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If computers that you build are guantum,

Then spies everywhere will all want ‘em.

Our codes will all fail,

And they’ll read our email,

Till we get crypto that’s gquantum, and daunt ‘em.

— Jennifer and Peter Shor



To read our E-mail,
how mean of the spies and their guantum machine;

be comforted though, they do not yet know how to
factorize twelve or fifteen.

— Volker Strassen



For example, factorizing a 2,000-bit number in
one day, a task believed to be intractable using
classical computers , would take 100 million
qgubits, even if individual guantum operations
failed just once in every 10,000 operations. We
have yet to assemble digital guantum processors
with tens of qubits.

-- Google Quantum AI Team
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Feynmann’s Lectures on Physics
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Fig. 1-1. Interference experiment with bullets.

http://www.feynmanlectures.caltech.edu/III_01.html



Feynmann’s Lectures on Physics
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Fig. 1-2. Interference experiment with water waves.

http://www.feynmanlectures.caltech.edu/III_01.html



Feynmann’s Lectures on Physics
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Fig. 1-3. Interference experiment with electrons.

http://www.feynmanlectures.caltech.edu/III_01.html
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Erwin Schrodinger’s Cat (1935)

efficient
detector

\

(-

radioactive —— sealed box
particle

poison capsule

At “half-life of particle, quantum mechanics says
cat is simultaneously dead and alive!

“superposition” - ‘@>|>+‘@> >
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http://www.nobelprize.org/nobel prizes/physics/laureates/2012/
wineland-lecture_slides.pdf
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EPRIGXZEHRT H1935F D —_1—3—93 1 LXK

EINSTEIN ATTACKS
QUANTUM THEORY

Scientist and Two Colleagues
Find It Is Not ‘Complete’
Even Though ‘Correct.’

SEE FULLER ONE POSSIBLE

———

Believe a Whole Description of
‘the Physical Reality’ Can Be
Provided Eventually.
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But in his final attack Einstein pointed to something
so deep, so counterintuitive, so troubling, and yet
so exciting, that at the beginning of the twenty-first
century it has returned to fascinate theoretical
physicists. Bohr’s only answer to Einstein’s last
great discovery— the discovery of entanglement—
was to ignore it.

Leonard Susskind



19644 Bell)EIHE
TA AR DIBN=ZEHIDETE

ON THE EINSTEIN PODOLSKY ROSEN PARADOX*

J. S. BELLT
Department of Physics, University of Wisconsin, Madison, Wisconsin

(Received 4 November 1964)

. Introduction ﬁ

THE paradox of Einstein, Podolsky and Rosen [1] was advanced as a
could not be a complete theory but should be supplemented by additio
ables were to restore to the theory causality and locality [2]. In this'
mathematically and shown to be incompatible with the statistical pred
the requirement of locality, or more precisely that the result of a meas
by operations on a distant system with which it has interacted in the |
ficulty. There have been attempts [3] to show that even without such
ment no ‘‘hidden variable’’ interpretation of quantum mechanics is po
examined elsewhere [4] and found wanting, Moreover, a hidden varia;r
tum theory [5] has been explicitly constructed. That particular interp
local structure. This is characteristic, according to the result to be
reproduces exactly the quantum mechanical predictions.

https://goo.gl/wyvd7B
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Church-Turing thesis

Wiki
http://en.wikipedia.org/wiki/Church%E2%80
%93Turing thesis

19434 Kleene
“Recursive Predicates and Quantifiers”




Kleene proposes Church's Thesis
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Simulating Physics with Computers

19824 Richard P. Feynman

http://www.cs.berkeley.edu/~christos/class
ics/Feynman.pdf
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Quantum theory, the Church-

Turing principle and the
universal quantum computer

19854 David Deutsch

http://www.cs.berkeley.edu/~christos/class
ics/Deutsch quantum_theory.pdf
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Quantum Parallelism
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The theory of computation has traditionally been
studied almost entirely in the abstract, as a topic in
pure mathematics. This is to miss the point of it.
Computers are physical objects, and computations
are physical processes. What computers can or
cannot compute is determined by the laws of physics

alone, and not by pure mathematics.
-- David Deutsch

Like mathematics, computer science will be
somewhat different from the other sciences, in that it
deals with artificial laws that can be proved, instead
of natural laws that are never known with certainty.

-- Donald Knuth
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Polynomial-Time Algorithms for

Prime Factorization and Discrete
Logarithms on a Quantum Computer

19954 Peter W. Shor
http://arxiv.org/pdf/quant-ph/9508027v2.pdf




A digital computer is generally believed to be an
efficient universal computing device; that is, it is
believed able to simulate any physical computing
device with an increase in computation time by at
most a polynomial factor. This may not be true when
quantum mechanics is taken into consideration. This
paper considers factoring integers and finding
discrete logarithms, two problems which are generally
thought to be hard on a classical computer and which
have been used as the basis of several proposed
cryptosystems. Efficient randomized algorithms are
given for these two problems on a hypothetical
quantum computer. These algorithms take a number
of steps polynomial in the input size, e.g., the
number of digits of the integer to be factored.
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NP-hard

Hamilton cycle
Steiner tree
Graph 3-coloring
Satisfiability
Maximum clique

Matrix permanent

~/complete\ Halting problem

Factoring
Graph isomorphism

Graph connectivity
Primality testing

Matrix determinant
Linear programming

http://www.scottaaronson.com/talks/anthropic.html




It Isn’t A Magic Bullet That Solves
All Problems Instantly

NP-complete

NP

)

“"What Quantum Computing Isn't” Scott Aaronson https://goo.gl/95SpPA



Quantum Computing and the Limits
of the Efficiently Computable
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Scott Aaronson
MIT
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Computational Complexity and the Black-Hole

Information Loss Problem

Maybe the single most striking application so far of
complexity to fundamental physics

Hawking 1970s: Black holes radiate!

The radiation seems thermal (uncorrelated with whatever
fell in)—but if guantum mechanics is true, then it can’t be

Susskind et al. 1990s: “Black-hole complementarity.” In
string theory / quantum gravity, the Hawking radiation
should just be a scrambled re-encoding of the same
guantum states that are also inside the black hole



The Firewall Paradox [Almheiri et al. 2012}

If the black hole interior is “built”
out of the same qubits coming out as
Hawking radiation, then why can’t
we do something to those Hawking
qubits (after waiting ~107° years for
enough to come out), then dive into
the black hole, and see that we’ve
completely destroyed the spacetime
geometry in the interior?

- T

0) -
) Entanglement among
| Hawking photons detected!

[)_:' J7 <07 l .'._-'~'.ll N AN




Harlow-Hayden 2013: Sure, there’s some unitary
transformation that Alice could apply to the Hawking
radiation, that would generate a “firewall” inside the event
horizon. But how long would it take her to apply it?

Plausible answer: Exponential in the number of qubits

inside the black hole! Or for an astrophysical black hole,

~ 2 years
She wouldn’t have made a dent before the black hole had
already evaporated anyway! So ... problem solved?

HH’s argument: If Alice could achieve (a plausible formalization of) her
decoding task, then she could also break collision-resistant
hash functions—beyond what even QCs seem able to do

Recently, | strengthened the HH argument, to show that Alice
could even invert arbitrary one-way functions



Conclusion
Any one of these would make me as happy as low-energy
SUSY would make you:

Prove PZNP

Prove that not even quantum computers can solve NP-
complete problems

Build a scalable quantum computer

(or even more interesting, show that it’s impossible)

Clarify whether all of known physics can be simulated by a
guantum computer

Use No-SuperSearch or related impossibility principles to
make progress in quantum gravity



Scott Aaronson - Computational complexity underpinnings of the Harlow-Hayden argument Qo »
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Susskind "Entanglement and Complexity: Gravity and Quantum Mechanics"

https://go0.gl/JOwSKkf
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The Computational Complexity of

Linear Optics

Scott Aaronson, Alex Arkhipov
https://goo.qgl/FtXVagw

In Proceedings of the 43rd annual ACM
symposium on Theory of computing (STOC
'11). ACM

Boson Sampling



General Idea of Boson Sampling

« The idea of boson sampling was
proposed in 2011 [1].
o Uses photons

LILI LI |

« Similar to a Galton board, which
samples from the binomial
distribution.

« By engineering the peg sizes and
locations a desired system can be
modeled.

LILILT]

« The response is governed by quantum
photon statistics.

[1] S. Aaronson and A. Arkhipov, “The Computational complexity of Linear Optics,” Proc. ACM Symposium, 2011.
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1-qubit® [E1E&

Bit Flipper

— X — al0>+b|1> > b|0>+all>
Phase Flipper

—_ /) al0O>+b|1> > a|0>-b|1>
Hadamard

— H — al0>+b|1> >

1 1
\/—E(a+b)|0>+ \/—E(a—b)|1>



Summary of quantum gates

Table of Quantum Gates and what they do

around X+ Z

State | Gate sequence to Transformation | Gates to measure in Name of
prepare the state on Bloch the respective basis | measurement basis
sphere
|0> | (none, ground None > Z, “standard”
state) m
|1> 7t rotation > Z, “standard”
around X f?\
|+> 7 rotation : X
around X + Z H f?\
|-> 7 rotation ! X
around X + H m
7t rotation




Hadamard — H

Pauh-X

Pauli-Y

Pauli-Z
Phase
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CNOT (Control-NOT)
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Quantum Teleportation

Grover’s Quantum Search Algorithm

Quantum Fourier Transformation

Shor’'s Quantum Factorization

Quantum Error Correction




Quantum Teleportation
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Quantum
search

TELGEFTILTAVALOBERESFE

Quantum
counting

Fourler Hidden subgroup

transform problem

v \
/ \\
\
/ \
y: 3
Statistics Speed up forsome | | Search for
mean,medianmin| | NP problems | |eryptokeys

Break cryptosystems
(RSA)




Grover’s Search Algorithm

O(V'N)

N
/

i 0) — gon C— —1 — measure
qubits ' © — — — —
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Grover’s Search Algorithm

|O jon |0' inital state
; ~Z — 1) apply H®™ to the first n qubits,
T - ’f and HX to the last qubit

Z |1‘| [|O - |l ] apply the Grover iteration @ =~

3. — @)l - I)O] iy At

) [|o,.—|1,]
~ |To) —
: V2

4. — 19 measure the first n qubits
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Fig. 11.6 The quantum Fourier transform on n qubits. A black dot together with Ri denotes
the control bit of CRy. The breakdown of the quantum Fourier transform into elementary
unitary gates shows that the quantum Fourier transform is unitary itself.

Introduction to Quantum Information Science / Oxford Graduate Text
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Fig. 11.7 The quantum Fourier transform on three qubits.
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Fig. 11.8 The first part of the phase estimation algorithm. The algorithm is finished by
applying the inverse of the quantum Fourier transform to the first registers.

Introduction to Quantum Information Science / Oxford Graduate Text



Quantum Error Correction
Encoding circuit for the Shor nine qubit code.
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Experimental Quantum Computation

with Nuclear Spins in Liquid Solution

/’ \
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Lieven M. K. ¥ghdersypen ~ “\ A~
July 2001 _— ./V\— e
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ph/0205193v1.pdf




Overview of quantum computing experiments.
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D-Wave - Natural Quantum Computation (Google Tech talks 2010/10)
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Summary of observations: accuracy

* Solved > 12,000,000 Ising problem instances on 8-, 52. and 72
qubit Rainier chips over past 12 months

* 99.5% gave ground state as most likely result
* 99.9995% returned ground state at least once
* Distributions generally Boltzmann-like (but not exactly... QM!)

* Qutput probability distributions match open quantum systems
model with no free parameters
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Inductance Tuner:
& In-situ tunable Josephson
junction inductance



Persistent Current Compeénsation:
Keep flux constant as
annealing is performed




Readout:
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state of the qubit
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Initial states is quantum

Energy Inltlal Hamiltonian Energy Inltlal Hamiltonian + Final Hamiltonian
—_ 1 — 1 s(=She

H(s) -5 Aoy Ho(s) -5 Ay [DIZ5)
[ [ J [ J () () ()
() () [ () () ()

e 0606 o606 o060 o060 o000 6 060 o6 0 o0 o 0o o0 0

@ @ [ () () ()
@ @ [ () () ()

Energy ___ | mitial Hamiltonian Final Hamiltonian Energy -t Final Hamiltonian
s || e =+ 5(5)<, Sihet+ 3 > ws) | — - - (,2, o >
(1) (1) (0) (1) (1} (0)

(0] 81 o1 (O] (1 (1)
O 00 0o 00 0o o0 O 0 00 00O 0o 00 o0 o0
(1) (0} ® (1] ® ®
(0) (1) (1} ® (1] (1]

Final states is classic
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Quantum Computing for Business

NASA-AMES RESEARCH CENTER, BUILDING 152 | MOUNTAIN VIEW, CALIFORNIA
DECEMBER 4 - 6, 2017 G e




Guest Speakers

John Preskill John Martinis Jerry Chow Bo Ewald
Keynote Speaker, Google IBM D-Wave
California Institute

of Technology

Martin Hofmann Thierry Botter Paul Burchard Shaun Maguire
VW Airbus Goldman Sachs GV



7:30 - 8:30 AM Breakfast

Master of Ceremonies:

S22l Matt Johnson, CEO, QC Ware

Keynote:

8:30 - 9:15 AM John Preskill, Caltech

Digital Quantum Computing:

9:15 - 10:00 AM John Martinis, Google

Analog Quantum Computing:

Y = e A Bo Ewald, President, D-Wave International




10:30 - 10:45 AM

10:45 - 11:15 AM

11:15 - 11:45 AM

11:45 - 12:15 AM

Networking Break

Quantum Chemistry Applications:
Bert de Jong, LBL

Prospects for Quantum Machine Learning:
The Promise and the Caveats:
Peter McMahon, Postdoctoral Researcher,

Stanford University & QC Ware

Optimization Applications:
Masoud Mohseni, Google



12:15 - 1:30 PM

1:30 - 2:00 PM

2:00 - 2:30 PM

2:30 - 3:00 PM

3:00 - 3:30 PM

3:30 - 4:00 PM

4:00 - 4:30 PM

4:30 - 5:00 PM

5:00 - 5:30 PM

Networking Lunch

QC for the Automotive Industry:
Martin Hoffman, VW

QC Application for Finance:
Paul Burkhard, Goldman Sachs

QC Applications in Aerospace:
Thierry Botter, Airbus

QC Applications in Transport/Logistics and
Manufacturing:
Yianni Gamvros, IBM

Networking Break
US Public-Sector QC Funding:
Carl Williams, NIST

European Public-Sector QC Funding:
Juergen Mlynek, EU Flagship Program

Chinese QC Funding:
Xiaobo Zhu, USTC




7:30 - 8:30 AM

8:30

8:30 - 9:15 AM

9:15 AM - 10:00 AM

10:00 - 10:30 AM

10:30 - 10:45 AM

10:45 - 11:15 AM

11:15 - 11:45 AM

11:45 AM - 12:15
PM

Breakfast

Master of Ceremonies:
Matt Johnson, CEO, QC Ware

Keynote:
Rupak Biswas, NASA Hardware

ATOS - QC Simulation Products:
Jerome Sandrini, ATOS

IBM - QC Hardware/Software Programs:
Jerry Chow, IBM

Break

Microsoft - QC Hardware/Software
Programs:
Julie Love, Microsoft

IonQ - Ion Trap QC Program:
Dave Moehring, CEO, IonQ

Hardware Panel:

John Martinis, Google; Jerry Chow,

IBM; Bob Willett, Nokia; Bo Ewald, D-Wave;
Dave Moehring, IonQ, Xiaobo Zhu, USTC




12:15 - 1:30 PM Networking Lunch

VC Perspective on QC Investment
1:30 - 2:00 PM Opportunities:
Shaun Maguire, GV

VC Panel:

Shaun Maquire, GV; Maryanna Saenko, DFJ;
2:00 - 2:30 PM Luka Tomljenovic, Airbus; Aaron

VanDevender. Founders Fund; Joe Raffa,

IBM Ventures; Aaron Sisto, IQT

Software Panel: VCG)EE

Matt Johnson, QC Ware; Chris Savoie,
Zapata; Andrew Fursman, 1QBit; Michael
Brett, QxBranch

2:30 - 3:00 PM

3:00 - 3:30 PM Closing Remarks
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Google’s Quantum Dream Machine
John Martinis

[0 The theoretical underpinnings of quantum
computing are well established. And physicists can
build the basic units, known as qubits, out of which
a quantum computer would be made. They can
even operate qubits together in small groups. But
they have not made a fully working, practical
quantum computer.

[0 Martinis is a towering figure in the field: his
research group at the University of California,
Santa Barbara, has demonstrated some of the
most reliable qubits around and gotten them
running some of the code a quantum computer
—would need to function. —— — — — — —

https://goo.gl/MTrLFX



John Martinis

[0 He was hired by Google in June
2014 after persuading the
company that his team’s
technology could mature rapidly
with the right support. With his
new Google lab up and running,
Martinis guesses that he can
demonstrate a small but useful
quantum computer in two or
three years. "We often say to
each other that we're in the
process of giving birth to the
quantum computer industry,” he says.

https://goo.gl/MTrLFX




“Commercialize early quantum

technologies”

Masoud Moand hseni, Peter Read, Hartmut
Neven et al. (Google Quantum Al
Laboratory)

NATURESS VOL 543
https://goo.gl/4gee30
20173 A9H
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THREE PRIORITIES
1. Quantum simulation
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THREE PRIORITIES
2. Quantum-assisted optimization
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THREE PRIORITIES
2. Quantum-assisted optimization
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THREE PRIORITIES
3. Quantum sampling
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THREE PRIORITIES
3. Quantum sampling
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TECHNICAL HURDLES
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TECHNICAL HURDLES
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BUSINESS OPPORTUNITIES
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WHAT NOW?
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Characterizing Quantum Supremacy in

Near-Term Devices

Sergio Boixo, Sergei V. Isakov, Vadim N.
Smelyanskiy, Ryan Babbush, Nan Ding, Zhang
Jiang, Michael J. Bremner, John M. Martinis and
Hartmut Neven

https://arxiv.org/pdf/1608.00263.pdf
20174 4A5H




Random Quantum Circuit

0) {Hfe{T X1/2 ]/ f A
0) 1H T I / fy1/2 H A
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o {E |
) 1H A

T 1/
FIG. 1. Example of a random quantum circuit in

a 1D array of qubits. Vertical lines correspond to
controlled-phase (CZ) gates (see Sec. 1IV).




I. INTRODUCTION

[0 Despite a century of research, there is no known
method for efficiently simulating arbitrary quantum
dynamics using classical computation. In practice,
we are unable to directly simulate even modest
depth quantum circuits acting on approximately
fifty qubits. This strongly suggests that the
controlled evolution of ideal quantum systems
offers computational resources more powerful than
classical computers [1, 2]. In this paper we build
on existing results in quantum chaos [3-19] and
computational complexity theory [20-30] to
propose an experiment for characterizing "quantum

upremacy”[31]-in the presence of errore



[0 We study the computational task of sampling from
the output distribution of random quantum circuits
composed from a universal gate set, a natural task
for benchmarking quantum computers. We propose
the cross entropy difference as a measure of
correspondence between experimentally obtained
samples and the output distribution of the ideal
circuit. Finally, we discuss a robust set of
conditions which should be met in order to be
sufficiently confident that an experimental
demonstration has actually achieved quantum
supremacy.




[0 Quantum supremacy is achieved when a formal
computational task is performed with an existing
guantum device which cannot be performed using
any known algorithm running on an existing
classical super computer in a reasonable amount of
time.

0 In this paper we show how to estimate the cross
entropy between an experimental implementation
of @ random quantum circuit and the ideal output
distribution simulated by a supercomputer. We
study numerically the convergence of the output
distribution to the Porter-Thomas distribution,

— characteristic of guantum chaos. —



[0 We find a good convergence for the first ten
moments and the entropy at depth 25 with circuits
of up to 7 x 6 qubits in a 2D lattice. Using chaos
theory, the properties of the Porter-Thomas
distribution, and numerical simulations, we argue
that the cross entropy is closely related to the
circuit fidelity. State-of-the-art supercomputers
cannot simulate universal random circuits of
sufficient depth in a 2D lattice of approximately 7
X 7 qubits with any known algorithm and
significant fidelity.
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Robots & Machines

Google Just Revealed How They'll Build
Quantum Computers

https://goo.gl/kqG4Z4
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[0 Their system is a series of nine superconducting
qubits, consisting of nine metal loops cooled to a
low temperature with current flowing through them
in both directions simultaneously. They were able
to show that the supported qubits represented 512
numbers at once, and that the results were reliable,
without an accompanying exponential increase in
errors.

[ If the team is right, they may achieve quantum
supremacy in a matter of months. If they do, the
applications will be staggering. We can expect to
see machine learning take place exponentially
S ' artificial intell I

more rapidly. If it does, we may see the
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A blueprint for demonstrating quantum

supremacy with superconducting
qubits

https://arxiv.org/abs/1709.06678




[0 Fundamental questions in chemistry and physics
may never be answered due to the exponential
complexity of the underlying quantum phenomena.
A desire to overcome this challenge has sparked a
new industry of quantum technologies with the
promise that engineered quantum systems can
address these hard problems. A key step towards
demonstrating such a system will be performing a
computation beyond the capabilities of any classical
computer, achieving so-called quantum supremacy.
Here, using 9 superconducting qubits, we
demonstrate an immediate path towards quantum

~_supremacy.



0 By individually tuning the qubit parameters, we are
able to generate thousands of unique Hamiltonian
evolutions and probe the output probabilities. The
measured probabilities obey a universal distribution,
consistent with uniformly sampling the full Hilbert-
space. As the number of qubits in the algorithm is
varied, the system continues to explore the
exponentially growing number of states. Combining
these large datasets with techniques from machine
learning allows us to construct a model which
accurately predicts the measured probabilities. We
demonstrate an application of these algorithms by
systematically increasing the disorder and
observing a transition from delocalized states to
localized states. By extending these results to a
system of 50 qubits, we hope to address scientific
questions that are beyond the capabilities of any
classical computer.






November 10, 2017
Posted in: Quantum Computing

The future Is quantum

Some of the most important technical advances of the 201" century were enabled by
decades of fundamental scientific exploration, whose initial purpose was simply to extend

Dario Gil

human understanding. When Einstein discovered relativity, he had no idea that one day it

would be an important part of modern navigation systems. Such is the story of quantum Vice President of Al and IBM Q

science.

(]
We have come a long way since the earliest days of quantum information theory, when Share L 4 ﬁ In G*
IBM Fellow Charlie Bennett and the other quantum information science pioneers created a

the foundations that have given rise to a thriving scientific community. Today, this same
community has made enough progress that the earliest real systems, which are able to
implement theoretical predictions, are being built before our eyes.

https://www.ibm.com/blogs/research/2017/11/the-future-is-quantum/
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October 17, 2017
Posted in: Quantum Computing

Quantum Computing:
Breaking Through the 49
Qubit Simulation Barrier

Edwin Pednault

Quantum computing is at the threshold of tackling important problems that cannot be
Distinguished Research Staff Member,

IBM Research

efficiently or practically computed by other, more classical means. Getting past this
threshold will require us to build, test and operate reliable quantum computers with 50 or

more qubits.

[ ]
Achieving this potential will require major leaps forward in both science and engineering. Share ' li in G+
To help make those leaps, methods are needed to test quantum devices and to compare a

observed behaviors with desired behaviors so that the design, manufacturing, and
operation of these devices can be improved over time. In particular, to test whether the

https://www.ibm.com/blogs/research/2017/10/quantum-computing-barrier/
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(a) A 4x1 universal random quantum circuit

(b) The “bristle-brush” pattern formed by the gates applied to qubit q[1]




September 13, 2017
Posted in: Chemistry, Publications, Quantum Computing

How to measure a
molecule’s energy using a
quantum computer L-R: Antonio Mezzacapo, Abhinav

Kandala, Kristan Temme

Editor’s note: This article is by Abhinav Kandala, Antonio Mezzacapo, and Kristan
Temme, IBM Research

Share ¥ Elin G
=

Simulating molecules on quantum computers just got much easier with IBM’s
superconducting quantum hardware. In a recent research article published in Nature,
Hardware-efficient Variational Quantum Eigensolver for Small Molecules and Quantum
Magnets, we implement a new quantum algorithm capable of efficiently computing the
lowest energy state of small molecules. By mapping the electronic structure of molecular

Related articles
orbitals onto a subset of our purpose-built seven qubit quantum processor, we studied

https://www.ibm.com/blogs/research/2017/09/quantum-molecule/



March 13, 2017
Posted in: IBM Research-Africa, Quantum Computing

Quantum Algorithm
Classifies 9,500
Handwritten Numbers

While still in their infancy, as quantum computers edge closer to surpassing classical
computers, a new discipline is emerging called quantum machine learning. Its goal is to
apply quantum information processing to pattern recognition tasks such as classification,
regression and clustering. By using quantum bits (qubits) instead of normal binary bits
scientists expect to achieve results on highly complex data sets, such as those found in
Nature, in seconds, instead of years, rapidly accelerating the discovery of new drugs and
medicines.

The underlying question whether quantum computation can help to efficiently solve hard
machine learning problems has only recently gained significant interest by the machine

https://goo.gl/queFK8

Waheeda Saib

“The [BBC] documentary also
introduced me to advances in quantum
computing and its potential to crack
problems that are considered
unsolvable, which could have
significant impact in the medical,
business and security domain."



Quantum

Computing

https://www.research.ibm.com/ibm-q/



Meet IBM-Q

0 IBM Q is an industry-first initiative to build
commercially available universal quantum
computers for business and science. While
technologies like Al can find patterns buried in vast
amounts of existing data, quantum computers will
deliver solutions to important problems where
patterns cannot be found and the number of
possibilities that you need to explore to get to the
answer are too enormous ever to be processed by
classical computers. We invite you join us in
exploring what might be possible with this new and
vastly different approach to computing.




What is quantum computing?

0 Quantum computers are incredibly powerful
machines that take a new approach to processing
information. Built on the principles of quantum
mechanics, they exploit complex and fascinating
laws of nature that are always there, but usually
remain hidden from view. By harnessing such
natural behavior, quantum computing can run new
types of algorithms to process information more
holistically. They may one day lead to revolutionary
breakthroughs in materials and drug discovery, the
optimization of complex manmade systems, and
artificial intelligence. We expect them to open

mdeflnltely Acqualnt yourself W|th the strange and
excitina world of atriantiim combiitina
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Introducing qubit phase

PN <

Z gate: when qubit is in the |0> state
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Z gate: when the qubit is in the |+> state
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Summary of quantum gates

Table of Quantum Gates and what they do

around X+ Z

State | Gate sequence to Transformation | Gates to measure in Name of
prepare the state on Bloch the respective basis | measurement basis
sphere
|0> | (none, ground None > Z, “standard”
state) m
|1> 7t rotation > Z, “standard”
around X f?\
|+> 7 rotation : X
around X + Z H f?\
|-> 7 rotation ! X
around X + H m
7t rotation




Summary of quantum gates

Gate

Transformation on Bloch sphere (defined for single qubit)

n-rotation around the X axis, Z—>-Z.
Also referred to as a bit-flip.

n-rotation around the Z axis, X=>-X.
Also referred to as a phase-flip.

maps X->Z, and Z->X. This gate is required to make superpositions.

maps X->Y.
This gate extends H to make complex superpositions.
(7t/2 rotation around Z axis).

inverse of S.
maps X->-Y.
(-7t/2 rotation around Z axis).

7t/4 rotation around Z axis.

EEEEEn:

-1t/4 rotation around Z axis.













Microsoft is leading the way V S

We're building a new kind of quantum computer to solve
your most complex problems.
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https://www.microsoft.com/en-us/quantum/why-microsoft




We've taken a revolutionary topological
approach

[0 Microsoft has pushed the limits of what’s possible
with topological quantum computing, and we're
seeing significant benefits so far. Topological qubits
can perform computations longer and more
consistently, with significantly lower error rates
compared to other quantum methods. Our
approach also makes key advancements in
cryogenics and quantum hardware that give us the
unique ability to scale.




Krysta Svore, Ph.D.

Krysta, a Kavli Fellow of the National
Academy of Science, designed one
of the earliest software stacks for
quantum computing and developed
the first thresholds for local
quantum error correction.

Michael Freedman

Michael Freedman, Ph.D.

Michael is a Fields medalist who
pioneered topological quantum
computation. He founded Station Q,
the Microsoft-led global research
consortium that got us where we are
today.



Inside Microsoft’s quest for a

topological quantum computer

“Alex Bocharov explains why the company is

hoping to build qubits out of particles that some
scientists think might not even exist.”

Elizabeth Gibney
Nature 21 October 2016
https://goo.gl/f7ZNRXh




[0 The race is on build a 'universal’ quantum
computer. Such a device could be programmed to
speedily solve problems that classical computers
cannot crack, potentially revolutionizing fields from
pharmaceuticals to cryptography. Many of the
world's major technology firms are taking on the
challenge, but Microsoft has opted for a more
tortuous route than its rivals.

0 IBM, Google and a number of academic labs have
chosen relatively mature hardware, such as loops
of superconducting wire, to make quantum bits
(qubits). These are the building blocks of a
quantum computer: they power its speedy
calculations thanks to their ability to be in a
mixture (or superposition) of ‘on’ and 'off’ states at
the same time.




[0 Microsoft, however, is hoping to encode its qubits
in a kind of quasiparticle: a particle-like object that
emerges from the interactions inside matter. Some
physicists are not even sure that the particular
quasiparticles Microsoft are working with —
called non-abelian anyons — actually exist. But the
firm hopes to exploit their topological properties,
which make quantum states extremely robust to
outside interference, to build what are
called topological quantum computers. Early
theoretical work on topological states of matter
won three physicists the Nobel Prize in Physics on 4
October.




The mathematical theory of braids could serve as the
foundation for future topological quantum computers.



Both IBM and Google use superconducting
loops as their qubits. What are the qubits
you are trying to harness?

[0 Our qubits are not even material things. But then
again, the elementary particles that physicists run
in their colliders are not really solid material
objects. Here we have non-abelian anyons, which
are even fuzzier than normal particles. They are
quasiparticles. The most studied kinds of anyon
emerge from chains of very cold electrons that are
confined at the edge of a 2D surface. These anyons
act like both an electron and its antimatter
counterpart at the same time, and appear as dense
peaks of conductance at each end of the chain. You
can measure them with high-precision devices, but

—_not see them under any microscope.



_Empowering the quantum r&olution

. Your path to powerful, scalable quantum computing starts here.

- .
Learn more D>

https://www.microsoft.com/en-us/quantum/default.aspx




Join us at the leading edge of opportunity

[0 Quantum computing takes a giant leap forward
from today’s technology—one that will forever alter
our economic, industrial, academic, and societal
landscape. In just hours or days, a quantum
computer can solve complex problems that would
otherwise take billions of years for classical
computing to solve. This has massive implications
for research in healthcare, energy, environmental
systems, smart materials, and more. The quantum
economy is coming. And Microsoft envisions a
future where customers use Azure for both classical
and quantum computing.




A full-stack solution for
quantum computing

Quantum computing promises a revolution in how we solve
the world’s most complex problems. Fully realizing this
promise requires a scalable quantum solution that anyone
can start exploring. From breakthroughs in physics and
nanomaterials to Azure and developer tools, Microsoft offers
a uniquely integrated stack of quantum technologies that's
leading the way to scalable, accessible quantum computing.




Physics

Microsoft has sponsored and participated in fundamental
quantum physics research for more than a decade with the
goal of empowering a quantum-computing revolution.
Breakthroughs in theory have led to breakthroughs in
experimental physics and the reality of a path forward for
scalable quantum computing. Our approach focuses on
topological quantum computing through Majorana fermions,
which promise to yield fast, stable quantum bits, also known as
qubits.

Materials

To achieve our goal, we started by creating the raw materials
necessary to make topological quantum devices. We grew
specialized nanowires that can be used to make qubits. We
also created atomically thin conducting layers with exotic
topological properties using integrated-circuit
manufacturing techniques to realize a fully scalable quantum
computer.



Devices

Taking the materials and turning them into working devices is
no small task. Microsoft runs several labs around the world that
specialize in the fabrication of quantum devices. The
infrastructure we've built allows for the efficient mounting,
wiring, and cooling of these devices, which in turn supports
rapid prototyping, characterization, and exploration. These
devices operate at temperatures almost 200 times colder than
the farthest reaches of outer space.

Control

Sending and receiving signals to nanoscale devices is also a
daunting task. A scalable quantum computer requires many
fast and reliable signals. We've designed classical
integrated-circuits that run at cryogenic temperatures where
standard chips will not operate. We even changed the wiring
to handle signals that are in the super-conducting regime.

The entire infrastructure is integrated to allow for scalability,
including the cooling system itself. /]\



Runtime

To solve problems on a quantum computer, you need a
runtime that executes a quantum algorithm while maintaining
the state of the machine, operating the control system in a
parallel real-time environment, and communicating from the
device to the outside world. The runtime layer is the firmware
and operating system of the quantum computer.

<)
File Edt View Project Buid Debug Team Tooks Aschitecture Test Analyze Window Help
o - G- WP 2 Debug - AnyCPU - PSate M. M n s D-9 R
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1] -operation () EPR (Qubit q1, Qubit q2) {
2 = Body {

H (q1)

CNOT (q1,92)

QIo0L  190pdy NS

}
}

8 -operation () Teleport (Qubit msg, Qubit here, Qubit there) {
Body {
EPR (here, there)
CNOT (msg, here)
H (msg)

let m_here = M (here)

if (m_here == One) {
X (there)

}

let m_msg = M (msg)
20 = if (m_msg == One) {
21 Z (there)

1

—->0N

B

Applications

To deploy a quantum application, we've designed an
environment to compile and implement quantum
algorithms. Microsoft has been working on these software
requirements for as long as we've been working on the
hardware itself. The quantum computer will be integrated
with Azure, giving the computer the necessary support of
large amounts of classical computation that go hand in hand
with quantum computation. /]\









Shielded Enclosure Control Subsystems
and Servers




Temperature in kelvin -
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Starting at room temperature at the top,

the temperature decreases at each level until
it is close to absolute zero where the QPU
itself is located.
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The D-Wave QPU is built from a lattice of tiny loops of the metal niobium, each of which

is one qubit (shown on the next page, in red). Below temperatures of 9.2 kelvin, niobium
becomes a superconductor and exhibits quantum mechanical effects.

When in a quantum state, current flows in both directions simultaneously, which means that
the qubit is in superposition—that is, in both a 0 and a 1 state at the same time. At the end

of the problem-solving process, this superposition collapses into one of the two classical
states, QO or 1.
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D-Wave Announces D-Wave 2000Q
Quantum Computer and First System

Order

https://goo.qgl/zhKUUo

2017/01/24



D-Wave Announces D-Wave 2000Q

[0 D-Wave Systems Inc., the leader in quantum
computing systems and software, today announced
general commercial availability of the D-Wave
2000Q™ quantum computer. D-Wave
also announced the first customer for the new
system, Temporal Defense Systems Inc. (TDS), a
cutting-edge cyber security firm.With 2000 qubits
and new control features, the new system can
solve larger problems than was previously possible,
with faster performance, providing a big step
toward production applications in optimization,
cybersecurity, machine learning, and sampling.

https://goo.gl/zhKUUo



0 "D-Wave's leap from 1000 qubits to 2000 qubits is
a major technical achievement and an important
advance for the emerging field of quantum
computing,” said Earl Joseph, IDC program vice
president for high performance computing. "D-
Wave is the only company with a product designed
to run quantum computing problems, and the
new D-Wave 2000Q system should be even more
interesting to researchers and application
developers who want to explore this revolutionary
new approach to computing.”




0 In benchmark tests, D-Wave QPUs outperformed
competitive classical algorithms by 1000 to 10000
times in pure computation time. For these tests, D-
Wave developed efficient CPU- and GPU-based
implementations of highly specialized algorithms
that are recognized as the stiffest competition to
D-Wave QPUs, and ran them on the latest-
generation classical computer servers. These
benchmark problems in sampling and optimization
were created to represent the structure of common
real-world problems, while maximizing the size of
the problem that could ﬂt on the 2000 qublt QPU

CPU cores and 2500 coreGPUsat thelargest

nroblem <cize | ink to technical white naper
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Applications

[0 Machine Learning & Computer Science
e Detecting statistical anomalies
e Finding compressed models
e Recognizing images and patterns
e Training neural networks
e Verifying and validating software
e Classifying unstructured data
e Diagnosing circuit faults

0 Financial Modeling
e Detecting market instabilities
e Developing trading strategies
e Optimizing trading trajectories
Sotimizi f orici ' hedai

e Optimizing portfolios



[0 Security & Mission Planning
e Detecting computer viruses & network intrusion
e Scheduling resources and optimal paths
e Determining set membership
e Analyzing graph properties
e Factoring integers
[0 Healthcare & Medicine
e Detecting fraud
e Generating targeted cancer drug therapies
e Optimizing radiotherapy treatments
e Creating protein models




D-Wave Software Environment

Sampling,
Constraint Satisfiability,
Optimization Satisfaction Machine Learning

“Translators”

“Virtual’"QUBO

Intermediate

QU BO Representation

gbsolv

C/C++, MATLAB, Host Library and
Python : :  Command Line Interface

System Interface and
Control

Quantum Machine

Instruction
. Product
© Prototype
Target
Concept System




What's Next

0 While the D-Wave quantum computer is the most
advanced in the world, the quantum computing
revolution has only begun. Our vision is of a future
where quantum computers will be accessible and of
value to all, solving the world’s most complex
computing problems. This will require advances in
many dimensions and contributions from experts in
diverse domains. It is exciting to see increasing
investment worldwide, advances in research and
technology, and a growing ecosystem of developers,
users, and applications needed to deliver on that
vision. To learn more, contact us or check out our

content at www.dwavesys.com/resources
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“A coherent Ising machine”
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doi

“A coherent Ising machine for 2000-node

optimization problems” |
(2000/—F D RBELEEEHOE—L UMDY
V)

10.1126/science.aah4243

“A fully-programmable 100-spin coherent
Ising machine with all-to-all connections”
(RESEZATHIRLIZTOY S LTEELR100RE Y
DIAE—LIkADTTIY)

10.1126/science.aah5178
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