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potential guantum computing benefits

A computing faster than

classical systems. Lol A reducing required training
or A _ _ _ === data, particularly for
solving !oroblems inaccessible — g machine learning tasks.
to classical computers.
T A improying results quality i A energyadvantage(NISQ).
1 P chemical accuracy, better < or .
A heuristics, etc. 2 A energy acceptabilitf FTQC).

stakeholder (fundamental research,
governments, industry).
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typical difficult problems
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from science tandustry applications
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what is a qubit?
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S basic unit of quantum information
©

E vector in a 2dimension complex
g numbers Hilbert space
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2 two-level state controllable

s quantum object

complex numbers

amplitudes
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T b

probabilities and Born Bloch sphere representation
normalization constraint with amplitude and phase

Pa
separable electron or photon mode
atom energy nucleus spin (polarization,
level orientation number, frequency)



gubits mathematicaloperations

complex combinations
amplitudes of Os and 1s
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entanglement creates links between
gubits and brings computing power
under certain circumstances



what is a guantumalgorithm?
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guantumalgorithm: decomposes a solution to
solve some mathematical problem into a
guantum circuit.

quantum circuit series of operations (gates)
acting on a quantum memory, on individual
gubits (superposition) or with connecting them
(entanglement in most cases).

matrix computing operating on a memory
space of dimension™2!real numbers.

mecanism exploit various techniques to yield a
value of interest in a series of classical bits.

classical computingused to prepare the circuit,
encade data, and extract useful result from
multiple circuit runs.


https://algassert.com/quirk#circuit={%22cols%22:[[%22X%22,1,1,1,1,%22X%22,%22X%22],[%22Chance5%22,1,1,1,1,%22Chance5%22],[%22X%22,%22X%22,%22X%22,%22X%22,%22%E2%80%A2%22,%22X%22,%22X%22,%22X%22,%22X%22,%22X%22],[1,1,1,1,%22%E2%80%A2%22,%22X%22],[%22Swap%22,1,1,1,%22Swap%22,%22%E2%80%A2%22],[1,1,1,1,%22%E2%80%A2%22,1,%22X%22],[1,%22Swap%22,1,1,%22Swap%22,1,%22%E2%80%A2%22],[1,1,1,1,%22%E2%80%A2%22,1,1,%22X%22],[1,1,%22Swap%22,1,%22Swap%22,1,1,%22%E2%80%A2%22],[1,1,1,1,%22%E2%80%A2%22,1,1,1,%22X%22],[1,1,1,%22Swap%22,%22Swap%22,1,1,1,%22%E2%80%A2%22],[1,1,1,1,%22%E2%80%A2%22,1,1,1,1,%22X%22],[1,1,1,%22Swap%22,%22Swap%22,1,1,1,%22%E2%80%A2%22],[1,1,1,%22%E2%80%A2%22,1,1,1,1,%22X%22],[1,1,%22Swap%22,1,%22Swap%22,1,1,%22%E2%80%A2%22],[1,1,%22%E2%80%A2%22,1,1,1,1,%22X%22],[1,%22Swap%22,1,1,%22Swap%22,1,%22%E2%80%A2%22],[1,%22%E2%80%A2%22,1,1,1,1,%22X%22],[%22Swap%22,1,1,1,%22Swap%22,%22%E2%80%A2%22],[%22%E2%80%A2%22,1,1,1,1,%22X%22],[%22X%22,%22X%22,%22X%22,%22X%22,%22%E2%80%A2%22,%22X%22,%22X%22,%22X%22,%22X%22,%22X%22],[%22Chance5%22,1,1,1,1,%22Chance5%22]]}
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needto (re-)learnlinear algebra

copy
qubit 1 qubit 2
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entangle
qubit 1 qubit 2
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teleport
uncopiabledata,
but transferable

sampang panty
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E b o Imm for q in range(n_count):
.0 = DI wha
- “ o And auxiliary
qc.x(3+n t)

# Do rations
for q in range(n_count):
qc.append(c_amod15(a, 24%q),
[a] + [i+n_count for i in range(4)])

# Do inverse-QFT
qc.append (gqft_dagger(n_count), range(n_count))

reuit
qe.measure (range(n_count), range(n_count))
qc.draw(fold=-1) # -1 means 'do not fold'
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visualor Pythonscripted« circuits» programming
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probabilisticresults, andrepeatedcomputingto
generatea deterministicoutcome
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theoretical vs practical speedups

total computing timeJinear scale total computing timeJog scale classical
. computing(*)
n
T . classical areT.andT, polynomial
R S— T _ _ _ specdup
intractable computing compatible with the
(exponential) problem use case constraints? quantum
L S computing
exponential
speedup

exponentialor polynomial
theoretical speedup

quantum
computing

number of qubits

problem size (N)

the typical and naive way to illustrate
guantum computing theoretical speedups.
(*) for a fair comparison, the classical computer can be as expensive and/or energy hungry as the QPU.

inspired byOpening the Black Box inside Grover's Algorithm
by E. Miles Stoudenmire and Xavier Waintal, PRX, November 2024.


https://journals.aps.org/prx/abstract/10.1103/PhysRevX.14.041029
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Leading scientists urge EU to invest in

combining Al & quantum-to strengthen
competitiveness

As international competition escalates, a new white paper published
today calls on the EU to invest in combining quantum computing and
artificial intelligence to generate economic benefits and strengthen
Europe’s position as a prominent global player in emerging deep
technologies
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main qubit types
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guantum & classical computing paradigms

classicacomputers

quantum
inspired

classical algorithms

running on classical

computer, inspired
by quantum
algorithms.

guantum
emulators

running quantum
computers code on
classical computers,
for training,
debugging and testing

classical algorithms quantum algorithms
improvements

debug and testing
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Inside a typical quantum computer

computing
servers, network,
software, data

gubits control electronics
microwave generators, readout
systems and various electronics

« chandelier» in cryostat
where quantum stuff happens!

vacuum
pump

o]

quantum chipset

helium4

helium3

liquid
nitrogen
gas filter

cryogenic installation

helium 3 & 4

gas pumps and compressor

compressor

pumps
filters

for superconductingor electronspin qubits

external
compressor

(cc) Olivier Ezratty, 2023
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hardware challenges

nombre de qubits physiques
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raw algorithm fidelities requirements

two-qubit singlequbit three-qubit
gate gate gate
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logicalgubits and FTQC

physicalqubit

errorNJ (S a

error correction code

threshold, physical qubits
overhead, connectivity
requirements, syndrome
decoding and scale
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tens to thousands physical
qubits per logical qubits

fault tolerance (FTQC)

A implement logical gate
correction.

A avoid error propagation and
amplification.

A implement a universal gate set.

A fault-tolerant results readout.

A correct correlated errors.



what should we have in FTQC roadmaps

bare minimum nicer to have
A# logical qubits. Aclock speed and QLOPs/s.
A supported circuit size  Aplanned QEC codes and methods.
/ logical error rates. Aprocessor size & reliance on QPU interconnect.
A# physical qubits. - Apeak power consumptioninw.
| A components operating temperature. |
. AQPU weight and size. i
OEGveread ciroutidepth . Aoperational constraints like temperature varlablllty.
1 . Acomponents MTBF.
ST . Acapexbpexcost structure.
y operational metrics

logicalqubitsfidelities
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QPU vs HPC powscaleguesstimates

acceptability threshold hypothesis
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whenwill « it » be there?

smallscale early quantum more genericand large
A experiments advantage scalequantum advantage
Atechno screening. Afirst useful cases. Amore use cases.
Alegacyinventory. Afirst smallscale Amore genericquantum advantage
Alearning deployments Aadoption inseveral industries
Asmallscale Aanalogquantum
experiments computing
Aemulators

Aquantum inspired
Acloud.

guantum computing power

naivepath

2024 FHnod

(cc) Olivier Ezratty, 2024
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