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Quantum Information Projects — US

2018 - 2023: $1.2B

CONGRE S S *GOV Advanced Searches

Legislation & | Examples: hr5, sres9, "health care”
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Joint centers: U.S. Quantum
: Y!‘E;‘;iﬂ?f,f,& . pi‘z',‘iﬁ,‘,‘,;;ﬁ}iive Home > Legislation > 115th Congress > H.R.6227

translation + Needs assessment
* New + Cooperative R&D

applications

= e H.R.6227 - National Quantum Initiative Act
> | Lty [ 115th Congress (2017-2018)

* Government

NATIONAL STRATEGIC
OVERVIEW FOR QUANTUM
INFORMATION SCIENCE

U.S. Government research spending by area

Product of the
SUBCOMMITTEE ON QUANTUM INFORMATION SCIENCE

under the

COMMITTEE ON SCIENCE
of the
NATIONAL SCIENCE & TECHNOLOGY COUNCIL

SEPTEMBER 2018
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QUANTUM FRONTIERS
REPORT ON COMMUNITY INPUT TO THE NATION'S

STRATEGY FOR QUANTUM INFORMATION SCIENCE

Product of

THE WHITE HOUSE

NATIONAL QUANTUM COORDINATION OFFICE
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Quantum Information Projects — EU

QuantumManifesto

May 2016

A New Era of Technology

Quantum Technologies Timeline

-

0-5years oo

Core technology of quantum

repeaters

Secure point-to-point
quantum links

Simulator of motion of

electrons in materials

New algorithms for quantum
simulators and networks

tescescsscessedesnascasansensestessess)rnnsescasansassane

2015

3. Sensors

A Quantum sensors for niche

applications (incl. gravity and
magnetic sensors for health
care, geosurvey and security)

@

More precise atomic clocks
for synchronisation of
future smart networks,
incl. energy grids

Operation of a logical qubit

protected by error correction
or topologically

New algorithms for quantum
computers

Small quantum processor
executing technologically
relevant algorithms

L 1~ R s P e

Quantum ks between

distant cities

Quantum credit cards

Devel and design of
new complex materials

Versatile simulator of quantum
magnetism and electricity

C Quantum sensors for larger
volume applications including
automotive, construction

D Handheld quantum navigation
devices

Solving chemistry and
materials science problems
with special purpose quantum
computer > 100 physical qubit

S TOYOAIS coovreicinsioutnsussisnsisninnssmessinsussiaisessesistrssisnessiisesestistnisestiesinssaivertssntesastonsistenietistiiieseentionansibonsiasatasnis

Quantum repeaters
with cryptography and
eavesdropping detection

Secure Europe-wide internet
merging quantum and
classical communication

Simulators of quantum

dynamics and chemical
reaction mechanisms to
support drug design

E Gravity imaging devices based
on gravity sensors

F Integrate quantum sensors
with consumer applications
including mobile devices

|n(€g|’6(l0l’| of quantum circuit
and cryogenic classical control
hardware

General purpose quantum
computers exceed
computational power of
classical computers

OQUANTUM

FLAGSHIP
O

The future is
Quantum

enorn

@ ® ®

1 O-_I- yrs 5000+ 140

QUANTUM WINDFALL

Europe’s Quantum Flagship programme will spend €132 million (US$150
million) overall on 20 projects spanning 6 themes for its first 3 years.

Basic science

Sensing and metrology //////4

Computing

Communication

Simulation % Probosed

W Selected

Coordination and support

0 20 40 60 80 100
Number of proposals



PILLARS OF ACTIVITY

OF THE QUANTUM FLAGSHIP

FROM VISION TO REALITY

FUNDING OPPORTUNITIES NOW AND IN THE FUTURE

Developments in leading areas of gquantum
technologies can be expected to produce
transformative applications with real practical
impact on society. That is why the Quantum

Flagship has divided research and innovative
efforts in five main areas of research and
innovation.
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Quantum Information Projects — UK

* A five-year £270M programme started from 2014 — more than £1B until now

QUANTUM
® TECHNOLOGIES

National strategy for
guantum technologies

A NEW ERA FOR THE UK

Government
Office for Science

The Quantum Age:
technological opportunities

Universiglpf Bristol

UK Quantum Technology Hub in Oiintum Enhanced Imaging (QuantiC)

Royal Holl.ay London

Unwersﬁ' Sheffield
University@} Glasgow
University @§trathclyde
Heriot-WlUniversity
Durhami@piversity
Universitfipf Oxford
University@Liverpool

University@ Warwick

UK Quantum Technology Hub for O.num Communications Technologies
UK Quantum Technology HllB for Sensors and Metrology

University@Edinburgh Universffof York
University @ambndge

University i)lottingham
Universif Sussex

University dfBirmingham

Universigipf Leeds

Universiffjof Bath
University o&umampton
UK Quantum Technology Hub: NQIT - Nef@lorked Quantum Information Technologies

Gjantum Technology Hubs \ /National Facilities \

¢ Quantum Metrology Laboratory
(National Physical Laboratory)

¢ Kelvin Nanotechnology
(University of Glasgow)

* Optoelectronic Research Center
(University of Southampton)

 Defense Science and Technology

4 Lead Universities, 16 partner Universities, many Laboratory. (DSTL)
companies, and Government departments / & others j

University G@ege London

* Networked Quantum Information Technologies
(NQIT)

* Quantum Sensing and Metrology

¢ Quantum Communications Technologies

* Quantum-Enhanced Imaging (QuantIC)

(Quantum Systems Engineering Skills Hubs \

¢ Quantum Engineering and Science
* Quantum Enterprise
* Innovation in Quantum Business
3 Lead Universities, several partner
Universities, many companies, several

\ Government departments /




Quantum Information Projects — Australia

v

CENTRE FOR

QUANTUM C
MMUNICATI

C

MPUTATI
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AUSTRALIAN RESEARCH COUNCIL CENTRE OF EXCELLENCE

EQUS

Australian Research Council
Centre of Excellence for

Engineered Quantum Systems

We are Sydney

Quantum Academy

i llaboration between four NSW universities to supp e
development of a quantum ecosystem through educatio

community engagement, and entrepreneurship.

e THE UNIVERSITY OF %
ofiy) SYDNEY &

n, industry and

Partners
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Australian Government

Australian Research Council



Quantum industry Queensland
. . : B Max Kelsen
activity in Australia New South Wales
B Microsoft (US)
B Silicon Quantum Computing
Redback Systems

Lucigem
Q-CTRL

Australian Capital Territory
B Quantum Brilliance
Nomad Atomics
Quintessencelabs
Liquid Instruments

Quantum sectors Victoria
B Quantum computing W [BM (US)
Quantum sensing B h-bar Consultants
MOGlabs

Quantum communications
B Consultancy
Enabling technology

South Australia

B Archer

B Rigetti Computing (US)
Cryoclock

Quantum-related private Funding and investment

()

organisations around Australia (2017-2019)

CSIRO




Quantum Information Projects — China

Total estimated

Yi : :
ear Project Funding amount (USD)
1998-2006 Minor projects mixed with other fields NSFC 10 M
2006-2010 1. Quantum control 1. MOST
2. Single quantum state detection and interaction 2. NSEC
3. Long distance quantum communication 3. CAS 150 M
4. Key technology research and verification of quantum 4. CAS
experiments at space scale
2011-2015 1. Quantum control 1. MOST
Quantum metrology 2. NSFC
3. National major scientific research instruments and equipment 3. NSFC
development 4. CAS 490 M
4. Quantum experiments at space scale 5. CAS
5. Coherent control of quantum systems and metrology physicsin 6. NDRC,
atomic systems CAS, etc.
6. Quantum secure communication backbone
2016-now 1. Quantum control 1. MOST 337 M




Quantum leaps
China's Micius satellite, launched in August 2016, has now validated across a record 1200 kilometers the
“spooky action” that Albert Einstein abhorred (1). The team is planning other quantum tricks (2-4).

1. Spooky action
Entangled photons were sent to
Light-altering crystal —_ separate stations. Measuring

Micius -
creates entangled (500 km altitude) one photon’s quantum state
photon pairs instantly determines the other’s,
) no matter how far away.
O

Pair

Shanghal § 4 Global network 2. Quantum key distribution

Future satellites and Micius will send strings of entan-
ground stations could gled photons to the stations,
enable a quantum creating a key for eavesdrop-
internet. i proof communications.

v/
$8-8

e/ 28
Pair string

®

3. Quantum teleportation
Micius will send one entangled
photon to Earth while keeping its
mate on board. When a third
photon with anunknown state is
q[stangled with the one on Earth,
and their states jointly mea-
ured, the properties of the last
photon are instantly teleported

to Micius.

Quantum key
communication entanglement NARN
equipment transmitter e

Quantum Experimental caitrol and
entanglement source processing system



nature

Explore our content Vv Journal information v

nature » letters » article

Published: 09 August 2017
Ground-to-satellite quantum teleportation

Ji-Gang Ren, Ping Xu, [...] Jian-Wei Pan

Nature 549, 70-73(2017) ‘ Cite this article

[ ]
SCIGHCC Contents ~ News ~ Careers ~ Journals ~
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(£ Satellite-based entanglement distribution over 1200
o kilometers

Juan Yin"2, Yuan Cao'-%, Yu-Huai Li'?, Sheng-Kai Liao"%, © Liang Zhang??, Ji-Gang Ren'-%, Wen-Qi Cai'', Wei-Yue Liu'..

@ + See all authors and affiliations
Science 16 Jun 2017:

e Vol. 356, Issue 6343, pp. 1140-1144
DOI: 10.1126/science.aan3211

PHYSICAL REVIEW LETTERS 120, 030501 (2018)

nature

Explore our content Vv Journal information v

nature > articles » article

Published: 09 August 2017

Satellite-to-ground quantum key distribution
Sheng-Kai Liao, Wen-Qi Cai, [...] Jian-Wei Pan

Nature 549, 43-47(2017) | Cite this article

nature
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Editors' Suggestion Featured in Physics

Satellite-Relayed Intercontinental Quantum Network

Sheng-Kai Liao,"* Wen-Qi Cai,"? Johannes Handsteiner,™* Bo Liu,*’ Juan Yin,"? Liang Zhang,z‘6 Dominik Rauch,**
Matthias Fink,'1 Ji-Gang Ren,l'2 Wei-Yue Liu,]‘2 Yang Li,"2 Qi Shen,l'2 Yuan Cao,]‘2 Feng-Zhi Li,"2 Jian-Feng Wang,7
Yong-Mei Huang,8 Lei Deng,[J Tao Xi,10 Lu Ma,” Tai Hu,lz Li Li,l'2 Nai-Le Liu,l‘2 Franz Koid],13 Peiyuan Wang,13

Yu-Ao Chﬁ:n,"2 Xiang-Bin Wung,2 Michael Sleind()rfer,|3 Georg Kirchner,” Chao-Yang Lu,"2 Rong Shu,z‘6
Rupert I‘Jrsin,‘x'4 Thomas Scheidl,‘x'4 Cheng-Zhi Peng,"2 Jian-Yu Wang,z‘6 Anton Zeilinger,}‘4 and Jian-Wei Pan'*

nature » articles » article

Article | Published: 15 June 2020

Entanglement-based secure quantum cryptography
over 1,120 kilometres

Juan Yin, Yu-Huai Li, Sheng-Kai Liao, Meng Yang, Yuan Cao, Liang Zhang, Ji-Gang Ren, Wen-Qi Cai, Wei-
Yue Liu, Shuang-Lin Li, Rong Shu, Yong-Mei Huang, Lei Deng, Li Li, Qiang Zhang, Nai-Le Liu, Yu-Ao Chen,
Chao-Yang Lu, Xiang-Bin Wang, Feihu Xu, Jian-Yu Wang, Cheng-Zhi Peng &3, Artur K. Ekert & Jian-Wei Pan

Nature 582, 501-505(2020) | Cite this article
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Quantum computational advantage using photons

Han-Sen Zhong''2", ® Hui Wang'-2", ® Yu-Hao Deng'-2", ® Ming-Cheng Chen!-Z", ® Li-Chao Peng'-2, ® Yi-Han
Luo'+2, @ Jian Qin'2, ® Dian Wu'+2, Xing Dingm, YiHu'/2, Peng Hu®, © Xiao-Yan Yang3, Wei-Jun Zhang3, Hao
Li3, © Yuxuan Li4, @ Xiao Jiang'-2, ® Lin Gan* Guangwen Yang®, @ Lixing You?, © Zhen Wang?, ® Li Li'-2, © Nai-Le
Liu'2, Chao-Yang Lu'2, @ Jian-Wei Pan':21

THefei National Laboratory for Physical Sciences at Microscale and Department of Modern Physics, University of Science and
Technology of China, Hefei, Anhui 230026, China.

2CAS Centre for Excellence and Synergetic Innovation Centre in Quantum Information and Quantum Physics, University of Science and
Technology of China, Shanghai 201315, China.

3state Key Laboratory of Functional Materials for Informatics, Shanghai Institute of Microsystem and Information Technology,
Chinese Academy of Sciences, Shanghai 200050, China.

4Deparrment of Computer Science and Technology and Beijing National Research Center for Information Science and Technology,
Tsinghua University, Beijing 100084, China.

éTCorresponding author. Email: pan@ustc.edu.cn

<4* These authors contributed equally to this work.
- Hide authors and affiliations

Science 03 Dec 2020:
eabe8770
DOI: 10.1126/science.abe8770
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Quantum Architecture

J

Z1T, ZEBFATEEENA, 24 Quantum infrastructure as a Service (QaasS)
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To break through the bottlenecks of quantum computing with the advantages of Al -

5 Key Areas

To provide a comprehensive Quantum infrastructure as a Service (QaaS).
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To extend the design and analysis of classical algorithms to the quantum scenario
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To optimize existing quantum (classical) algorithms and explore their feasibility and limitations
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Quantum Software Engineer, Desigh Automation

Location: Hangzhou

Job description:

As a Quantum Software Engineer focusing on Design Automation, you will

work with our scientists and engineers together to support theoretical

modeling, simulation and design of superconducting quantum computer.

Responsibility:

e Perform electromagnetic field simulations of microwave and
superconducting quantum devices.

e Perform electric circuit simulations.

e Code implementation to support module integration and automation
flow design for cross-function and multi-scale simulation.

Requirements:

e Master's or PhD degree in physics, electrical engineering, mathematics,
computer science, or other related subjects.

® At least 3 years of experience in software development or application
of electromagnetic field and circuit simulation. Experience in simulation
of superconducting devices is desirable but not required.

e Proficiency in Python or C/C++. Experience in Perl, Julia, or shell scripts is
desirable but not required.

@ Knowledge of quantum physics, solid state physics, material science,
computational electromagnetics, inverse problem, matrix analysis, or
complex analysis is desirable but not required.

Quantum Scientist, Hardware

Locations: Hangzhou

Job description:

As a Quantum Scientist focused on hardware, you will work in a multifun-
ctional team to solve various scientific and engineering problems on the
implementation of quantum computing with superconducting circuits.
Responsibility:

e Develop high-performance quantum hardware based on
superconducting circuits, including design, fabricate, test, and analyze
superconducting quantum devices.

e Perform fundamental researches on fault-tolerant quantum systems
based on superconducting circuits.

e Work with the other team members on setting up a new lab.

Requirements:

e Demonstrate a record of research accomplishments in one or more
of the following areas: experimental quantum computing, quantum
error correction, superconducting device, low-temperature physics,
microfabrication, and microwave electronics.

e Strong software engineering skills related to data acquisition,
experimental design, and data analysis.

Quantum Process Engineer

Quantum Computer Architect

Locations: Hangzhou

Job description:

As a Quantum Process Engineer, you will work in a multifunctional team

with scientists and engineers to develop the fabrication processes of

superconducting quantum circuits.

Responsibility:

e Develop the fabrication processes of superconducting devices.

e Establish and monitor baseline processes of the equipment in QuFab.

e Commission new equipment and perform in-house modifications and
upgrades on existing equipment.

e Perform necessary device or film characterization using SEM, AFM, FIB
and etc.

e Support Fab manager for necessary user training and orientation.

Requirements:

e Master Degree in a relevant science and engineering fields, such as
Electrical Engineering, Physics, Material Science and Chemistry. Ph. D
degree preferred.

e Minimum 3-year experience in the fabrication of superconducting/
semiconductor-based devices or integrated circuits. Strong expertise
in at least one fabrication process of lithography, etching and material
growth. Hands-on experience with multiple fabrication processes is a
plus.

e Knowledge of chemistry, electrical and optical characterization
techniques, packaging techniques, and epitaxial material growth is a
plus.

e Experience in both research laboratory and industrial production
environments is also desirable.

e Extensive experience in operating and maintaining an electron-beam
lithography system is desirable.

Quantum Scientist, Error-Correction

Locations: Hangzhou, Seattle

Job description:

The goal of quantum error-correction is to realize logical qubits with
minimum overhead and under hardware constraints. You will work together
with a team of quantum error-correction experts to cover a diverse range
of important topics, from finding new codes and optimally impiementing
error-correction, to fundamental questions in the field.

Requirements:

e PhD degree with focus on quantum error correction

e Demonstrated outstanding research capabilities in his/her area of
expertise.

Location: Hangzhou

Job description:

Quantum Computer Architecture is an exciting emerging discipline on the layer
between quantum programs and elementary quantum computing devices.
The goal here is to control the quantum devices to optimize key performance
factors such as precision, efficiency, scalability, reliability, portability, etc. While
many concepts from classical computer architecture such as microarchitecture,
instruction set, etc., will continue to be useful, the many new challenges will
inspire new concepts and techniques. As a Quantum Computer Architect, you
will work with teammates with expertise spanning device physics to classical
computer architecture and compilers, and our superconducting quantum
processor team, to distill key solution concepts for quantum computer
architecture, prototype and implement such solutions in a superconducting
quantum computer. This position is based in Hangzhou.

Requirements:

e Ph.D. degree with a focus on computer architecture, or a strong record in
industrial computer architecture R&D.

e Experience with high speed digital signal processing.

e Passionate about building a quantum computer; prior experiences on
superconducting quantum computing are desirable but not required.

Quantum Scientist, Algorithms

Location: Seattle, Hangzhou

Job description:

As a Quantum Scientist with a focus on algorithms, you will add to the current
strength of AQL on quantum algorithms, work with an interdisciplinary and
international team to research and implement super-fast quantum and quantum-
classical hybrid algorithms for solving fundamental and real-world problems.

Requirements:

e Ph.D. degree in Mathematics, Physics, Computer Science or closely
related field.

e Demonstrated outstanding research capabilities in his/her area
of expertise and experience developing quantum algorithms and
implementing algorithms on quantum computing architectures.

e Evidence of a strong quantum computing programming background
using high-level languages such as Python, C++.

e Experience in gate-based and/or adiabatic quantum computation is
required and experience in quantum simulation, machine learning
methods, high performance computing or circuit synthesis will be
taken into consideration.

DAMO

ALIBABA DAMO ACAOEMY &

Career

@Alibaba Quantum Lab

Realizing the potentials of quantum computing
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Huawei Quantum Cloud Service Platform

Abstract:

Leveraging Huawei's leading capability in integrated
information and communication technology (ICT),
Huawei launched HiQ cloud platform for the devel-
opment of quantum computing software. Aiming at
the promotion of global cooperation, Huawei's HiQ
cloud platform is open to the public, where a wide
spectrum of developers, researchers, teachers and
students can perform fundamental research and
develop industrial applications in quantum comput-
ing technology.

Quantum application

i atorial |

; Quantum : "
Simulatio;, I8 G08 :‘a!lgorlthm hbrary

HiQ Software Solution
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Pevelopment H'Q Programmmg computing
quann -
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Verification

R 5
Quantum hardware design and verification
Quantum software exploration, research, and verification in
advance
Quantum algorithm exploration, design, and verification in
advance
Education and popularization of quantum computing
Based on this platform, Huawei will continue to add
QC-related ICT enabling technologies

Huawei HiQ Fermion

HiQ Fermion is developed for the recent killer application,
quantum chemistry simulation, of NISQ quantum devices.
Huawei HiQ Fermion provides a one-step quantum chemis-
try simulation solution on HUAWEI ClOUD.

Huawei quantum chemistry software HiQ Fermion

HUAWEI HIQ Fermion

I I ) I I

1 Comprehensive initial-state ansatz library, including
UCC, Hardware Efficient, and Qubit CC

2 Compatible with drivers of common classical quantum
chgn;is%ry software such as Gaussian, NWChem, PySCF,
and Psi

3 Multiple mainstream Fermi encoding methods provid-
ed: Jordan-Wigner, Parity, Bravyi-Kitaey, etc.

4 Optimizers that support parallel computing gradients,
providing faster convergence

5 Largest VQE-based molecular simulation (H2S, 11
orbitals) in theindustry (Coretechniques: high-qual-
ity initial-state ansatz preparation, effective pa-
rameter reduction, circuit optimization, parallel
gradient calculation, etc.)

6 User-friendly GUl-based programming experience

Quantum Chemistry Simulation Benchmarking
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1. Multi-parameter reduction algorithm, reducing parameters by up to 80%
2. Multi-parameter gradient optimizer, with 300+ parameters tested
3. Quantum circuits simplified by up to 70%
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HUAWEI HiQ

Quantum Computing
Cloud
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Quantum effort worldwide

Quantum Canada
CA%1b = $766m

() QURECA

quantum resources & careers

Global

effort 2020
$22b
(estimate)

United Kingdom
£1b = §1.3b

Metherlands
190m € = $177m

France

14b € = §l.6b

US Mational Quantum
Initiative $1.2b

2020 QURECA Ltd = Confidential and Proprietary

Germany
26b € =3%31b

China
$10b

India
F73b = $1on

European
Quantum Flagship
b€ =5.1b

Israel m1.2b = $3460m

Russia
P50b = $643m

Korea
W44 5b = $37m

Jopan
¥50b = $470m
i.:

Australia
AUSI30m = $94m

Singapore
S5150m = $109m




Quantum Information (Qubits)

» A bit of classical information - A binary digit can have only one of two

values, and may be physically represented with a two-state device, e.g. {0,1}.

» A bit of quantum information - a two-state quantum-mechanical system.

PHYSICS TODAY

HOME BROWSEY™ INFO¥ RESOURCES™

10.1063/1.881299

» page 23

Information is Physical )

There are no unavoidable energy consumption requirements per step in a computer. Related analysis has
provided insights into the measurement process and the communication schannel, and has prompted

speculations about the nature of physical laws.
Rolf Landauer

Thomas J. Watson Research Center, Yorktown Heights, New York

u [4) = al0) + b[1)

T lal® +[b]* =1

~ -
~~~~~~



What's Computation?

* Classical digital computers (under the Boolean circuit model) uses binary digit
(bits, Os or 1s) to store, transfer, manipulate data

X1
- .
X2 —4D—‘ f(x1, 0)=x1 @ x2
Alan Turing (1912-1954)

* A bit can possibly be only one of two states: it is either a one or a zero.

* The two states of each bit are represented in the computer by a two-level system.

* A quantum computer is a device that leverages specific properties described by
quantum mechanics to perform computation

— Quantum computer uses quantum bits (qubits).



Brief History of Quantum Computation (1/2)

e Paul Benioff (1979):
“The computer as a physical system: A microscopic quantum mechanical

Hamiltonian model of computers as represented by Turing machines. Richard Feynman
(1918-1988)

* Feynman (1981): “Why don’t we store information on individual particles that
already follow the very rules of quantum mechanics that we try to simulate?

“Nature Isn't classical, dammit, and if you want to make a
simulation of nature, youd better make it quantum mechanical.”

* David Deutsch (1985) described what a quantum algorithm would look like, and
Richard Jozsa (1992) demonstrated a deterministic quantum advantage.

* Umesh Vazirani and Ethan Bernstein (1993) pushed it forward (bounded error).

* Daniel Simon (1994) demonstrated an exponential speedup.



Brief History of Quantum Computation (2/2)

* Seth Lloyd (1993) described a method of building a working quantum computer.
* Peter Shor (1994) invented a polynomial-time quantum algorithm for factoring.
* David DiVincenzo (1996) outlined the key criteria of a quantum computer.

* Isaac Chuang et al. (2001) implemented Shor’s algorithm on a nuclear magnetic
resonance (NMR) system to factor the number 15 as a demonstration.

* — A variety of interdisciplinary fields such as
Quantum Computation, Quantum Communication,
Quantum Simulation, Quantum Sensing, Quantum Chemistry, etc.

Quantum Information Science 4
Peter Shor (1959 -)
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Realizing Quantum Processors

4
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4
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53, 65-qubit processor for IBM Q Network

Explore our content v Journal information v

54-qubit processor “Sycamore”

72-qubit processor “Bristlecone”  reture > artices > artice

Microsoft Article | Published: 23 October 2019
Quantum supremacy using a programmable
Quantum Development Kit superconducting processor
Q# Programming Language Frank Arute, Kunal Arya, [...] John M. Martinis

Azure Quantum _ Cloud Service Nature 574, 505-510(2019) | Cite this article
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Other Quantum Processors
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Development Roadmap

IBM Quantum

2019 2020 2021 2022 2023 2024 2025 2026+
< > < >
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Skills building

Model
developers

Qiskit application modules

Algorithm
developers

Skills building

Quantum model services

Natural Sciences

Optimization

Kernel Qiskit
developers Runtime

Quantum
systems

IBM Cloud

Circuits Programs

Dynamic
circuits

Prebuilt quantum Prebuilt quantum +
runtimes HPC runtimes

Circuit libraries Advanced control systems

Models




Quantum

Computer Stacks
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Quantum Computer Programming

Not Currently Available to General Users

Lo

Intel/
. =
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CIBM Quantum)
Experience

[R. LaRose, “Overview and comparison of gate level quantum software platforms,” Quantum, 3:130, 2019]



Bloch Representation for a Qubit

= [¢) = cos(%)lO) — sin(g)eiﬂl), 0 € 0,7, p € [0, 2]

0) < (0,¢) =(0,0)

Classical Bit

Quantum Bit

— -



Elementary Quantum Gates

* Pauli gates Xx .= ((1) (1)) Yy — (? 61) 7. ((1) _01) * Hadamard gates
* Rotation gates H := % G _11)
Ra(6) _ oidX _ ( COS(%) —1sin(%)>
v —isin(2)  cos(2) e Controlled-Z gates
ity _ cos(2) —sin(2) 1 00 O
Ry (@) = i — (Smé) ol t—_ e fo10 0
Phase gate Z e
T 0O 0 0 -1
)  Swap gate [1h)|§) = 1))
* CNOT gate * Toffoli (CCNOT) gate) =g
) 2 (Iz 0) o) o pRC ot i 0 0 1 0
0 X > 2 3 gl Al 0000
) 28K ) —b— A @B\o 0 X g



Gate-Based Quantum Computation

Input <

State Preparation
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Transformations
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Quantum Advantages



Quantum Features

» Coherence - superposition — More rooms! Schridinger's Gat
» Quantum parallelism
» Larger spaces (non-fixed basis) o §

» Resource for simulating quantum operations

» Entanglement - a correlation — New dimension!
» Entanglement-assisted communication

» Resource for quantum communication (teleportation) and computing

» Challenges
» Non-cloning theorem

» Non-commutativity (hard to analyze)

» Quantum state is fragile



Quantum Computing — Unstructured Search

» Searching in an unstructured list with size N

R Lov Grover (1961 -)

#1 #2 #3 - #N

The best classical algorithm requires number of queries proportional to N

— Lov Grover (1996) proposed a quantum algorithm requires ~ VN queries

https://rumschuettel.bitbucket.io/grover/index.html



Grover’s Search Algorithm (1/3)

* Goal: Transform the superposition such that |x,) will be measured with high prob.

1. Flipping the sign — creating the phase difference: I, |z) = {

|7~/J0> — er{o 1}3|x>

| 000y  |001)  |010)  |011)  |100)  [101)  |101)  |111)

|x) if x # xg
—|zg) if x =xg

oo B OB OB OB OB

[000)  |001)

[011)  |100)  |101)  |101)  |111)




Grover’s Search Algorithm (2/3)

2. Inversion about mean:
Let {a, }, be a collection of numbers and a be the mean. Then the
numbers {2a — a, }, are the inversion about mean a.

Iy = 200) ol — 1, o) == A= D o)

CACIN S B Mol M e M L e SN M

[000)  |001) [011)  |100)  |101)  |101)  |111) [000)  [001)  [010)  |011)  |100)  [101)  |101)  |111)




Grover’s Search Algorithm (3/3)

Repeat %\/ 2™ times
mard gate 1 - A
0)¢" — H®" |5 — H®" [ 2(|0){0))®" — I | H®"
| YUr |
1) — H — | discard )
Flipping the sign of target x Inversion about mean
Iizgylz) = (1) ®)|z) Loy = 2[tpo) (o] — I

=HE&RAO (| e Eaum i

https://rumschuettel.bitbucket.io/grover/index.html



Quantum Computing — Factorization

* Integer Factorization used in the RSA cryptography system

4

Example: 463570199875051 = 27644437X 16769023 " Peter Shor (1959 )

—_—

~ 249
The computational complexity of the best known classical algorithm scales
exponentially in the number of bits of the integer.

— Peter Shor (1994) invented a polynomial-time quantum algorithm

* Other cryptosystem such as the Diffie-Hellman key exchange security (based on the
hardness of the discrete logarithm problem) and the Elliptic curve cryptography can be
broke in polytime by applying Shor’s idea.



Relations — A Glimpse of The Complexity Zoo

n X n Chess/Go

SAT, n X n Sudoku
Travelling salseman

Graph Isomorphism

Integer factorization,
Discrete logarithm

Multiplication,
Primality, etc.

BQP

4

|
Efficiently solvable by classical computer



Quantum Advantages — Cryptography & Communication



Secure Communication

* In 1926 Vernam proposed the first provably secure cryptographic protocol,
known as the one-time pad , or Vernam cipher.

* The key is represented by a random string of bits, which is used to lock and
unlock the confidential message.

* The message itself is another string of bits. Binary addition is used for ciphering.

‘ [0@0:1@1=0; 0@1:1@0:1} ﬁ
£ @ Ciphertext: bk=11101010 } {

Source text: b=01101100 Deciphered text: bé6kék=01101100

@ == Key: k=10000110 Key: k=10000110 @% —



Key Distribution

* The one-time pad protocol is secure only if the key distribution is secure and hidden
from others, but how to do it in a secure way?

* Some public key crypto systems (such as RSA) relies on the computational hardness
of the integer factorization.

* Quantum key distribution (QKD) provides a method for Alice and Bob to generate a
shared secret key over public classical and quantum channels without the need to
meet or to use a trusted intermediary party.

Moreover, it is provably secure against eavesdropping.
- BB84 (C. Bennett and G. Brassard 1984) uses four qubit non-orthogonal states;
- B92 (C. Bennett 1992) uses only two non-orthogonal qubit states;
- E91 (A. Ekert 1991) uses an entangled pair of qubits and the Bell theorem.
- Etc. [Gisin et al., 2002] & [Pirandola, 2020]



Mutually Unbiased Bases

* Mutually unbiased bases (MUB): B, = {|Yo0), |¥10)} and B; = {[Yo1), 1¥11)]-

’Poo) = |0)
‘/J10> = |1)
Po1) = +>=71§(I0>+|1))
11) = - =% (10) — 1))

* By = {|Yoo), 1$10)} is the computational basis (or the Pauli Z eigenbasis);
B: = {|Yo1), |Y11)} is the conjugate basis (or the Pauli X eigenbasis).

* These bases are called mutually unbiased if any state of one basis is measured in the
other basis, the outcomes are always equally likely.



An Example

Alices bit string x 1 0 1 1 0 1 0 1
Alice’s basis string y 1 0 0 1 0 1 1 0
X Z Z X Z X X Z
Qubit states ST SO S S S (R S Y N S T
Bob’s basis string y’ 1 1 0 0 1 0 1 0
X X Z Z X Z X Z
Bob’s resulting states |—) |+) |1) |1) |—) |0) |+) |1)
Bob’s resulting bits x’ 1 0 1 1 1 0 0 1
Right basis? Y N Y N N N Y Y
Key string ¥ = x’ 1 1 0 1




I Long Distance QKD System Classical

connection

Quantum
connection

The Long Distance QKD System operates with a quantum channel in the telecom C—band for the longest possible range and highest possible secure key rate. It can

tolerate limited bandwidths of multiplexed data within the C—band.

Key Features:

1.  Typical key rate = 300 kb/s for 10dB loss

nn\

ARRARY

COMMUNICATION
SECURED BY KEYS

Range of up to 120km Tosmn

Two fibers required

oo oo
(5/5/95/45)
ARARANN
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Efficient BB84 protocol with decoy states and phase encoding

o &~ w0 N

Key failure probability of less than 10-10 equivalent to less than once in
30,000 years

6. Proprietary self-differencing semiconductor detectors
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Quantum Communication

» Teleportation nature photonics
(Bennett et al. 1993) o curcoment v ounstinormtion

nature photonics

Explore our content Vv Journal information v

nature > nature photonics > review articles > article

Published: March 2007
Quantum communication

Nicolas Gisin =2 & Rob Thew
Local operation

Nature Photonics 1, 165-171(2007) | Cite this article

nature > nature photonics > review articles > article

Published: 25 April 2014
Quantum information transfer using photons

T. E. Northup & & R. Blatt

Nature Photonics 8, 356-363(2014) | Cite this article




Quantum Communication

» Teleportation nature photonics
(Bennett et al. 1993) o curcoment v ounstinormtion

nature photonics
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nature > nature photonics > review articles > article
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Quantum communication
Nicolas Gisin &= & Rob Thew
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Quantum Communication

» Teleportation nature photonics
(Bennett et al. 1993) o curcoment v ounstinormtion

nature photonics
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nature > nature photonics » review articles > article
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Protocol of Quantum Teleportation

- 1 R(6 \ :
Dy =l= ;
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Why Quantum Communication? THE QUANTUM INTERNET

THE ULTIMATE GOAL

© DISTRIBUTED QUANTUM COMPUTERS, AND QUANTUM SENSORS
INTERCONNECTED VIA QUANTUM COMMUNICATION NETWORKS.

» Communicating quantum bits

» Quantum key distribution (cryptography)

{ SIMULATORS

» Simulating global quantum computation e, VB
: O " : @ :

» Secure remote quantum computation

. © .
% QUANTUM INTERNET

Quantum Internet Alliance

The long-term ambition of the European Quantum Internet Alliance is ' T,
to build a Quantum Internet that enables quantum communication e e
applications between any two points on Earth ‘ @ ' ’

® 0 0
Learn more Contact us B o o i P St
i QUANTUM
L & H
oo o ;
® 00

i quantum
i MEMORES |

~ QUANTUM COMMUNICATIONS

COMMUNICATION
INFRASTRUCTURE
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SCienCG Contents ~ News ~ Careers ~ Journals ~

Quantum internet: A vision for the road ahead

Stephanie Wehner'"*, ® David Elkouss', © Ronald Hanson'"?
+ See all authors and affiliations

Science 19 Oct 2018: @ sur‘f Inter‘net

Vol. 362, Issue 6412, eaam9288
DOI: 10.1126/science.aam9288

QUTech

Dplll

TIME PROVISIONING

14UD i I universitat
e
n Delft University of Technology : I n n S b ru Ck

Quantum computing Leader election, fast byzantine agreement....

Few qubit fault tolerant Clock synchronization, distributed quantum

> computation,..
L o4
Quantum memor ; Blind quantum computing, simple leader
y = election and agreement protocols,...
o
=
Entanglement generation © Device independent protocols
=
=
Prepare and measure Quantum key distribution, secure
identification....
Trusted repeater Quantum key distribution (no end-to-end
security)
Stage of quantum network Examples of known applications

Stages in the development of a quantum internet. Each stage is characterized by an
increase in functionality at the expense of greater technological difficulty. This Review provides a
clear definition of each stage, including benchmarks and examples of known applications, and
provides an overview of the technological progress required to attain these stages.




Quantum Simulation  nature

Explore our content v Journal information v

nature » letters » article

» Simulating natural reaction

Nitrogen fiX&tiOn fOI' fertﬂiZGI’S Published: 14 September 2017

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

Abhinav Kandala &, Antonio Mezzacapo & Kristan Temme, Maika Takita, Markus Brink, Jerry M. Chow &

4
<
» Condensed matter physics
» Many-body dynamics Jay M. Gambetta
4

Materlal deSIgn Nature 549, 242-246(2017) ‘ Cite this article
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» Constrained optimization

» Satisfiability problems SHARE  RESEARCH ARTICLE _ ;
Semidefini Hartree-Fock on a superconducting qubit quantum
» Semidefinite program computer

Google Al Quantum and Collaborators*,t, Frank Arute, Kunal Arya, Ryan Babbush, Dave Bacon, Joseph C. Bardin, Rami Bare...
+ See all authors and affiliations

Science 28 Aug 2020:
Vol. 369, Issue 6507, pp. 1084-1089
DOI: 10.1126/science.abb9811
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Prospects and Outlooks



Challenges

» Experimental aspects

» Realizing large-scale universal and programmable quantum processors

» Interface

» Interconnects — transfer of information between different physical media

» Efficiently loading classical data into quantum memories and read-out

» Theoretical aspects

» System design — a quest for theoretical analysis tools

n=20 unknown territory ﬁ.:
mary examples } system size

Quantum advantage &
Performance guaranteed




A potential quantum (near) future

Intermediate quantum computing regime:
- Error mitigation

it

vt - Testable advantage
it R \ - Approximate optimizers
e u | .
S i | - Quantum simulators
< —

50 qubits 1,000 10,000 100,000...
\ Y J |
e o Unambiguous.,quantum computational || §§.999%ﬁdenty
" FTqubit | supremacy and commercially relevant |
| applications, 2 — 10 years

CIassufcaI/(:.uantum — Univereal

rontier .99% fidelity quantum
computing...

Figure credit by Michael Bremner




How to Join the Community?

» News Quantum Computing Report |- \
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» Conference: The Annual Conference on Quantum Information Processing (QIP)

» Final words: Textbooks
Quantum information science is not going to change our world immediately,
but lots of ent ts, and hers have dived i -
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and Quantum
» What to do? Information

Catch up with the state-of-the-art development and watch out hype! o o
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