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Outline

1. Why do we need Quantum Computing?
2. What makes a quantum computer tick?
3. Early work on applications & use cases

4. Learning about quantum

Quantum Computing and IBM Q: An Intreduction #IBMO



Our intuition about what we can compute is wrong IBMQ

A 50 electron system becomes impractical to
simulate for classical computing because the
runtime scales exponentially with electrons

Many optimization-problems:have a runtime
that grows exponentially. with input size

New York Times




We are at beginning of new age of computation

ENIAC IBM Q
First electronic digital programmable First quantum computing device made
computing device

available to public
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The value of
Quantum
Computing
DECOMES
apparent as
problems scale
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Classical Bits vs. Quantum Bits (Qubits)

Classical Bit Quantum Bit
|0>
v
0
Possible States: — 0>+ |1>
1
‘
| 1>

Functionality & e Aﬁ spin ¥ ‘

Implementation:
on/off switch —



There are different types of qguantum computing

Approximate Universal
Quantum Computer
Partial use, high power

Quantum Annealing
Limited use, equivalent power to classical




Classical computers aren’t going away...

Modern Infrastructure Quantum Computers

for Big'Data & Al
Store, manage and process huge Explore large set of possibilities
quantities of data to extract and identify optimal answer to
Insights and take business drive business value.

action.

© 2018 IBM Corporation



"Flow” of information in a quantum computer




Inside an IBM Q System

Circuit board

W o e

s /'

~ 40 Kelvin

Analog microwave
components and signal
digitization

Microwave pulse shaping
control units

Stable microwave sources



Inside an IBM Q quantum computing system:
Anatomy of a superconducting qubit

Superconducting Qubit:
Josephson Junctlon as a non-linear inductor

£ ‘,_"5~:__ '
\ b, i
S = e at !

- A

e Ll
i X 100 nm |0> X
= ¢
E,, =5 GHz = 240 mK

Superconducting

Microwave Resonators:
read-out of qubit states
multi-qubit quantum bus
noise filter



IBM qubits: single-junction transmons

Josephson Junction
~100 x 100 nm?

L,~20nH| T |[C.~60fF

C,~1fF J_

Patterned superconducting metal (niobium#+ aluminum) on silicon

— Total capacitance dominated-by shunting capacitance Cq

Interactions mediated by capaciti

— Bus resonators provide controlled coupling to adjacent qubits

— Readout resonators couple to outside world; resonant frequency shifts with qubit state



Anatomy of a quantum chip

Qubits:
Single-junction transmon
Frequency ~ 5 GHz
Anharmonicity ~ 0.3 GHz

Resonators:
Co-planar waveg
Frequency ~ 6
Roles:

1. Individu
2. Qubit co

Ground plane .
Periodic holes preve
stray magnetic field from
hurting superconductor
performance

Corcoles et al., Nat. Commun. 6, 6979 (2015)



Packaging of a quantum chip — breaking the 2D plane

Qubit chip

Interposer

Readout/

interconnect Parametric readout amplifiers and qubit bias/control routing

Alignment -
Dowels ®©
Boss Extruder

Rosenberg et al, https://www.nature.com/articles/s41534-017-0044-0.pdf Bronn et al, https://arxiv.org/pdf/1709.02402.pdf

s intermetallic
mmm metal wire

substrate

Flip Chip packaging with solder bumps



Forget the qubit race,
It's all about Quantum Volume!

@

Qubits added: O
Error rate decrease: 10x
Quantum volume increase: 500x

@)

Qubits added: 50
Error rate decrease: Ox
Quantum volume increase: 0x

© 2018 IBM Corporation 15



CNOT Error Distributions

IBM Q Experience 5 qubit devices

—_ ad B Yorktown-V1ie = — ‘ /
Tenerife L_ Canary Revision 2
/ Yorktown -
/ Burlington _
/ London
Process improvement &
vout optimization Qurense | Canary Revision 3
Valencia T
g
Vigo ]
1 5 10

Gate Error (%)



A New Exponential
Scaling quantum volume by 2x/year
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IBM is committed to building
the open source community

Qiskit

Collaboratively advance

IBM Q Experience

Provides quantum cloud

Qiskit ™ Terra Aer Aqua Ignis

Tutorials Documentation Tools

Q i s k it pypi V01011

An open-source quantum computing framework for leveraging
today's quantum processors in research, education, and

business

©) GitHub © Join the Slack community

Qiskit Camp '19

Announcing our first community event! Join us February
26 - March 1 for an immersive three day experience of
training sessions and deep technical talks at IBM Research

HQ followed by a a 24-hour hackathon at a mountain

Getting started with
Qiskit

In this episode Doug McClure, Qiskitter at IBM, introduces
us to Qiskit and its functions. You'll learn all about how to

run your first quantum program on real IBM Q hardware.

Fun

quantum science with open
source tools and capabilities in a
modular framework

services, tools and capabilities
optimized for
IBM Q systems

resort in Vermont.

Watch the video

IBM Q Experience Beta

2 * Untitled Exp... X

Try-Qiskit

oo Save Clear Help
&
Untitled Experiment A —— Saveyourexperiment beforeruntingit - Use our binder image to try Qiskit and learn without installing anything.
or @ Visualizations X Circuit composer
o] Density Matrix ~ Gates Barrier Q . k X t . t
~ v ~N : 1SK1T communlity © Slack ) citHub
~ t H
— . @O DNNIEEEBOHEBEE &
a £ stack Exchange W Twitter
@ @®[1.0] @0 @I[0.1] @ @ CRzCUIcU3 e 1 Qiskit is driven by our avid community of Qiskitters! We are committed to e
Operations Subroutines our goal of bringing quantum computing to people of all backgrounds, and M Medium 3 YouTube
000 T
©) are always excited to hear your feedback directly from you. There are
z i
oot |0} +Add many ways to stay informed, contribute to, and collaborate on Qiskit. [ Facebook
010
o11

Don't know quantum circuits?

100 atel lo)
101 ql1] o)
b ql21 |o) -~

M Learn about basics of quantum computing and create quantum programs
T T T T T T q[3] [o0)
000 001 010 011 100 101 110 111

visually using the IBM Q Experience.

rho(imaginary) = c4
Screenshot
@10 00 oo




IBM Q Experience has been the most widely used and
accessible platform for business and science.

First quantum computer
on the cloud in

Several IBM Q systems are
available to clients and the
public.

Release of open
specifications for quantum
cloud apis has enabled
the growth of Qiskit with
gvenzo0 b dowy loads

Real research is
happening with IBM Q
Experience. Quantum
community published Z17
ti rimEaperstesting
fundamentals'of science
citing'access to IBM Q
tools.

i

An inflection point - users
see'more value in working
with hardware than
simulators as measured by
the number of executions
on each. Over

have run on
IBM Q Experience.



The Qiskit
software stack

Brings quantum computing
out of the laboratory and
Into the laptops of
developers

« Open Source (Apache 2.0)

« Written in Python
* Modular and extensible

© 2019 IBM Corporation

Terra

Improving
circuit
composition,
circuit
compilation

methods, and

pulse-level
hardware
access

Aqua

Algorithms
for near-term
quantum
applications

Ignis

Compute in
the presence
of errors

Aer

A high
performance
simulator
framework
for quantum
circuits

20



Applications of quantum computing

Applications:
Chemistry
Materials
Machine learning
Optimization

Quantum
computing may

provide a new B N
path to solve some
of the hardest or
most memory , Fasy Quantum
iIntensive problems problems possible
In business and '
science. O O
Quantum Advantage with Simulating quantum
Shallow Cireuits, IBM2018 Factoring mechanics




IBM Q Network: Applications

In collaboration with IBM Q Network partners, IBM is driving advancements
In software and algorithms to pursue use cases in:

\ 4 .o v~ egv
Simulating Quan(%/ . rt(fﬁ F epb‘é?? Optimization / Monte Carlo
AN

S

A 4

» Portfolio optimization

* Quantum chemistry « Better model training ) :

) ) o » Risk analysis
» Material science » Pattern recognition . Loans & credit scorin
» High energy physics » Fraud detection 8

* Monte Carlo-like applications






Experimental results show with quantum
algorithm compared to Monte Carlo.

Quantum Amplitude Estimation to compute expected value of a T-bill
(single-period binomial-tree model)

1.000

01500

0:250

0.225

0:063

0.031

Estimation.error

0.000

Number of samples

© 2019 IBM Corporation



This has spurred new research within the IBM Q Network.

A modification from the Keio Hub coll: ation with MUFG &
reduces qubits and gates requwed by the quantum algorlthm.

Amplitude Estimation without Phase
Estimation

Yohichi Suzukil*", Shumpei Uno’**, Rudy Raymond!?, Tomoki
" 2 g *
Tanaka', Tnnl} a Onodera'*?, dnd Naoki Yamamoto®

This allowed ustomodel option pricing onreal
qguantum hardware with J:P. Morgan Chase

Option Pricing using Quantum Computers

Nikitas Stamatopoulos,! Daniel J. Egger,? Yue Sun,! Christa Zoufal,? 3 Raban Iten,? Ning Shen,! and Stefan Woerner?

LJ.P. Morgan Chase - Quantitative Research
*IBM _Research — Zurich
*ETH Zurich

2019 IBM Corporation



We've extended quantum optimization approaches to
model securities transaction settlement.

Experimentalkldemonstration of the

In collaboration with Barclays, we’ve developed transaction settlement problem:
methods for mixed binary optimization, and
applied them to optimize efficiency of securities feasible

transaction settlement, anelvem gy

transactions on the IBM Q
Valencia quantum processor

$1.85 quadrillion of securities transactions
processed by subsidiaries of the post-trade

market infrastructure DTCC.in 201.8*.

probabilities

7

October 2019 | candidate solutions
arXiv:1910.05788

Quantum algorithm finds

globally optimal solution:

“011" - settle transactions 2 and 3
* hitp://www.dtcc.com/annuals/2018/#/financial-performance



IBM Q has experimentally

demonstrated the accurate . -
classification of data using I . e prad

two quantum algorithms.

Training Generatea Process
set 2

guahtum feature map the data

encode'many
different attributes in
an exponential
number of states

Use entanglement to m

1111111111111111111



Chemistry with a real quantum computer

- '3 o

Hydrogen (H,): 2 Qubits Lithium Hybride (LiH): 4 Qubits Beryllium hydride (BeH,): 8 Qubits
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E rro r I I Itlgat I O n fo r Extending the computational reach of a noisy superconducting quantum processor
Q u a nt u I I l C h e I I I I St ry Abhinav Kandala, Kristan Temme, Antonio D. Cércoles, Antonio Mezzacapo, Jerry M. Chow, Jay M. Gambetta
IBM T.J. Watson Research Center, Yorktown Heights, NY 10598, USA

(Dated: May 14, 2018)

6 - 2018 result

g 66 2017 result B
% -6.8 —. 5 6.8
2 2
L 53] . \
o] Ll =1 ol Li —& ol
-7.2 < 7.2 -
h‘I
7.4 7.4

s . R 10x better

°

e ® ® ®

® X :
-7.8 _%eq0 =2 -7.8 : ) . ®
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Interatomic Distance (A) Interatomic Distance (,&)

IBM Q All Hands Meeting | November 14,2018 | ® 2018 IBM Corporation IBM Confidential
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. .
P O S S I b le E Xt e n S I O n S Quantum optimization using variational algorithms

on near-term quantum devices

Nikolaj Moll', Panagiotis Barkoutsos', Lev S. Bishop?,
Jerry M. Chow?, Andrew Cross?, Daniel J. Egger!,
Stefan Filipp', Andreas Fuhrer!, Jay M. Gambetta?,

> Mate rial IScoverv Marc Ganzhorn', Abhinav Kandala?, Antonio l\’Iezzacapoﬁ

- Peter Miiller!, Walter Riess!, Gian Salis', John Smolin?,

Ivano Tavernelli', and Kristan Temme?
! IBM Research — Zurich, Saumerstrasse 4, 8803 Ri
2 IBM T.J. Watson Research Center, Yorktown H

Quantum algorithms for electronic structure calculations: particle/hole Hamil

> Dy 0} 5 e 1 ”‘, Si m u | ati O n a n d e n Zym e d esig n and optimized wavefunction expansions

Panagiotis K1. Barkoutsos,»? Jerome F. Gonthier,® Igor Sokolov,''? Nikolaj Moll,! Gian Salis,! Andreas Fuhrer,!
Marc Ganzhorn,! Daniel J. Egger,! Matthias Tro; 4 Antonio Mezzacapo,’ n Filipp,! and Ivano Tavernelli': *
LIBM Research GmbH, Zurich Research Laboratory
2 Institute for Theore Physics, ETH Zur
3Kenneth S. Pitzer ( f
Department of Chemistry, Univ
* Microsoft Quantum,

» Polymer material design-and computation of properties

Moll, A. Fuhre

(Dated: September 14, 2018)

» Molecularstructtite‘cheniistey

Improving Variational Quantum Optimization using CVaR

Panagiotis Kl. Barkoutsos,! Giacomo Nannicini,? Anton Robert,!? Ivano Tavernelli,! and Stefan Woerne:
Zurich
h Center
*Ecole Normale Supérieure, Paris

Resource-Efficient Quantum Algorithm for Protein Folding

Anton Robert,"? Panagiotis KI. Barkoutsos,! Stefan Woerner,! * and Ivano Tavernelli': f
YIBM Research GmbH, Zurich R arch Laboratory, Sdumerstrasse 4, 8803 Riischlikon, Switzerland
“PASTEUR, Département de chimie, ole Normale Supérieure,

PSL University, Sorbonne Université, RS, 75005 Paris, France

(Dated: July 29, 2019)

Panagiotis Kl. Barkoutsos — bpa@zurich.ibm.com




7 8 members

7 industry partners
9hubs

17 hub members
19 startups

2 6 academic partners

IBM QO Network

established in 2017

Accelerate quantum research

£




The Role of Colleges
and Universities

Quantum Computing and IBM Q: An Introduction  #IBMQ



Academic research

Academic research in quantum computing
drives core advances across many fields
including physics, mathematics, computer

science, and engineering. Y e ¢
(U8 \ - Q '

It also will drive innovation insguantum
computing applications.in.chemistry,
materials science, economics;,applied
mathematics, and/Al

University research teams will want access
to the latest hardware; control seftware,
and software libraries.

Quantum Computing and IBM Q: An Introduction H#IBMQ



Education

It quantum computing starts to show early
advantage in 3 to 5 years, who better to educate
than those who are in college today?

While standalone quantum computing classes.are
being created and taught, many more students will
be reached by madules in-existing classes:

* Quantum physics

« Applied mathematics
« Computenarchitecture
« Software compilers

* Nanotechnology

* Linearalgebra
 Chemistry

Quantum Computing and IBM (}: An Introduction HIEM{O

Energy in Hartree

Moment in debye

LiH Ground State Energy

L5 2.0 2.5 3.0
Interatomic distance in Angstrom

LiH Dipole Moment

1.5 2.0 2.5 3.0
Interatomic distance in Angstrom




Quantum computers are
complex, but learning

to develop on them @iy | it o
shouldn't have to be. o

. Johannesburg

11-14 Dec

IBM Q Qiskit Camps

Qiskit for Qiskit Textbook
. \

Qiskit makes it easy to start lea

Educators @ &
Leverage the power of quantum computing
software to run on real quantu

% | using Qiskit with this university course
Teach your students with the s 4 | supplement covering introductory materials,
by scientists and engineers worldwid Q advanced algorithms and hardware. Include
accelerate research towaie problem sets and exercises for students.
applications for quantum computing.

@ 2019 IBM Corporation



What’s Next?

Deliver more advanced quantum devices and software to our
partners and community

Continue to grow and cultivate a collaborative IBM Q Network

Drive industry.use cases, research demonstrations and
differentiation with IBM Q hardware and software

Partner with educatorsito advance the teaching of quantum and
create new skills for growing demand

Continueto drive open source contributions, content and advocacy
within our rapidly growing Qiskit community




Learn about quantum

Qiskit
open source Qiskit tutorials &
community Documentation
github.com/qiskit qiskit.org

edx.org



Please note

IBM’s statements regarding its plans, directions, and intent are subject to change
or withdrawal without notice and at IBM’s sole discretion.

Information regarding potential future products is intended to outline our general
product direction and it should not berelied on in making a purchasing decision,

Theinformation mentioned regarding potential future products.is hot-a commitment,
promise, or.legal obligation to'deliver any material, code-orfunctionality. Information about
potential future products may not be incorporated into-any.contract.

The development, release, and timing of 'any future features or functionality described for
our products remains at our.sole discretion:

Performance.is basedon meastrements and projections using standard IBM benchmarks
in.a-controlled environment. The actual throughput or performance that any user will
experience will vary depending upon many factors, including considerations such as the
amount of multiprogramming in the user’s job stream, the I/O configuration, the storage
configuration, and the workload processed. Therefore, no assurance can be given that an
individual user will achieve results similar to those stated here.



Notices and disclaimers

© 2019 International Business Machines Corporation. No part of this
document may be reproduced or transmitted in any form without
written permission from IBM,

U.S. Government Users Restricted Rights — use, duplication or
disclosure restricted by GSA ADP Schedule Contract with IBM.

Information in these presentations (including information relating to
products that have not yet been announced by IBM) has been reviewed
for accuracy as of the date of initial publication-and could include
unintentional technical or typographical-errors. IBM shall have no
responsibility to update this information. This document is distributed
“as is” without any warranty, either express or implied. In no event,
shall IBM be liable for any damage arising from the use of this
information, including but not limited to; loss of data, business
interruption, loss of profit orloss of opportunity. IBM products and
services are warranted per the terms and conditions of the agreements
under which they are provided.

IBM products are manufactured from new parts or-new-and used parts.
In some cases, a product may not'be new and may have been
previously installed. Regardless, ourwarranty terms apply.”

Any statements regarding IBM's future direction, intent or product
plans are subject to change or withdrawal without notice.

Performance data contained herein was generally obtained in a
controlled, isolated environments. Customer examples are presented as
illustrations of how those

customers have used IBM products and the results they may have
achieved. Actual performance, cost, savings or other results in other
operatingenvironments may vary.

References in this document to IBM products, programs, or services
doesnot imply that IBM intends to make such products, programs or
services available inall countries in which IBM operates or does
business.

Workshops, sessions.and associated materials may have been prepared
by independent session speakers, and do not necessarily reflect the
views-of IBM. All materials and discussions are provided for
informational purposes only, and are neither intended to, nor shall
constitute legal or other guidance or advice to any individual participant
or their specific situation.

It is the customer’s responsibility to insure its own compliance with legal
requirements and to obtain advice of competent legal counsel as to

the identification and interpretation of any relevant laws and regulatory
requirements that may affect the customer’s business and any actions
the customer may need to take to comply with such laws. IBM does not
provide legal advice or represent or warrant that its services or products
will ensure that the customer follows any law.



Notices and disclaimers
continued

Information concerning non-I1BM products was obtained from the
suppliers of those products, their published announcements or other
publicly available sources. IBM has not tested those products about this
publication and cannot confirm the accuracy of performance,
compatibility or any other claims related to non-IBM

products. Questions on the capabilities of non-IBM products should be
addressed to the suppliers of those products. IBM does not warrant the
quality of any third-party products, or-the ability of any such third-party
products to interoperate with IBM's products. IBM expressly disclaims
all warranties, expressed orimplied, including but not limited to, the
implied warranties of merchantability and fithess for a purpose.

The provision of the informationcontained-herein is not intended to,
and does not, grant any right or license under any IBM patents,
copyrights, trademarks or otherintellectual property right.

IBM, the IBM logo, ibm.com and [names of other referenced IBM
products and services used in the presentation] are trademarks of
International Business Machines Corporation, registered in many
jurisdictions worldwide. Other product and service names might
be trademarks of IBM or other companies. A current list of IBM
trademarks is availableon the Web at “Copyright.and trademark
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