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“Nature isn't classical, dammit, and
if you want to make a simulation of
nature, you'd better make it
guantum mechanical, and by golly
it's a wonderful problem, because
It doesn't look so easy”

Richard Feynman
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Shor's algorithm
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Coherent control of macroscopic quantum statesin a single-Cooper-pair box
Y. Nakamura et al., 1999, https://www.nature.com/articles/19718

1981 1994 1999

-_— @ ®




time to try : 3 . 1‘.
("requestchip ) IS } i“IHI l”“ll ‘! i_|!|| ‘
: 40 Loy 8
The flrst .................... =Eo=

quantum computers

HHHHH

In the cloud
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The first claim

of guantum supremacy
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Where are we today?
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Forget about quantum:

the goal is exponential
Increase in computing

power to credte value

Quantum is the engine of the next
economic breakthrough

—~ Source

1. McKinsey

Quantum computing is the only way to
generate exponential increase in
computing power

Quantum computing power is
exponential of exponential

Moore's law is
plateauing

= X2

computing power

+1 qubit


https://www.mckinsey.com/featured-insights/the-rise-of-quantum-computing
https://www.mckinsey.com/featured-insights/the-rise-of-quantum-computing

Quantum Computers Expand the Set of Problems we can Solve,
Unlocking a Technological Revolution

Today’s RSA
encryption

Key to decrypt 512 ——@—P 1024 ——@—P 2048

\«/m

R  { 11
Supercomputer . . . .

0.5 Milliseconds o 3 Months 6 Trillion year
(20x faster than a hummingbird (400x the age of the
flaps itswings) universe)
Quantum Computer 10 Hours 1Day 1Week

Alice & Bob Architecture

1. Elie G. et al.”Performance Analysis of a Repetition Cat Code Architecture” Physical Review Letters 131, no. 4 (2023).
2. Boston Consulting Group, 2024

Life Sciences

Chemicals

Energy

Telecom

Manufacturing

Logistics

Finance

$850 billion2
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Quantum computing is NOT always faster

We compare the peak performance of a single classical chip that can be
manufactured today (like an NVIDIA A100 GPU, or an ASIC with a similar number
of transistors) with a future guantum computer with 10,000 error-corrected logical
qubits, 10ps gate time for logical operations and all-to-all connectivity. We consider
an estimate of the I/0 bandwidth (namely the number of operations per second)
and three types of operations: logical binary operations, 16-bit floating point, 32-bit
integer or fixed-point arithmetic multiply add operations.

GPU ASIC Future Quantum
1/0 Bandwidth 10,000 Gbit/s 10,000 G/s 1 Gbit/s
Operation throughput
16-bit floating point 195 Top/s 550 Top/s 10.5 kop/s
32-bit integer 9.75 Top/s 215 Top/s 0.83 kop/s
binary (Boolean logical) 4,992 Top/s 77,000 Top/s 235 kop/s

Source : https:
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™ Quantum computers are still not reliable enough for their
filst Use case

Very low error rates is required to unlock exponential speed-up

QC are not reliable enough at the moment

NI SQ FTQC Condensed o Shor 2048 Complex

topological Maitter g Integer Chemical
D . simulation derivatives . 5 .
ata analysis factoring simulations
VQE, QAOA, (TDA) 1 l
QML
l 1 TeraQuop ENIAC,
Future l QC Transistors
Hardware Application
Today (speculation) Fault-Tolerance and Error Correction Needs
_|_ 4|_
= -2 -28
Understanding quantum technologies, Olivier Ezratty, 2023

Quantum operations error probabilities (Iogw)

\ J \ N J
VA B & Y
NISQ quantum Quantum Computers for Specialized Broadly Useful Quantum Computers:
Error mitigation Applications and Limited Applicability general purpose, Scalable, and accurate
# of perfect qb 100 - 1,000 10,000 1,000 — 10,000
# of gates 104 = Bl oL 10
Error per gate fleEl 16218 {07!



The specs of the current hardware...

Dirag
Google

IEM

1QM
Inflegtion
lonQ

0QcC

Origin Quantum
QuEra
Quandela
Quantinuum
Rigetti

5QC

SeeQC
Zuchongzhi

1,600

433

127
100

65

hysical qubits

Origin Quantum
Wukong, 72 qubits .
96.86%

June 2024

4
2

1

100.00% 10.00%

average two-qubit gate error rates

SOURCE

1. Olivier Ezratty

.
sun®
gunn®
ame®
aus®
snn®
an®
anm®

0.10% 0.01%

efficient NISQ need

guantum error mitigation
utility window

99.87% record

June 5t, 2024 " ‘

99.9% record
April 14, 2024

QUANTIMNUURM

state of the art
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... and

the specs we’'d need to reach

# of physical
qubits

A

1071

1004

10° 4

1044

A

1031

102

107

What we “conquered”
_> .
in 25 years

[ RSA 2048

Quantum
advantage

107 102 103 107 107

SOURCE
1. Iravis Scholten (IBM) et al.. arXiv, 2024

16—12 16-15

Physical
error rate
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https://arxiv.org/abs/2401.16317
https://arxiv.org/abs/2401.16317

NISQ fails to fulfill its promises

Q2B

2025 | Silicon Valley

From NISQ to FASQ

What we have now:
-- Noisy Intermediate-Scale Quantum (NISQ) machines.

-- Capable of performing thousands of two-qubit operations.
-- Becoming useful for scientific exploration.

-- Limited commercial value.

What we want to have:

-- Fault-Tolerant Application-Scale Quantum (FASQ) machines.

-- Capable of performing billions or trillions of two-qubit operations.

-- Opening a wide variety of scientific and commercial applications.

-- Need to improve error rates by many orders of magnitude!

-- Quantum error correction is essential for crossing from NISQ to FASQ.

John Preskill Richard P. Feynman Professor of Theoretical Physics QZBZS Silicon VaIIey | December 9-11 ' 2025

* & Director of the Institute For Quantum Information & Matter, California Institute of Technology
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NISQ vs FTQC
NISQ (Today) FTQC (Future)
Qubit quality Noisy Error-corrected
Reliability Limited High
Computationlength | Short Long and scalable

Error correction

Minimal/none

Continuous

Main hardware

Physical qubit

Logical qubits

Scale

10-1000 qubits

Millions of physical qubits

Typical use

Experience & prototypes

Practical large-scale applications

22



Duplicate
information

»
»

An error
happens

“Logical bit"

v

Spotitand
correct it

v
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QUANTUM ERROR
CORRECTION

(In simple words)

Same information within a set of qubits

//.02

Check if the qubits in the set “agree” with
each other

If a qubit isdifferent from its neighbors,
correctit

QUBITS TO CORRECT PHASE-FLIPS

QUBITS TO CORRECT BIT-FLIPS

.........

“Redundant” Error Correction is The best Solution to Date to Escape the Paradox

.........

.........

24



Quantum error correction is qubit-expensive...

- 1000

Quantum
Error
Correction

1Physical
Qubit

1. Craig G. et al. "How to Factor 2048 Bit RSA Integers in 8 Hours Using 20 Million Noisy Qubits.” Quantum 5 (2021)
2. Rdgjiv A., etal. “Quantum Error Correction Below the Surface Code Threshold.” (2024)

Error-free

1Standard
Logical Qubit

At a sufficiently low error rate
to break RSA 2048 12

25



With Today’s Technology You Would Need A Full Cryogenic
System And 3 Dense Control Racks To run a Logical Qubit

1 000

Physical Qubits

1

Logical Qubit

26



What Does it Mean for Quantum Computing at Scale?

............

100 000

Physical Qubits

100

Logical Qubits

27



Run Shor’s Algorithm on ™
Standard Error Correction

. 20000 000

Physical Qubits

20 000

Logical Qubits




Ways of doing a Qubit

Superconductlng m Neutral atoms Trappedions m

ooooo
.

Y| PsiQuantum EBER I ot (‘l IONQ .. Microsoft

Computing Inc.

Google aWs @X/\N/\DU ~ D
(lntel
Major QUA&UUM
players | QM flgEttl /i 0;
atom
u Quaxpera *\ computing ©OAQT qQuobly
. Size of 3496
investment
(MS)
]
SOURCES NOTE 29
1. McKinsey 2. Olivier Ezratty 1. Figures need to be updated with the latest 2025 investments

CONFIDENTIAL 2. These estimations include guesses for companies whose investment figures are not public. We assumed $S500M for Google, IBM, Alibaba and

AWS in superconducting qubits, $200M for Honeywell in trapped ions and $200M for Intel in silicon spin qubits.


https://www.mckinsey.com/~/media/mckinsey/business%20functions/mckinsey%20digital/our%20insights/quantum%20technology%20sees%20record%20investments%20progress%20on%20talent%20gap/quantum-technology-monitor-april-2023.pdf
https://www.mckinsey.com/~/media/mckinsey/business%20functions/mckinsey%20digital/our%20insights/quantum%20technology%20sees%20record%20investments%20progress%20on%20talent%20gap/quantum-technology-monitor-april-2023.pdf
https://www.oezratty.net/wordpress/2023/understanding-quantum-technologies-2023/
https://www.oezratty.net/wordpress/2023/understanding-quantum-technologies-2023/
https://www.oezratty.net/wordpress/2023/understanding-quantum-technologies-2023/

How Alice & Bob
differentiates from
other hardware QC
actors

A superconductor-based technology,
aiming at FTQC with our built-in error
corrected qubit: the cat qubit

Increase in cat qubit research
publications over the past 5 years

Built-in error

QU AENTIN LR

correction

QG dW5s

o —

¥ PsiQuantum 0 IONG

Total global
$3.5bn investment

I3 IEM  owave

Superconducting circuits
amazon QCi MNord U

Alibaba artiant LTS

TRADITIONAL QUBITS

$1.7bn Photons
Q

---------

BUILT-IN ERROR CORRECTION

Silicon / Spin  [JEJek]ely Atoms $0.2bn

c12 intel O

.
quobly NEUTRAL ATOM

TRAPPED IONS

Focus on FTQC

I I a

Hardware
QC players

$15bn

CJUANDELA

xanacd P PsiQuantum

30



The Cat Qubit @
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BITFLIP LIFETIME [s] - log scale

ALICE & BOB BIT-FLIP LIFETIME BY YEAR
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107" -

1072

2640s
780s (Today's experiment)
GRAPHENE 2030 TARGET
@
430s

(Based on Rousseau et

al. result on Felis cloud)
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(Reglade et al. Nature) @

0.001s
(Lescanne et al. Nature)
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With Only One Error Left, Correction Can Be One-
dimensional, Only Taking Care Of Phase Flips

TRANSMONS CATS

Qubits to correct bit-flips No need for qubits
r——— e e — correcting bit-flips

Qubits to correct phase-flips

— — o -
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Low-overhead FTQC with repetition-cat code

Bit-flip suppression®

39 vs L

Transmon qubits [1] cat qubit

i

2]

(* hour-long bit flip time)

[1] Google Quantum Al et al., Nature 638, 920-926 (2025)
[2] Jezouin, https://alice-bob.com/blog/just-out-of-the-lab-a-cat-
qubit-that-jumps-every-hour/ (2025)

100 logical memory qubits*[s]

2,100

VS cat qubits

33,700

Transmon qubits

L

w/ repetition code

w/ surface code

(* 108 logical error rate)

© ALICE & BOB 2026 [5] Ruiz, Guillaud, Leverrier et al., Nat. Commun. (2025)

Bit error

e & & & & & & 0 9

Logical qubit resources drop

Surface code ®!

<
.OCOOC0.0

“ ®

o o o » 270 0 0 0 . [4]

K] ° b ) L ] ® ® 9 AIIce&BOb
e e o o o 9 0

, < >
- Phase error
-

L

A |
< > [3] Fowler et al., PRA 86 (2012)

Phase error [4] Guillaud, Mirrahimi, PRX 9, 10.1103 (2019)
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Cats Have One Dimension To Play With, Allowing For More Efficient Codes

SURFACE CODE - 2D

© 0 00 00 0 00

0000 e ee
o uln 0w w w e

o uln 0 0 0w we
o 0 0 0 0 e

i?xx>
éﬁéﬁ o 0 e e
e e et

o009 999 9 e

CAT REPETITION CODE -
1D

1. Diego R., et al."LDPC-cat codes for low-overhead

quantum computing in 2D" (2024)

CAT LDPC CODE - 2D'

. [ ]
D WY N0 W W ¥ s e WY

EXTRA CONNECTIONS
BETWEEN DISTANT QUBITS

LESS PHYSICAL
QUBITS PER
LOGICAL QUBIT

200x

REDUCTIO

VS STATE-OF-THE-ART
SURFACE CODE FOR SHOR



This is How a Useful Quantum
Computer Could Become
Practical Sooner

£ g 1

Standard approach

s £ Number of Read the full

= S physical qubits story: Alice&Bob

£ E m \ roadmap

- The scale of a alice-bob.com/

s S modern small whitepaper-download

: S data center

- 2

E S LDPC+Cats

¥ Number of

= E physical qubits

= = m 1. Craig G. et al. “How to Factor 2048 Bit RSA Integers in 8
: =2 Hours Using 20 Million Noisy Qubits.” Quantum 5 (2021)
E E 2. Diego R. et al.“LDPC-cat codes for low-overhead
- quantum computing in 2D” (2024) -



https://alice-bob.com/whitepaper-download/
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Quantum advantage is within reach thanks to cat qubits

[C] Without logical qubits
[ with logical qubits

# of physical
qubits
107 1
[ RSA 2048 (Google)
109
109 [}— RSA 2048 (Alice & Bob)
1041 —> Quantum advantage (Alice & Bob) [J> RSA 2048
10°%1 Quantum
advantage
102 _, What we “conquered”
in 25 years
1()11
] 1 . . . . , Physical
107 102 1073 1076 10?7 10712 10-% error rate

CONFIDENTIAL 1. [E_Gouzien et al.. Phys. Rev. Lett, 131. 040602 (2023)] & [D. Ruiz et al.. arXiv:2401.09541(2024)

SOURCE
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https://arxiv.org/abs/2401.09541
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/I MILESTONE 1 m BOSON
Cat Qubits
MASTER THE CAT QUBIT @ e o
COMPLETE
// MILESTONE 2 WE ARE HELJUM Cat Qubits 16
o Logical Qubits 1
BUILD A LOGICAL QUBIT m Clock Speed (us) 5
Logical Error Rate 102
// MILESTONE 3 LITHIUM Cat Qubits 48
FAULT-TOLERANT QUANTUM f2 ste ate o3 Logical Qubits 4
COMPUTING Clock Speed (us) 0.8
Logical Error Rate 103
BERYLLIUM .
// MILESTONE 4 Cat Qubits 250
ot o Logical Qubits 5
UNIVERSAL QUANTUM COMPUTING S 0.8
™ Logical Error Rate 104
GRAPHENE
// MILESTONE 5
USEFUL QUANTUM COMPUTING S 2000
Logical Qubits 100
Clock Speed (us) 1
Logical Error Rate 10-¢




Focusing on computational advantage ]

Computational

Problem Quantum Classical Comments on logical qubit requirements

for solving relevant-scale problems

speedup

Solved Complexity Complexity

Condensed matter physics (e.g. Hubbard

QPE Estimate eigenvalues Eolyr_}{t:ml_al for Expunelntlal '? the Up to exponential but  Model with =100 logical qubits)”
algorithm of unitary operator ramittonian generalcasetor context-dependent ; i i
simulation Hamiltonian simulation Quantum chemistry simulations

with =1000 logical qubits™

Time evolution  Study dynamics of Exponential in Evolution of system with =200 logical

algorithm guantum systems Polynomial the general case EHonSp e} qubits for well-chosen problems®%
Shor's Integer factorization, 0({log N}®) ~ Y . 12 N . o 7]
- . I = I (R
algorithm discrete logarithm (basic implementation) exp[0({log N)™)] Superpolynomial Cryptanalysis with =1000 logical qubits
. Potential applications in data analysis or
HHL Solve system of linear  O(log N) Polynomial, F"p:“e“t':'. " differential equations, but difficult to
algorithm equations (under assumption) typically O(N®) under restrictive preserve exponential speedup in
conditions) end-to-end settings/'”
Grnv:er’s Unstructured search O(VN) O(N) Quadratic Duad.ratlc Speedumﬁf not enough for
algorithm practical advantage!"*>

2.The speedup provided by Shor’s algorithm is exponential for discrete logarithms on elliptic curves, but superpolynomial for integer factorization.




Materials science simulations are the strongest M
candidates to benefit from

8 FTQC-accelerated HQC applications

FTQC- c2055

Computational Fluid Dynamics

E 1D-ZU
o [ Nuclear & Particle Physics
o |
o I
E I Nuclear fusi

pup uclear fusion
ﬂ 100 = eFTQC- c2030 (microphysics)
S
T Condensed cllil;:-ul}:‘tlr“;'
S 10 - matter physics

1 ] ] ’
100 1000 10000

NUMBER OF LOGICAL QUBITS

Figure 3 - FTQC acceleration roadmap: anticipated HPC application domains and timelines based on logical qubit counts
and error rate thresholds. Timelines are based on quantum computing vendor roadmaps.

* Cryptanalysis using Shor’s algorithm demands quantum hardware resources on par with those required for quantum chemistry workloads.




The is moving: ]
more HPC applications could enter the reach of eFTQC

8 Shor QRE evolution (physical qubits)

A

10° Fowler et al Transmon qubits
v _
I: u Cat qubits
[a1]
) - O’Gorman et al QRE with
o superconducting qubits
a' Gidney et al
O 107 -
(7]
>
X
& T Gidney
o Gouzien et al jgf
[ 4
g 10° - Ruiz et al g
=
=
=z -

eFTQC devices*
103 -

T ! T T !
2010 2015 2020 2025 2030




Resource estimations to break ECDSA with a n-bit key

Best known classical algorithms: 0(exp(n/2))
Shor’s algorithm: O(n"3)

Qubit type Logical | Physical | Toffoli
qubits | qubits gates

Litinski 2023  Superconducting 6000 94x10°6 11x10°8 3.8 hours
(n=256)

Gouzien 2023 Cat qubits 2316 1.3x10°5 7.3x10°8 9 hours

(n=256)

Garn 2025 Photonic 3036 ? 4.4x10°6 18 secondsto 4 minutes
(n=233)

Babbush 2026 Superconducting 1450 5x10°5 7.0x10°6 9 minutes
(n=256)

Litinski 2023: hﬂpiLLaLquQLgLansLZS_O_Q.D_B_S_B_E



https://arxiv.org/abs/2306.08585
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.040602
https://ieeexplore.ieee.org/document/11072281
https://quantumai.google/static/site-assets/downloads/cryptocurrency-whitepaper.pdf
https://quantumai.google/static/site-assets/downloads/cryptocurrency-whitepaper.pdf
https://quantumai.google/static/site-assets/downloads/cryptocurrency-whitepaper.pdf
https://quantumai.google/static/site-assets/downloads/cryptocurrency-whitepaper.pdf
https://quantumai.google/static/site-assets/downloads/cryptocurrency-whitepaper.pdf

Our Our

Latest Report Roadmap

SEIZING QUANTUM'S EDGE THINK INSIDE THE BOX

WHY AND HOW HPC SHOULD PREPARE FOR eFTQC QUANTUM COMPUTING WITH CAT QUBITS
An Intr tion to Useful Q C ting by Alice & Bob

M ALICE & BOB iﬁ% HYPERION RESEARCH ‘\, . ALICE & BOB




To learn more about quantum computing...

THINK INSIDE THE BOX
QUANTUM COMPUTING WITH CAT QUBITS

An Introduction to Useful Quantum Computing by Alice & Bob

Understanding
Quantum Technologies

Seventh edition — 2024

Olivier Ezratty

4d

le lab quantique

Alice & Bob's white paper

Olivier Ezratty
Understanding

Quantum Technologies

IBM Quantum Learning Q

€2 Announcing Qiskit functions! Explore the catalog of
IEM and third-party services to learn how they can
accelerate your development workflow.

Browse the catalog A

IBM Quantum Learning

Learn the basics of quantum computing, and
how to use IBM Quantum services and systems
to solve real-world problems.

Quantum Computing in Practice

New

Learn potential use cases and best practices for
experimenting with guantum processors having 100+
qubits.

Lessons Your progress

3 N/A

Start course -

IBM Quantum Learning
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https://www.oezratty.net/wordpress/2022/understanding-quantum-technologies-2022/
https://www.oezratty.net/wordpress/2022/understanding-quantum-technologies-2022/
https://quantum.cloud.ibm.com/learning/en
https://alice-bob.com/wp-content/uploads/2024/12/Think-Inside-The-Box-Alice-Bob-Whitepaper.pdf
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