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“I’'m not happy with all the analyses sauantum

that go with just the classical
theory, because nature isn’t
classical, dammit, and if you want
to make a simulation of nature,
you’d better make it quantum
mechanical ...”

Richard P. Feynman
Department of Physics,
California Institute of Technology

International Journal of Theoretical Physics,
Vol 21, Nos. 6/7,1982
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Why quaﬂtum? IBM Quantum

Problems we can’t

adequately address today Applications:
Chemistry
@ Materials
Machine learning
Optimization
Problems we can Problems we ——
address today hope to address @ Imulating
classically with quantum quantum
mechanics

@ Factoring

Despite how sophisticated digital “classical ” computing has become, there are many
scientific and business problems for which we’ve barely scratched the surface.
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Classical vs Quantum Approach 1BM Quantum

The bit is the basic unit of information and The qubit is the basic quantum unit of information
has two possible states: 0 or 1. and also is 0 or 1 when you measure it.
0 |0)
and q0: [¥)o [mo) = |¥)
qu: Y [m1) = |¥)o
A classical logic circuit is a set of A quantum circuit is a set of quantum
gate operations on bits and is the gate operations on qubits and is the

unit of computation unit of computation
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Why Is Quantum Ditterent:

Superposition allows creation of r S -
exponential number of basis states N

||||||||

1111111

Entanglement allows for parallel exploration
of these states (i.e., computational power)

1 qubit: superposition of 2 states
n qubits: superposition of 2" states

n qubits — 2" basis states

Interference allows us to increase the
probability of getting the right answer
and decrease the chance of getting the

wrong one.
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Quantum algorithms IBM Quantum

(simplified)

10) H

10) H

Create an equal Encode the problem in Interfere all states back
superposition of 2N 2N states by using to a few outcomes
states entanglement containing the solution

Initialize the
quantum computer



IBM provides a full stack solution for Quantum Computing

+ Quantum Computer Hardware

T LA

-
1t

J

- Systems

l_

- System software layer Okt

- Applications layer

The world’s leading open-
source quantum computing
framework, built to be
modular and extendable
Written in Python 3

- Services

https://qiskit.oxrg
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IBM Quantum Journey so far. 1BM Quantum



IBM Quantum has turned Quantum
Computing into reality

%O+ Z_liI.Ok+

Operational systems Users
180+ 3.5B
IBM Quantum Network Daily executions
members

Universities Papers written

IBM Quantum
System One



IBM Quantum

We are witn exponential growth

of adopti,Qn._’
'Av"

Mar 2022

1.6 Trillion

Quantum system

450 B
/ Quantum Simulator
2 2020 k12020 Jan 2021 r 2021 Jut 2021




IBM Quantum
... In order to apply quantum to real-world problems, we need to enter the realm of

quantum advantage, where quantum computers are either cheaper, faster, or more
accurate than classical computers at the same relevant task.

Crafting the path to
Quantum Advantage.
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Today Quantum is confusing. IERIONanI

‘ NISQ

“Near term push for investigating what you
can get way with”

NISQ

‘ FTQC

“Nothing is possible till there is fault

tolerance”
Quantum inspired guaptum
“Let’s build classical algorithms so they teach | 'spired \

us about quantum computing”

12
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IBM Quantum

Building the bridge to Quantum Advantage

In the end, it is all about [
computing and reaching a [ N\

solution to a useful or path to Quantum
interesting problem within Q. i
a runtime that is practical.

\\
\\
N

Quantum
inspired




The path to quantum advantage

How can we run
quantum circuits
faster on quantum
hardware?

How can we Map
interesting problems
to quantum circuits?

........
S e
.

I I
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..............

]
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The path to quantum advantage

Map interesting
problems to quantum
circuits

We need applications
that can only be solved
with quantum circuits
that are known to be
difficult to simulate.
This must be done in
partnership with our
clients and users.

IBM Quantum Network

IBM Quantum / © 2022 IBM Corporation

Run quantum circuits
faster on quantum
hardware

15



The IBM Quantum Network

Largest Quantum partnership network accelerating
to quantum advantage

20+

Hubs

Regional centers of
quantum computing
education, R&D, and
implementation

10+

Industry Joint
Development
Partners

Organizations deeply
collaborating with
IBM to jointly
develop the first
commercial
applications.

members

30+

Industry and
Research Members

Organizations
building their skills,
expertise, and
advancing research
and development.

180+ 870+

research papers
published by the
IBM Quantum
network




Connecting society with problems in Quantum IBM Quantum
Computing

............................... .+ Customer Experience
Aerospace & i -+ Materials Design
Automotive : Structural Design Optimization

§°9P00000000000000000000000000G . ° Fraud Detection
Financial : + Derivatives/options pricing

Servi i+ Portfolio optimization
/ / ervices : * Riskanalysis

/
P e —————, _ Seismic Imaging
H . i+ Catalysts
’:.“ ’~: __—— ngh Tech *  Supply chain planning

Manufacturing scheduling optimization

\ g %+ Portfolio optimization
\ \ E.nergy, !+ Grid optimization
\ : Environment : . Risk Analysis and Options Pricing
: Utilities : - Battery Design

-------------------------------

.+ Disease risk prediction
Health Care & i * Drugdiscoveryand design
Life Sciences i« Protein folding predictions

® »
-----------------------------

Addressing real world problems for society by coupling the fundamentals of quantum information sciences, software
design, and deep subject matter expertise to demonstrate quantum advantage for the applications of quantum computing.



Enterprises worldwide are developing IBM Quantum
Applications of Quantum

Keio

AMGEN - Ex¢onMobil ¥ woodside I Mzvo @murc

Quantum kernels Relaxing Improving accuracy Quantum machine Quantum machine
for real-world combinatorial and efficiency for learning to use in learning to use in
predictions based functions into potential-energy the data science the data science
on electronic health quantum problems surface calculations workflow workflow

records

Regularized kemel geometric difference classical-to-quantum

arXiv: 2112.06211(2021) arxiv:2111.03167 (2021) S. S ’RA 105, arxiv:2112.08449 (2021)
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PSNC is leading the growth of Quantum U CED T
Ecosystem in Poland

Poznan Supercomputing and Networking Center (PSNC) is well R Quantum
established within European Research space hub for providing IT Development Services &

. . . Infrastructure
infrastructures, playing an important R&D development center.
PSNC is the first IBM Quantum Hub in Central and Eastern Europe.
Workforce & Industry &
Enablement economic

development

A The PSNC mission focuses on digital transformation in science.
PSNC to Join IBM Quantum Network,

Becoming First Hub in Central and Polski wezet obliczen Quantum Computing is one of the vessels to contribute to this.
Eastern Europe kqutowych

PSNC’s core quantum strategy is two-fold:
IBM Quantum Hub

Poznanskie Centrum

» n by developing

uperkomputerowo-Sieciowe X . . . )
expertise, growing community, supporting education, and
developing quantum computing applications

» Develop an advanced infrastructure to foster the research
activities by expanding tools and software capabilities with
runtimes

IBM Quantum / © 2022 I8M Corporation More information about Quantum IBM Hub at: https://quantum.psnc.pl/ 19



https://quantum.psnc.pl/

The no-nonsense path to
guantum advantage

Map interesting
problems to quantum
circuits

We need applications
that can only be solved
with quantum circuits
that are known to be
difficult to simulate.
This must be done in
partnership with our
clients and users.

IBM Quantum Network

IBM Quantum / © 2022 IBM Corporation

Run quantum circuits
faster on quantum
hardware

Chart a path to develop
quantum technology
(hardware + software)
that runs noise-free
estimators of quantum
circuits faster than can
be done using classical
hardware alone

IBM Quantum
Development Roadmap
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The cost of estimating the output of a quantum circuit ~ BMQuantum

quantum
error correction

Runtime

Quantum circuit complexity

Circuit complexity depends on depth and size of the quantum circuit

https://research.ibm.com/blog/gammabar-for-quantum-advantage 21



https://research.ibm.com/blog/gammabar-for-quantum-advantage

The cost of estimating the output of a quantum circuit ~ BMQuantum

Solutions to useful problems (Noise-free
estimators) can be obtained from noisy quantum
computers TODAY, at a runtime cost that is
exponential in circuit complexity

Runtime = (1/8) x d x (y)""d seconds

& is a measure of how many circuit layer operations that
can be done per second (increase by pushing speed)

Runtime

y is a measure of the collective quantum noise
(increasing quality brings it closerto 1)

| . . Quantum circuit complexity
nis the number of operational qubits (increase by

pushing scale)
Circuit complexity depends on depth and size of the quantum circuit

https://research.ibm.com/blog/gammabar-for-quantum-advantage 22
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The cost of estimating the output of a quantum circuit ~ BMQuantum

Solutions to useful problems (Noise-free
estimators) can be obtained from noisy quantum
computers TODAY, at a runtime cost that is /
exponential in circuit complexity /

/

/

4

Runtime = (1/8) x d x (y)""d seconds

& is a measure of how many circuit layer operations that
can be done per second (increase by pushing speed)

Runtime

quantum

v is a measure of the collective quantum noise error m Itlgatlon
(increasing quality brings it closerto 1)

nis the number of operational qubits (increase by Quantum circuit CompleXIty

pushing scale)
Circuit complexity depends on depth and size of the quantum circuit

https://research.ibm.com/blog/gammabar-for-quantum-advantage 2



https://research.ibm.com/blog/gammabar-for-quantum-advantage

The path to quantum
advantage

The path to quantum
advantage will be one driven
by improvements in the
quality and of quantum
systems

to tackle increasingly
complex circuits.
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The three key metrics for measuring quantum

IBM Quantum
computing performance

Scale

Measured by number of qubits which
indicates the amount of information we can
encode in the quantum system.

IBM Quantum Eagle
Processor
with 127 qubits

High coherence, high reliability, lower cost

2020
65 qubits

2021 2022

127 qubits 433 qubits

https://newsroom.ibm.com/2021-11-16-IBM-Unveils-
Breakthrough-127-Qubit-Quantum-Processor

IBM Quantum © 2022 IBM Corporation
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The three key metrics for measuring quantum IBM Quantum
computing performance

We have committed to doubling
quantum volume every year. So far, we
are a little ahead of pace.

Today, improvements largely come
Quality from imp.roving physical error rates.

»  Continued major progress in

Measured by Quantum Volume which

o . o . coherence and gate fidelity AR
indicates quality of circuits and how faithfully N e BN
I : ) 99.9% fidelity on Falcon R10 .
circuits are implemented in hardware. : o e D0
Exploratory system S Vi e
) . 105
Best CNOT error rate as a function of system revision
. . @ Penguin_r1 @ Penguin_r2 Penguin_r3 @ Penguin_rd @ Faconn1
Need lOW operatlon errors, meamng large @ Falcon_d @ Falcon_rs @ Hummingbird_r1 Hummingbird_r2 @ Test devices Z
Quantum Volume Gochestr 10
@
001 @ [ ] S 103
: _bambridegy L QV 512 - Prague ——-
o . Gl G Du.,..,f“ae"h"nai'n}?e"n Brooklyn c Z—  QV256- Prague
2020 Today 2022 e R =t L P R
@ L% 4 Toronto M”’“ba‘zawasakl g QV32-Paris | ST QV 64 - Montreal
32QV 12av 1024 Qv 3 e g 8 < < QU 16 - Johannesburg
5 ”Ia A Falcon_R6 = b
! sie .Fatcon_RS 10* = QV8-Tokyo
Narya
0'001q Falcon_R10 100
J"’eob J"”egze J”’eol o J"”eolg J"’eo, o J"”eoea J"’eoeo J‘s”egez J"’eoe ., V"”egee ’19'\«% q/o'\f“ WQ'LQ f&’t\’ "9’1«(1' ’19’{:’ (19')“ ’LQ’\(? a° q9'{/\

Online date
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The three key metrics for measuring quantum IBM Quantum

computing performance

Vo HHHE

Speed

Measured by CLOPS (Circuit Layer
Operations Per Second) which indicates
how many circuits can run on hardware
in a given time.

Seamless synchronization of quantum and
classical circuits increases execution rate

2020 Today 2022

200 (Inferred) | 1.4K CLOPS 10K CLOPS

IBM Quantum © 2022 IBM Corporation

Real workloads are not purely quantum, but rather require interaction
between quantum and classical compute resources.

A high-performance system also requires low-latency interaction to
generic classical compute.

Quantum Node
o ! . | QASM - Quantum
Qiskit Queue H|po:sice circuit Hardware
Program : Runtime
s | Quantum
- Code

Distribution of time per iteration

il B Qi Rumiiie 4. 0%
e Algorithm 1.8X

E :: System Software 1.5X
40 Control Systems 4.2X
2019 Device Fidelities 2.8X

Total 120x improvement
[

0 50 100 150 200

Time per iteration [s] Today all our devices now support Qiskit Runtime




The three key metrics for measuring quantum

computing performance

Scale

Measured by number of qubits which
indicates the amount of information we can
encode in the quantum system.

High coherence, high reliability, lower cost

2020 2021 2022

65 qubits 127 qubits 433 qubits

IBM Quantum © 2022 IBM Corporation

Quality

Measured by Quantum Volume which
indicates quality of circuits and how faithfully
circuits are implemented in hardware.

Need low operation errors, meaning large
Quantum Volume

2020 Today 2022

512 Qv

©)

32QV 1024 QV

IBM Quantum

S 1/ HEHE
(S —saw

HHE

Speed

Measured by CLOPS (Circuit Layer
Operations Per Second) which indicates
how many circuits can run on hardware
in a given time.

Seamless synchronization of quantum and
classical circuits increases execution rate

2020 Today 2022

200 (Inferred)  1.4K CLOPS 10K CLOPS
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The path to quantum
advantage

Quantum computers can offer
value before we have FTQC
and the path from today to
then can be continuous.
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Quantum + Classical = Circuit Knitting

Embedding

Use QPU for highly entangled
part of the problem and CPUs for
low entanglement part with
classical approximate algorithms
(DFT, HF).

Full WF Ansatz

0—
jo)—] virtual

[0)—] ‘inactive’

10— spa
4 ce
10)— [

0=

5 id Dhtdd
s _;;

p(r)

i3
%
s,
& ) 0} HA
P Active o As & ,
[ b . Eppr(p'® +p*°)
2 I1H—| Space )5 Ansatz HA
L3 (1) Ry LSS A -
s I o i |
j1)—] occupied | H(hij: gijin)
[)—] ‘inactive’ A
1 space e thisi g}
11— A KS -MO integrals

M. Rossmanek et al., J. Chem. Phys. 154,
114105 (2021)

Entanglement forging

Use a Schmidt decomposition to
break the problem into smaller
quantum circuits.

[$) = > AUlbyn)®VIbsn)

For each coefficient run the
smaller guantum circuits and
reconstruct the larger problem
by classical processing

classical processing

(¥|0,20,|¥)

A. Eddins et al., PRX Quantum 3, 010309 (2022)

IBM Quantum

Circuit Cutting

Cut the system at less entangled
connections into subsystems.
Compute the global energy by
classically coupling each of
result from OPU.

S. Bravyi, G. Smith, J. Smolin, PRX 6,
021043 (2016)

T. Peng, A. W. Harrow, M. Ozols, X. Wu,
PRL 125, 150504 (2020)



IBM Quantum

The no-nonsense path to quantum advantage

Elastic classical computing and
classical communication between
gquantum processors will allow
guantum advantage to happen
faster.




Classical parallelization
of quantum processors

Multi-chip quantum processors
with chip-to-chip couplers

Heron
133 qubits

Crosshill
408 qubits

IBM Quantum

Quantum parallelization of
guantum processors

Flamingo
1,386 qubits




Development Roadmap

Model
Developers

Algorithm
Developers

Kernel
Developers

System
Modularity

2019 @

Run quantum circuits

on the IBM cloud

Circuits

Falcon
27 qubits

On target @

2020 @ 2021 @

Demonstrate and
prototype quantum
algorithms and
applications

Run quantum
programs 100x faster
with Qiskit Runtime

Quantum algorithm and application modules

Machine learning | Natural science | Optimization

©

Hummingbird @
65 qubits

Eagle (V)

127 qubits

Qiskit Runtime @

Executed by IBM °

2022

Bring dynamic circuits to
Qiskit Runtime to unlock
more computations

Dynamic circuits @

Osprey )
433 qubits O

2023

Enhancing applications
with elastic computing
and parallelization of
Qiskit Runtime

2024

Improve accuracy of
Qiskit Runtime with
scalable error mitigation

Prototype quantum software applications

Quantum Serverless

Threaded primitives

Condor
1,121 qubits

Heron
133 qubits x p

Intelligent orchestration

IBM Quantum

2025

Scale quantum applica-
tions with circuit knitting
toolbox controlling
Qiskit Runtime

2026+

Increase accuracy and
speed of quantum
workflows with integration
of error correction into
Qiskit Runtime

Quantum software applications

Machine learning | Natural science | Optimization

Circuit Knitting Toolbox

Error suppression and mitigation

Flamingo
1,386+ qubits

Crossbill
408 qubits

Kookaburra
4,158+ qubits

Circuit libraries

Error correction

Scaling to
10K-100K qubits
with classical
and quantum
communication



What does the future hold?
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I would like to thank...

The PSNC team and Organizers

IBM Quantu m /© 2022 IBM Corporation
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Notices and disclaimers

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 be relied on in making a
purchasing decision.

The information mentioned regarding potential future products is not a
commitment, promise, or legal obligation to deliver any material, code
or functionality. 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 based on measurements 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/0 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
continued

© 2021 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.

This document is current as of the initial date of publication and may be
changed by IBM at any time. Not all offerings are available in every
country in which IBM operates.

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 or loss of opportunity. IBM products and
services are warranted per the terms and conditions of the agreements
under which they are provided. The performance data and client
examples cited are presented for illustrative purposes only. Actual
performance results may vary depending on specific configurations and
operating conditions.

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, our warranty 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 operating environments may vary.

References in this document to IBM products, programs, or services
does not imply that IBM intends to make such products, programs or
services available in all 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.
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Notices and disclaimers
continued

It is the customer’s responsibility to ensure 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.

Information concerning non-IBM 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 or implied, including but not limited to, the
implied warranties of merchantability and fitness for a purpose.

The provision of the information contained herein is not intended to, and
does not, grant any right or license under any IBM patents, copyrights,
trademarks or other intellectual property right.

IBM, the IBM logo, and ibm.com 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 available
on the Web at “Copyright and trademark information” at:
www.ibm.com/legal/copytrade.shtml.
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Quantum Threats

What threats would a future ‘quantum attacker’ impose?

IBM Quantum / © 2022 IBM Corporation

Threat 1: Loss of data confidentiality
Decryption of communicated or stored data and disclosure of confidential

data.

Threat 2: Fraudulent Authentication

Gaining unauthorized access, manipulating systems or stealing company
secrets.

Threat 3: Loss of data integrity & legal history

Modifying digitally signed data and forging signatures and contracts.

IBM Quantum



IBM and Quantum Safe IBM Quantum

®2016 92027 92018 2019 T 2020 92021 92022 2023 92024

1. World leading research group
Standords and ooy on quantum safe algorithms

[National Institute of

2. Production Quantunl Safe
; Quantum Safe Standards . |
Algorithm Announcement beady libraries
|

3. Clear roadmap to quantum
Quantum S \fe Tape ' safe platforms
announcement A |
y 4. Commitment to opensource
Finst Quantum Safe .
1 tfoorm 5. Commitment to Quantum
vy P :
N Safe industry standards
Lattice based ; 6. Clear understanding of
cryptography cryptographic agilit
Code Based Cryptography yp g p g y
Isogeny Based Availability of quantum safe H i
Cryptography algorithms and dommunication 7 Rapldly dev'elopl ng
understanding in quantum
safe migration
8. Research and development

of approaches, tools,

Standardization Phase
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IBM Quantum

Quantum Safe Technologies

Non-
Confidentiality  Identification Integrity Repudiation

Quantum Safe Cryptography (QSC)

Cryptography based on mathematical problems difficult to
solve for classical and quantum computers

Quantum key distribution (QKD)

Allows the exchange of a cryptographic key between two
remote parties exploiting quantum physical phenomena

IBM Quantum / © 2022 IBM Corporation 41



Migrating to Quantum Safe 16M Quantum
Reaching ‘Quantum Safe’ requires a multi-step program RASIR

& *

L ] .

]

L [ ]

R VR . U
* * " L

* L 4
L4 .
L ] L 3
[ ] a
‘\ . .: Crypto
*e % Agility

Crypto
Inventory

s .
Sggnt

Discover and
classify data

Update P> crypto when it is broken

The ability for
Including platforms, Change P> crypto when regulations / new threats
implementation syst[ems & = require it
e ; applications to .
gfefne:t(if;;?fes' crypto bill cﬁgnge quickly Monitor - that its being used properly

Retire > crypto when it is out of date
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IBM Quantum

Circuit knitting with classical communication

How to split a large computation into smaller subcircuits

/ Overhead for simulating gate 1 with local operations (LO)

Simulation overhead V,Y,Y3

Can we reduce y if we allow for classical 70(CNOT) = 3 Lo (SWAP) =7
communication between the nonlocal parts? YLocc(CNOT) = 2 vLocc(SWAP) = 4

C. Piveteau, et al. arXiv:2205.00016 (2022) 43



