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Beyond Moore’s law: quantum devices

Disruptive technology change: use quantum mechanics for computing!

(Ba

Quantum Random
Number Generator

Quantis
- 0902099A210

Made in Switzerland
www.idquantique.com

:
A
'
’ ' US Patent No. 7.519 641

Model n®:
Serial n®

Windows Q
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Quantum random number generators

Create true random numbers using the laws of quantum mechanics
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1. Photon source emits a photon

2. Photon hits semitransparent mirror

3. Photon follows both paths

4. The photo detectors see the
photon only in one place:
random selection
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When will we have a quantum computer?

Windows Q

Matthias Troyer
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May 2011

Yes, you Can
have one.

D-Wave One"
information

Thursday, July 11, 13



From http://www.dwavesys.com
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4 We have a problem
with impossible.

D-Wave's mission is to build
quantum computing systems
that help solve humanity’s

most challenging problems.



http://www.dwavesys.com
http://www.dwavesys.com

From http://www.dwavesys.com

3 Are you ready for this?

Applying our unique quantum computing
technology, we aim to dramatically
improve our customers’ results through
better understanding and insights.
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(Tsl]l’ N AU ﬂ 0‘1‘1( @inws Friday, March 22, 2013

A Strange Computer Promlses Great Speed .
(page 1) .... 1 lige T ’ DGEEeed d1a- ane: Cct, thedes gn could be

used to superc science and
business proble

.

(page 2) Ho ’ s scientists haveshof ver iblighed Scig “‘ lata showing
that the systet ’m tes faster tha uﬂ. s conventions .i bt omputers. ...
critics of D-Wa g [ R R but a form of

standard ther | .‘; ;-, |

Kim Stallknecht for The New York Times

Matthias Troyer
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May 2013: D-Wave Is 3600x faster than classical computers!?

MIT Experimental Evaluation of an Adiabiatic Quantum System
for Combinatorial imization
Tech_nology or Combinatorial Opt atio
Review |
Catherine C. McGeoch Cong Wang
Ambherst College Simon Fraser University
@ NEWS &ANALYSIS +  FEATURES = VIEWS = MULTIMEDIA ~ DISCUSSIONS = TOPICS = POPULAR: 10 BREAKTHROUGH TECHNOLOGIES Amherst MA, USA Burnaby BC, CA

ccm@cs.amherst.edu cwa9@Qcs.sfu.ca

ZE Wiy : e
= - : Special purpose heuristic device (D-Wave)
[ul D-Wave's Quantum needs 0.491s
C Computer Goes to the Races,
Wins General purpose exact solver (CPLEX)

needs 30 minutes on one CPU core
Tests suggest that a ClA-backed quantum computing

technology can be very powerful for some kinds of problems.

“It would of course be interesting to see
if highly tuned implementations could compete ...

J)

Matthias Troyer
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Some magazines investigate deeper ...

The

Economist

Quantum computing

Faster, slower—or both at once?

DPHYS
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... but isn’t it business success that counts in the end?

Log in | Register | Subscribe

Digital & mobile |

The first real-world contests between quantum computers and standard ones

CHIPMAKERS dislike quantum mechanics.

Half a century of Moore’s law means their

products have shrunk to the point where

they are subject to the famous weirdness of

the quantum world. That makes designing

them difficult. Happily, those same

quantum oddities can be turned into

features rather than bugs. For many years

researchers have been working on

computers that would rely on the strange

laws of quantum mechanics to do useful

calculations. They would do this by using

binary digits which, instead of having a

\lnll [V I\'F r\i‘l'hr\v' “f\nf\” el “Wnl"ﬁ”
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268 Tweet < 25

AN
D-Wave Systéms Inc

Forbes -
NASA And Google Partner To

Matthias Troyer

New Posts

»
mbir CEQ: Not

Most Popular Lists

Work With A D-Wave Quantum

Computer
¥ | 3 comments, 3 called-out

+ Comment Now + Follow Comments

D-Wave, the Canadian-

based company that is T
the first to offer a P ——
commercial quantum Ny ——
computer, announced

today that it’s sold its

second $10 million D-
Wave Two system. The

contract is between

the Universities Space

Research Association D-Wave 512-Qubit Bonded Processor - Recent
and D-Wave. CﬁnglQ Generation (Credit: D-Wave)

cooa +091% , USRA, and

NASA will be collaborating on the use of the machine.
The system will be installed at a new lab, which will be located at

627
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What is behind this?

D-Wave is not a universal qguantum computer but a special purpose quantum optimizer

Does it work?

Is it quantum or classical?

Is it thousands of times faster than anything classical?

We performed experiments on D-Wave devices to answer these questions

Matthias Troyer
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Binary quadratic optimization: an NP-hard problem

Find the values x; (=0 or 1) which minimize the quadratic cost function

Ealjxix it Ebl.xl. where x, € {0,1}
] l

Finding the solution is exponentially hard (unless P=NP)

Thursday, July 11, 13
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The Ising spin glass: an NP-hard problem

Find the values x; (= -1 or +1) which minimize the quadratic cost function

EJl.jxixj +Zhl.xl. where x, €{—1,+1}
] l

Finding the solution is exponentially hard (unless P=NP)

Many important problems can be expressed as binary quadratic optimization problems
(or Ising spin glasses) with only polynomial overhead

factoring integers: 15 =3 x5
traveling salesman problem
portfolio optimization

graph isomorphism

Can a quantum device solve these problems faster than a classical one?

‘ Matthias Troyer ‘
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Annealing and simulated annealing

Annealing
A 7000 year old neolithic technology

Slowly cool a metal to improve its properties

Simulated annealing

Kirkpatrick, Gelatt and Vecchi, Science (1983)

A 30 year old optimization technique

Slowly cool a model in a Monte Carlo simulation
to find the solution to an optimization problem

We don’t always find the global minimum and have to try many times

‘ Matthias Troyer ‘
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Quantum annealing

Advantages of quantum mechanics

A quantum particle can be everywhere at once
and explore all of the configuration space

Quantum annealing schedule >
¥ (x)

Start with a constant potential V/(x)

The particle is everywhere with equal probability

given by the square of the wave function [¥(x)|"
V(x)

Turning on the potential the wave function

concentrates around the minima of the potential We have to anneal very slowly for the hard problems

to let the particle “tunnel” to the global minimum

Thursday, July 11, 13
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The D-Wave device
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Superconducting flux qubits

The qubit is implemented by
magnetic fluxes caused by
circulating superconducting currents

0: magnetic flux flowing down

1: magnetic flux flowing up

Programmable magnetic coupling
allows to define the optimization problem

Z Ji XX, + Zhl.xi
ij l

Thursday, July 11, 13
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Lockheed Martin bought two D-Wave devices

D-Wave One installed at USC in October 2011 108 of 128 qubits working
D-Wave Two installed at USC in March 2013: 503 of 512 qubits working
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Is D-Wave a quantum annealer?

Many scientists doubt that D-\Wave is a quantum device
since the qubits are imperfect and the device is exposed to lots of thermal noise

Hypothesis 1: Experimental test:
D-Wave is a not quantum but compare to a simulated classical annealer
just a classical annealer (Monte Carlo simulation)
Hypothesis 2: Experimental test:
D-Wave is a quantum annealer compare to a simulated quantum annealer

(Qquantum Monte Carlo)

Hypothesis 3: Experimental test:
D-Wave is a quantum device scaling with problem size is better than that

and shows quantum speedup of the classical codes

|
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The experiments to test the machine

Find the hardest problems that the machine can solve 1000s of choices of couplings
1000s of repetitions of the annealing

10s of problem sizes
vary the annealing time and schedule

Random £1 couplings on all edges of the chimera graph
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billions of simulations
classical and quantum Monte Carlo

hundred million experiments
on D-Wave One

Matthias Troyer
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Success probability histograms

1. Pick 1000 different random problems
2. For each problem run experiments and count how often the global minimum was reached
3. Plot a histogram of the probabillities of finding the global minimum

Simulated

DPHYS

) Department of Physics
Institute for Theoretical Physics

D-Wave One

gquantum annealer

B) SOA

Simulated
classical annealer
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D-Wave One is inconsistent with a classical annealer
D-Wave One is consistent with a simulated quantum annealer

Thursday, July 11, 13

Matthias Troyer




ETH DPHYS

Department of Physics

Eidgendssische Technische Hochschule Zirich Institute for Theoretical Physics

Swiss Federal Institute of Technology Zurich

Correlations between D-Wave and a simulated quantum annealer

1.0 easy for both D-Wave and
the simulated quantum annealer
0.8f
8 |
@)
© 0.6 112
0 .
Q 110
=
> 0.4} 8
<
@4
. 6
0.2f _ . _ 4
hard for both D-Wave and E.-'-. - 2
the simulated quantum annealer 0.9 o v o o -0 Lo
SQA

The same instances are hard and easy
on D-Wave and the simulated quantum annealer

Matthias Troyer
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Scaling of the median time to solution with problem size

10° ¢

Simulated Quantum Annealing

Simulated Annealing

Belief Propagation (exact

p

GPU

time [us]
—
<

D-Wave Two

10t | 200 Monte Carlo updates
D-Wave One | /

per nanosecond

Ve

This is for random %1 couplings and the conclusion may be different for other benchmarks

Matthias Troyer

Thursday, July 11, 13



ETH

Eidgendssische Technische Hochschule Zirich
Swiss Federal Institute of Technology Zurich

We understand the D-Wave “black box” much better

Special purpose device for combinatorial optimization problems

Finds the global optimum out of 2°%3 states (non-trivial!)

Evidence for quantum behavior

ged

Performance correlates well with a simulated quantum annealer

but not with a simulated classical annealer

, gau

Performance can (so far) be matched by highly optimized
classical codes on a single GPU or CPU

0.%

2.a,%.X,+ 3 bx
i
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Observed scaling is the same as that of classical codes

Can improved calibration change the conclusion?

Matthias Troyer
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