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Electronics April19,1965
Elect ronics

» tubesto count and store: page 80
D r meastres laser radiation: page 93
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The experis ook ahead

Cramming more components
onto integrated circuits

With unit cost falling as the number of components per
circuit rises, by 1975 economics may dictate squeezing as
many as 65,000 components on a single silicon chip

By Gaordon E. Moore

Director, Research and Development Laboratories, Fairchild Semiconductor

divigdan af Fairchild Camira s lasirumes Co

The future of integrated electranics is the future of electron-
icd itselll The advanmages of inlegration will bring abowl a
prolderation of electronics, pushing this scienos inlo many
THEW AriTas

Imegrated circwils will lead 1 such wonders as home
compulers—or al heast berminal u.'\l:lrlll...ILIl'I a cerilral com-
puler—avlomalc controls for aut , &nd personal
poriable communications equipmenl. The electroaic wrisl-
walch needs only & dsplay W be feasable 1oday.

Bul the biggest polential lies in the producton of large
systems. In lelepha 5, mlegraled carcunls
in digital filters will separate channels on multiplex equip-
menl. Integrated circudls will also swilch elephone carcuns
and perform data processmg

Computers w
by different ways. Far example, memories baill

wwerdial, and will be arganieed

e

of mtegrated electronics may be disinibuled throughoul the

The author

n E, Meing is ang ol

DO G
the rew braed af slectronic
engineers, schoaled In the
physical seinnces salher thar in
electronics. He earned a B.S.
dagrig in chaeniatry from ik
Uniwersity of California and a
Ph.0, dligrin in physicsl
chemistry from the Califoria
Inatitute af Techaalogy, Ha was
ore of the founders of Fairchild
Samicanducion s hus baan
diractos of the resesnh and
develeoment laboratories since
1050

cirewls will gllow the construction of kanger processing unils,
Machimes similar to those m existence today will be built at

lower cosls and with faster turn-around.
Present and {uture

By imtegrated electronics, 1 mean he warnas wech-
nologies which are relierned to a8 microelectronics woday as
well &8 any sdditicnal ones that resull in electronics (unc-

Lioes supplied 1o the user as irredocible unis. The
||u|u._ e WeTe the lave 1950,

equipment W include in-

[ikm sirociunes and semiconductor mbegrated ¢
Each apprasch evalved rapidly and converged s
cach b mwied lechnigques from another. Marny
belizwe the way of the luture 16 be a ca
oans approaches
The adviscates ol wemni

canductor imegrated ©
already using the improved characteristics ol thin
Lars by applying such films directly 1o an active semico 'ldl.n.‘
Lor substrabe. Those advocaling a technology based upon
I ssticated 1 fiar the an

rays

approaches have worked wiell and are being used
nien] boday
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But, Moore’s Law Seems to be Slowmg Down

www.economist.com/technelogy-quarterl /2016 -03-12/after-moores-law

Double, double, toil and trouble

D \.:JE]UE © 2016 D-Wave Systems Inc. All Rights Reserved | 4
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Predictions for the End of Moore’s Law

I Faith no Moore

Selected predictions for the end of Moore's law

1995
G. Moore, Tntel

2000 2005 2010 2015

D. Hutcheson,
VL5I Research

I. Chuang, IBM Research

P. Gargam, Intel
L. Krauss, Case Western,
& G. Starkman, CERN

G. Moore, [ntel

\ . . City Calleqge of NY
Cited reason: M. Kaku, City Je or i

Economic limits

Technical limits

R. Colwell, DARPA; (formerly Intel)

G. Moore, Intel

Sources: Intel; press reparts; The Economist
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approx. 2600

2015-25
2021-22

2020-22
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Moore’s Law’s Law .

“The number of people predicting the death
of Moore’s law doubles every two years.”

Peter Lee, a vice-president at Microsoft Research

D ':\J\Iaue © 2016 D-Wave Systems Inc. All Rights Reserved | 6
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French Advances / My Doctor Fired Me / Love App-tually

TIME

IT PROMISES TO SOLVE SOME OF HUMANITY’S
MOST COMPLEX PROBLEMS. IT'S BACKED
BY JEFF BEZOS, NASA AND THE CIA.
EACH ONE COSTS $10,000,000 AND OPERATES
AT 459° BELOW ZERO. AND NOBODY KNOWS

HOW IT ACTUALLY WORKS
*

THE INFINITY MACHINE

BY LEVGROSSMAN

L
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April 1983 —Richard Feynman’s talk

Title: Los Alamos Experience
Author: Phyllis K Fisher
Page 247
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e Exploits quantum mechanical effects
e Built with “qubits” rather than “bits”

* Operates in an extreme environment

Enables quantum algorithms to solve
'" very hard problems

© 2016 D-Wave Systems Inc. All Rights Reserved | 10



Characteristics of Classical Digital Systems

Separable

Barriers

© 2016 D-Wave Systems Inc. All Rights Reserved | 11



Quantum Effects on D-Wave Systems

Superposition

Entanglement

Quantum Tunneling

© 2016 D-Wave Systems Inc. All Rights Reserved | 12



Quantum Turing Machine .

Proc, R, Soc. Lond, A 400, 97-117 (1985)
Printed in tfrent Briloin

Quantum theory, the Church—Turing principle and
the universal quantum computer

By D.DevrscH
Department of Astrophysics, South Parks Road, Oxford 0X1 3RQ, U.K.

(Communicated by R. Penrose, F.R.S. — Received 13 July 1984)

It is argued that underlying the Church-Turing hypothesiz there is an
implicit physical assertion. Here, this assertion is presented explicitly as
a physical prineciple: ‘every finitely realizible physical system can be
perfectly simulated by a universal model computing machine operating
by finite means’. Classical physics and the universal Turing machine,
because the former is continuous and the latter discrete, do not obey the

principle, at least in the strong form above. A elass of model computing
manhines that is the anantom ceneralization of the class of Turine

1950 1960 1970 1980 1990 2000 2010
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Algorithms,

e David Deutsch (1992): Determine whether f: {o0,1}"—
{0,1} is constant or balanced using a quantum computer

e Daniel Simon (1994): Special case of the abelian hidden
subgroup problem

* Peter Shor (1994): Given an integer N, find its prime
factors

e Lov Grover (1996): Search an unsorted database with N
entries in O(N%?) time

1960 1970 1980 199%:% 2000 2010 2020
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Quantum Information Science .
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Original Simulated Annealing Paper

THE JOURNAL OF CHEMICAL PHYSICS VOLUME 21, NUMBER 6

Equation of State Calculations by Fast Computing Machines

Nicnoras MeETrROPOLIS, ARIANNA W. RosENBLUTH, MARSHALL N. ROSENBLUTH, AND AvucusTA H. TELLER,
Las Alamos Scienlific Laboratory, Los Alamos, New Mexico

AND
EowArD TELLER,® Departmeni of Physics, Universily af Chicago, Chicago, Illinois

(Received March 6, 1953)

A general method, suitable for fast computing machines, for investigating such properties as equations of
state for substances consisting of interacting individual molecules is described. The method consists of a
modified Monte Carlo integration over configuration space. Results for the two-dimensional rigid-sphere
system have been obtained on the Los Alamos MANIAC and are presented here. These results are compared
to the free volume equation of state and to a four-term virial coefficient expansion.

1950 1960 1970 1980 1990 2000 2010
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Quantum Annealing Qutlined by Tokyo Tech

PHYSICAL REVIEW E VOLUME 58, NUMBER 5 NOVEMBER 1998

Quantum annealing in the transverse Ising model

Tadashi Kadowaki and Hidetoshi Nishimori
Department of Physics, Tokyo Institute of Technology, Oh-okayama, Meguro-ku, Tokyo 152-
8551, Japan
(Received 30 April 1998)

We introduce quantum fluctuations into the simulated annealing process of optimization problems, aiming at
faster convergence to the optimal state. Quantum fluctuations cause transitions between states and thus play
the same role as thermal fluctuations in the conventional approach. The idea is tested by the transverse Ising
model, in which the transverse field is a function of time similar to the temperature in the conventional
method. The goal is to find the ground state of the diagonal part of the Hamiltonian with high accuracy as
quickly as possible. We have solved the time-dependent Schrédinger equation numerically for small size
systems with various exchange interactions. Comparison with the results of the corresponding classical
(thermal) method reveals that the quantum annealing leads to the ground state with much larger probability in
almost all cases if we use the same annealing schedule.

[S1063-651X~98!02910-9]

1960 1970 1980 1990 2000 2010 2020
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roup Proposes Adiabatic QC

Quantum Computation by Adiabatic Evolution

Edward Farhi, Jeffrey Goldstone®
Center for Theoretical Physies
Massachusetts Institute of Technology

Cambridge, MA 02139

Sam Gutmann'
Department of Mathematics
Northeastern University

- Boston, MA 02115

- Michael Sipsert

c Department of Mathematics

- Massachusetts Institute of Technology
S Cambridge, MA 02130

;1 MIT CTP # 2036 quant-ph /000110

Abstract
We give a quantum algorithm for solving instances of the satisfiability problem, based on adiabatic
evolution. The evolution of the quantum state is governed by a time-dependent Hamiltonian that
interpolates between an mnitial Hamiltonian, whose ground state 1s easy to construct, and a final
Hamiltonian, whose ground state encodes the satisfying assignment. To ensure that the system
evolves to the desired final ground state, the evolution time must be big enough. The time required
depends on the minimum energy difference between the two lowest states of the interpolating
Hamiltonian. We are unable to estimate this gap in general. We give some special symmetric
cases of the satisfiability problem where the symmetry allows us to estimate the gap and we show

that, in these cases, our algorithm runs in polynomial time.

int-ph/0001106v]1

i
L8

1960 1970 1980 1990 2000 2010 2020
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How it Works e
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Company Background

Founded in 1999
World'’s first quantum computing company

Public customers:

— Lockheed Martin/USC
— Google/NASA Ames
— Los Alamos National Lab

Other customer projects done via cloud
access to systems in D-Wave's facilities

120+ U.S. patents

.
D ':waue © 2016 D-Wave Systems Inc. All Rights Reserved | 20
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Mission

To help solve the most challenging problems
in the multiverse:

» Optimization
* Machine Learning

» Monte Carlo/Sampling

L
H':waye © 2016 D-Wave Systems Inc. All Rights Reserved | 21
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But, It Is Fundamentally Different Than

AnythingYou've EverDone Before!

Intel 64
Performance (GFLOPS) ~20 (12 cores)
Precision (bits) 64
MIPS ~12,000 (12 cores)
Instructions 245+ (A-M)
251+ (N-2)
Operating Temp. 67.9°C
Power Cons. 100 w +/-
Devices 4B+ transistors
Maturity 1945-2016

-273° C
~0

1000 qubits

~1950’s

L]
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The D-Wave 2X

1000+ qubits

Performance: up to 600X
Synthetic cases —
100,000,000X

Power: <25 kW

Three orders:
Google/NASA E
LANL
——Lockheed Martin/USC

e —




D-Wave Contalnerf-“SCIF like” - No RF
Interference P 4k . L

© 2016 D-Wave Systems Inc. All Rights Reserved | 24



System Shield ing .. |

16 Layers between the quantum chip
and the outside world

b

* Shielding preserves the quantum
calculation

© 2016 D-Wave Systems Inc. All Rights Reserved | 25



Processor Environment . .

e Cooled to 0.015 Kelvin, 175x colder

than interstellar space
~

* Shielded to 50,000 X less than Earth’s
‘magnetic field

* In a high vacuum: pressure is 10 billion
times lower than atmospheric pressure

e On low vibration floor

e <25 kW total power consumption —for
the next few generations

© 2016 D-Wave Systems Inc. All Rights Reserved | 26



D-Wave 2X Quantum Processor.
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Processing Using D-Wave .. .

A lattice of superconducting loops (qubits)
Chilled near absolute zero to quiet noise

User maps a problem into search for
“lowest point in a vast landscape” which
~ corresponds to the best possible outcome

Processor considers all possibilities
simultaneously to satisfy the network of
relationships with the lowest energy

The final state of the qubits yields the
answer

© 2016 D-Wave Systems Inc. All Rights Reserved | 28



Programming Mode|

b

Quantum bit which participates in annealing cycle and settles

QUBIT into one of two possible final states: {0,1}

COUPLER | a:a Physical device that allows one qubit to influence another qubit

Real-valued constant associated with each qubit, which
WEIGHT .| influences the qubit’s tendency to collapse into its two possible
final states; controlled by the programmer

Real-valued constant associated with each coupler, which
STRENGTH ;i | controls the influence exerted by one qubit on another;
controlled by the programmer

Real-valued function which is minimized during the annealing

OBJECTIVE cycle

D \-"Jaue © 2016 D-Wave Systems Inc. All Rights Reserved | 29
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Programming Environment..

* Operatesin a hybrid mode with a HPC System or Data
Analytic Engine acting as a co-processor or accelerator

* D-Wave system is “front-ended” on a network by a
standard server (Host)

* User formulates problem as a series of Quantum
Machine Instructions (QMls)

* Host sends QMI to quantum processor (QP)

* QP samples from the distribution of bit-strings defined
by the QMI

e Results are returned to the Host and back to the user

L]
HDQ':\J'CJa\CJe © 2016 D-Wave Systems Inc. All Rights Reserved | 30
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D-Wave Software Environment

b el

D-Wave Software Environment

Optimization Constraint Sampling,
Satisfaction SAT, ML
: QSage . ToQ o “Translators”
25 C+;;t l":'lATLAB, \ I / Host Libraries
O | ot P e S R
: “Virtual"QUBO

, . Intermediate
QUBO : Representation
| - :

Command Line
Interface

Quantum Machine
Instruction

Target
System

D ::\JJEJUE © 2016 D-Wave Systems Inc. All Rights Reserved | 31
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Example: 4-coloring Canada’s provinces

\

D:\Wauvulk © 2016 D-Wave Systems Inc. All Rights Reserved | 33
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Scaling up...

e We cannot fit all the states into unit cells of the

chip...

e ...s0 we adopt a divide-and-conquer strategy

Divide the US map into
chunks.

Process the first chunk and
get valid colorings for the
first chunk of states.

Use these colorings to bias
the second chunk.

Repeat.

D:\WJaulk
LR

L)
The Quantum Computing Company

chunk 1

chunk 2 chunk 3
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R
254 counties in Texas
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Google Optimization Benchmarks (2013)

Timing Benchmark —Smaller is Better

10000 77 —e— cPLEX
| —@— METSTABU
1000 —— — /,rr
—@— AKMAXSAT 3/2/‘3/
—e— D-WAVE | / »

100 — 11000 X

10

Median time to best solution (s)
[
¢

0.1 ps = / / @ < “p . . 2]
0.01 /
0.001 ‘///
0] 100 200 300 400 500

Problem size (number of qubits)
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Machine Learning: Binary Classification

0D:

The Quantum

Traditional algorithm
recognized car about 84% of
the time

Google/D-Wave Qboost
algorithm implemented to
recognize a car (cars have
big shadows!)

“Quantum Classifier” was
more accurate (94%) and
more efficient

Ported quantum classifier

back to traditional computer,

more accurate and fewer
CPU cycles (less power)!

\Wavlke

Computing Company
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Google Blog December 8, 2015 .

When can Quantum Annealing win?

Tuesday, December 08, 2015
Posted by Hartmut Neven, Director of Engineering

http://googleresearch.blogspot.ca/2015/12/when-can-quantum-annealing-win.html

During the last two years, the Google Quantum Al team has made progress in understanding the physics governing quantum
annealers. We recently applied these new insights to construct proof-of-principle optimization problems and programmed these
into the D-Wave 2X quantum annealer that Google operates jointly with NASA. The problems were designed to demonstrate

that quantum annealing can offer runtime advantages for hard optimization problems characterized by rugged energy

landscapes

We found that for problem instances involving nearly 1000 binary variables, quantum annealing significantly outperforms its
classical counterpart, simulated annealing. It is more than 108 times faster than simulated annealing running on a single core.

10
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http://googleresearch.blogspot.ca/2015/12/when-can-quantum-annealing-win.html
http://googleresearch.blogspot.ca/2015/12/when-can-quantum-annealing-win.html
http://googleresearch.blogspot.com/2013/05/launching-quantum-artificial.html
https://en.wikipedia.org/wiki/Quantum_annealing
https://en.wikipedia.org/wiki/Quantum_annealing
http://www.dwavesys.com/press-releases/d-wave-systems-announces-general-availability-1000-qubit-d-wave-2x-quantum-computer
https://en.wikipedia.org/wiki/Simulated_annealing

The Beginning of an Industcy

Hardware

Production
D-Wave 2X

Research
IBM Research (5Q)

U Bristol (2Q)

D::\Waulk
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Software Tools Algorithms/Apps Gov. Funded R&D

D-Wave qOp D-Wave Users
- dw, gbsolv, ToQ 1Qbit
QCWare
1QBit SDK QxBranch
LANL Assembler
IBM, MS, ... EC €1B
UK Hubs
ORNL JADE IARPA QEO
Poland QuTiP

© 2016 D-Wave Systems Inc. All Rights Reserved | 40



The Most Advanced Quantum Computer
intheWorld . a7 G, MR

DE Wave Two\'
D-Wave One 512 qubit

Number 128 qubit

of

Qubits : &
16 qubtt D-Wave 2X
R i o 1000+ qubit

| 7 =

28 qublt

2012 2016

© 2016 D-Wave Systems Inc. All Rights Reserved | 41



Neutron life expectancy

Tundra in turmoil

Quantum computer at Los Alamos
Fusion on the cheap

D:\Wauvuk A 42
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—

A NASCENT COMMERCIAL QUANTUM COMPUTER
HAS ARRIVED AT LOS ALAMOS. IT COULD SOLVE

CERTAIN PROBLEMS WITH
THAT IT

' i

A FAMOUS PHYSICIST ONCE SAID, “If you think you
understand quantum mechanics, you don't understand
quantum mechan That ph was Richard Feynman—
Los Alamos alumnus, wisecracker, and Nobel laureate—
describing a mind-bending subfield of physics wherein the
rules of classical mechanics seem to vanish in a puff of smoke.

During Feynman's years at Los Alamos, the fledgling
laboratory’s “computers” were mostly women, many the
wives of scientists, who sat at desks for eight hours a day,
computing by hand the complex calculations required by the
Manhattan Project. Shortly thereafter, the top-secret ENIAC
(Electronic Numerical Integrator And Computer)—located
in Pennsylvania and regarded as the first general-purpose
electronic computer—helped post-war Los Alamos scientists
to refine nuclear weapons and to explore other weapons
technologies. Soon Los Alamos officials recognized the need
for on-site leading-edge computing technologies. The first
and second MANIAC computers (Mathematical Analyzer,
Numerical Integrator, And Computer) were built in-house
during the 1950s and 60s. In the 1970s supercomputers came
on the scene and the Laboratory was first to purchase Cray,
Connection Machine, and IBM supercomputers. At present,
the Laboratory is installing its latest Cray supercomputer,
a classical-computing beast dubbed Trinity, which once
installed will be one of the most advanced computers in the
world. But last month the newest addition to the Lab’s family
of futuristic computers arrived, and it’s a horse of a different
color: a quantum computer with potentially extraordinary
capabilities that are just beginning to be explored.

Quantum computers have long been on the horizon
as conventional computing technologies have raced toward
their physical limits. (Moor
number of transi: tha
doubles every two y

Law, an observation that the
an fit onto a computer chip
s nearing its expiration date as
certain features approach the size of atoms.) And to be certain,
general-purpose quantum computers remain on the horizon.
However, with the acquisition of this highly specialized
quantum computer, Los Alamos, in partnership with Lawrence
Livermore and Sandia National Laboratories, is helping to
blaze the trail into beyond-Moores Law computing technology.
This new machine could be a game changer for simulation

SUCH ASTONISHING SPEED

WOULD BE LIKE PULLING ANSWERS OUT OF A HAT.

and computing tools that support the Laboratory’s mission

of stockpile stewardship without nuclear testing. It may also
enable a slew of broader national security and computer science
applications. But it will undoubtedly draw a community of top
creative thinkers in computational phy: computer scienc
and numerical methods to Los Alamos—reaffirming the Lab's
reputation as a computing technology pioneer.

Weird science

Albert Einstein famously rejected parts of the theory of
quantum mechanics. His skepticism is understandable. The
theory, after all, said that a single subatomic particle could
occupy multiple places at the same time. A particle could move
from one location to another without traversing the space
between. And multiple particles that had previously interacted
and then separated by vast distances, could somehow “know™
what each other was up to. It didn't seem to align with what
scientists thought they knew.

Einstein’s friend and contempor iels Bohr, argued in
favor of the theory and embraced its peculiarities, declaring,
“Everything we call real is made of things we cannot call real”
Einstein and Bohr publically hashed it out over the yearsin a
series of collegial debates that delved deep into the philosophy
of nature itself. Bohr’s view prevailed and science has since
borne it out. Even though Einstein was x fully satisfied by
it, quantum mechanics is now generally accepted as the funda-
mental way of the world.

One of the hard-to-get-your-head-around concepts
at the heart of quantum mechanics is called superposition.
Simplistically, superposition is the idea that something can be
in multiple states at the same time. A single electron can have
both up and down spin, a single photon can travel both this
path and that one, and, conceptually, a luckless cat in a box
can be both dead and alive. Until you check, that is. Once the
electron’s spin is measured, or the photon is tracked, or the box
lid is lifted, the system goes classical and assumes either one
state or the other.

The lifting of the lid causes decoherence—another
oddity of the quantum world. For a system to exist in a state of
superposition it must not interact with its environment at all,
including observers or scientific instruments. The loss of any

1663 Jul
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