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Quantum Computing: A Short History
• 1965: Nobel prize for Richard P. Feynman.

• 1973: Alexander Holevo publishes a paper showing that n qubits can carry more than n classical 
bits of information, but at most n classical bits are accessible.

• 1973: Charles H. Bennett publishes papers on reversible computing.

• 1980: Tommaso Toffoli introduces the Toffoli gate, which is a key element in both classical 
reversible computing and quantum computing. 

• 1980: Paul Benioff  and Yuri Manin publish papers on quantum computing. 

• 1981: At the “First Conference on the Physics of Computation,” Paul Benioff and Richard Feynman 
give talks on quantum computing.

• 1985: David Deutsch introduces the first universal model of quantum computing.

• 1993: Dan Simon suggests the so-called Simon's problem, for which a quantum computer could 
be exponentially faster than a conventional computer (under mild assumptions on the oracles).

• 1994: Peter Shor extends Simon’s work to Shor's algorithm for factoring integers.

• 1998: A team incl. Isaac L. Chuang demonstrates a 2-qubit NMR-based quantum computer.

• 2022: Nobel prize for Alain Aspect, John F. Clauser and Anton Zeilinger.



Quantum Computing: A Social Phenomenon

• Feynman (1986): “Nature isn't classical, dammit, and if you want to make a simulation of nature, 
you'd better make it quantum mechanical, and by golly it's a wonderful problem, because it 
doesn't look so easy.” (“Proof by authority”)

• A prototypical problem: Computing the ground-state energy (eigenvalue of the fermionic 
Hamiltonian), usually discretized into a basis (of size L). One needs to restrict oneself to “generic” 
molecules and materials.

• Seth Lloyd (1996): Exponential quantum advantage conjecture

• Kitaev (2003): Ground state characterization is QMA (cf. the Ising Hamiltonian)

https://simons.berkeley.edu/events/quantum-colloquium-there-evidence-exponential-
quantum-advantage-quantum-chemistry

https://arxiv.org/abs/quant-ph/0302079

https://journals.aps.org/prxquantum/abstract/10.1103/PRXQuantum.3.010318

https://www.science.org/doi/abs/10.1126/science.273.5278.1073

https://arxiv.org/abs/quant-ph/0406180v2

https://www.ams.org/books/gsm/047/



Quantum Computing: A Social Phenomenon

• McKinsey estimates and recommendations to CEOs:

https://www.mckinsey.com/business-functions/mckinsey-digital/our-
insights/quantum-computing-use-cases-are-getting-real-what-you-need-to-know

https://www.mckinsey.com/capabilities/mckinsey-digital/our-insights/quantum-
technology-sees-record-investments-progress-on-talent-gap#/



Quantum Computing: A Social Phenomenon

• McKinsey estimates and recommendations to CEOs vs. our expert opinion:

https://arxiv.org/pdf/2312.02279.pdfhttps://www.mckinsey.com/capabilities/mckinsey-digital/our-insights/quantum-
technology-sees-record-investments-progress-on-talent-gap#/



Quantum Computing: A Social Phenomenon

American Banker:

• 25% of financial institutions 
already invest in quantum 

• 45% plan to invest in 2023

Gartner:

• 40% of large companies are planning 
to create initiatives around quantum 
computing by 2025.

https://www.americanbanker.com/news/how-jp-morgan-chase-and-other-banks-plan-
to-use-quantum-computing



Quantum Computing: A Social Phenomenon

• Circa $80B eco-system

• $30+B of public funding announced

https://www.mckinsey.com/business-functions/mckinsey-digital/our-
insights/quantum-computing-use-cases-are-getting-real-what-you-need-to-know



Quantum Computing: A Social Phenomenon

https://www.mckinsey.com/capabilities/mckinsey-digital/our-insights/quantum-
technology-sees-record-investments-progress-on-talent-gap#/



Quantum Computing: A Social Phenomenon

https://www.elsevier.com/solutions/scopus/research-and-development/quantum-computing-reporthttps://www.mckinsey.com/business-functions/mckinsey-digital/our-
insights/quantum-computing-use-cases-are-getting-real-what-you-need-to-know



Opportunities

Seen by John Preskill:

• There are problems that are believed to be hard for 
classical computers, but for which quantum algorithms 
have been discovered that could solve these problems 
easily under mild assumptions. E.g. factoring.

• Measuring qubits in certain states, which are easy to 
prepare, samples from a correlated probability 
distribution that can’t be sampled from by any efficient 
classical means (unless the polynomial hierarchy 
collapses). 

• No known classical algorithm can simulate a quantum 
computer efficiently. 

Seen by yours truly:

• Quantum computers are essentially analog
computers, cf. “complexity over the reals”, which may 
violate the “Extended Church-Turing Thesis”.

https://quantum-journal.org/papers/q-2018-08-06-79/



Eleven Objections of Scott Aaronson
• Works on paper, not in practice.

• Violates Extended Church-Turing Thesis.

• Not enough "real physics."

• Small amplitudes are unphysical.

• Exponentially large states are unphysical.

• Quantum computers are just souped-up analog
computers.

• Quantum computers aren't like anything we've ever 
seen before.

• Quantum mechanics is just an approximation to some 
deeper theory.

• Decoherence will always be worse than the fault-
tolerance threshold.

• We don't need fault-tolerance for classical computers.

• Errors aren't independent. https://www.scottaaronson.com/democritus/lec14.html
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Course Organization: The Team
Who is involved?

Lecturers:

• Bengt Arne Johannes Hansson Aspman

• Jakub Mareček

Guest speakers:

• Georgios Korpas (HSBC)

• Libor Caha (TU Munich)

and possibly more (IBM, Sandbox AQ).

Teaching assistants:

• Germán Martínez Matilla

• Waqas Parvaiz



Course Organization: Syllabus
• 1.  Why quantum computing? What is quantum computation good for? The notions of quantum 

supremacy and quantum advantage. Has Google showcased the former? Why studying quantum 
computation can also push the limits of classical computation by finding better algorithms or quantum 
inspired algorithms. The global quantum computing scene. (Jakub)

• 2. Broad picture of quantum mechanics. Postulates of quantum mechanics and braket notation. Unitary 
operators and expectation values. Evolution of quantum states. Classical to quantum bits. The Bloch 
sphere.  Reversible operations on qubits and quantum circuits. State preparation and measurement in 
quantum mechanics. (Johannes)

• 3. Broad overview of computational complexity. Classical Turing machines. The classes P, NP, P-space, 
Exp. The quantum Turing machine. The classes BQP and QMA. What lies beyond. (Jakub)

• 4. Broad overview of classical versus quantum algorithms. Showcase of the exponential speedup of 
quantum computers using the Deutsch-Josza algorithm. Shor's algorithm, quantum Fourier transform. 
(Jakub and Johannes)

• 5. Grover's algorithm and exponential-time dynamic programming. (Jakub)

• 6. Quantum algorithms and quantum random walks. Classical Monte-Carlo and quantum replacements 
for Monte-Carlo. Applications in Financial Services. (Georgios)

• 7. A broad overview of further trends in quantum technologies. Adiabatic computing. Phase estimation. 
Quantum annealing. Variational algorithms. Quantum Machine Learning. (Jakub)



Course Organization: Assessment

• There are 100 points to be collected, which are 
mapped to grades in the usual fashion (<50b = F, 50-59 
= E, …, 90-100 = A). 

• To obtain “zapocet”, you need to collect at least 
30 points during the term time and attend the 
exercises. There were more than 60 points on offer 
last year. 

• Up to 40 points are to be collected in a final exam, 
which can be retaken more than once, if needed. 

https://www.youtube.com/watch?v=yDDr_wddqYQ

A 20-point project by Alikhan Anuarbekov:



Course Organization: Assessment

• There are 100 points to be collected, which are 
mapped to grades in the usual fashion (<50b = F, 50-59 
= E, …, 90-100 = A).

• Up to 60 points to be collected during term time 
(homework and a larger, independent ”project”). 

• To obtain “zapocet”, you need to collect at least 
30 points during the term time and attend the 
exercises.

• Up to 40 points are to be collected in a final exam, 
which can be retaken more than once, if needed. 

These students did not show up for the exam.



Course Organization: Resources



Course Organization: Further Reading

https://learning.quantum.ibm.com/



Course Organization: Further Reading

244 Kc at Megabooks https://www.ams.org/books/gsm/047/https://www.scottaaronson.com/democritus/



Course Organization: Resources

https://arxiv.org/abs/2312.02279 https://arxiv.org/pdf/2303.04945.pdf
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Quantum States and Qubits

• Digital computers vs. “analog computers” 

• {0, 1} vs. the state vector |ψ> = c1 |0> + c2 |1>
of 2 complex numbers c1, c2

• Bloch-sphere representation thereof

• n qubits, 2n complex numbers 



Quantum States and Qubits

• Quantum states are vectors in a complex vector space. 

• A state is represented by the ket |ψ>. 

• The elements of the dual space are called bras and 
denoted <φ|.

• The inner product, or bracket, <φ|ψ>, is a complex 
number, and its complex conjugate is given by 
(<φ|ψ>)*= <ψ|φ>.

• We normalize the states such that <φ|ψ>=1

• Quantum states can be in a superposition of states, 
|ψ>= ⍺ |ψ1> + β |ψ2>, for some complex numbers ⍺, β.

• More generally, we can express any quantum state in 
a vector space as a superposition of the basis vectors 
of that vector space, |ψ>= c1 |a1> + c2 |a3> …, for some 
complex numbers ci and basis vectors |ai>. 



Quantum Postulates

• States are described by unit vectors in a complex 
vector space, and observables are described by linear 
Hermitian operators.

• The possible outcomes of a measurement are given by 
the eigenvalues of the operator corresponding to the 
observable being measured.

• If the system is in a state | ψ >, and we measure an 
observable A with eigenvectors | aj > and eigenvalues 
aj, the probability of measuring eigenvalue aj is given 
by P (aj) = |<aj | ψ>|2 = < ψ | aj > < aj | ψ>.

• The evolution of a quantum system is described by 
unitary operators.



Qubits and How to Implement Them

Stable microwave sources

FPGA based microwave 
pulse shaping control units

Analog microwave 
components and signal 
digitization

Qubits on 
chip

Circuit board

Image credit: IBM

• Most quantum computers 
so far look like this:

A very expensive 
cryostat (Bluefors)

Very special wires
(easy to break at <1K)

Room temperature 
electronics, e.g.:



Are we There yet?

DiVicenzo’s criteria:

• A scalable physical system with well-characterized qubit

• The ability to initialize the state of the qubits to a simple fiducial state

• Long relevant decoherence times

• A "universal" set of quantum gates

• A qubit-specific measurement capability



Qubits and How to Implement Them

• “What is on the chip” differs

• Superconducting qubits (transmon, …) 

• Double quantum dots (in Si, Ge, …)

• Photonic qubits

• Ions and neutral atoms

• Fullerenes, carbon nanotubes, etc.

https://en.wikipedia.org/wiki/Qubit



Qubits and How to Implement Them

• “What is on the chip” differs

• Superconducting qubits (transmon, …) 

• Double quantum dots (in Si, Ge, …)

• Photonic qubits

• Ions and neutral atoms

• Fullerenes, carbon nanotubes, etc.

https://www.mckinsey.com/capabilities/mckinsey-digital/our-insights/quantum-technology-sees-record-investments-progress-on-talent-gap#/



Qubits and How to Implement Them

• 1962: Josephson effect
tunneling of superconducting Cooper pairs
(Nobel Prize in Physics, 1973)

• Based on Josephson junction, superconducting 
qubits ess. implement a quantum oscillator

• Transmon qubits @ IBM

• Xmon @ Google

• Cca. At 10 mK

https://www.nature.com/articles/s41578-021-00370-4



Qubits and How to Implement Them
• 1963: Quantum well 

with discrete energy values
(Kroemer, Alferov, Kazarinov)

• Double quatum dots @ Intel, … 

• At 1K at Intel (?), up to 20 K (Myronov)

Characteristics Holes in strained Ge Electrons in Si

Effective mass (m0) 0.035 0.19 m

Coherence time (T2*) 150 𝜇s 120 𝜇s
community accepts 20 𝜇s

Rabi frequency 140 MHz 10 MHz

Single-qubit operation fidelity 99.3 % 99.9 %

https://aip.scitation.org/doi/full/10.1063/1.5010933



Qubits and How to Implement Them

• Neutral atoms @ QuEra / Amazon / Harvard / …

• 2D optical tweezer array

• Cca. at 25 μK (!)

• Entangled atoms cca. 110 μm apart

• Ions @ IoniQ / Alpine Quantum / Innsbruck / …

https://www.nature.com/articles/s41586-022-04592-6
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Computational Complexity

The zoo of classical and quantum complexity classes under the common assumptions 
that NP ! =\P and NP != BQP. Image credit: Jakub Marecek and Georgios Korpas.

• P: a class of problems with certificates computable by 
a Turing machine in polynomial time. E.g. shortest 
path in a graph.

• NP: a class of problems with certificates verifiable by 
a Turing machine in polynomial time. E.g. the 
travelling salesman problem. 

• BPP: a classical class of randomized algorithms.

• BQP: a “quantum equivalent” class to BPP.

• BQNP = QMA (Quantum Merlin Arthur): a ”quantum 
equivalent” to NP. Specifically: A class of problems 
with polynomial-size quantum proof (a quantum 
state) that convinces a polynomial time quantum 
verifier (running on a quantum computer) with high 
probability. 

• BQNP = QMA includes NP. It is not clear whether this 
is strict.



Computational Complexity

https://www.ams.org/books/gsm/047/



Computational Complexity
Let us consider a different class of problems, related to
counting satisfying assignments, numerical integration,
etc (#P):

• Classical Monte Carlo with N sample paths achieves 
error O(1/√N)

• Quasi Monte Carlo methods on classical computers w/
error O (log(N)s/N) for some s that may depend on 
dimension.

• Quantum replacements of Monte Carlo achieve 
error O(1/N )

This is often mis-understood in the hunt for elusive 
algorithms for NP-Complete problems!

Even P#P is within PSPACE.
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Three Use Cases

Cryptography

• The Big Scare

• Quantum Cryptography

• Post-quantum Cryptography

Simulation

• Monte Carlo Replacements

Optimization & Control

• Variational Algorithms?



The Big Scare



Quantum Cryptography



Post-Quantum Cryptography



Post-Quantum Cryptography

Kyber is based on lattice cryptography, which are NP-Hard and not known to be PSPACE-Hard.
Non-trivially, the problem is related to SIVP: Given a lattice basis, find k linearly independent lattice 
vectors minimizing the maximum of their norms.

Kyber is already baing used: 
• Cloudflare Interoperable, Reusable Cryptographic Library
• Amazon Web Services Key Management Service
• IBM’s World’s First Quantum Computing Safe Tape Drive (using Kyber and Dilithium).



Monte Carlo Replacements

Much of what banks do, boils down to Monte Carlo:

• Risk assessment and mandated by regulators

• Internal risk assessment

• Pricing of a variety of products (e.g. credit, European call options).

What error do I get with N sample paths?

• Classical Monte Carlo methods O(1/√N ) 

• Quasi-Monte-Carlo methods O(log(N )s/N ) 

• Quantum replacements O(1/N2)



Optimization & Monte Carlo Replacements

https://arxiv.org/abs/2312.02279 https://arxiv.org/pdf/2303.04945.pdf
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www.aic.fel.cvut.cz

Artificial Intelligence Center

Faculty of Electrical Engineering

Czech Technical University in Prague February 23rd, 2024


