
  

Quantum Computation

Lake Garda, September 2018

José Ignacio  LATORRE
Univ. Barcelona / National Univ. Singapore

Quantic@BSC-UB



  

21/12/2015



  

1B€ Flagship

2B€ Mission

+HPC 
!!!



  

Micius satellite
Tibet, 1200 km apart
Austria-China (9/2017)

48 trusted nodes

China



  



  Rigetti
16 qubits, 128 (coming) 

Martinis Google
72 qubits (24 operative)

DWAVE2
2048 non coherent qubits

IonQ
9 qubits

IBM cloud computer
5, 16, 20 qubits

Qilimanjaro: 1 qutrit

Microsoft
0 qubits



  

QM   =   Information



  

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



  

∣0 ⟩

∣ψ⟩=α∣0 ⟩+β∣1 ⟩

Physics Logical bit

∣1 ⟩

Superposition 
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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 ⟩

New 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
?
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NOT  UNITARY



  

Unitarity =  Reversible Computation

Multiplication
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QC

Reversible Computation
input output



  

Copy

Copy
?
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Copy

Copy
?
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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

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!

N calls Sqrt(N) calls



  

Annealing

DWAVE-2  2048 qubits
Optimization problems, no error correction                        12M/machine

Tunnel across the barrier!!

Quantum tunneling

H=∑ij
J ij z i z j

Optimization problems



  

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
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Periods at   q= m Q/r    

read  r



  

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
Breaking of RSA, Discrete log, Eliptic curve



  



  

New algorithms



  

Quantum Algorithms

Known circuits

Search - Grover
QFT - Shor

Deutsch

Variational

Autoencoders
Eigensolvers
Classifiers

Annealing

Direct Annealing
Adiabatic Evolution



  

Variational circuits

U
1

U
4

U
2

U
3 U

5

U
1

U (α⃗)=U n ...U 2U 1

Classical characterization of a global unitary

Qcomputer is a machine to generate variational states

Delivers quantum states

Explores a large (Hilbert) space

α⃗



  Processing by hidden neurons                      Processing by superpositions



  

Variational Quantum Eigensolvers                            Aspuru-Guzik
Zapata Computing

Read out

Machine learning
on circuit design

any optimization problem

First applications 
Quantum Chemistry!

Energy
Correlations
Classical & Quantum



  

Autoencoder

    I     =

Detect a relevant subspace in data

Compressor

Generate patterns

|0 ⟩
|0 ⟩ |0 ⟩

|0 ⟩



  

Quantum Classifier

Classify

Optimize classifier

U (α⃗)

Codify data in gates

97% success



  

Adiabatically Assisted Variational Quantum Eigensolver

H (s)=(1−s)H 0+s HP

i) Find circuit for ground state H , s=0, with VQE. ₀

ii) Increase s, solve new H(s) with VQE using as initial condition the previous circuit.

Iii) Reach H
P

AA shows a path around local minima

Solves hard instances of
Exact Cover (NP-complete)

VQE fails



  

CONCLUSION

Quantum advantatge 
Speed, Size, Energy

Quantum Race
Quantum supremacy
Factorization
(post)Quantum cryptography

Quantum Algorithms
       Variational
       Machine learning on pulses



  

IDEAS

Use adiabatic evolution of chi2

Explore minimization to train neural networks

chi2=(1−s )chi o
2
+schiP

2

Closure data based on smooth wiggle-less pdfs

Interpolate from other pdf distributions to ours?



  

BCN QUANTIC QILIMANJARO

1 qubit-qutrit

   Classifier
   Boltzmann machine
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