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This introduction to quantum computing from a classical programmer’s perspective is
meant for students and practitioners alike. More than 25 fundamental algorithms are
explained with full mathematical derivations and classical code for simulation, using
an open-source code base developed from the ground up in Python and C++.

After presenting the basics of quantum computing, the author focuses on algo-
rithms and the infrastructure to simulate them efficiently, beginning with quantum
teleportation, superdense coding, Bernstein—Vazirani’s algorithm, and Deutsc—Jozsa’s
algorithm. Coverage of advanced algorithms includes the quantum supremacy experi-
ment, quantum Fourier transform, phase estimation, Shor’s algorithm, Grover’s algo-
rithm with quantum counting and amplitude amplification, quantum random walks,
and the Solovay—Kitaev algorithm for gate approximation. Quantum simulation is
explored with the variational quantum eigensolver, quantum approximate optimiza-
tion, and the NP-complete Max-Cut and Subset-Sum algorithms.

The book also discusses issues around programmer productivity, quantum noise,
error correction, and challenges for quantum programming languages, compilers, and
tools, with a final section on compiler techniques for transpilation.

Robert Hundt is a Distinguished Engineer at Google, where he led software develop-
ment for Google’s TPU supercomputers, the XLLA compiler for TensorFlow, an open-
source CUDA compiler, and currently the high-level synthesis toolchain XLS. He
has more than 25 scientific publications, holds more than 35 patents, and is a senior
member of IEEE.
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Introduction

I think I can safely say that nobody understands quantum mechanics
Feynman (1965)

I have been impressed by numerous instances of mathematical theories that are really about
particular algorithms; these theories are typically formulated in mathematical terms that are
much more cumbersome and less natural than the equivalent formulation today’s computer
scientists would use

Knuth (1974)

This book is an introduction to quantum computing from the perspective of a classical
programmer. Most concepts are explained with code, based on the insight that much of
the complicated-looking math typically found in quantum computing may look quite
simple in code. For many programmers, reading code is faster than reading complex
math notation. Coding also allows experimentation, which helps in building intuition
and understanding of the fundamental mechanisms of quantum computing. I believe
that this approach will make it efficient and fun to get started.

Contrary to other learning resources, we will not use available software frameworks
in this book, such as the well-developed Qiskit toolkit from IBM or Google’s Cirq.
Instead we build our own infrastructure from the ground up, based initially on Python’s
numpy library. It turns out that for learning the fundamentals, only a few hundred lines
of code are required. This initial code is slow, but explicit. It is easy to debug and
experiment with, which makes it an excellent learning vehicle.

We then improve the infrastructure, accelerate it with C++, and detail an elegant,
sparse representation. We introduce basic compiler concepts that allow transpilation
of our circuits to those other platforms — Qiskit, Cirq, and others. This enables the
use of these systems’ advanced features, such as scale-out performance and advanced
error models.

Typically, an introduction to quantum computing is prefaced by a sizeable reintro-
duction of complex linear algebra. We will not follow this pattern here. Many pro-
grammers do have a solid foundation in linear algebra, but others lack the background
or interest in this topic. It is my goal to be an attractive learning resource for both
groups, without getting into the details of linear algebra. Hence I only assume basic
familiarity with complex numbers, vectors, and matrices. We review a handful of core
concepts in Chapter 1. As we go along in the text we add a small number of additional
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Xii Introduction

mathematical concepts that are necessary to understand the algorithms. We hope that
this format will be helpful to the linear algebra-challenged while not being too shallow
for the cognoscenti. After the introduction of the basic mathematical concepts, the
book is organized into the following major sections:

« In Chapter 2 we introduce core concepts of quantum computing and implement
them with full matrices and vectors in Python. We discuss states, operators,
entanglement, and measurement. We show a variety of ways to construct,
describe, and analyze qubits and quantum circuits. Quantum mechanics,
superposition, entanglement, and measurement are all complex and deeply
philosophical topics. In this text, however, we focus exclusively on the
computational aspects of the theory.

« This is followed in Chapter 3 with introductory algorithms, utilizing the
infrastructure developed so far. The material is presented in an elaborate way, with
detailed mathematical derivations.

« The basic infrastructure developed up to this point does not scale to a higher
number of qubits, which are needed for complex algorithms. In Chapter 4, we
detail techniques for faster gate application and accelerate with C++. We
demonstrate how a sparse representation can produce the best performing results
for a certain class of algorithms. These sections lead to building a
high-performance quantum simulator. Readers not interested in infrastructure may
skim or even skip this section.

« In Chapter 5 we convince ourselves that quantum computers indeed have
capabilities that go beyond classical machines.

« With this insight, Chapter 6 on complex algorithms provides important details on
several of quantum computing’s core algorithms, including Grover’s search, the
quantum Fourier transform, phase estimation, quantum random walks, Shor’s
algorithm for integer factorization, and a variational quantum eigensolver with
some applications. This section also details the seminal Solovay—Kitaev algorithm
to approximate any unitary gate from a small universal gate set. The foundation
built up in the earlier chapters is sufficient to implement and fully appreciate these
marvelous algorithms.

o Chapters 7 and 8 then address practical issues around programmer productivity.
We touch on quantum error correction, which is essential to the feasibility of
quantum computing. We also discuss quantum programming language design,
compilers, and tools to further improve programmer productivity.

« The Appendix contains additional interesting material that did not fit the main
text’s flow. Specifically, it contains a detailed description of the sparse simulation
infrastructure.

Source Code

Much of the content in this book is explained with both math and code. To avoid
turning this book into a giant code listing, however, we abbreviate less interesting or
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repetitive pieces of code with constructs such as [...]. Scaffolding code, such as
Python import statements or C++ #include directives, are typically omitted. The
full sources are hosted under a permissive Apache license on GitHub, along with
instructions on how to download, build, and run:

https://github.com/gccdcp/gce

Contributions, comments, and suggestions are always welcome. Typesetting the code
may have introduced errors, but the source of truth is the online repository. The code
is also likely to have evolved beyond what is published here.
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