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limitations in quantum science

future use cases 
in quantum science
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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

1982-*1947-*
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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

iℏ
𝜕𝛹(𝑥,𝑡)

𝜕𝑡
 = −

ℏ2 

2𝑚

𝜕2𝛹(𝑥,𝑡)

𝜕𝑥2
+ 𝑉 𝑥 𝛹(𝑥, 𝑡)

        S          ’                
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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| ⟩𝛹 = |𝛼 ⟩ + |𝛽 ⟩ 

|𝛼|2 + |𝛽|2 = 1 

complex numbers
amplitudes

probabilities and Born 
normalization constraint
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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

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

(cc) Olivier Ezratty, 2023

electrons controlled spin and microwave cavitiesatoms photons

       
                 

       
                 

already ≈80 QC vendors
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IBM Quantum System Two – Yorktown Heights, February 2024
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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

(c
c)

 O
liv

ie
r 

Ez
ra

tt
y,

 2
0

2
3

HDAWG Arbitrary Waveform Generator
2.4 GSa/s 16 bits

HDAWG Arbitrary Waveform Generator
2.4 GSa/s 16 bits

HDAWG Arbitrary Waveform Generator
2.4 GSa/s 16 bits

HDAWG Arbitrary Waveform Generator
2.4 GSa/s 16 bits

HDAWG Arbitrary Waveform Generator
2.4 GSa/s 16 bits

HDAWG Arbitrary Waveform Generator
2.4 GSa/s 16 bits

HDAWG Arbitrary Waveform Generator
2.4 GSa/s 16 bits

HDAWG Arbitrary Waveform Generator
2.4 GSa/s 16 bits

Signal Input Signal Output Trigger Aux output

1 2 1 2 1 2 1 2 3 4

UHFQA

Zurich
Instruments

Quantum Analyzer
600 MHz 1.8GSa/s

Signal Input Signal Output Trigger Aux output

1 2 1 2 1 2 1 2 3 4

UHFQA

Zurich
Instruments

Quantum Analyzer
600 MHz 1.8GSa/s

Signal Input Signal Output Trigger Aux output

1 2 1 2 1 2 1 2 3 4

UHFQA

Zurich
Instruments

Quantum Analyzer
600 MHz 1.8GSa/s

Signal Input Signal Output Trigger Aux output

1 2 1 2 1 2 1 2 3 4

UHFQA

Zurich
Instruments

Quantum Analyzer
600 MHz 1.8GSa/s

Signal Input Signal Output Trigger Aux output

1 2 1 2 1 2 1 2 3 4

UHFQA

Zurich
Instruments

Quantum Analyzer
600 MHz 1.8GSa/s

Signal Input Signal Output Trigger Aux output

1 2 1 2 1 2 1 2 3 4

UHFQA

Zurich
Instruments

Quantum Analyzer
600 MHz 1.8GSa/s

Signal Input Signal Output Trigger Aux output

1 2 1 2 1 2 1 2 3 4

UHFQA

Zurich
Instruments

Quantum Analyzer
600 MHz 1.8GSa/s

HDAWG Arbitrary Waveform Generator
2.4 GSa/s 16 bits

HDAWG Arbitrary Waveform Generator
2.4 GSa/s 16 bits

HDAWG Arbitrary Waveform Generator
2.4 GSa/s 16 bits

PQSCZurich
Instruments

Programmable
Quantum
System
Controller

for superconducting or electron spin qubits
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pumps
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helium 3

liquid 
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gas filter
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condensed
matter

simulation

Shor 2048 
integer

factoring

complex
chemical

simulations

industry needs: 1,000s of logical qubits

pricing
derivatives

VQE, QAOA, 
QML

NISQ FTQC

4000 1000s100 2000

logical qubitsphysical qubits + QEM

30-150
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key hardware challenges

qubits fidelities errors mitigation and correction quantum interconnect

enabling technologies scalability energy consumption 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

…

…

arithmetic
+ - / x

log cos
sin tan

…
non-oracle 
based 
algorithms

QML, 
S   …

quantum memory

other 
patterns

QFT, 
     …

angle 
encoding

m
o

re
 e

n
co

d
ed

 d
at

a

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

classical

machine language

assembly

C language

C++

           …

« no-code »

q
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Python frameworks

control electronics instructions

gate-code (after transpiling)

gate-code (before transpiling)

…

…

application specific environments

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 exponentialweakly superpolynomial
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limited advantage

QPU fixed costs make it difficult to exceed classical computing
capabilities in reasonable times and problem sizes

requires FTQC QPUs

and many logical and physical qubits with higher fidelities than
today, and preferably monolithic QPUs

quadratic

unknown
heuristics

simulations VQE amplitude estimation QPE for chemical simulations

searches and 
combinatorial 
optimizations

QUBO

QAOA

Grover search

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

convolutional networks

other
Quantum Monte Carlo

primality proofs

HHL (linear equations)

QSLA for PDEs

QFT & exponentiation

Shor factoring & d-log

speedups

=
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quantum computing challenges types

technologytechnology

economyeconomy

sciencescience

• noise models and budgets
• materials designs
• quantum control
• more efficient QEC
• cluster states generation
• quantum memory
• QPU interconnect
• algorithms speedups

• FPGA->ASIC
• fab investments

• control electronics
• manufacturing
• cryogeny yield and power
• quantum emulators
• software engineering
• distributed quantum computing
• cloud infrastructure
• hybrid architectures
• benchmarking

• VC, customer and governments funding
•                         (      …)

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 

optimizing qubit frequency allocations

https://arxiv.org/abs/1910.11333

driving qubit control electronics

https://arxiv.org/abs/2209.09790

correcting quantum sensor noise

https://arxiv.org/abs/1807.09753

QEC error syndrome detection

https://arxiv.org/abs/2301.11930

qubit gate synthesis

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-based chatbots landscape
image generated with DALL-E
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LLM-based chatbots 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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ChatGPT 4.0 overall architecture

ChatGPT 4.0
chatbot

GPT-4
language model

DALL-E
image generation

agents
dialog, task specific, 
safety, integration, 
chain of thoughts

user experience layer
web and mobile, billing

NLU and NLP engines
converts prompt into/to vectors

third party plugins
other services

cloud infrastructure
storage, compute, network

LLM fine tuning
instruction tuning, 

reinforcement learning
with human feedback

user prompt
images

documents
speech

responses
images

documents
speech

modifies the LLM

implements static reasoning

customization
user profile

creating a 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 generated with 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. coding                               H          VB   …

7. non-scientific memos                                 …
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figures of merit
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inventories
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simple maths and logic
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plot creation

(uploaded) FidelityClusters.csv

can you create a scatter plot in log-log scale with the qubit number and the 
two qubit gate error rates?

new could you use a different color and a circle for each point, related to the 
company name? and invert the X and the Y?

can you provide the Python code to generate this plot?

now can you change the Y scale and create marks for each possible values 
instead of the powers of 10, and put the Y scale at the right of the chart?

can you show the resulting chart?

could you use a log scale on Y ? and use labels in % for the X axis?

well, in Y, I needed to have a log scale and the ticks corresponding to the 
values in the plot
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result after 5 minutes what took me >10 hours in 2023
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coding

coding with ChatGPT 4.0

Watsonx in Qiskit,
Q4T project,

Python, PHP, …
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quiz creation
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crafting a NQI memo for policy makers
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science du mi-cuit au chocolat

quels sont les domaines scientifiques que l'on peut invoquer 
au sujet de la préparation du mi-cuit au chocolat? 

[…] La chimie […] La physique […] La microbiologie […] L'agronomie […] 

quid de la physique quantique?

[…]

Voici quelques exemples concrets de la manière dont la physique 
quantique pourrait être appliquée à la préparation du mi-cuit au chocolat :

• La physique quantique pourrait être utilisée pour développer de 

nouvelles techniques de cuisson qui permettraient d'obtenir un mi-cuit 

au chocolat encore plus moelleux et fondant.

[…]
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et l'équation de Cauchy-Schwarz ?

Je n'ai pas assez d'informations sur cette personne pour vous aider 
avec cette requête. Je suis un grand modèle de langue capable de 
communiquer et de générer des textes semblables à ceux des 
humains pour répondre à de nombreuses requêtes, mais mes 
connaissances sur cette personne sont limitées. Puis-je vous aider 
d'une autre façon avec cette requête ?

petit joueur !

L'équation de Cauchy-Schwarz est une inégalité qui relie le produit 
scalaire de deux vecteurs à leurs normes. Elle est utilisée dans de 
nombreux domaines des mathématiques, notamment l'algèbre 
linéaire, l'analyse, la géométrie et la probabilité.

[…]
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[…] avec description détaillée de l’équation en question, puis…

Donc, l'équation de Cauchy-Schwarz nous dit que :
|(quantité de chocolat)(quantité d'œufs)| ≤ ||x|| ||y||
|(quantité de chocolat)(quantité d'œufs)| ≤ √(quantité de chocolat²)(quantité 
d'œufs²)
quantité de chocolat²(quantité d'œufs²) ≤ (quantité de chocolat)(quantité d'œufs)²
quantité d'œufs² ≤ (quantité de chocolat)²
quantité d'œufs ≤ |quantité de chocolat|
Cette équation signifie que la quantité d'œufs ne peut pas dépasser la quantité de 
chocolat en valeur absolue.



53image generated with DALL-E

chart describing
Shor integer

factoring algorithm



54image generated with DALL-E

chart describing
various qubit types
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https://arxiv.org/abs/2404.08627, April 2024

       ’                           

https://arxiv.org/abs/2404.08627
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oops!
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https://arxiv.org/abs/2402.10586, February 2024

https://arxiv.org/abs/2402.10586
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https://arxiv.org/abs/2404.03441, April 2024

https://arxiv.org/abs/2404.03441
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current room for progress
1. creating schemas: wrong content and labelling (Dall-E).

2. analyzing charts in scientific papers: not there yet.

3. summarizing scientific papers: simplistic outcome.

4. finding missing figures of merit in papers: not there yet.

5. bibliographies: high hallucinations rate (Bard).

6. reasoning: mistakes, improvable with agents/CoT/RLHF.

7. data consolidation: mistakes or not done anymore (Bard).
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Source: A Short Review on Novel Approaches for Maximum Clique Problem: from Classical algorithms to Graph Neural 

Networks and Quantum algorithms by Raffaele Marino, Lorenzo Buffoni, and Bogdan Zavalnij, arXiv, March 2024 (24 pages).

https://arxiv.org/abs/2403.09742 

very bad caption example

what the heck are « name », υ,ε and ω? 

https://arxiv.org/abs/2403.09742
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https://arxiv.org/abs/2403.17784, March 2024

https://arxiv.org/abs/2403.09733, March 2024

https://arxiv.org/abs/2403.17784
https://arxiv.org/abs/2403.09733
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https://arxiv.org/abs/2405.07761, May 2024

create equations from data

https://arxiv.org/abs/2405.07761
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how could chatbots foster 
creativity in research?

• test hypothesis and conjectures.

• identify white spaces.

• suggest potential research investigations.

• connect the dots between disparate 
scientific fields.

• identify gaps or mistakes in experimental 
settings.
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existing and future applications
in quantum science

image generated with DALL-E
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https://www.oecd.org/publications/artificial-intelligence-in-science-a8d820bd-en.htm, June 2023 (300 pages)

https://www.oecd.org/publications/artificial-intelligence-in-science-a8d820bd-en.htm
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natural sciences chemistry

chips design

healthcare

https://arxiv.org/abs/2404.08001, April 2024

high-energy physics

https://arxiv.org/abs/2404.08001
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domain-
specific LLM 
chatbot in 
chemical 
design

source:  Can ChatGPT be used to generate 
scientific hypotheses? by Yang Jeong Park, 
Daniel Kaplan, Zhichu Ren, Chia-Wei Hsu, 
Changhao Li, Haowei Xu, Sipei Li, and Ju Li, 
arXiv, March 2023 (37 pages).
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https://arxiv.org/abs/2404.01475, April 2024

https://arxiv.org/abs/2404.01475
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https://arxiv.org/abs/2404.02831, April 2024

https://arxiv.org/abs/2404.02831
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capabilities in quantum science
now later harder

learning provide definitions more detailed definitions

studying symbolic maths
quiz creation

charts creation creativity
create and correct exercices

reviewing papers simplistic reviewing capability finding missing elements critical view buildup
charts analyzis

writing papers create layout, rewriting, style 
checks, translations consistency checkings making hypothesis

coding helps save time with coding 
and debugging broader coding capabilities

ideation simplistic outcomes requires reasoning capabilities making hypothesis
finding avenues

collaborative 
research

translations
meeting transcripts
actions follow-up

more group work logistics

experimental 
design

propose basic setup propose more detailed setups,
compare vendor offerings
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documents ingestion

chunk vectorschunk vectors

document chunksdocument chunks

pre-retrieval
query preparation, 

rewriting and expansion
keywords detection

named entities detection
contextual filtering

document chunking
splits it in sentences, 
paragraphs or more

documents embeddings
turns chunks into vectors

using a "semantic vectorizer" 
   “               "

database loading
storing and indexing

the chunk vectors

prompt vectorsprompt vectors

documents retrieval

retrieved vectorsretrieved vectors

prompt preparation
prepares prompt for supporting LLM
combines RAG response, the related questions, 
and some direct prompt for the LLM

LLM processing
creating response to prompt

database querying
find vectors by 

proximity evaluation

user questionuser question response textresponse textHTML

query embeddings
turns it into vectors

query vectorsquery vectors

post-retrieval
process elements of response to keep what is 
relevant, rerank, summary, fusion 

response vectorsresponse vectors

vector decoding
converting vectors to text

LLM response vectorsLLM response vectors

vectorsvectors

action
details

chunkschunks

files
domain-specific
knowledge base

files
domain-specific
knowledge base

filesfiles

texttext

processed query
vectors

processed query
vectors

legend

for part of query
not requiring
access to the RAG

in
it

ia
liz

a
ti

o
n

a
n

d
 u

p
d

a
te

s 
b

a
tc

h
es

vector database

cleaned filescleaned files

data conversion 
and cleanup

re
a

l-
ti

m
e 

u
sa

g
e

(c
c)

 O
liv

ie
r 

Ez
ra

tt
y,

 2
0

2
4

CSV
TXT

basic RAG process
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open-source LLM engine

user tool UI

software tools

trained model

training data

open-source LLM model

ReAct

agents: add process, rules, 
planning and some

reasoningp
ro

m
p

t

an
sw

er

generic content sources

other agents

domain specific web site / chatbot

p
ro

m
p

t

an
sw

er

web site operations

non-AI related
data

domain-specific knowledge base

RLHF: reinforcement
training with human

feedback

rules and instructions

conversations instructions

cleanup, embeddings, 
vectorization

registration, 
subscription, payment, 
support, tutorials, etc.

(c
c)

 O
liv

ie
r 

Ez
ra

tt
y,

 2
0

2
4

LLM software components LLM generic datadomain-specific software components domain-specific data sources

agents parameters

Chain of 
Thought

processes the query with
driving the 

multufunctional LLM: 
tokenization, context

understanding, retrieving
response data, generate

the response

p
ro

m
p

t

an
sw

er

chunking documents 
and embeddings
(vector) creation

LLM model 
instruction fine 

tuning

and human tagging

query manager

RAG retrieval

p
ro

ce
ss

in
g 

p
ro

m
p

t 
p

re
p

ar
ed

 w
it

h
 R

A
G

 v
ec

to
rs

for queries not requiring RAG

RAG vector
retrieval process

RAG vector database store

prepared RAG 
request

3rd party 
tools

LLM model 
fine tuning
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AI scientific challenges
• creating chain of thought agents adapted to 

quantum science.
• fine tuning, instruction tuning and RLHF for 

quantum science.
• creating and using knowledge graphs.
• chart analysis feature.
• experimental setups advisor.
• scientific paper metadata creation and 

overall rating.
• identifying missing data in papers. https://arxiv.org/abs/2404.02280 

https://arxiv.org/abs/2404.02280
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https://arxiv.org/abs/2404.19146, April 2024

https://arxiv.org/abs/2404.08511, April 2024

https://arxiv.org/abs/2404.19146
https://arxiv.org/abs/2404.08511
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LLM other challenges
accessing all scientific literature, in LLM and RAGs
get access rights from Springer-Nature, APS and arXiv
not just quantum science but materials, chemistry, electronics, 
mathematics, computer science, semiconductor engineering…
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AI that can learn, remember, reason, plan, have 
common sense, and be steerable and safe. 

Objective-driven AI that would have reasoning, 
planning abilities and could perceive the world. It 

would use energy-based optimization models 
instead of probabilistic models.

Auto regressive models

AGI competing approaches
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open options

investigate the quantum science community needs.
use generic LLM chatbots like ChatGPT 4.0.
create plugins to ChatGPT 4.0.
create a dedicated domain-specific LLM chatbot.
wait from OpenAI, Google and others to fill the gap.
=> risk for research data privacy.
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quantum LLM chatbot needs

survey
study quantum researchers and academic needs
study LLM and chatbot state of the art
define project shape

project
to build a quantum specific LLM-based chatbot
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how will you be more creative
when you can easily access

all Human knowledge?
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get the slides
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