Title: Machine Learning and Quantum Annealing
Date: Apr 07, 2017 01:30 PM
URL: http://pirsa.org/17040027

Abstract: <p><em>Quantum annealing with superconducting qubits: status and prospects </em><br />
Adrian Lupascu, Institute for Quantum Computing<br />

<br />

<em>Quantum-enhanced Gibbs sampling in statistical relational learning </em><br />

Peter Wittek, Institute of Photonic Sciences, University of Boras</p>

Pirsa: 17040027 Page 1/76



1QC éue WATERLOO

Quantum annealing with superconducting qubits: status
and prospects

A. Lupascu,
University of Waterloo, Physics & IQC

Perimeter/IQC "Quantum Machine Learning Journal Club", April 7" 2017

Pirsa: 17040027 Page 2/76



]
Operations per anor

https://www.dwavesys.com

face code D1 pratects fiom X and Z efmrs

B SRl Rt S

Repetition code (10): protects fiom X orfors

" D-Wave

i i

Denchev et al. PRX 6, 031015 (2016)

Kelly at al., Nature 519,66 (2015)

Pirsa: 17040027 Page 3/76



Outline

» The Ising machine
» Model

» Applications

» Superconducting hardware for the Ising Machine
» Qubits
» Couplers

» DWave system, work to date
» Open questions
» Planned research in the QEO program

» Our work
» ZZZ coupler
» Low frequency noise
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The Ising model

N N
o Z; = £l
Hi =) hiZi+ Y JyZiZ;
i=1 i,j=1 hi, Jij  real numbers

+ Classical function of N binary variables
» The energy of a set of N 2 spins

Two problems
« Optimization: minimize H for given {#;} and {/i;
» Machine learning: quantum Boltzmann machines
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Optimization problems

N N
[1/ = Z/?,‘Z,‘ -1- Z ,/,J'Z,'ZJ'
1=1

1< j=1
1. Specify {h;} and{J;;} (problem instance)
2. Find variables {Z;}such that H; is minimized

Possible solution: find the ground state of the Hamiltonian #;

H(t) = A(t)Hr + B(t)H;

N
Hr=t) X,
=1

Ground state can be easily prepared
|Hr, H]
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Running the Ising machine for an optimization
problem

Running the quantum annealer

N
* Preparation of the ground state of H : H ERF

1=1

« Adiabatic change of the Hamiltonian from Hy to H;

« Measurement of the states of the qubits in the Z
eigenbasis

Array si, s2, ...sny (s; = +1 is the measurements result for spin )
is the problem solution.
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Example: number partitioning problem

» Number partitioning problem
» Consider the set of numbers A = {n;,ns,...,nx}

E N — E (¥

i€P i€ A\ P

» Find subset P such that IS minimized

» Solution based on Ising encoding
» Problem is equivalent with finding binary variables {51,82,...5N},

2

such that (Z s,n,) is minimized

» Encoding in the Ising model

II),' = i -],;J' = nin;
Lucas, Frontiers in Physics (2016)
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Application to machine learning

» Probability distribution for data expressed as a
Boltzmann distribution

P,=2"" Z e b Z  spin variables
h v visible data
z = (v,h) h  hidden data

» Adjust parameters of the Ising Hamiltonian to minimize
difference with respect to training data

L E 1;);1:11-&1 1033; 1,‘;\;
v

Amin et al., arXiv:1601.02036
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Application to machine learning

e ()3 |
a) =3\
——\;(]1:\'[

KL

iteration

Amin et al., arXiv:1601.02036
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Superconductivity

Normal state ® 8o S
finite conductivity v @ - g
i — =
al Woactrol rclar -—
10 electron order 09 99, o, 0g
no energy gap - b

@ @T=T, (1.2 K for Aluminum)

Superconducting state ()

« infinite conductivity

« electron order &>
B @ &

The gap for electron-hole excitations survives in small electromagnetic fields.

Lower energy excitations, <—: Josephson energy
with anharmonic spectrum charging energy
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Josephson junctions

_ 2 : Lt R * L Rt

Jko

Second order tunnelling process

Energy > 2A

Y\/"“o—.m Ny

OOEB— DOE— B — BB

Effective Hamiltonian

Hreg = —FE; Z (Inr, — L,ng + 1){(nL,nR

nrn. g

)

+ |np + 1L,ng — 1) (ng,ng

nyr: # Cooper pairs in left/right lead
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Ingredients of superconducting qubits

» Josephson tunneling

n: # Cooper pairs which crossed the junction

H;y=-F; Z (|HL —1l.np+ 1><HL.HR| + ‘H[_ +1.np — l)(n;_.nn\)

» Charging energy
He = E. Z (ng, — nn)")|n;,.11(;)(1'1[,-1’111“ Ec =

nL,ngr

2CLR

» Magnetic flux (for circuits with loops): Aharonov-
Bohm phase

‘H], = 1.7!/{ == l)(NL.HH| —y ‘HL — 1.;1“ <+ l><”L‘”l1’|(“’2ﬁf
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Josephson effect: description of a Josephson
junction

tunnel barrier

- Josephson energy

H, = —IZ‘_,ZQI’?XI’? +1|+|n+ |><ﬂ’)

'[)
analogy with tight binding model

N1 = 1 N;_) +n ﬁ ﬁ ﬁ m n
. - . —&- 3 L @ . amd
» thick barrier: states different n are - =1 0 1 2
degenerate (neglecting charging E*
energy) E()/) ==k, COS(7)
« thin barrier: degeneracy is lifted l
\/EJI },>:___Zaj:nln>
vV h total n
1 o
O/nt

Josephson, Phys. Lett. 1, 251 (1962) de Gennes, Superconductivity of ..,( 1966)
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Josephson relations

Josephson equations Dynamics of Bloch states
n, xTen, ke

>

First Josephson equation

—& 4 4 = o
0 2

= 27, sin(y) -2 g 1
0 __ 10F
- critical current
Second Josephson equation
' -2 X
o d(hy) 1 g :
dt ; 2
hk = FF

Ashcroft and Mermin,
Josephson, Phys. Lett. 1, 251 (1962) Solid State Physics (1976)
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Josephson junction as a nonlinear inductor

2nd Josephson)
relation

5y dly)
dt

circuit theory

—

d,en =V

branch

_ CD() 7
branch ~— 2}{ }/

15t Josephson
relation

[=1sin(y)

D,
l,‘, = —
27
L ] — (I)O Sll’l ZJT (I)f’num‘h X
27, D,
nonlinear
inductor
linear
inductor
[ - branch

—7 — 000 —
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Quantum variables of a Josephson junction

Cooper pair variable Electric circuit variables

7.7]=1 d.0|= i

) ) R - 3?2 do/2m)% /- , 2 d
H = Ech® + E;(1 — cos¥) H = 32( + “Z; —(1 —cos FF)
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_ g v 0% | 92 (Po/2m)? . 2m(d+d,)
/ I H=736+31 L; YO T,

20 ‘U s = —1
=15 ‘” s =1

10
: H = h(®,)Z + t(®;,)X

0
2 0 2
| by /2)/1 \

Harris et al., PRB 81, 134510 (2010)
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 Advantages of flux qubits over other

superconducting qubits

» Large anharmonicity (third level well separated from
lowest levels at all settings)

» Tunability of longitudinal and transverse fields
» Tunability with flux better than by charge, not perfect

» High fidelity readout: detection of flux using sensitive
superconducting detectors

» Ability to develop tunable and long range coupling
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Maassen van den Brink et al.,
New Journal of Physics 7, 230 (2005)

Figure 1. A system of three ri-SQUIDs. of which the two outer ones function as

qubits and the mner one as a coupler

Figure 2. The self-flux ¢, '(¢}) — ¢ for an ri-SQUID coupler with g 0.95

according o equation (6)
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DWave system

Chimera graph
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DWave system
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Denchev et al.,
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Is it quantum?

(b) 10 1

= 08 . o

= Mo Indirect test indicates 8-
= | qubit entanglement

=] 0.4

= 0.2

Lanting et al.,
PRX 4, 021041 (2014)
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DWave progress

» Processor upgrades
» Focused on #qubits

» Other improvements
Noise
Annealing speed
Resolution
Temperature
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IARPA QEO program

Iable 3. QOO Milestones and Metrics for Quantum Annealing Test Bed Svstems (minimum requirements)

Control & Bandwidth

@ = 50 MHz

Offeror-specified

to-run) system measurements

-
Design Space Month 9 Month 21 Month 27 Month 39 Month 51
Test Bed 1 Test Bed 2 Test Bed 3
Coherence '™ Offeror-
T) /T2 ONOff s 10/ 10/ 5 specified Offeror-specified Offeror-specified Offeror-specified
# PSQs > 2 > 8 > 32 > 54 > 100
Precision’'’, bits > 7 > 7 > 7 > 8 > 10
Classical Problem
Hamiltornian physical s 2 . 8 > 10 for 2-spin couplings > 16 for 2-spin couplings > 20 for 2-spin couplings
Ising connectivity per ' > 4 for 3&4-spin couplings | = B for 3&4-spin couplings > 10 for 3&4-spin couplings
physical spin
Driver Hamiltonian
degree of coupling >2 >2 >3 (eg., I-way, XXX) >4 >4
spin fluctuations '
Full logical coupling Multi-logical-spin systems w
Error mitigation primitives with quantum quantum error suppression Offeror-specified
b e[ror suppression (e.g Engineered dissipation and
stabilizer code-based) cooling circuits and protocols
. Offeror-specified
Readout fferor-
w = ~ 95/ 100 Q Multi-spin ensemble Offeror-specified
Fidelty % / Speed ns specified Offeror-specified 3
measurements '
Annealing Parameter Independent’ Adaptive from prior run (run- Adaptive by real-time (in-

run) system measurements

https://www.iarpa.gov/index.php/research-programs/qeo
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Coherence

» Energy relaxation/excitation
e} = |g)

lg) — |e) suppressed by Boltzmann factor ¢~ Fee/ksT
» Pure dephasing
1 1 > . .
\ﬁ(lﬁ) + le)) — \/§(|y> + e'?|e)) ¢ is a random variable

» Dephasing time 7, (it corresponds to Var(¢) ~ 1)
» Statistical properties of the fluctuations in the transition
frequency dw,. (stochastic process)
Commonly 1/f noise

Woe
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Targets on coherence in QEO program

DWave current numbers | Targets in QEO
T, ~10 ns (estimate) 10-50 us
T, (flux insensitive point) | ~10 ns (estimate) 10-50 us
T: (flux sensitive region) | ~1 ns (estimate) ~J US

» Approach: different flux qubit design

» Energy relaxation time improved using knowledge gained
In the context of the gate model

» Reduced sensitivity to flux
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Targets on coherence in QEO program

DWave current numbers | Targets in QEO
T, ~10 ns (estimate) 10-50 us
T, (flux insensitive point) | ~10 ns (estimate) 10-50 us
T: (flux sensitive region) | ~1 ns (estimate) ~D US

» Approach: different flux qubit design

» Energy relaxation time improved using knowledge gained
In the context of the gate model

» Reduced sensitivity to flux
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The persistent current qubit

Mooij et al. , Science (1999)

L

Orgiazzi et al. , PRB 93, 104518 (2016) Forn-Diaz et al., Nature Physics 3, 1324 (2012)
Bal et al. , Nature Comm. 3, 1324 (2012)
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Yan et al. , Nature Comm. 3, 1324 (2012)
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Problem parameters resolution

» Both {%:} and {J;;} are controlled using magnetic flux
» Drift in coefficients scales with

[,00(1)
» Solution

» Decrease I,
» Incorporate future developments in reduction of flux noise
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Connectivity

» Short range/finite connectivity in the Dwave system

» Qubits are lost for many/most interesting problem, due to
embedding

» The need to build constraints reduces the energy range
for the coupling constants

» Aim: Increase connectivity
» Beyond Chimera?
» Problem specific designs
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Non-stoquastic terms

» Terms in the Hamiltonian of the form

» Motivation

» These terms cannot be handled via quantum Monte Carlo
methods, possibly enabling a quantum advantage

» During annealing, many spin tunneling is a slow process
reducing the probability to reach the ground state
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Challenges ahead

» Reduced |
» Increased difficulty to attain large qubit-qubit coupling

» Preserving high coherence for an integrated system

» Complex circuits can impact coherence due to opening
new relaxation channels

» High connectivity is particularly hard to implement
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Z/ZZ couplers

» Addition of term ZZZ to the Ising Hamiltonian leads
to more efficient embedding of certain problems

» 3 SAT problems
» Potential circuit

Qubt 3
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Role of transitions with noise

» Small energy gaps may lead to excitation. Tradeoff
» Adiabaticity
» Noise

» Recent analysis for (' noise with n>1

Wild et al., PRL (2016)

» Analysis of more realistic noise models for SC qubits
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Quantum-enhanced Gibbs sampling in statistical
relational learning

o

Peter Wittek

ICFO-The Institute of Photonic Sciences
Barcelona Institute of Science and Technology

April 2017
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Symbolic Logic Probabilistic Graphical Models Thermalization SRL Quantum Gibbs Sampling Summary

Motivation

@ There has been a lot of talk about quantum annealing:

e Either for adiabatic quantum optimization;
e Or for Gibbs sampling.

b

@ Boltzmann machines:

e [rain a classical Boltzmann machine.
e Consider a transverse Ising model: quantum Boltzmann machines.
e You trained your Boltzmann machine, then what?

@ Can we do better?

e Where else can we use quantum Gibbs sampling?
e Any other implementation for efficient sampling?

Peter Wittek (ICFO) Quantum-enhanced Gibbs sampling in SRL April 2017 2/ 47
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Outline

@ Symbolic Logic
© Probabilistic Graphical Models
€ Thermalization
Statistical Relational Learning

© Quantum Gibbs Sampling

© Summary
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Symbolic Logic Probabilistic Graphical Models Thermalization SRL Quantum Gibbs Sampling Summary

First-order logic

Basic components:
e Constant: representing objects in the domain. E.g., Alice, Bob.
e Variable: taking values in a domain, e.g., people.
@ Function: mapping from tuples of objects to objects. E.g., MotherOf.

bk

@ Predicate: representing relations among objects, e.g., Flies(x),
Physicist(y), Coauthors(x,y).

Formulas:

e Atom: predicate applied to a tuple of objects. E.g., Coauthors(x,
MotherOf (Bob) ).

@ Ground atom: atom with no variable. E.g., Coauthors(Alice,
MotherOf (Bob) ).

@ Formula: atoms with logical connectives and quantifiers. E.g., Vx
(Flies(x)=Flies(Mother0f (x))).

Peter Wittek (ICFO) Quantum-enhanced Gibbs sampling in SRL April 2017 4/ 47
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Knowledge base

Knowledge base (KB): conjunctive set of formulas.

e Every referee is competent:
Vx,y (Referees(x,y)=Competent(x))

April 2017 5/ 47
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Symbolic Logic Probabilistic Graphical Models Thermalization SRL Quantum Gibbs Sampling Summary

Knowledge base

Knowledge base (KB): conjunctive set of formulas.

Y]

e Every referee is competent:
Vx,y (Referees(x,y)=Competent(x))

@ Referees of physicists are physicists:
Vx,y (Referees(x,y)APhysicist(y)=-Physicist(x))

Peter Wittek (ICFO) Quantum-enhanced Gibbs sampling in SRL April 2017 5/ 47
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Symbolic Logic Probabilistic Graphical Models Thermalization SRL Quantum Gibbs Sampling Summary

Grounding out and Herbrand interpretation

Finite domain: {Alice, Bob}
Functions are not relevant, they serve as substitutions.
Grounding out the atoms grow exponentially:

@ Referees(Alice,Bob), Referees(Bob,Alice),
Referees(Alice,Alice), Referees(Bob,Bob).

e Competent (Alice), Competent (Bob).
@ Physicist(Alice), Physicist(Bob).

Grounding out the knowledge base:

b

@ Referees(Alice,Bob)=Competent (Alice)

@ Referees(Bob,Alice)=>Competent (Bob)

@ Referees(Alice,Alice)=Competent (Alice)
o ...

Herbrand interpretation (possible world): assign a truth value to each

ground atom.
Peter Wittek (ICFO) Quantum-enhanced Gibbs sampling in SRL April 2017 6 /47
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Symbolic Logic Probabilistic Graphical Models Thermalization SRL Quantum Gibbs Sampling Summary

Deduction

Let us have a formula from outside the KB:

Y]

e F: Bob referees Alice. Bob is not competent.
Referees(Bob, Alice)A—Competent (Bob)

@ Problem of entailment: KBEF.

What about contradictions?

Peter Wittek (ICFO) Quantum-enhanced Gibbs sampling in SRL April 2017 7/ 47
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Symbolic Logic Probabilistic Graphical Models Thermalization SRL Quantum Gibbs Sampling Summary

Random variables and causation

e Uncertainty (probabilities) and logical structure (independence
constraints).

@ Goal: compact representation of a joint probability distribution.
e For {Xj,..., Xy} binary random variables, there are 2N assignments.

b

Complexity is dealt through graph theory.
Factorization: compactness.

o
o

@ Inference: reassembling factors.

e Conditional independence (X L Y|Z):

PiX=xY=yZ=z)=PX =x|Z=2)PlY =y|Z = 2)
VXE X, YEY,Z2EZ

Peter Wittek (ICFO) Quantum-enhanced Gibbs sampling in SRL April 2017 9 /47
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Symbolic Logic Probabilistic Graphical Models Thermalization SRL Quantum Gibbs Sampling Summary

Bayesian networks

@ Directed acyclic graph (DAG)

e Nodes: random variables.
o Edges: direct influence.

@ Local probabilistic model: conditional probability distribution.
° P(X,"Pax‘.)

]

EERD
0.8

PX] 1) .
T | 06

0.8
0.6

Source: Koller et al. (2007). Graphical Models in a Nutshell.

Peter Wittek (ICFO) Quantum-enhanced Gibbs sampling in SRL April 2017 10 / 47
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Symbolic Logic Probabilistic Graphical Models Thermalization SRL Quantum Gibbs Sampling Summary

d-separation

o Factorization: P(X1,...,Xn) =[], P(Xj|Pax.).
@ Local Markov property: (X; L NonDescendantsy.|Pax;)

@ blood sugar—stomach acidity—hunger

Qf> &?
@ @ 2 O @
é) é'rx) (x %’D \Cﬁ/

Source: Koller et al. (2007). Graphical Models in a Nutshell.

Peter Wittek (ICFO) Quantum-enhanced Gibbs sampling in SRL April 2017 11 / 47
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Symbolic Logic Probabilistic Graphical Models Thermalization SRL Quantum Gibbs Sampling Summary

Probabilistic inference in Bayesian networks

e How to apply the learned model?
i @ NP-hard, in fact, it is in #P.
e Two types of queries:
o Conditional probability: P(Y|E = e) = S5,
e Maximum a posteriori: argmax,P(y|e) = argmax, >, P(y, Z|e).
@ Generic case for approximation: Markov chain Monte Carlo Gibbs
sampling.

Peter Wittek (ICFO) Quantum-enhanced Gibbs sampling in SRL April 2017 13 / 47
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Symbolic Logic Probabilistic Graphical Models Thermalization SRL Quantum Gibbs Sampling Summary

Learning a Bayesian network: weights

@ Dependency structure is already known.

e Parameter estimation: given a sample S = {Xi,..., Xy} and a graph
G, estimate the parameters 0 that define the conditional probability
distributions.

e Likelihood function: L(fg : S) = P(S|0¢).
@ Two options:

e Maximum likelihood estimation.
e Bayesian estimation.

b

Peter Wittek (ICFO) Quantum-enhanced Gibbs sampling in SRL April 2017 14 / 47
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