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Finding the prime factors of integers is hard

• The most popular public-key cryptosystem, the RSA (Rivest-Shamir-
Adleman) encryption, which was developed already in 1978, uses the
observation that multiplying integers is easy, factoring integers into
prime factors is hard.

• For example, let us have a look at the factors of the following 232
decimal digits (768 bits) number
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The RSA Factoring Challenge

• What about the following 230 decimal digits (762 bits) number?
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How hard is it to break RSA?
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Feynman’s question

You cannot even describe the state of 100 quantum dipole moments (spins)
with any future classical computer. What should we do?
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Feynman’s proposal

This opened the way for the idea of quantum algorithms (Deutsch ’85,
Shor ’94, Grover ’96)
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Recent buzz around quantum computing

• Quantum Computing is very popular nowadays:

• Everybody talks about this
from the Canadian Prime Minister to EU officials.

• Recent Nobel prize given to related research (Haroche, Wineland).

• Many physicists specializing in this field get jobs in Multinational
Companies .

• EU Quantum Technology Flagship, US Quantum Technology Strategy

• Invited talks in GPU Days
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Google created already two types of Quantum Engineer positions
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Lots of quantum start-ups
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Early opinions
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The (trivial) emerging technology hype cycle
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Moore’s Law
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Outline of the rest of talk

• Principles of Quantum Computing
(Quantum Parallelism and the Gate Model)

• Two architecture types: the Gate Model and Adiabatic Quantum
Computing

• What can a Quantum Computer do that a Classical Computer cannot?
Classical and Quantum Complexity Theory.

• What are the future perspectives?
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A quantum mechanical two-state system: the qubit

The magnetic dipole moment of an electron (or a nucleus):

The polarization of light A fény polarizációja:

The flux or the direction of current in superconducting rings:
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The principle of superposition

According to the principle of superposition, the general state of a qubit is

|z〉 = a|0〉+ b|1〉.

Here |a|2 provides the probability that we find the system to be in state |0〉
when measured, and |b|2 provides the probability that we find it to be in state
|1〉. We have to assume that |a|2 + |b|2 = 1
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The most famous qubit
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The most famous qubit

Schrödinger’s cat

But what is the difference between a|0〉+ b|1〉 and a|0〉 − b|1〉?
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Allowed operations on qubits

V |0〉 = a|0〉+ b|1〉,
V |1〉 = c|0〉+ d|1〉,
V |z〉 = V (e|0〉+ f |1〉) = eV |0〉+ fV |1〉 = (ea+ fc)|0〉+ (eb+ fd)|1〉.

We can gather the above numbers in matrix:

V =

(
a c
b d

)
.

Similarly, we could introduce n qubit states (and the respective operations):

q|0〉|0〉+ r|0〉|1〉+ s|1〉|0〉+ t|1〉|1〉
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The most famous qubit

Schrödinger’s cat

The surprise in Schrödinger’s thought experiment is not that with 50%
probability the cat is alive and with 50% it is dead, rather the fact that there
exists a resurrection operator. (Reinhard Werner)
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The Hadamard gate

How does such a gate act on a Schrödinger cat state?

H
1√
2
(|0〉+ |1〉) = 1

2
|0〉+ 1

2
|1〉+ 1

2
|0〉 − 1

2
|1〉 = |0〉.

How does such a gate act on the alternative Schrödinger cat state?

H
1√
2
(|0〉 − |1〉) = 1

2
|0〉+ 1

2
|1〉 − 1

2
|0〉+ 1

2
|1〉 = |1〉.
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Deutsch’s problem

Let f be a Boole functions that maps a single bit into a single bit. With how
many trials (or queries of f) can we decide whether it is a constant function
or not?

Obviously with two.
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Deutsch’s problem in the quantum case

We can also insert a superposition

The answer is somehow included in resulting state

1

4
|0〉|1+f(0)〉+ 1

4
|1〉|1+f(1)〉+ 1

4
|0〉|f(0)〉 − 1

4
|1〉|f(1)〉.

But how can we obtain the answer from the state?
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The Deutsch algorithm

Let us act with another Hadamard gate

The first qubit of the resulting state is with 100% probability in state |0〉 if f
is constant, while it is in state |1〉 if f is not constant. One query/trial is
enough!
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The Deutsch Jozsa algorithm

Generalizing the problem to Boole functions with many variables

26 / 42



Quantum
Computing

Zoltán
Zimborás

Naive quantum parallelism
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The Shor algorithm

15 = 3 · 5 (2001)

143 = 11 · 13 (2012)

56153 = 241 · 233 (2014)
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Adiabatic Quantum Computing

• Adiabatic theorem [M. Born, V. Fock, 1928]:
A physical system remains in its instantaneous eigenstate if a given
perturbation is acting on it slowly enough and if there is a gap between
the eigenvalue and the rest of the Hamiltonian’s spectrum.

• Adiabatic Quantum Computing:

H(t) = (1− t/T )HB + t/THP

HB =
∑
i

Xi , HP =
∑
i

hiZi +
∑
ij

JijZiZj
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Adiabatic Quantum Computing

•

• Kitaev: the adiabatic and gate models are computationally equivalent.

• Error correction seems possible for the gate model, but seems hopeless
for AQC.
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Operating D-Wave One
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Is D-Wave really a quantum annealer?
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IBM Cloud Quantum Computing
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IBM Cloud Quantum Computing
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IBM Cloud Quantum Computing

Taken from Ákos Budai’s BSc Thesis.
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Computational Complexity
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Computational Complexity
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What are the future perspectives?

41 / 42



Quantum
Computing

Zoltán
Zimborás

Quantum Computing and GPUs
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