found to be close to 

the wavelength of the radiation being used, ΔX ~ λ.

Similarly, the imprecision of the momentum of the electron is close to the 

momentum of the photon used to illuminate the particle, ΔP ~ h/ λ. Note that from 

the de Broglie equation it is known that the momentum of the photon (P) = h (Planck 

constant)/ λ (wavelength). Heisenberg showed that multiplying both inequalities, the 

product will always be greater or equal to h.

Δ X * Δ P ≥ λ * h/ λ
Δ X * Δ P ≥ h

This is Heisenberg uncertainty principle (HUP) which formally states: “The 

uncertainty of a simultaneous measurement of the momentum and position is always 

greater than a fixed amount and close to Planck’s constant h.”

Chapter 1  the Bizarre and awesome world of Quantum meChaniCs 
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There is a simple experiment physicists commonly use to show the uncertainty 

principle in action. It’s called the single slit experiment, and it goes as follows: A laser 

beam is fired through a single vertical wide slit and is reflected in a projection screen. 

What we see with the wide slit is exactly what we suspect, a dot projected on the screen. 

Now, if we make the width of the slit narrower and narrower, the sides of the dot start 

to get narrower too. Nevertheless, at around 1/100 of an inch, the uncertainty principle 

kicks in, and the direction of the beam becomes uncertain, according to Heisenberg. 

Thus now we observe the light to spread becoming wider and wider! Sounds crazy, 

how can the light become wider if we are making the slit narrower! It is extremely 

nonintuitive, but that’s how things work.

The uncertainty principle is extremely important because it unifies the rift between 

Schrödinger and Bohr laying down the foundation of the modern quantum theory. That 

is, the electron is a particle, as Bohr postulated, but we don’t know exactly where it is, 

as the uncertainty principle states (Heisenberg). Lastly, the probability of finding it is 

given by the wave function (Schrödinger/Born). Thus there is a duality in the nature 

of the electron, both as a particle and wave. With all this, a rock-solid view of quantum 

mechanics emerges that will later be known as the Copenhagen interpretation.

 Interference and the Double Slit Experiment
Interference is another incredible property of quantum mechanics, one that makes you 

think what in the world is going on behind the scenes of our reality. The great physicist 

Richard Feynman once said about interference: The essentials of quantum mechanics 

could be grasped from an exploration of interference and the double slit experiment.

Figure 1-6. Single slit experiment used to show the uncertainty principle in 
action
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It is well known that at the beginning of the nineteenth century, there was a debate 

raging about the nature of light. Some like Newton claimed it was made of particles; 

others postulated that it behaved like waves. Thus in 1801, Thomas Young came up 

with the double slit experiment in an attempt to settle things up: In the experiment, 

a beam of light is aimed at a barrier with two vertical slits. After the light passes 

through the slits, the resulting pattern is recorded on a photographic plate. When one 

slit is covered, a single line of light is displayed, aligned with whichever slit is open. 

Common sense and intuition tells us that when both slits are open, the resulting 

pattern would display as two lines of light, aligned with the slits. Incredibly this is not 

the case. What occurs in practice is that light passing through the slits and displayed 

on the photographic plate is separated into multiple lines of brightness and darkness 

in varying degrees (see Figure 1- 7).

This mind-bending result perplexed physicists who hypothesized that interference 

is taking place between the waves and particles going through the slits. If the beam of 

photons is slowed enough to ensure that individual photons are hitting the plate, one 

might expect there to see two lines of light (a single photon going through one slit or the 

other and ending up in one of two possible light lines). However that is not true. What 

happens is that somehow the light is doing the impossible: each photon not only goes 

through both slits but also simultaneously traverses every possible trajectory en route to 

the target (a principle called interference).

The fact that events like interference, which seem impossible, can occur at the 

atomic scale baffled the greatest minds at the time. Yet soon, this new theory will face its 

biggest challenge from the titan of physics, Albert Einstein.

Figure 1-7. Double slit experiment by Thomas Young
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 Einstein to Bohr: God Does Not Throw Dice
If you are involved in science, or even if you aren’t, you probably heard the famous 

phrase by Einstein “God does not throw dice.” It was coined during a series of letters 

exchanged with Bohr about the nature of quantum mechanics. Bohr believed the 

concepts of space-time do not apply at the atomic level. Einstein, on the other 

hand, was a firm believer in the fabric of space-time and thought this idea could 

be extended to the atomic scale. This was essentially the root of the disagreement 

between the two.

Einstein postulated that the properties of an atomic particle could be measured 

without disturbing it, an idea that goes against the Bohr/Heisenberg interpretation. 

The two giants faced in a gathering of the greatest physicists of the time in Brussels 

in 1927 where Einstein sought to prove once and for all that uncertainty does not 

rule reality.

Einstein challenged Bohr to a series of thought experiments to disprove the 

uncertainty principle. In round one, Einstein devised a box that he thought will be able 

to register the precise moment a particle of light was emitted from a small opening in the 

side of the box and at the same time measure its weight (see Figure 1-7).

Figure 1-8. Einstein’s experimental box to disprove the uncertainty principle
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In the thought experiment in Figure 1-7, the box has a light source with a clock 

designed to measure the precise time a photon is emitted. At the same time, the box 

hangs from a spring with a weight at the bottom and corresponding measuring device. 

The idea was simple: weight the box before and after the photon is emitted and at 

the same time register the precise time using the clock. The energy levels could be 

easily calculated using Einstein’s own equation E = mc2. Things didn’t look good for 

the uncertainty principle at that point. If the experiment was correct, the uncertainty 

principle will be disproven and quantum theory defeated.

Bohr got to work immediately trying to persuade Einstein that if his box works it 

would mean the end of physics. Bohr prevailed at the end by stating that Einstein forgot 

to take his own theory into account, as clocks are affected by gravity yielding uncertainty 

at the time of measurement. He proved the following uncertainty calculation ΔE Δt ≥ h  

using Einstein’s equation and the red shift formula. Given (Δp) uncertainty of the 

momentum and (Δq) uncertainty of the position:

 Δp Δq ≥ h (1-1)

The uncertainty of the momentum (Δp) is given by Δp ≤ t g Δm; then we have:

 t g Δm Δq ≥ h (1-2)

From the redshift formula and principle of time dilation:

 Δt = c-2 g t Δq (1-3)

 ΔE = c2 Δm (1-4)

Now, multiply (1-3) and (1-4) to obtain (1-5):

 ΔE Δt = g t Δm Δq (1-5)

Finally, comparing (1-5) and (1-2), we obtain an inequality for the uncertainty 

principle ΔE Δt ≥ h. With this result, round one goes to Bohr; however this will not 

be the end of it. Einstein believed in a complete picture of physical reality, and the 

uncertainty principle stood in his way. He will come back with a bigger challenge.

 Bohr to Einstein: You Should Not Tell God What to Do
God does not throw dice was Einstein unshakable principle. The firm belief that 

reality exists independent of one’s self. When Einstein wrote to Bohr that god does 

not throw dice, he replied that he should not tell god what to do. This set the stage 
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