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History
1981:  
Richard Feynman — Simulating Physics with Computers, «Nature is 
quantum, dammit!»   

1985: 
David Deutsch — Quantum Theory, the Church-Turing Principle and the 
Universal Quantum Computer 

1992: 
Deutsch–Jozsa algorithm (theoretical result, no direct application)   
Exponentially faster than any possible classical algorithm


1994: 
Peter Shor’s algorithm for integer factorization (breaks RSA cryptography) 
Exponentially faster than any known classical algorithm



How faster ? 
breaking (factoring) a 2048-bit RSA key

Classical Computing


Best classical algorithm:

1034 steps

1 billion years


on El Capitan supercomputer

- 1.8 exaFLOPS 
- 1M CPU - 10M GPU cores

- 10Mx faster than a gaming PC

Quantum Computing


Shor’s quantum algorithm:



How faster ? 
breaking (factoring) a 2048-bit RSA key

Classical Computing


Best classical algorithm:

1034 steps

1 billion years


on El Capitan supercomputer

- 1.8 exaFLOPS 
- 1M CPU - 10M GPU cores

- 10Mx faster than a gaming PC

Quantum Computing


Shor’s quantum algorithm:

107 steps

8 hours


on a quantum computer

- 20M physical qubits

- 1M Qops/s per qubit

- (superconducting qubits)

 
Work in progress… doable in 2030?



Hardware now 
(physical qubits)

1998: First quantum computer: 2-qubit


2000: 7-qubit 


2006: 12-qubit


2017: IBM 17-qubit, Rigetti 19-qubit, Google 22-qubit


2018: IBM 50-qubit, Google 72-qubit, ionQ 79-qubit


2022: IBM 433-qubit, Pasqal 300-qubit


2023: IBM 1121-qubit



 Physical vs logical qubits
- Physical, real qubits are noisy


- With error correction 1000 physical qubits

		 	 	 => 1 logical qubit


- QPU power is determined by:

- number qubits

- error rate

- qubit connectivity



Quantum computers 
are not faster classical 

computers
• They compute in a different way, the algorithms are different


• They can solve some problems exponentially faster — O(n) vs O(2n) 


• We don’t know which problems


• We don’t now how 



Hybrid Architecture

CPU QPU

Control

Results



Cryptography and 
quantum computing

• «Quantum cryptography»

• Quantum key distribution


•Post-quantum cryptography

• Quantum-safe cryptography


•Quantum computers will break RSA



It’s hard
• Software 
 
- Quantum computers are alien 
- Hard to make them compute something at all 
- Even harder to make them compute something useful 
- But useful is not enough…. 
- It needs to be useful, and faster than classical computers 
- We don’t have quantum computers to try stuff, to debug, to learn


• Hardware engineering 
 
- Qubits need to be isolated to exist 
- Qubits need to be manipulated to compute 
- Qubits are inherently unstable



 Hardware roadmap (2020)
Google: a thousand error-corrected qubits “within the decade”


IBM: 4158+ physical qubits in 2025


IonQ: 1028 logical (error-corrected) qubits in 2028


PsiQuantum: 1 million of physical qubits by 2030


~1000 “physical” (noisy) qubits  one “logical” (corrected) qubit



Hardware paths
• Superconducting: Google, IBM, Rigetti, Alibaba


• Trapped ion: ionQ, Quantinuum (Honeywell), AQT, Universal Quantum, Huayi Boao


• Photonic: Xanadu, PsiQuantum, Jiuzhang


• Cold atoms: Pasqal, ColdQuanta, QuEra, Atom


• Cat qubits: Amazon, Alice&Bob


• Marjorana: Microsoft  — Spin qubits: Silicon Quantum Computing — …



Potential applications 
(quantum advantage)

Cryptography: break RSA ok


Chemistry and material sciences: Quantum simulation  maybe


Optimization: Logistics, finance maybe not


Quantum Machine Learning:  
	 	 	 	 	 	 classical ML is already very good maybe



Skills for quantum computing

• Tensor algebra


• Statistics


• Theoretical Computer Science


• Programming


• Elements of quantum physics



1946 2016



Qubit 0
1

Measurement



Entangled Qubits 



Entangled Qubits 



Quantum state 
1-qubit

a0 0	
a1 1	

amplitudes are complex numbers

a0, a1

a0, a1 are probability ‘amplitudes’

Probability from amplitude:
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Quantum state 
2-qubit

a0 00	
a1 01	
a2 10	
a3 11



Quantum state 
3-qubit

a0 000	
a1 001	
a2 010	
a3 011	
a4 100	
a5 101	
a6 110	
a7 111



Quantum state 
4-qubit

a00 0000	
a01 0001	
a02 0010	
a03 0011	
a04 0100	
a05 0101	
a06 0110	
a07 0111	
a08 1000	
a09 1001	
a10 1010	
a11 1011	
a12 1100	
a13 1101	
a14 1110	
a15 1111



Quantum state 
5-qubit

a00 00000	
a01 00001	
a02 00010	
a03 00011	
a04 00100	
a05 00101	
a06 00110	
a07 00111	
a08 01000	
a09 01001	
a10 01010	
a11 01011	
a12 01100	
a13 01101	
a14 01110	
a15 01111	
a16 10000	
a17 10001	
a18 10010	
a19 10011	
a20 10100	
a21 10101	
a22 10110	
a23 10111	
a24 11000	
a25 11001	
a26 11010	
a27 11011	
a28 11100	
a29 11101	
a30 11110	
a31 11111



Quantum state 
6-qubit

a00 000000	
a01 000001	
a02 000010	
a03 000011	
a04 000100	
a05 000101	
a06 000110	
a07 000111	
a08 001000	
a09 001001	
a10 001010	
a11 001011	
a12 001100	
a13 001101	
a14 001110	
a15 001111	
a16 010000	
a17 010001	
a18 010010	
a19 010011	
a20 010100	
a21 010101	
a22 010110	
a23 010111	
a24 011000	
a25 011001	
a26 011010	
a27 011011	
a28 011100	
a29 011101	
a30 011110	
a31 011111	
a00 100000	
a01 100001	
a02 100010	
a03 100011	
a04 100100	
a05 100101	
a06 100110	
a07 100111	
a08 101000	
a09 101001	
a10 101010	
a11 101011	
a12 101100	
a13 101101	
a14 101110	
a15 101111	
a16 110000	
a17 110001	
a18 110010	
a19 110011	
a20 110100	
a21 110101	
a22 110110	
a23 110111	
a24 111000	
a25 111001	
a26 111010	
a27 111011	
a28 111100	
a29 111101	
a30 111110	
a31 111111



Quantum state 
300-qubit

Length of the quantum state vector: 2n = 2300 = 1090

Number of atoms in the universe: 1080



Quantum state 
3-qubit

a0 000	
a1 001	
a2 010	
a3 011	
a4 100	
a5 101	
a6 110	
a7 111



Classical state 
3-bit

   000	
   001	
   010	
   011	
   100	
   101	
   110	
   111



Classical Computation 
3-bit

   000	
   001	
   010	
   011	
   100	
   101	
   110	
   111

   000	
   001	
   010	
   011	
   100	
   101	
   110	
   111

   000	
   001	
   010	
   011	
   100	
   101	
   110	
   111

C
o
m
p
u
t
a
t
i
o
n

C
o
m
p
u
t
a
t
i
o
n

R
e
a
d
o
u
t



Quantum Computation 
3-qubit

a0 000	
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Quantum calculation (1)



Stochastic: the result is a probability distribution

One 'shot': run a quantum circuit, measure

Many shots: sampling the distribution

Result: the vector of probabilities for each qubit string

Quantum calculation (2)



Classical circuit 1940s





4-bit  
addition







27 Qubits



The future of  
quantum computing

Computers in the future may weigh no more than 1.5 tons 
                         Popular Mechanics, 1949 



Gordon E. Moore

1965





Takeaway message

• Useful quantum computers will arrive in ~2030


• Today there is no quantum software


• Few quantum computer scientists




