
  

Quantum Computation

Infieri, September 2021

José Ignacio  LATORRE

CQT, Singapore / TII, Abu Dhabi / Qilimanjaro, BCN



  

Computing 
with 

Quantum Mechanics



  

Postulate I
Ket keeps all available information on a system

Postulate II
Observables are related to operators acting on kets

Postulate III
Measurement collapses information 
Born rule dictates this probabilistic collapse

Postulate IV
Evolution is unitary and deterministic, keeps probabilities

QM        Information

Von Neumann & Copenhagen interpretation



  

Classical Computation

Classical Physics

Church, Post, Turing,..:     Computing = Physics

Information           QM



  

Classical Computation

Classical Physics

Quantum Mechanics

Quantum Computation

Information           QM

Feynman:   Computing with QM



  

Trapped ions:
ground-excited energy

Photons:
H-V polarization
Time bins

Superconducting curents:
Left-right rotation

Physical implementations

Quantum Cryptography Quantum Computation

∣ψ⟩=α∣0 ⟩+β∣1 ⟩

Superposition = QUBIT 



  

(



  

The information on a system may be on a superposition of various possibilities 

|ψ1 ⟩

Superposition



  

The information on a system may be on a superposition of various possibilities 

|ψ2 ⟩

Superposition



  

The information on a system may be on a superposition of various possibilities 

Superposition



  

|ψ ⟩=|ψ1 ⟩+|ψ2 ⟩

The information on a system may be on a superposition of various possibilities 

Superposition



  

Schrödinger's cat



  

Schrödinger's cat



  

Schrödinger's cat

|cat ⟩=|alive ⟩+|dead ⟩



  

 Schrödinger's cat kills your prejudices



  

|ψ ⟩=α|0 ⟩+β|1 ⟩

We can codify arbitrary superpositions of logical bits: QUBIT 

Let's use quantum superposition to codify information
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U H∣0 ⟩=
1

√2
∣0 ⟩+

1

√2
∣1 ⟩

Unitary Evolution   =    Quantum Gates    

U H∣1 ⟩=
1

√2
∣0 ⟩−

1

√2
∣1 ⟩

B⃗

UCNOT∣0 0 ⟩=∣00 ⟩

UCNOT∣0 1 ⟩=∣01 ⟩

UCNOT∣1 0 ⟩=∣11 ⟩

UCNOT∣11 ⟩=∣1 0 ⟩

Physical interaction = Q Logical Gates

Interference 



  

|ψ ⟩=∑i1 ,i2 ,… , in
c i1 ,i2 ,… ,in|i1 , i2 ,…, in ⟩

 2n superpositions on n qubits
1 register of 50 qubits contains more information than any classical computer

Quantum advantatge

Massive superpositions for computation!

Massive parallel computation!

U|ψ ⟩=∑i1 ,i2 ,… , in
c i1 ,i2 ,…, inU|i1 , i2 ,…, in ⟩



  

BUT

Quantum Mechanics follows its on laws



  

Multiplication

Multiplication
?

|0 ⟩

|1 ⟩

|1 ⟩

|1 ⟩

2

3
|0 ⟩

|1 ⟩

|0 ⟩

|1 ⟩
6

U x|2 ⟩|3 ⟩=|6 ⟩



  

Multiplication

Multiplication
?

|0 ⟩

|1 ⟩

|1 ⟩

|1 ⟩

2

3
|1 ⟩

|1 ⟩

|0 ⟩

|0 ⟩
6

U x|2 ⟩|3 ⟩=|6 ⟩
U x

+|6 ⟩=?

NOT  UNITARY

U x|1 ⟩|6 ⟩=|6 ⟩



  

Unitarity =  Reversible Computation

Reversible
Multiplication

|0 ⟩

2

3 6

U x|2 ⟩|3 ⟩=|2 ⟩|6 ⟩

|1 ⟩
|0 ⟩
|0 ⟩

|1 ⟩
|1 ⟩
|0 ⟩
|0 ⟩

|0 ⟩
|1 ⟩
|0 ⟩
|0 ⟩

|0 ⟩
|1 ⟩
|1 ⟩
|0 ⟩

2

U x|x ⟩|y ⟩=|x ⟩|f ( x , y )⟩



  

Copy

Copy

|0 ⟩

|1 ⟩

|0 ⟩

|0 ⟩

2

0
|1 ⟩

|1 ⟩

|0 ⟩

|0 ⟩
2

U cloning|2 ⟩|0 ⟩=|2 ⟩|2 ⟩

2



  

Copy

Copy

|0 ⟩

|1 ⟩

|0 ⟩

|0 ⟩

2

0
|1 ⟩

|1 ⟩

|0 ⟩

|0 ⟩
2

U cloning|2 ⟩|0 ⟩=|2 ⟩|2 ⟩

2

NO  CLONING



  

No cloning theorem

U cloning|0 ⟩|a ⟩=|0 ⟩|0 ⟩

U cloning|1 ⟩|a ⟩=|1 ⟩|1 ⟩

U cloning (c0|0 ⟩+c1|1 ⟩)|a ⟩=c0|0 ⟩|0 ⟩+c1|1 ⟩|1 ⟩

≠(c0|0 ⟩ +c1|1 ⟩)(c 0|0 ⟩+c1|1 ⟩)

No cloning underlies 
no inference for the exact result of a measurement
no violation of causality
no breaking quantum cryptography,….



  

Measurement 

Inherent quantum randomness

|ψ ⟩=∑i1 ,i2 ,… , in
c i1 ,i2 ,… ,in|i1 , i2 ,…, in ⟩

P(i1 ,i2 ,… ,in)=|c i1 ,i2 ,… ,in|
2



  

The magic of

Quantum Algorithms



  

Queries to an oracle

F

x F(x)

U
F

|x> U
F
|x)

Can QM reduce the number of calls to an oracle?



  

Queries to an oracle

F

x F(x)

Simplest example: is F constant? 

 F :{0,1 }→{0,1}

F (0)=F (1)?

F (0)≠F (1)?

0 , 1 F(0), F(1)

Classically, we need two calls to know if F is balanced



  

Queries to an oracle
Deutsch–Jozsa

U
f

|x> U
f
|x>

QM needs a single call to the oracle!!

H|1 ⟩

|0 ⟩
U

f

HH

|0 ⟩|1 ⟩

(|0 ⟩ +|1 ⟩) (|0 ⟩−|1 ⟩)

|0 ⟩ (|0+f (0) ⟩−|1+ f (0) ⟩)+|1 ⟩(|0+ f (1) ⟩−|1+ f (1)⟩)

(|0 ⟩ +(−1)
f (0)+ f (1)|1 ⟩)(|0 ⟩−|1 ⟩)

(1+(−1)f (0 )+ f (1)
)|0 ⟩ +(1−(−1)f (0 )+ f (1)

)|1 ⟩



  

Queries to an oracle: search an unstructured database

F

x F(x)=y?

U
F

|x> U
F
|x)=|y>

Grover’s algorithm

Solve a hash, bitcoin! Applications to many fields.

N calls Sqrt(N) calls



  

Grover Algorithm

G

N=2nSearch space:

G G

k=√ (N )=2
n
2

G =U fU s

U f=1−2|w><w|

U s=1−2|s>< s|

|s ⟩=
1

√ (N )
∑x

|x ⟩



  Probability is transferred coherently from the rest of states to the solution



  

Factorization

N=p q

Choose  a  and find  r  such that  ar=1 mod(N)

i)    r  is not even 
ii)   r  is even and  ar/2=-1  mod(N)
iii)  r  is even and  ar/2 ≠ -1 mod(N)

If  iii)      p = gcd(N, ar/2 + 1)        q = gcd(N, ar/2 - 1)

Factoring    =     Finding a hidden period



  

Computación cuántica

Algoritmo de Shor

1. Inicializa el registro

2. Crea un estado superposición

  1|0|
2

1
0|HU

Puerta de Hadamard

 




0..00||0..00|0..00|...|
12

0

)()1(
2

n

x

n
HH xUU

ancillaetarget  0..00|0..00|| 1



  

Computación cuántica

3. Aplica una exponenciación modular







12

0
23 )mod(||

1
||

n

x

x
f Nax

Q
U 

Un espacio de ancillae es necesario



  

Computación cuántica

4. Mide el espacio de ancillae







1

0
4 ||

1
|

B

k
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B
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12
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Computación cuántica

5. Realiza una transformación
de Fourier cuántica

 


q k

krdiq bqe
QB

b ||
1

| )(2
5
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21

0

/21
)( 






B

k

Qiqre
QB

qP 

Periods at   q= m Q/r    

read  r

Shor’s algorithm



  

Quantum Fourier Transform is efficient!!!!!

Applications

Factorization
Sincronization
Amplitude Amplification

       ….

n2



  

Factorization (Quantum Fourier Transform)

Classical Computer

e
(

64
9 )

1/3

n1/3 (logn )2/ 3

Quantum Computer

n3
(log n)( log( log n))

Quantum exponential speedup, size 2n+3



  

Sooner than later

A Quantum Computer will factor larger numbers efficiently!!!

RSA/DSA/ECC classical cryptography will be broken

Are we ready for that?



  



  



  

NSA

NIST

Competition
Quantum Resistant Algorithms

November 2017

2021: 4 candidates are alive
Competition reopen



  To be Qontinued!
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