
Cambridge University Press & Assessment
978-1-009-54853-3 — Quantum Computing for Programmers, 2nd Edition
Robert Hundt
Table of Contents
More Information

www.cambridge.org© in this web service Cambridge University Press & Assessment

Contents

Acknowledgments page xi
Introduction xii

1 The Mathematical Minimum 1
1.1 Complex Numbers 1
1.2 Dirac Notation, Bras, and Kets 2
1.3 Inner Product 3
1.4 Outer Product 4
1.5 Tensor Product 5
1.6 Eigenvalues and Eigenvectors 6
1.7 Hermitian Matrices 7
1.8 Unitary Matrices 7
1.9 Hermitian Adjoint of Expressions 8
1.10 Trace of a Matrix 9

2 Quantum Computing Fundamentals 11
2.1 Tensors 11
2.2 Qubits 15
2.3 Bloch Sphere 17
2.4 States 19
2.5 Representing States as Matrices 28
2.6 Operators 29
2.7 Single-Qubit Gates 34
2.8 Controlled Gates 48
2.9 Quantum Circuit Notation 53
2.10 Multi-controlled Gates 55
2.11 Entanglement 58
2.12 Uncomputation 66
2.13 Measurement 68

3 Simulation Infrastructure 76
3.1 Simulation Complexity 76
3.2 Quantum Registers 78
3.3 Circuits 80
3.4 Intermediate Representation (IR) 86

www.cambridge.org/9781009548533
www.cambridge.org


Cambridge University Press & Assessment
978-1-009-54853-3 — Quantum Computing for Programmers, 2nd Edition
Robert Hundt
Table of Contents
More Information

www.cambridge.org© in this web service Cambridge University Press & Assessment

viii Contents

3.5 Fast Gate Application 92
3.6 Accelerated Gate Application 95
3.7 Circuits Finally Finalized 98
3.8 Premature Optimization, First Act 99
3.9 Sparse Representation 101

4 Quantum Tools and Techniques 104
4.1 Spectral Theorem for Normal Matrices 104
4.2 Density Matrices 106
4.3 Reduced Density Matrix and Partial Trace 107
4.4 Maximal Entanglement 111
4.5 Schmidt Decomposition 111
4.6 State Purification 115
4.7 Pauli Representation of Operators 117
4.8 ZYZ Decomposition 120
4.9 XYX Decomposition 122

5 Beyond Classical 123
5.1 Classical Arithmetic 123
5.2 General Construction of Logic Circuits 126
5.3 The Quantum Supremacy Experiment 127

6 Algorithms Exploiting Entanglement 137
6.1 Quantum Hello World 137
6.2 Quantum Teleportation 138
6.3 Superdense Coding 142
6.4 Entanglement Swapping 145
6.5 The CHSH Game 146

7 State Similarity Tests 150
7.1 Swap Test 150
7.2 Swap Test for Multi-qubit States 154
7.3 Hadamard Test 155
7.4 Inversion Test 160

8 Black-Box Algorithms 162
8.1 Bernstein–Vazirani Algorithm 163
8.2 Deutsch’s Algorithm 166
8.3 Deutsch–Jozsa Algorithm 174

9 State Preparation 177
9.1 Data Encoding 177
9.2 State Preparation for Two- and Three-Qubit States 181
9.3 Möttönen’s Algorithm 182
9.4 Solovay–Kitaev Theorem and Algorithm 188

www.cambridge.org/9781009548533
www.cambridge.org


Cambridge University Press & Assessment
978-1-009-54853-3 — Quantum Computing for Programmers, 2nd Edition
Robert Hundt
Table of Contents
More Information

www.cambridge.org© in this web service Cambridge University Press & Assessment

Contents ix

10 Algorithms Using Amplitude Ampli�cation 200
10.1 Grover’s Algorithm 200
10.2 Quantum Amplitude Amplification (QAA) 218
10.3 Quantum Counting 222
10.4 Amplitude Estimation 224
10.5 Boolean Satisfiability 228
10.6 Graph Coloring 232
10.7 Quantum Mean Estimation 237
10.8 Quantum Minimum Finding 239
10.9 Quantum Median Estimation 241

11 Algorithms Using Quantum Fourier Transform 244
11.1 Phase-Kick Circuit 244
11.2 Quantum Phase Estimation (QPE) 246
11.3 Approximating � 256
11.4 Quantum Fourier Transform (QFT) 258
11.5 Quantum Arithmetic 265
11.6 Shor’s Algorithm 273
11.7 Order Finding 279

12 Quantum Walk Algorithms 293
12.1 Quantum Random Walk 293

13 Optimization Algorithms 299
13.1 The Variational Quantum Eigensolver (VQE) 299
13.2 Quantum Approximate Optimization Algorithm 312
13.3 Ising Formulations of NP Problems 314
13.4 Maximum Cut Algorithm 314
13.5 Subset Sum Algorithm 322

14 Quantum Machine Learning 327
14.1 Euclidean Distance 327
14.2 Principal Component Analysis 331
14.3 HHL Algorithm 336

15 Quantum Error Correction 350
15.1 Quantum Noise 350
15.2 Quantum Error Correction 357
15.3 Nine-Qubit Shor Code 362

16 Quantum Languages, Compilers, and Tools 364
16.1 Challenges for Quantum Compilation 364
16.2 Quantum Programming Model 366
16.3 Quantum Programming Languages 366
16.4 Compiler Optimization 375

www.cambridge.org/9781009548533
www.cambridge.org


Cambridge University Press & Assessment
978-1-009-54853-3 — Quantum Computing for Programmers, 2nd Edition
Robert Hundt
Table of Contents
More Information

www.cambridge.org© in this web service Cambridge University Press & Assessment

x Contents

Appendix Sparse Implementation 384

References 396
Index 406

www.cambridge.org/9781009548533
www.cambridge.org

