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agenda

current capabilities and 
limitations in quantum science

future use cases 
in quantum science

LLM-based chatbots 
landscape
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manipulating
superposition and entanglement

and/or individual particles

quantum computing

quantum telecommunications

quantum cryptography

quantum sensing

manipulating
groups of quantum particles

photons, electrons and atoms interactions

transistors, lasers, fiber optics, GPS

photovoltaic cells, atom clocks

medical imaging, digital photography and video

LEDs, LCD TV quantum dots
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practical problem size

13,8 billion years

reasonable human 
time depending on 

the use case

classical computing
(now and soon)

quantum 
computing
(some day)

theoretical quantum 
computing speedup

extremely 
unreasonable time 
like the age of the 

Universe

the quantum computing promise
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typical difficult problems
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ǎƻƭǾƛƴƎ {ŎƘǊƻŘƛƴƎŜǊΩǎ ǿŀǾŜ Ŝǉǳŀǘƛƻƴ 
to simulate quantum matter

combinatorial optimizations

machine learning
and deep learning

solving partial differential equations

breaking asymmetric 
cryptography keys

$$$
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what is a qubit?

two-level state controllable 
quantum object

basic unit of quantum information

vector in a 2-dimension complex 
numbers Hilbert space
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complex numbers
amplitudes

probabilities and Born 
normalization constraint
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ȿἃρ

separable 
atom energy 

level

electron or 
nucleus spin 
orientation

photon mode 
(polarization, 

number, frequency)
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Bloch sphere representation 
with amplitude and phase
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N qubits handle the equivalent 
of 2N+1 real numbers during 
computation

it benefits from quantum 
parallelism brought by 
superposition, engtanglement 
and interferences

layoutof a 133-qubit processor from IBM
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superconducting topologicalvacanciesannealing silicontrapped ions photonscold atoms

(cc) Olivier Ezratty, 2023

electronscontrolledspin and microwavecavitiesatoms photons

CRYSTAL
QUANTUM COMPUTING

CRYSTAL
QUANTUM COMPUTING

alreadyǷӅǍ =$vendors
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IBM Quantum System TwoςYorktown Heights, February2024
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inside a typical quantum computer
qubits control electronics

microwave generators, readout 
systems and various electronics

computing
servers, network,

software, data

cryogenic installation
helium 3 & 4

gas pumps and compressor

quantum chipset

« chandelier» in cryostat
where quantum stuff happens!

15mK
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PQSCZurich
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Programmable
Quantum
System
Controller

for superconductingor electronspin qubits

helium4

water
vacuum
pump 4K

compressor

pumps
filters

external
compressor

helium3

liquid 
nitrogen
gas filter
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condensed
matter

simulation

Shor2048 
integer

factoring

complex
chemical

simulations

industry needs: 1,000s of logical qubits

pricing
derivatives

VQE, QAOA, 
QML

NISQ FTQC

4000 1000s100 2000

logicalqubitsphysicalqubits + QEM

30-150
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key hardware challenges

qubits fidelities errors mitigation and correction quantum interconnect

enabling technologies scalability energyconsumption quantum memory
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key software challenges

actual speedups
and computing times

debugging, verification 
and certification

tensor networks competition

data loading

benchmarking coding abstraction level

uniform 
superposition

basis 
encoding

amplitude 
encoding QuAM

qRAM 
encoding

oracle 
based 
algorithms

uncompute 
trick

amplitude 
amplification

phase 
shift and 
kickback

function 
table

state preparation unitary transformations

Χ

Χ

arithmetic
+ - / x
log cos
sin tan

Χ
non-oracle 
based 
algorithms

QML, 
{ƘƻǊΧ

quantum memory

other 
patterns

QFT, 
II[Σ Χ

angle 
encoding
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ta

0

N bits

N or 2N reals

2N+1-1 reals

qRAM 
and/or 
classical 

data access

Quantum 
Associative 
Memory

classical 
data

Quantum 
Random
Access 

Memory

cla
ss
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l

machine language

assembly

C language

C++

WŀǾŀΣ tItΣ Χ

« no-code»

q
u
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Python frameworks

control electronicsinstructions

gate-code (after transpiling)

gate-code (before transpiling)

Χ

Χ

application specificenvironments

Python + apps frameworks
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bit

byte

arrays
strings

objects

objects

objects

qubit

qubit

qubit

qubit

qubit

pulse

data structures

user data
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qubit fidelities

speed

qubits number

energetics

low-level 
algorithms

higher-level
algorithms

randomized
benchmarking

QV

CLOPS

BACQ

verification

code review white-box testing

validation

black-box testing

patterns review

documentation 
review

spotting errors 
in circuits is 

difficult checking output

output verification

tractable
not 

tractable

emulation debugging

projective measurement 
on ancilla qubits

for some 
algorithms

refactoring
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superpolynomial

potential quantum speedups

polynomial exponentialweaklysuperpolynomial
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limited advantage

QPU fixedcostsmakeit difficult to exceedclassicalcomputing
capabilitiesin reasonabletimes and problemsizes

requiresFTQC QPUs

and manylogicaland physicalqubits with higherfidelitiesthan
today, and preferablymonolithicQPUs

quadratic

unknown
heuristics

simulations VQE amplitude estimation QPE for chemical simulations

searches and 
combinatorial 
optimizations

QUBO

QAOA

Groversearch

quantum walks
semidefinite programs 

Deutsche-Jozsa (no use)

Simon, Bernstein-Vazirani

machine 
learning

variational
QML 

variants

reinforcement learning

recommendation

ensemble methods

Bayesian networks

and deep learning

SVM

PCA

k-means

convolutionalnetworks

other
Quantum Monte Carlo

primalityproofs

HHL (linear equations)

QSLA for PDEs

QFT & exponentiation

Shor factoring & d-log

speedups

=
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quantum computing challenges types

technologytechnology

economyeconomy

sciencescience

Ånoise models and budgets
Åmaterials designs
Åquantum control
Åmore efficient QEC
Åcluster states generation
Åquantum memory
ÅQPU interconnect
Åalgorithms speedups

ÅFPGA->ASIC
Åfab investments

Åcontrol electronics
Åmanufacturing
Åcryogeny yield and power
Åquantum emulators
Åsoftware engineering
Ådistributed quantum computing
Åcloud infrastructure
Åhybrid architectures
Åbenchmarking

ÅVC, customer and governments funding
ÅƻǘƘŜǊ ǘƻǇƛŎǎ ƛƴŦƭǳŜƴŎŜǎ ό[[aǎΣ Χύ

a lot of interdisciplinarity!a lot of interdisciplinarity!



machine learning
in quantum computing
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where machine learning fits in?

machine learning 
« in »

feeds data and circuits 
into quantum 

algorithms

e.g.: variational quantum 
algorithm ansatz initial 

preparation, quantum gates 
synthesis, code transpiling 

and optimizing.

quantum 
machine 
learning

other
quantum 

algorithms

machine learning 
« out »

exploits data coming 
from quantum circuit 

sampling

e.g.: quantum error 
mitigation and detection, 

variational algorithm ansatz 
tuning, other quantum 

sampling use cases.

generative AI and LLM-based chatbots
helps teach, learn, code, create charts, analyze papers, write paper, design experiments, etc.

machine 
learning 

« within »

used to design 
hardware and 

processes

e.g.: qubit frequencies 
allocations, optimizing 

qubit control.

software relatedhardware related
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machine learning in QC

quantum error mitigation

https://arxiv.org/abs/2309.17368

https://arxiv.org/abs/2207.00298 

optimizingqubit frequencyallocations

https://arxiv.org/abs/1910.11333

drivingqubit control electronics

https://arxiv.org/abs/2209.09790

correctingquantum sensornoise

https://arxiv.org/abs/1807.09753

QEC error syndrome detection

https://arxiv.org/abs/2301.11930

qubit gatesynthesis

https://arxiv.org/abs/2404.14865

https://arxiv.org/abs/2402.14396

identification of topological materials

https://arxiv.org/abs/1910.10161

https://arxiv.org/abs/2309.17368
https://arxiv.org/abs/2207.00298
https://arxiv.org/abs/1910.11333
https://arxiv.org/abs/2209.09790
https://arxiv.org/abs/1807.09753
https://arxiv.org/abs/2301.11930
https://arxiv.org/abs/2404.14865
https://arxiv.org/abs/2402.14396
https://arxiv.org/abs/1910.10161
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https://arxiv.org/abs/2203.02360, February 2024

https://arxiv.org/abs/2402.05549, February 2024

https://link.springer.com/article/10.1007/s42484-022-00092-y
January 2023

https://arxiv.org/abs/2203.02360
https://arxiv.org/abs/2402.05549
https://link.springer.com/article/10.1007/s42484-022-00092-y


LLM-basedchatbots landscape
image generatedwith DALL-E
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LLM-basedchatbots figures of merit

figures of merit ChatGPT 4.0

training set in # of tokens not public, 2.6T to 13T

cut-off training date april 2023 + Bing updates

parameters # in neural network not public, > 1.5T

embedding dimensions >12K

context windows in # of tokens >32K

response speed typewriting speed, 30 s for image generation

power/resource consumption not public, >100K Nvidia GPGPUs

pricing $20/month, free in Bing Copilot
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ChatGPT4.0 overall architecture

ChatGPT4.0
chatbot

GPT-4
languagemodel

DALL-E
image generation

agents
dialog, taskspecific, 
safety, integration, 
chainof thoughts

user experiencelayer
web and mobile, billing

NLU and NLP engines
convertsprompt into/to vectors

third party plugins
other services

cloud infrastructure
storage, compute, network

LLM fine tuning
instruction tuning, 

reinforcementlearning
with humanfeedback

user prompt
images

documents
speech

responses
images

documents
speech

modifies the LLM

implements static reasoning

customization
user profile

creatinga user GPT 
with documents (RAG)

user profile and constraints

user documents 
512Mb document limit
10 GB per user

predicts next word based 
on statistical model
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#1
define your
user profile

#2
learn

prompt 
engineering

#3
fact check 

results



current capabilities and limitations
in quantum science

image generatedwith DALL-E
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current amazing use cases
1. quantum science knowledge: performing well in many fields.

2. figures of merit: photon sources, detectors, circulators, TWPA.

3. inventories: materials, research avenues in some domain. 

4. simple maths and logic and continuously improving.

5. bibliography: getting better with ChatGPT 4.0.

6. codingΥ tȅǘƘƻƴ ŦƻǊ ŎǊŜŀǘƛƴƎ ŎƘŀǊǘǎΣ tItΣ ǊŜƎŜȄΣ ±.!Σ Χ

7. non-scientific memosΥ ǇƻƭƛŎȅ ƳŀƪƛƴƎΣ ǉǳŀƴǘǳƳ ǿƛƴǘŜǊΣ Χ
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figures of merit
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inventories


