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First steps in computer science
1936 Turing Machine

The abstract notion of a
programmable and universal
computer

Church-Turing thesis: equivalence
between the class of algorithms
performed on some physical device
with the rigorous mathematical
concept of universal Turing Machine.

Ex: Turing tape (memory) divided in cells. The control unit moves and
executes basic operations (i.e. reading/writing/erasing). Any computable
quantity is obtained in a finite number of steps.

1945 Von Neumann architecture

A theoretical model for pra

design of a universal Turing Machine:

e Control Unit; fetches

instructions/data from memory
 Avrithmetic Logic Unit: basic

arithmetic operations
* Memory: store data and
instructions

- 1/0

ctical

John Von Neumann (1905-1957)

—

Control Arithmetic &%
Unit )

1947 Bardeen, Brattain,
Shockley

Hardware development with
transistor!



Why quantum computing?

1965 Moore law 10

« Computer power double

for a constant cost every
two years (since 1960)
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« Expensive and difficult

nanofabrication techniques
(<10nm!!)
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e Quantum effects are no
longer negligible
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Quantum Simulators & Universal Quantum Computers

1982 Quantum Simulators

o At the atomic (sub-atomic)
scale, Nature obeys to
quantum mechanical laws

 Simulating quantum
mechanical systems with
ordinary computer is not
efficient

* By quantum simulator, we
understand a controllable
quantum system used to
simulate or emulate other

Richard Feynmann (1912-1954) quantum sys’Fems. Quantum

simulators mimic quantum

processes.

R. Feynman, International Journal of Theoretical Physics volume 21, pages 467-488 (1982)



Quantum Simulators & Universal Quantum Computers

1982 Quantum Simulators

Quantum system
o At the atomic (sub-atomic)

A A
scale, Nature obeys to Quantum simulator :
quantum mechanical laws v v

U/
v (0)) = |y (1))
 Simulating quantum evolution
mechanical systems with

ordinary computer is not .
.. Y P Preparation  Measurement

efficient

« By quantum simulator, we
understand a controllable

\
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processes.

R. Feynman, International Journal of Theoretical Physics volume 21, pages 467-488 (1982)

Neutral atoms in optical lattices mimic solid state as(cems



Quantum Simulators & Universal Quantum Computers

1982 Quantum Simulators

o At the atomic (sub-atomic)
scale, Nature obeys to
quantum mechanical laws

 Simulating quantum
mechanical systems with
ordinary computer is not
efficient

* By quantum simulator, we
understand a controllable
quantum system used to

(1912-1954) simulate or emulate other

quantum systems. Quantum

simulators mimic quantum
processes.

Richard Feynmann

R. Feynman, International Journal of Theoretical Physics volume 21, pages 467-488 (1982)

1985 Universal Quantum
Computer

* Using the laws of quantum
mechanics to define a quantum
Turing machine?

* Universal Quantum Computer is
an abstract machine used to
model the effects of a quantum
computer: any quantum
algorithm can be expressed as a
quantum Turing Machine.

David Deutsch (1953)

* A Universal Quantum Computer
efficiently solves computational
problems which have no efficient
solution on a classical computer.

Deutsch, David. "Quantum theory, the Church-Turing principle and the universal quantum
computer." Proceedings of the Royal Society of London. A.
Mathematical and Physical Sciences400.1818 (1985): 97-117.



Quantum algorithms

1994 Shor's algorithm 1995 Grover's algorithm
« On a quantum computer » Conducting search through
finding the prime factors of an some unstructured database is
integer is exponentially faster polynomially faster on
than any classical algorithm quantum computer

known so far.
e |t needs to call a black box

* Prime factoring is at the core function O(N"?) times.
of many encryption scheme
(i.e. RSA) * Widespread applicability
constrained satisfaction
. ( Lov Grover (1961)
* Indication for quantum problems, 3SAT ...)
computer to be more powerful
than classical computers
Shor, Peter W. "Polynomial-time algorithms for prime factorization and discrete Grover, Lov K. "A fast quantum mechanical algorithm for database search.”

logarithms on a quantum computer." SIAM review 41.2 (1999): 303-332. Proceedings of the twenty-eighth annual ACM symposium on Theory of computing. 1996.



Where are we now
with quantum computing?



Noisy Intermediate Scale Quantum Computers (NISQ)

* Limited number of qubits n~20-400
« Hardly controllable systems;
« Too many errors in logical

« Error correction is not possible gates ~ O(10°/10)

0 Application to real-world problems;

0 Proving quantum advantage

https://quantumalgorithmzoo.org/



Hybrid quantum-classical algorithms

|

Memory available instead of QC
Doesn’t solve efficiently certain tasks

Input parameters

-

uantum Computer
output

Solve hard problems with quantum
algorithms



Hybrid quantum-classical algorithms

Leonardo @ CINECA

Supercomputer
3500 CPU, 14000 GPU

Input parameters

>

uantum Computer
output

Pasqgal (neutral atoms)
300 qubits



Optimization problems

looking for the
minimum of a cost
function



Optimization problems

looking for the
minimum of a cost
function

Combinatorial
optimization
problems

(QAQOA,
quantum
annealing, ...)

Portfolio
optimization




Optimization problems

looking for the
minimum of a cost
function

Combinatorial
optimization
problems

Machine Learning

(QAQA,
quantum
annealing, ...)

Molecules and
Materials

(VQE, quantum

Portfolio deflation, ...)

optimization
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Quantum supremacy using a programmable
superconducting processor
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Quantum supremacy: quantum computer solves a problem faster (with
less resources) than a classical computer

Problem: random quantum state generation with a quantum random
circuit

111 Solution on a classical computer takes 10KY !!!
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Quantum supremacy: quantum computer solves a problem faster (with
less resources) than a classical computer

Problem: random quantum state generation with a quantum random
circuit 1 Not very useful

111 Solution on a classical computer takes 10KY !!!

By approximating quantum correlations, one can simulate ‘a faithful’
Google experiment on a laptop!
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. | When quantum
correlations cannot be
approximated with
classical methods

...When do you need
a quantum computer?




Other examples of quantum advantage

Article

Quantum computational advantage witha
programmable photonic processor

QUANTUM SIMULATION

L] L] = L] 8
Quantum optimization of maximum independent set . - ; I
https://doi.org/10.1038/s41586-022-04725-x Lars S. Madsen'?, Fabian Laudenbach'®, Mohsen Falamarzi. Askarani'®, Fabien Rortais’,
using Rydberg atom arrays Roceived 12Noverber 2021 Mo . ol Adriana . e Thorna Gor’, See WooNare’ Varun . Vi,

Accepted: 5 April 2022 Matteo Menotti', Ish Dhand', Zachary Vernon', Nicolas Quesada'™ & Jonathan Lavoie'
Published online: 1June 2022

S. Ebadi't, A. Keesling?t, M. Cain't, T. T. Wang?, H. Levine't, D. Bluvstein®, G. Semeghini’,
A. Omran®?, J.-G. Liu'?, R. Samajdar’, X.-Z. Luo®>>*, B. Nash®, X. Gao', B. Barak’, E. Farhi®’,
S. Sachdev'®, N. Gemelke?, L. Zhou®, S. Choi’, H. Pichler'®X, S.-T. Wang?, M. Greiner'*,

V. Vuletié'?*, M. D. Lukin*

Perspective

Realizing quantum speedup for practically relevant, computationally hard problems is a central challenge 5 5

in quantum information science. Using Rydberg atom arrays with up to 289 qubits in two spatial I).raCtlca.l quantum advantage in quantum
dimensions, we experimentally investigate quantum algorithms for solving the maximum independent Slmul atlon

set problem. We use a hardware-efficient encoding associated with Rydberg blockade, realize
closed-loop optimization to test several variational algorithms, and subsequently apply them to
systematically explore a class of graphs with programmable connectivity. We find that the problem

hardness is controlled by the solution degeneracy and number of local minima, and we experimentally PR CORIANON039/pMB00 020N0A0 0 R P’e:::,“"?L';',:::‘}f:r;zpet;h;:f:"K°'“"l55‘"“" Flannigan’
benchmark the quantum algorithm’s performance against classical simulated annealing. On the Receleditiuty2021

. O . . . . Accepted: 7 June 2022
harfiest gr:phs,lwe o_?ssen./e.a superlinear quantum speedup in finding exact solutions in the deep circuit T w— THe AevelopitieHEof UatEONPULE DS several EehiologlEs A pIBEaRS
regime and analyze its origins. :

has reached the point of having an advantage over classical computers for an artificial
problem, a point known as ‘quantum advantage’. As a next step along the development
of'this technology, itis nowimportant to discuss ‘practical quantum advantage’, the
point at which quantum devices will solve problems of practical interest that are not
tractable for traditional supercomputers. Many of the most promising short-term

™ Check for updates




Basics of quantum computation



QUBIT

Fundamental unit of quantum information

>0 1 5i1)

B EC,|al*+|BI> =1

1 qubt=———=Pp1 bit of classical information
measurement
2 qubit
Two qubit states [00), [01), [10),|11)

superposition |¥) = a|00) + £|01) + y|10) + §|11)




Single qubits gates Two-qubit gates
10)
input  output

A
NOT i)
X) 1)~ 10) "’
n
. 10
Input  output
1
Hadamard 0= U0+ | JD
(H) | "
1) =510 -11) ‘,

superposition D



Single qubits gates

10)

input  output
Tl
NOT b
) 1)~ 10) "’
Ry
. 10)
Input  output
1
Hadamard 0= U0+ | lh
(H) >"

1
1) > —(|0) =1
|>\/§(I>I>)

sovrapposizione D

Two-qubit gates

input
|0405) = [0,05)
|0415) = |041p)
|1405) = [141p)
|141p) = [140p)

output

CNOT

' input output
B is controlled by A
Xy ® XA
Quantum
correlations f \
Y5 U ygXx

Universal set of gates: any algorithm can be decomposed as a sequence

of {CNOT, single qubit gate})

Reversibility’: can always go back to the input from the output



QUANTUM COMPUTER

- WHAT?

A quantum computer is a physical
system composed of many qubits,
whose dynamics is controlled,;

« HOW?

It processes information via logical
operations while exploiting the laws of
quantum mechanics

QUANTUM CIRCUIT

iime

Initialization
& Resets

—

Quantum Gates Measurements

qo ly) H
» —}
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crz vy |
crx \ &
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1
Classically Controlled

Quantum Gates
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Incontri introduttivi al
Quantum Computing

14/03/2023, h.17:00
Calcolatori e simulatori quantistici nella NISQ era:

COsa sONo e COsa possono fare
Ilaria Siloi (Unipd)

21/03/2023, h.17:00
Introduzione all’emulatore di calcolatore quantistico HPC
“Quantum Matcha Tea”
Marco Ballarin (Unipd)
28/03/2023, h.17:00
Introduzione alle macchine Dwave

Gabriella Bettonte (CINECA)

04/04/2023, h.17:00
Introduzione alle macchine PASQAL

Riccardo Mengoni (CINECA)

11/04/2023, h.17:00
Introduzione alle macchine QUERA Computing

Tommaso Macri (QUERA)

Tutte le lezioni saranno su zoom (al link: https://unipd.link/QCSC-Lessons),
registrate e rese disponibili sul sito gcsc.dfa.unipd.it

Partners

- Q INFN @ CINECA @ s Oarakne n@Eat



Thank you!



- Dove provare un
Quantum Computer?



Quantum Cloud
Service

QUANTUM JOB
CIRCUIT \
quantum_circuit. json

1 e N 1

| S— S— e

My computer QPU




uantum-com
puting.ibm.com

Accesso gratuito a tempo
macchina su quantum
Computer it IBM Quantum Composer

[3  Untitled circuit File  Edit  View
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https://quantum-computing.ibm.com/
https://quantum-computing.ibm.com/
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Bit e’ una variabile binaria
unita’ elementare di informazione classica

Rapresentazione decimale VS binaria

(11), = 1 x 10+1 x 10° = (8+2+1),
=1 x224022+1x2"+1x 2
(1011),

(3.14), = (11.001000111...),

Porte logiche (gate) operano sui bits attraverso la logica Booleana.

OR A|B| A+B

olo| o

A+B 0|1 1

B 10 |

JEd R

NAND A|B|A4B NOR A|B|A+B
0lo0 1 L 00 1

A—N\z28 01| 1 Aj>o”—+3 0o|1| 0
B—} L|of 1 B 1|0 ©
1{1| o 11| 0

= Le porte logiche sono componenti fisiche che usano i transistor per
operare gli switch elettronici quando una certa condizione e’
verificata.

Operazione logica: f:{0,1}"(71{0,1}™

Set universale di gate: ogni calcolo e’ scrivibile come una sequenza
finite di alcune porte logiche {AND-OR-FANOUT}, {NAND})

Irreversibilita’ (n 1= m) non sempre dal risultato si torna all'input



“ . I'informazione e’ fisica...”



