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Cryptography: private key method
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Cryptography: public key method
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RSA cryptography

* The difficulty of factorizing large numbers forms the basis of RSA

encryption system: standard industrial strength encryption on the
Internet

— Example: 4633=41x113

e RSA systems offers each prizes to people who factor number like (US
S200K for this one):

6

Example: factor a 309-digit number; Best algorithm: takes 10?4 steps;
On computer at THz speed: 150,000 years



Internet banking cryptosystem
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Quantum algorithms and
computational speed-ups

Algorithm: a detailed step-by-step method for solving a problem
Computer: a universal machine that can implement any algorithm

Quantum factoring algorithm : exponential speed-up (Shor’s Algorithm)
Example: factor a 300-digit number

Best classical algorithm: Shor’s quantum algorithm:
10?4 steps 1010 steps

On classical THz computer: On quantum THz computer:
150,000 years <1 second

Quantum search of an unsorted database: quadratic speed-up §
(Grover’s Algorithm)

— Example: name = phone number (easy)
— phone number - name (hard)

— Classical: O(n), Grover’s: O(\/_)

e Simulation of quantum m nential \ Wil 2
Simulation of quantum systems: up to exponential speed-up. LI e




RSA cryptography and Shor’s
Factoring Algorithm

e The details of Shor’s factoring algorithm are more complicated than
Grover’s search algorithm, but the results are clear.
e On December 12, 2009, the 768-bit, 232-digit number RSA-768 was

successfully factored by the number field sieve.

with a classical computer
# bits 1024 (309)

2048 (617)

4096 (1233)

factoring in 2006 10° years
factoring in 2024 38 years
factoring in 2042 3 days

with potential quantum computer
(e.qg., clock speed 100 MHz)

5x101> years
1x1012 years
3x108 years

3x102%° years
7x102%° years
2x1022 years

# bits 1024
# qubits 5124
# gates 3x10°

factoring time 4.5 min

2048

10244
2X1011
36 min

R. J. Hughes, LA-UR-9/7-4986

4096
20484
X1012

4.8 hours



What is a quantum computer?

* A device that harnesses quantum physical
phenomena such as entanglement and
superposition.

* The laws of qguantum mechanics differ radically
from the laws of classical physics.

* The unit of information, the qubit can exist as a
0, or 1, or, simultaneously, as both 0 and 1.

Cornouting Frontiers, Ischia, April 14,
o p
2004
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Does quantum computing represent
the frontiers of computing?

s it for real? Can we actually build quantum computers? -
Very likely, but it will take some time....

If so, what would a quantum computer allow us to do that
is either unfeasible or impractical with today’s most
advanced systems? — Exact simulation of physical
systems, among other things.

Once we have quantum computers do we need new
algorithms? —  Yes, we need quantum algorithms.

s it so different from our current thinking that it requires a
substantial change in the way we educate our students in
EE and CS? — Yes, it does.

Cornputing Frontiers, Ischia, April ‘14,
2004



IBM Makes Quantum Computing Available

on IBM Cloud to Accelerate Innovation

* In May 2016, IBM made quantum computing with superconducting 5-qubit
processor available as a service of Quantum Experience through IBM Cloud.




IBM Makes Quantum Computing Available
on IBM Cloud to Accelerate Innovation
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IBM Builds Its Most Powerful Universal Quantum
Computing Processors

* In May 2016, IBM made guantum computing available as a service of Quantum
Experience through IBM Cloud with a quantum computer powered by a
superconducting 5-qubit processor. Users can run experiments on the IBM
guantum processor.

* Yorktown Heights, N.Y. - 17 May 2017: IBM announced it has successfully built
and tested its most powerful universal qguantum computing processors. The first
upgraded processor with16 qubits will be available for use by developers,
researchers, and programmers to explore quantum computing using a real
qguantum processor at no cost via the IBM Cloud. The second is a new prototype
of a commercial processor with 17 qubits (offering twice the performance of the
16-qubit machine), which will be the core for the first IBM Q early-access
commercial systems.

* In Nov. 2017, 20 qubit machine became available. IBM plans to scale future
processors to include 50 or more qubits and demonstrates computational
capabilities beyond today’s classical computing systems

* Google that has built a nine-qubit machine hopes to make a 49-qubit chip that
will prove quantum computers can beat classical machines.


http://www.ibm.com/ibmq
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http://www.ibm.com/ibmq
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CES 2018: Intel’s 49-Qubit Chip Shoots for
Quantum Supremacy (intel)

* Intel has passed a key milestone while running alongside Google and IBM in the marathon
to build quantum computing systems. The tech giant has unveiled a superconducting
guantum test chip with 49 qubits (code-named Tangle Lake ): enough qubits to possibly
enable quantum computing that begins to exceed the practical limits of modern classical
computers, i.e., the so-called “quantum supremacy.”

e But practical quantum computing also requires much more than ever-larger arrays of
qubits. One important step involves implementing “surface code” error correction that can
detect and correct for disruptions in the fragile quantum states of individual qubits.
Another step involves figuring out how to map software algorithms to the quantum
computing hardware. A third crucial issue involves engineering the local electronics layout
necessary to control the individual qubits and read out the quantum computing results.

* Intel’'s roadmap suggests researchers could
achieve 1,000-qubit systems within 5 to 7 years.

Jorrorcc et ce ©  17-qubit arrays have the minimum number of
AT IEE S A qubits necessary to perform surface code error
@as, BEEEEED DYESIHGENEASE, correction.
W Gl F;% Jonnraanttes ©  Intel has developed packaging to prevent radio-
ggfgf asuanes SO0 w;@ aeel  frequency interference with the qubits, and uses

flip chip technology, enabling smaller and denser
connections to get signals on and off the chips.



CES 2018: IBM Shows Off The World's
Largest Quantum Computer ==

* The promise of the qguantum computer is to solve problems that
typical computers will never be able to tackle, by bringing unheard-
of power and speed to computing through leveraging the principles
of quantum physics.

* Developing new synthetic materials, allowing for faster machine
learning, and providing an advanced back-end to power consumer
apps. These are just some of the potential applications of the first
ever 50-qubit quantum computer prototype displayed at this

year's CES conference in Las Vegas, Nevada. IBM is also working
| with commercial

1 IR ™ pertners i he finance.
B @l |  materials, automotive,
and chemistry
industries by allowing
them access to the
groundbreaking
computing power
these devices offer.




Google Just Unveiled The World's Most Advanced
Quantum Processor by Far

72 qubits! 72 qubits!

BRAD JONES, FUTURISM
7 MAR 2018

Go gle

Bristlecone, Google’s New Quantum Processor
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Estimated annual spending on non-classified quantum-technology research
2015, €m

(BfI: B8¢)

' National
European Union* spending

Netherlands 27 550

Britai O Q Denmark 22 Russia 30
Canada rtam

100 105 O Sweden 15 O

. Japan
O Finland 12 63
O O Poland 12
United States South
Spain O Korea 13
vt O
Italy 36 Austria 35 Switzerland

O 67 Smgapnre

el 1 World 1,500
(estimate)

Source: McKinsey *Combined estimated budget of EU countries

360

ER2EJE: The Economist March 11t 2017
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Rigetti plans to build and deploy a
128-qubit system Aug 9, 2013

* Rigetti Computing, founded in 2013 and based in Berkeley, Calif., plans to
build a 128-qubit quantum computer over the next 12 months based on
an equivalent quantum processor that leverages emerging hybrid
computing algorithms used to test programs and potential applications.

* Rigetti Computing launched on Sep. 7, 2018 Rigetti Quantum Cloud
Services (QCS) — a complete platform for developing and running quantum
algorithms that leverages Rigetti’s hybrid quantum-classical approach. The
company also announced a $1 million prize for the first conclusive
demonstration of so-called “quantum advantage” by a user on QCS.
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The new 128-qubit chip is based on a scalable 16-qubit form factor.



Quantum advantage with

shallow circuits  science 362, 308-311 (2018)
19 October 2018

Sergey Bravyi', David Gosset'*, Robert Konig>t

Quantum effects can enhance information-processing capabilities and speed up the
solution of certain computational problems. Whether a quantum advantage can be
rigorously proven in some setting or demonstrated experimentally using near-term devices
is the subject of active debate. We show that parallel quantum algorithms running in a
constant time period are strictly more powerful than their classical counterparts;

they are provably better at solving certain linear algebra problems associated with binary
quadratic forms. Our work gives an unconditional proof of a computational quantum
advantage and simultaneously pinpoints its origin: It is a consequence of quantum
nonlocality. The proposed quantum algorithm is a suitable candidate for near-future
experimental realizations, as it requires only constant-depth quantum circuits with
nearest-neighbor gates on a two-dimensional grid of qubits (quantum bits).

u - w

B

Fig. 1. Cycle graph I'. Shown is a cycle T of even
length M and three vertices u, v, w such that

all pairwise distances are even. The sides L, R, B
may have unequal lengths.

Qubits for linear algebra
To solve the hidden linear function problem for a matrix A
corresponding to a subgraph G(A) of a square lattice, a graph

Bravyi et al. describe an explicit
family of problems that can be
solved with a quantum circuit of

by black edges, across qubits.

Touching
constant depth, whereas any bases
classical circuit must have depth Lachaunt s
that scales logarithmically with reoftno
the size of the problem. bases, indicated

by orange or
blue circles.

state can be prepared using entangling operations, indicated




SISy Intel's New Path to (intel)

8 Jun 2018 | 20:00 GMT Quantum ComPUting

* Despite a comparatively late start, Intel is progressing quickly along the road
to a useful quantum computer.

* Intel's director of quantum hardware, Jim Clarke, explains the company's two
guantum computing technologies

 The first was a Tangle Lake, a specially packaged chip containing 49-
superconducting qubits that Intel CEO Brian Krzanich, showed off at CES in
January.

 The other was something new: a full silicon wafer of test chips, each
containing 3,7, 11, or 26 qubits that rely on the spins of individual electrons.
There are thousands and thousands of these little sub-arrays in a wafer.

* The first of these wafers arrived at Delft University of Technology, in The
Netherlands, on May 9, 2018 for testing. Clarke’s group can make 5 such
wafers per week, meaning that Intel has probably now made more qubit
“devices than have ever been made in the world of quantum computing.”



NSF Awards $15 Million Grant for Development of
a Practical Quantum Computer

August 7, 2018

* The U.S. National Science Foundation (NSF) has awarded S15 r;illion over
five years for the Software-Tailored Architecture for Quantum Co-design
(STAQ) project. This is a multi-institution project that will involve
researchers from Duke University, the Massachusetts Institute of
Technology, Tufts University, University of California-Berkeley, University of
Chicago, University of Maryland and University of New Mexico.

* The project has a goal of producing a working quantum computer of 64
qubits or more based upon the ion trap technology while simultaneously
developing software tools that optimally map quantum algorithms to the
ion trap device. The ion trap technology apparently leverages previous
research performed at Duke University and the University of Maryland and
used by lonQ for their quantum computer. One important feature of this
proposed machine is that it will offer all-to-all qubit connectivity which
provides certain problem solving advantages over the more restricted
connectivity of the superconducting based designs being pursued by IBM,
Google, Rigetti, and others.



Silicon quantum computer: millions
for the QuCube project in Grenoble

A grant of up to € 14 millions over six years by Ocober 23, 2018
the European Research Council ( ERC Synergy .
Grant ) has been awarded to the QuCube project
to develop a quantum processor with at least
100 physical qubits. Conducted in three
Grenoble research institutes (CEA-Leti, Inac and
Institut Néel) and involving scientists from CEA,
CNRS and UGA, this project studied within the

framework of the multidisciplinary program * The project is named
Quantum Engineering has the task of continuing QuCube and will utilize 3D
to explore the concept of quantum processor but integration technology of
with qubits carried by silicon chips similar to silicon spin qubits.

« A collaborative project was

those already known to manufacture on a large _ :
signed between the first

scale. This, under the direction of the three )

_ _ Australian company
research managers, laureates of this funding dedicated to quantum
CEA), Tristan Meunier (Néel Institute, CNRS) and Computing Pty Ltd (SQC)
Maud Vinet (CEA-Leti). and the CEA.
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Science (Dec. 1, 2016) DOI: 10.1126/science.aal0442

Inthe race to build a quantum computer, companies are pursuing many types of quantum bits, or qubits, each with its own strengths and weaknesses.
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Quantum Computing

Quantum computing is an entirely new paradigm of computation that
promises to solve some of the most difficult problems in business and
science — even problems that are currently intractable.

Quantum computing utilizes the fundamental properties of quantum
mechanics to process data in ways that offer significant speed-ups —in
some cases exponential speedups — for a variety of problems.

Although it is still early days for the technology, progress over the last
few years has been rapid, and the first commercial use cases in the
physical sciences, optimization, and machine learning are in sight.

|”

Yet, quantum computers are so different from the “classical” computers
we use today, it will likely take several years for organizations to acquire
the talent and expertise needed to develop new applications that utilize
guantum computers and incorporate them into new business processes,
products, and services in a way that provides commercial value to the
organization. The time to start this is now.



IBM Q Network

* IBM Q is a new business initiative — a startup within IBM
composed of a diverse set of talented staff from IBM’s
research, product, and consulting divisions - intended to
engage organizations to help them get quantum ready.

* IBM’s partner organizations form the IBM Q Network, a
collaboration of industrial, academic, and government
organizations with the mission of advancing quantum
computing and launching the first commercial applications.

 The IBM Q Network offers access to the most advanced
guantum computers and software available, along with
training, consulting, technical support, and opportunities for
deep collaboration to develop new uses cases.
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Accelerate Research

Collaborate with the most advanced academic and
research organizations to advance quantum
computing technology.

Launch Commercial Applications

Engage industry leaders to combine IBM’s quantum
computing expertise with industry specific expertise
to accelerate development of the first commercial
use cases.

Educate and Prepare

Expand and train the ecosystem of users,
developers, and application specialists that will be
essential to the adoption and scaling of quantum
computing.



IBM reveals first clients of commercial

guantum computing initiative Q Network
14 December, 2017 16:00

e IBM today revealed the names of the 12 clients to be given early access to its 20
qubit quantum computer. JPMorgan Chase, Daimler AG, Samsung, JSR
Corporation, Barclays, Hitachi Metals, Honda, Nagase, Keio University, Oak Ridge
National Lab, Oxford University, and the University of Melbourne will be the first
organizations to experiment with IBM’s most advanced quantum system, as
members of Big Blue’s commercial quantum computing program — Q Network.

* “IBM sees the next few years as the dawn of the commercial quantum era —a
formative period when quantum computing technology and its early use cases
develop rapidly,” said Dario Gil, vice president of Al and IBM Q, IBM Research.
“The Q Network will serve as a vehicle to make quantum computing more
accessible to businesses and organisations through access to the most
advanced IBM Q systems and quantum ecosystem.”

* The Q Network provides organisations with quantum expertise and resources,
and cloud-based access to the “most advanced and scalable universal quantum
computing systems available” starting with the 20 qubit machine and 50 qubit
machine next year.



Keio University launched IBM Q Network Hub

SPnis I R = 17 May 2018

Members of the
Keio University IBM
Q Network Hub are
able to access IBM
Q's commercial 20
gubit cloud system,
and will in future
also be able to
access a 50-qubit
IBM Q system.

The Keio University IBM Q Hub is part of a network of seven IBM Q Hubs across the world.
The others are located at IBM Research (USA), Oak Ridge National Laboratory (USA), The
University of Oxford (UK), North Carolina State University (USA), The University of Melbourne
(Australia) and The University of the Bundeswehr Munich (Germany). The hubs provide
access to IBM Q systems, technical support, educational resources, and networking
for collaborative research.



IBM Collaborating With Top Startups to
Apri 5, 2018 Accelerate Quantum Computing

Zapata Computing — Based in Cambridge, MA, a quantum software, applications and services company developing
algorithms for chemistry, machine learning, security, and error correction.

*  Strangeworks — Based in Austin, TX and founded by William Hurley, a quantum computing software company
designing and delivering tools for software developers and systems management for IT Administrators and CIOs.

*  QxBranch — Headquartered in Washington, D.C., delivering advanced data analytics for finance, insurance, energy,
and security customers worldwide. QxBranch is developing tools and applications enabled by quantum computing
with a focus on machine learning and risk analytics.

*  Quantum Benchmark — a venture-backed software company with headquarters in Kitchener-Waterloo, Canada.
providing solutions that enable error characterization, error mitigation, error correction and performance
validation for quantum computing hardware.

* QCWare - Based in Palo Alto, CA, developing hardware-agnostic enterprise software solutions running on
guantum computers. QC Ware won a NSF grant, and its customers include Fortune 500 industrial and technology
companies.

*  Q-CTRL-Our hardware agnostic platform — Black Opal — gives you the ability to design and deploy the most
effective controls to suppress errors in your quantum hardware before they accumulate, accelerating your
roadmap to functional systems. Based in Sydney, Australia.

*  Cambridge Quantum Computing (CQC) — Established in 2014, a leading independent quantum computing company
combining expertise in Quantum Information Processing, Quantum Technologies, Artificial Intelligence, Quantum
Chemistry, Optimization and Pattern Recognition. CQC designs solutions such as a proprietary platform agnostic
compiler that will allow developers and users to benefit from Quantum Computing even in its earliest forms. CQC
also has a growing focus in Quantum Technologies that relate to encryption and security.

* 1QBit — Headquartered in Vancouver, Canada, building quantum and quantum-inspired software designed to solve
the world’s most demanding computational challenges. The company’s hardware-agnostic platforms and services
are designed to enable the development of applications which scale alongside the advances in both classical and
quantum computers.



Hilbert space is a big place!

- Carlton Caves

i Multiple bits
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Hilbert space is a big place!
- Carlton Caves
‘L Multiple qubits

m T'wo bits with states 0 and 1 form four definite states
00, 01, 10, and 11.

= Two qubits: can be in superposition of four
computational basis set states.

lw)=c|00)+ 3|01)+ »|10) + 5|11)

2 qubits 4 states

3 qubits 8 states
10 qubits 1024 states
20 qubits 1 048 576 states
30 qubits 1 073 741 824 states

500 qubits More states than our estimate of
number of atoms in the Universe!!!




Exponential growth of basis states

* Due to exponential growth of the number of basis states in
Hilbert space with the quantum bit (qubit) number n, the
computational capabilities of a 50-qubit quantum computing
system for some problems are already beyond those of
today’s classical computing systems, achieving "quantum
supremacy'.

* Problems that are intractable in classical computers due to
extremely large number of scenarios or/and involving with
many variables, many possible states or possibilities, many
possible random influences, etc. may be able to take the
guantum advantages of computational state space being
exponential in the physical size of the system (2") and the
randomness that lies at the heart of the quantum theory.



Applications for quantum computer

g (e 7

Medicine & Materials Supply Chain & Logistics Financial Services
Untangling the complexity of molecular and Finding the optimal path for ultra-efficient Finding new ways to model financial data

chemical interactions leading to the logistics and global supply chains, such as and isolating key global risk factors to make
discovery of new medicines and materials. optimizing fleet operations for deliveries better investments.

during the holiday season.

&

Artificial Intelligence Cloud Security

Making facets of artificial intelligence such Making cloud computing more secure by

as machine learning much more powerful using the laws of quantum physics to keep

when data sets are very large, such as in private data safe no matter where it is stored

searching images or video.
Chll or processed.

Weather forecasting, Traffic flow and control|, ...



Quantum Information Software Kit (QISKit):

IS an open source software development kit for
writing guantum computing experiments,
programs, and applications.

Download qiskit-tutorial from
Install giskit (optionally download SDK from

Navigate to giskit-tutorial folder and launch Jupyter notebook

® 1. cjwood@christophers-MacBook-Pro: ~/Documents/IBM-Git/qiskit-tutorial

=» qiskit-tutorial git:(master) X pip install qiskit; jupyter notebookl

Create a new Python 3 notebook and import giskit

In [1]: # Import QISKit
import giskit
from giskit import QuantumProgram # basic QISKit object

# Add IBMQX API token and URL. Needed for online access
API TOKEN = "your quantum experience api token here"
API URL = 'https://quantumexperience.ng.bluemix.net/api’



https://github.com/QISKit/qiskit-tutoria
https://github.com/QISKit/qiskit-sdk-py)
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Applications: Quantum Chemistry

LETTER

d0i:10.1038/nature23879

242 | NATURE | VOL 549 | 14 SEPTEMBER 2017

Hardware-efficient variational quantum eigensolver
for small molecules and quantum magnets

Abhinav Kandala*, Antonio Mezzacapo'#, Kristan Temme!, Maika Takita!, Markus Brink!, Jerry M. Chow! & Jay M. Gambetta!

Jpawure

THE INTERNATIONAL WEEKLY JOURNAL OF SCIENCE

For the first time, we are able to use real, scalable quantum
computers that exist today to solve real problems.

Although these problems are still solvable on classical systems, it

should only be a few years before we can solve problems that
can’t be solved classically.
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Applications

* 50~100-qubit guantum processors, available in the next 5~10 years, may be able to
solve problems that cannot be solved by today's most powerful supercomputers.

* The focus at this stage is not on the great speedup advantage of quantum computers
over their classical counterparts through, e.g., Shor’s quantum factoring algorithm,
but rather on the capability of dealing with a huge number of possible states
(situations) that are beyond the capacity and capability of classical computers.
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Quantum Support Vector Machine for Big Data Classification

. * . 2 3.1
Patrick Rebentrost,"”” Masoud Mohseni,” and Seth Lloyd'
'Research Laboratory of Electronics, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA
“Google Research, Venice, California 90291, USA
3[)0/)(1;'11)1(’;11 of Mechanical Engineering, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA
(Received 12 February 2014; published 25 September 2014)

Supervised machine learning is the classification of new data based on already classified training
examples. In this work, we show that the support vector machine, an optimized binary classifier, can be
implemented on a quantum computer, with complexity logarithmic in the size of the vectors and the number
of training examples. In cases where classical sampling algorithms require polynomial time, an exponential
speedup is obtained. At the core of this quantum big data algorithm is a nonsparse matrix exponentiation
technique for efficiently performing a matrix inversion of the training data inner-product (kernel) matrix.

* Quantum computers of the future will have the potential to give artificial intelligence (Al) a major
boost. The team developed a quantum version of 'machine learning', a type of Al in which programs
can learn from previous experience to become progressively better at finding patterns in data. The
team’s invention would take advantage of quantum computations to speed up machine-learning tasks
exponentially.

* QML takes the results of algebraic manipulations and puts them to good use. Data can be split into
groups — a task that is at the core of handwriting- and speech-recognition software — or can be
searched for patterns. Massive amounts of information could therefore be manipulated with a
relatively small number of qubits.

* Such quantum Al techniques could dramatically speed up tasks such as image recognition for
comparing photos on the web or for enabling cars to drive themselves — fields in which companies
such as Google have invested considerable resources.
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PRL 114, 140504 (2015) PHYSICAL REVIEW LETTERS 10 APRIL 2015

Experimental Realization of a Quantum Support Vector Machine

+
4

Zhaokai Li,"* Xiaomei Liu,' Nanyang Xu,"*" and Jiangfeng Du"*
lHefei National Laboratory for Physical Sciences at the Microscale and Department of Modern Physics,
University of Science and Technology of China, Hefei 230026, China
2S_vnerg,’etic Innovation Center of Quantum Information and Quantum Physics,

University of Science and Technology of China, Hefei 230026, China
(Received 1 December 2014; revised manuscript received 17 February 2015; published 8 April 2015)

The fundamental principle of artificial intelligence is the ability of machines to learn from previous
experience and do future work accordingly. In the age of big data, classical leaming machines often require
huge computational resources in many practical cases. Quantum machine learning algorithms, on the other
hand, could be exponentially faster than their classical counterparts by utilizing quantum parallelism. Here,
we demonstrate a quantum machine learning algorithm to implement handwriting recognition on a four-
qubit NMR test bench. The quantum machine learns standard character fonts and then recognizes
handwritten characters from a set with two candidates. Because of the wide spread importance of artificial
intelligence and its tremendous consumption of computational resources, quantum speedup would be
extremely attractive against the challenges of big data.
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The feature values are chosen as the vertical ratio and the horizontal ratio, calculated
from the pixels in the left (upper) half over the right (lower) half.
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Quantum-Enhanced Machine Learning

Vedran Dunjko,"” Jacob M. Taylor,”>" and Hans J. Briegel'*
'Institut fiir Theoretische Physik, Universitit Innsbruck, Technikerstrafie 21a, A-6020 Innsbruck, Austria
2 Joint Quantum Institute, National Institute of Standards and Technology, Gaithersburg, Maryland 20899, USA
3Joint Center for Quantum Information and Computer Science, University of Maryland, College Park, Maryland 20742, USA
(Received 15 April 2016; published 20 September 2016)

The emerging field of quantum machine learning has the potential to substantially aid in the problems
and scope of artificial intelligence. This is only enhanced by recent successes in the field of classical
machine learning. In this work we propose an approach for the systematic treatment of machine learning,
from the perspective of quantum information. Our approach is general and covers all three main branches of
machine learning: supervised, unsupervised, and reinforcement learning. While quantum improvements in
supervised and unsupervised learning have been reported, reinforcement leamning has received much less
attention. Within our approach, we tackle the problem of quantum enhancements in reinforcement learning
as well, and propose a systematic scheme for providing improvements. As an example, we show that
quadratic improvements in learning efficiency, and exponential improvements in performance over limited
time periods, can be obtained for a broad class of learning problems.

 We are witnessing the emergence of a new field: guantum machine
learning (QML), which has a further, profound potential to
revolutionize the field of artificial intelligence (Al), much like
quantum information processing has influenced its classical
counterpart.
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Quantum machine learning

Jacob Biamonte'-?, Peter Wittek?, Nicola Pancotti®, Patrick Rebentrost®, Nathan Wiebe® & Seth Lloyd’

Fuelled by increasing computer power and algorithmic advances, machine learning techniques have become powerful
tools for finding patterns in data. Quantum systems produce atypical patterns that classical systems are thought not
to produce efficiently, so it is reasonable to postulate that quantum computers may outperform classical computers on
machine learning tasks. The field of quantum machine learning explores how to devise and implement quantum software
that could enable machine learning that is faster than that of classical computers. Recent work has produced quantum

algorithms that could act as the building blocks of machine learning programs, but the hardware and software challenges
are still considerable.

We are witnessing the emergence of a new field: quantum
machine learning (QML), which has a further, profound
potential to revolutionize the field of artificial intelligence (Al),

much like quantum information processing has influenced its
classical counterpart.



PHYSICAL REVIEW LETTERS 120, 050502 (2018)

Quantum Linear System Algorithm for Dense Matrices

Leonard \7\/ossmig,]’2 Zhikuan Zhao,™*" and Anupam Prakash’
'Theoretische Physik, ETH Ziirich, 8093 Zurich, Switzerland
2Deptczrlrment of Materials, University of Oxford, Oxford OX1 3PH, United Kingdom
3Safngapore University of Technology and Design, 487372 Singapore
‘Centre Jor Quantum Technologies, National University of Singapore, 117543 Singapore

M (Received 25 May 2017; revised manuscript received 10 November 2017; published 31 January 2018)

Solving linear systems of equations is a frequently encountered problem in machine learning and
optimization. Given a matrix A and a vector b the task is to find the vector x such that Ax = b. We describe
a quantum algorithm that achieves a sparsity-independent runtime scaling of O(x?\/npolylog(n)/¢) for an
n x n dimensional A with bounded spectral norm, where « denotes the condition number of A, and € is the
desired precision parameter. This amounts to a polynomial improvement over known quantum linear
system algorithms when applied to dense matrices, and poses a new state of the art for solving dense linear
systems on a quantum computer. Furthermore, an exponential improvement is achievable if the rank of A is
polylogarithmic in the matrix dimension. Our algorithm is built upon a singular value estimation
subroutine, which makes use of a memory architecture that allows for efficient preparation of quantum
states that correspond to the rows of A and the vector of Euclidean norms of the rows of A.

DOI: 10.1103/PhysRevLett.120.050502 -
for a sparse and well-conditioned A

A.W. Harrow, A. Hassidim, and S. Lloyd, Phys. Rev. Lett. 103, 150502 (2009).
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Quantum Computing Era

The Era of Quantum Computing Is Here.

Join the effort and prepare yourself for future industry of
quantum computer programming, software development and
applications.

The time to start this is now.

If you are interested in becoming a user, please leave your contact
information to Ms Pai

- VEMASEY PR
— & 3% ' 02-33669928 ;
— E-mail : ntug2018@gmail.com
IBM QC Workshops (software):
— Taipei (NTU); January 16-18, 2019 (Wed.-Fri.)
MOST Taiwan International Quantum Computer Workshops
(hardware):
— Taipei, January 21-22, 2019 (Mon., Tue.)
— Hsinchu, January 23-2, 2019 (Wed., Thu.)
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Taiwan International Quantum Computer Workshop 2019

The Taiwan Ministry of Science and Technology (MOST) is pleased to announce Taiwan
International Quantum Computer Workshop 2019, as the manifestation of Taiwan government's
devotion and promise for technology developing program. To strengthen and accelerate the
development, MOST invite the prestigious researchers, both international and domestic, to introduce
the development of quantum computing technologies in their respective research. The workshop will
promote the development of the quantum computer technology in Taiwan academic and between
industrial parties. It aims to enhance the multidisciplinary and multinational collaboration in the
coming quantum era. The workshop will be held in Taipei (January 21, 22) and Hsinchu (January 23-

24) in 2019,
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