
Practical Quantum Computing
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Week Tuesday (3h) Wednesday (3h) Deadlines

1. The Basics Introduction Gates Circuit 
Identities

Qiskit Cirq/Qual
tran

Q&A

Programming Assignment 1: The basics 
of a quantum circuit simulator

Programming Assignment 1: 
The building blocks of a 
quantum circuit simulator

2. Entanglement 
and its 
Applications

Teleportation Superdense 
Coding

Quantum 
Key 
Distribution

PennyLa
ne

Terminol
ogy of 
Projects

Q&A

Programming Assignment 2: The basics 
of a quantum circuit optimizer

Programming Assignment 2: 
The building blocks of a 
quantum circuit optimizer

3. Computing Phase 
Kickback and 
Toffoli

Distinguishin
g quantum 
states and 
The First 
Algorithms

Grover’s 
Algorithm

Invited 
TBA

Q&A 11 May 
2024

4. Advanced 
Topics*

Arithmetic 
Circuits*

Fault-Toleran
ce*

QML* Invited 
TBA

Crumble Q&A 18 May 
2024

* not evaluated



Estimated Workload and ECTS points

Course (24h): 

● 3h lecture x 4 weeks
● 3h q&a x 4 weeks

Programming (80h): 

● first programming assignment 10h
● second programming assignment 20h
● project 50h

Independent study (30h)

24h + 80h + 30h = 134h → 5 ECTS
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Project list will be announced on 2nd May



Grading
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The total number of achievable points: 100 points

● Programming Assignment 1 – Quantum Circuit Simulator - 10 Points
● Programming Assignment 2 – Quantum Circuit Optimizer - 20 Points
● Project – 50 Points
● Quiz (timed on MyCourses with tutorial questions, end of last week) – 20 Points
● Feedback - 5 Points (bonus: add towards the maximum)

○ each week there will be a feedback form - 1 point (4 weeks)
○ final feedback at end of the course - 1 point

Project list will be announced on 2nd May



Grading
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Grade 0: 0 -19 points

Grade 1: 20 - 30 points

Grade 2: 31 - 40 points

Grade 3: 41 - 50 points

Grade 4: 51-75 points

Grade 5: 76 - 100 points

Examples:

● no assignment and no project but quiz is perfect 
-> 20 points -> grade 1

● only assignment 1 and nothing else 
-> 10 points -> grade 0

● only assignment 1 and half assignment 2 and the quiz 
-> approx. 40 points -> grade 2

● quiz, both assignments and almost than half of the project 
-> 74 points -> grade 5

● same situation like above and feedback 
-> grade 5

Project list will be announced on 2nd May
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The Basics

Entanglement

Computing

Advanced

Project

Project

DL 
Assignment 1

DL 
Assignment 2

DL Project

Project
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Programming Assignment 1 - Quantum Circuit Simulator

Theory

● The mathematics of quantum circuits 
(qubit states and quantum gates)

● The exponential dimensions of the states 
(complex vectors) used to represent a 
computation with multiple qubits

Practice

● Writing Python scripts to generate and 
operate on complex vectors and matrices 
required to simulate the quantum circuit 
using a classical computer

● Observing in practice the exponential time 
and space (seconds and bits) needed to 
simulate the quantum computation
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Programming Assignment 2 - Quantum Circuit Optimizer

Theory

● Changing the structure of quantum circuits 
by applying local transformations (circuit 
identities) leaves the computation 
unchanged

● The width and depth of a quantum circuit
● The parallel execution of quantum gates

Practice

● Writing Python code for applying circuit 
identities for reducing:

○ depth of quantum circuit
○ number of quantum gates

● Benchmarking the execution time of the 
quantum circuit simulator with the 
optimized circuit



Practical Quantum Computing

Lecture 01
An Overview of the Course
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Learning goals - 01 Introduction (The Basics)

1. Quantum software
a. what is it? - the definition
b. why is it needed? - the motivation
c. how is it working? - architecture and design

2. Quantum circuits
a. components and structure
b. faulty vs reliable circuits
c. the cost of running reliable quantum circuits

3. Quantum advantage over classical
a. what is quantum supremacy?
b. why are quantum circuits hard to simulate classically?

4. Roadmap for the rest of the course
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In the exercise session and 
programming assignment of this 
week

● basics of quantum circuit 
simulator

● build our own quantum 
circuit simulator



Looking at history
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The NISQ Age Ended in December 2023

Are there impactful algorithms
for noisy intermediate scale
quantum (NISQ) processors?
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The Early Fault-Tolerant QC Age began in December 2023
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https://www.quera.com/blog-posts/key-advantages-of-n
eutral-atom-quantum-computer-architectures



Quantum Software just changed in December 2023, too

Write it on a
piece of
paper!

Useful to
record
Instructions.

Can still eyeball
circuits.

At supremacy 
frontier.

Depth and gate 
minimization.

Simple 
modularity.

Complex modularity.

Automatic compiling.

Beginning of 
hardware 
independent 
abstractions.

Architecture.

Operating systems.

High level 
languages.

Fidelity: 90 99 99.9 99.99 99.9999999…....
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Quantum Computers
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Fault-tolerance and the million of qubits

National Academies of Sciences, Engineering, and Medicine 2019. Quantum Computing: Progress and Prospects. Washington, DC: The National Academies Press. 
https://doi.org/10.17226/25196.
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Resch S, Karpuzcu UR. Quantum computing: An 
overview across the system stack. arXiv preprint 
arXiv:1905.07240. 2019 May 16. 17



Some of the Quantum Software Philosophies

Open source Python frameworks for

Noisy Intermediate Scale Quantum (NISQ) algorithms
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Some of the Quantum Software Philosophies

● Hardware details need to be part of programming abstractions as they greatly 
impact the viability of algorithms

● Hardware should drive features and diverse hardware will have diverse features

● Data structures and abstractions should match context in which they are used 
(optimization, simulation, execution)

● Optimize for workflows that validate heuristics algorithms and for rapid iteration in 
exploring minimally sized circuits.
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Practical Quantum Computing - Quantum Software

Zhao J. Quantum Software Engineering: Landscapes and Horizons. arXiv 
preprint arXiv:2007.07047. 2020 Jul 14.

Heim B, Soeken M, Marshall S, Granade C, Roetteler M, Geller A, Troyer M, Svore K. Quantum 
programming languages. Nature Reviews Physics. 2020 Nov 16:1-4.

Varsamopoulos S, Bertels K, Almudever CG. Comparing neural network based decoders for the 
surface code. IEEE Transactions on Computers. 2019 Oct 23;69(2):300-11. 20



Aggregated architecture of a large quantum computer

From: https://cra.org/ccc/events/quantum-computing/
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A brief introduction into the topics
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Grover’s Algorithm
For N = 1000 entries

● classical exhaustive search method needs 1000 steps
● Grover’s algorithm needs approx. 32 steps

Grover’s algorithm is a framework
● No exponential speedup like Shor’s alg.
● Extended for different problems

● cryptanalysis AES
● combinatorial optimisation
● travelling salesman
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Fault-Tolerance and its Cost
For N = 1000 entries

● Grover’s algorithm needs approx. 32 steps
● How long does a step take?

○ Depends on speed of quantum computer gates
○ Fault-tolerance, reliability of the computer

● Qubit can be affected by noise (e.g. depolarising noise)

● Threshold theorem: a quantum computer with noise can efficiently and accurately 
simulate an ideal quantum computer, if the level of noise is below a certain threshold

○ Assuming threshold is not reached
○ Use methods to mitigate, detect, correct errors
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Repetition and more complex codes
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Circuit: Encoding a state in a logical state

[*] Devitt et. al, Quantum Error Correction for Beginners, available at https://arxiv.org/pdf/0905.2794.pdf 

Introduce redundancy

https://arxiv.org/pdf/0905.2794.pdf


Syndromes, Correction, Flags
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Ancillae used for syndrome measurement

● Syndrome measurements have to be repeated
● Repetition code protects only against a single type of error: detects two errors, corrects one

Digitization of noise is based on the observation 
that any interaction between a set of qubits and 
environment can be expressed in the form

Need to protect against phase errors, too



Surface code
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detect X (red), detect Z (green)
measure Z stabilizers, measure X stabilizers stabilizers

-1  XXX
+1 ZZI
+1 ZIZ



Cost of Error Correction
Computer

● Gate duration
● Qubit connectivity
● Qubit and gate quality, realistic noise models

Code distance

● number of physical qubits
● number of syndrome measurements in time

Decoder performance

● what is the error suppression rate? (code dist.)
● how fast does it operate? (infl. code distance)

TOTAL: time overhead -> could negate Grover speed-up if not done right
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Quantum circuit software simulators
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Space-time volume of a quantum computation
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