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guantum computing LLM-based chatbots current capabllities and
101 landscape limitations in quantum science
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machine learning in future use cases
guantum science In quantum science
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manipulating manipulating
groups of quantum particles superpositionandentanglement
photons, electrons and atoms interactions and/or individual particles

transistors, lasers, fiber optics, GPS quantum computing
photovoltaic cells, atom clocks
medical imaging, digital photography and video
LEDs, LCD TV quantum dots
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the guantum computing promise

extremely
unreasonable time
like the age of the

Universe

13,8 billion years

classical computing
(now and soon)

theoretical quantum
computing speedup

computing
time

reasonable human guantum
time dependingon = = & = = = = = = — = = = = computing
the use case (some day)

practical problem size



typical difficult problems
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what Is a qubit?

complex numbers

amplitudes
2 { l
] . . . : N o N
S basic unit of quantum information € O | O T P
©
E vector in a 2Zdimension complex $§s ¢s 1
© numbers Hilbert space !
S probabilities and Born Bloch sphere representation
normalization constraint with amplitude and phase
Pa
>
8 S
2 two-level state controllable
= .
o quantum ObJeCt separable electron or photon mode
atom energy nucleus spin (polarization,

level orientation number, frequency)



N qubits handle the equivalent
of 2N*1real numbersduring
computation

it benefits fromquantum
parallelismbrought by
superpositionengtanglement
and interferences

layoutof a 133qubit processor from IBM
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18M Quantum
System Two




Inside a typical quantum computer

computing gubits control electronics « chandelier» in cryostat cryogenic installation
servers, network, microwave generators, readout where quantum stuff happens! helium 3 & 4
software, data systems and various electronics gas pumps and compressor
helium4

helium3

vacuum
pump

liquid
nitrogen
gas filter
compressor

pumps
filters

quantum chipset

for superconductingor electronspin qubits

external
compressor

(cc) Olivier Ezratty, 2023
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iIndustry needs: 1,000s of logical qubits

-

-

N |SQ FTQC condensed Shor2048 complex

9 matter pricing integer chemical
simulation derivatives  factoring simulations
VQE, QAOA,
QML
l Future ™\ QC
Hardware Application

Today (speculation) * *  Fault-Tolerance and Error Cotrection

1 2 3 -4 5 NE
30-150

Needs

g

100 2000 4000 1000s

source: How about quantum computing? by Bert de Jong, DoE Berkeley Labs, June

2019 (47 slides) + Olivier Ezratty additions.



key hardware challenges
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key software challenges

more encoded data

state preparation

211 reals
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Circuit Depth
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encoding
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uncompute
trick

other
3 patterns

dataloading

Researching & Developing the Computers of Tomorrow Requires Powerful Simulations Today
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randomized
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higher-level
algorithms

low-level
algorithms

speed

levelof abstraction
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nchmarking

+— energetics

the quantum energy Initiative

< IEEE

Raytheon
Technologies

ARPA

verification validation
—e code review blackbox testing white-box testing

spotting errors
in circuits is

difficult —* patterns review checking output emulation debugging

documentation projective measurement

3 output verification f N
review tp! on ancilla qubits
tractable not
. tractable
refactoring for some
algorithms

debugging, verification
and certification

data structures

«no-code» user data applicationspecificenvironments
Pythonframeworks | objects  qubit i Python + appsrameworks
Wk gl 5t Bbjelts  qubit } X ;
C++ objects  qubit X :',
arrays i | gate-code before transpiling |

Clanguage strings qubit g ( piling
assembly byte  qubit gate-code(after transpiling |
machinelanguage bit pulse control electronicsinstructions

coding abstraction level

sameabstrationlevelwith qubit gates
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potential quantum speedups

simulations VQE amplitude estimation
searches and QUBO Groversearch
combinatorial
optimizations QAOA guantumwalks
reinforcement learning
variational recommendation
machine
learning QML ensemble methods
variants Bayesian networks

and deep learnin

Quantum Monte Carlo
primality proofs

other

POlyNOMIa
speedups

semidefinite programs

HHL (linear equations)
QSLA for PDEs

QPE for chemical simulation

DeutscheJozsar{o usé
Simon, BernstexVazirani

SVM
PCA
k-means
convolutionalnetworks

QFT & exponentiatio
Shor factoring & dog

superpolynomial

1
limited advantage

QPUfixed costsmakeit difficult to exceedclassicatomputing
capabilitiesn reasonabldimes andproblemsizes

1
requiresFTQQPUs

andmanylogicaland physicalqubitswith higherfidelitiesthan
today, andpreferablymonolithicQPUs

(cc) Olivier Ezratty, 2022024
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guantum computing challenges types

A noise models and budgets A control electronics
A materials designs A manufacturing
A quantum control A cryogeny yield and power
A more efficient QEC science technology A quantum emulators
A cluster states generation A software engineering
A quantum memory A distributed quantum computing
A QPU interconnect A cloud infrastructure
A algorithms speedups A hybrid architectures
economy A benchmarking

a lot of interdisciplinarity!

A FPGA>ASIC A VC, customer and governments funding
Afabinvestments A2 1 KSNJ G2LIAOC&a Ay Tt dzSyoSa o



machine learning
IN quantum computing



where machine learning fits in?

generative Al and LLNdased 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.

hardwarerelated

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.

guantm
machine

learning

other
guantum
algorithms

softwarerelated

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.
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machine learning in QC

Execute {0y

Simulate

guantum error mitigation
https://arxiv.org/abs/2309.17368
https://arxiv.org/abs/2207.00298
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optimizing qubit frequencyallocations
https://arxiv.org/abs/1910.11333

4 ps

driving qubit control electronics

https://arxiv.org/abs/2209.09790

7 (Material can't be TS due to # electrons?
samples = 25.4%
proba = [0.25, 0.32, 0.42]
class = TSM

; ¥
samples = 17.5% samples = 4.5% samples samples = 7.9%
proba =[0.77,0.11,0.12] | | proba = [0.26, 0.35, 0.39] proba = [o 3 o 39 o 31] | | proba=[0.21,0.12,0.67]
olass = Trivial class = TSM class = TSM

identification of topological materials
https://arxiv.org/abs/1910.10161

qubit gate synthesis
https://arxiv.org/abs/2404.14865
https://arxiv.org/abs/2402.14396

correctingquantum sensormoise
https://arxiv.org/abs/1807.09753
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Transfer learning of optimal QAOA parameters in combinatorial optimization

J. A. Montaiiez-Barrera,!** Dennis Willsch,' and Kristel Michielsen 23

Y Jiilich Supercomputing Centre, Institute for Advanced Simulation,
Forschungszentrum Julich, 52425 Jilich, Germany
2AIDAS, 52425 Jilich, Germany
SRWTH Aachen University, 52056 Aachen, Germany

(b) Self-Optimization QAOA
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https://arxiv.org/abs/2402.05549February 2024

Quantum Machine Intelligence (2023) 5:4
https://doi.org/10.1007/542484-022-00092-y

RESEARCH ARTICLE

2

Boosting the performance of quantum annealers using machine
learning
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Quantum Circuit Discovery for Fault-Tolerant Logical State Preparation with
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Y Maz Planck Institute for the Science of Light, Staudtstrafe 2, 91058 Erlangen, Germany
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LLM-based chatbots figures of merit

training set in # of tokens
cut-off training date
parameters # in neural network
embedding dimensions
context windows in # of tokens
response speed
power/resource consumption

pricing

not public, 2.6T to 13T

april 2023 + Bing updates

not public, > 1.5T

>12K

>32K

typewriting speed, 30 s for image generation
not public, >100K Nvidia GPGPUs

$20/month, free in Bing Copilot

24



ChatGPT4.0 overall architecture

user prompt ChatGP®.0

images chatbot

documents _ B .
speech userexperiencelayer - @ Microsoft Bing
web and mobilebilling _agents |
dialog taskspecific GPT Store

responses P
i : safety, integration, : :
images

. ges NLU and NLP engines TS | q third party pluglns
ocuments convertspromptinto/to vectors other services
SpeeCh implements static reasoning

cloud infrastructure
storage compute network

predicts next word based GPT4 DALLE
on statistical model Ianguagemodel imagegeneration

modlfles the LLM

customization
user profile
creatinga user GPT user documents
Wgreleetnisnie (2Ae) < 512Mb documentimit

10 GB per user

LLM fine tuning

instruction tuning,

<«—— user profile andconstraints

reinforcementlearning
with humanfeedback
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Custom Instructions (O

# 1 What would you like ChatGPT to know about you to provide better responses?

define your

. | am working in the quantum science and technology fields as a
use r p rOfI | e generalist engineer, author and teacher.
| want to understand many facets of quantum computing,
communications and sensing.
#2 | am interested in both quantum physics and quantum
|e ar n technologies, hardware and software.

| wrote a generalist book on quantum technologies but | am not a

prOmpt auantum nhvsicist hv frainina.
engineering e

How would you like ChatGPT to respond?

#3 Avoid using lists in responses.
f act c h ec k Respond in the most scientifically detailed way.
Always create pictures in 16/9 format when using Dall-E.
Ffresu |tS Provide up to date references and sources whenever possible.






current amazinguse cases

S - o R A o

. quantum science knowledgeperforming well in many fields.

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

Inventories materials, research avenues in some domain.
simplemathsand logicand continuously improving.
bibliography. getting better with ChatGPT 4.0.

codingy t ed K2y F2NJ ONBI dAy3 OKI
non-scientific memoy L2t A0&é& YI {1 Ay3Z |d



figures of merit

You
can you describe the figures of merit of photon number resolving detectors?

%4

ChatGPT

Photon Number Resolving (PNR) detectors are pivotal instruments in quantum optics and
quantum information processing, capable of distinguishing between different numbers of incident
photons. Their performance is characterized by several key figures of merit, which determine their
suitability for various applications, including quantum computing, quantum cryptography, and
optical quantum information processing. Understanding these figures of merit is essential for
evaluating the effectiveness and efficiency of PNR detectors in specific guantum experiments or

technologies.



Quantum Efficiency (QE)

Quantum Efficiency refers to the probability that an incident photon will produce a detectable
signal. A high QE is crucial for ensuring that the detector can accurately count the number of
photons without missing too many of them. It's a primary measure of the detector's sensitivity,
with values typically expressed as a percentage. Higher QE means that the detector is more likely

to accurately represent the number of photons that strike it.

Dark Count Rate

The Dark Count Rate measures the frequency at which a detector registers a count without any
photon input, due to thermal fluctuations or other internal processes. This is essentially the "noise
floor" of the device, and a lower dark count rate is desirable for high-precision measurements,
especially in low-light or single-photon applications, where false counts can significantly impact

the accuracy of photon number resolution.

Photon Number Resolution

This indicates the detector's ability to discriminate between different numbers of incident
photons. A high-resolution detector can distinguish between one, two, three, or more photons
arriving simultaneously or nearly simultaneously at the detector. The resolution is often limited by

the detector's intrinsic noise and the statis |, nature of the photon detection process.

Timing Resolution (Jitter)

Timing resolution, or jitter, refers to the precision with which the detector can measure the arrival
time of photons. This is particularly important in applications involving time-correlated photon
counting or when precise timing information is necessary to interpret the quantum states of
photons. Lower jitter corresponds to more precise temporal resolution, allowing for finer time-

correlated measurements.

Dead Time

Dead time is the period immediately following a detection event during which the detector is
unable to register another photon. During this time, any incoming photons will not be detected.
Shorter dead times allow for higher counting rates and are particularly important in high-flux

situations where photon events occur in rapid succession.

Saturation

Saturation occurs when the number of incident photons exceeds the detector's ability to count
them accurately, leading to a plateau in the count rate regardless of increased photon flux. The
saturation level gives an upper limit to the detector's counting capability before the accuracy of

photon number resolution degrades.

N

Linearity

Linearity refers to the detector's ability to maintain accurate photon counting as the photon flux
increases. A linear response means the detected signal increases proportionally to the number of
incident photons, crucial for quantitatively accurate measurements over arange of light
intensities.

Crosstalk

In detector arrays or multi-pixel detectors, crosstalk measures the extent to which a signal in one
pixel or detector element affects the signal in another. Lower crosstalk is critical for accurate

spatial resolution and photon counting when multiple detectors are used in proximity.

Each of these figures of merit plays a crucial role in determining the suitability of a PNR detector
for specific applications. Advances in detector technology continue to improve these metrics,
pushing the boundaries of guantum measurement capabilities and enabling new experiments and

technologies in the quantum realm.



Inventories
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