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scientific development vs engineering

discover or explain new apply known principles and
principles or phenomena science to solve practical problems



scientific development vs engineering

discover or explain new apply known principles and
principles or phenomena science to solve practical problems
understanding, modeling designing, building, optimizing
hypothesis-driven, exploratory, constraint-driven, solution-
small-scale experiments oriented, design at practical scale
theories, models, fundamental devices, systems,
bounds, proofs, experiments processes, products
scientific validity, functionality, usefulness, efficiency,
novelty, learnings, falsifiability reliability, cost
long-term, uncertain payoff short-to-mid term, market-driven

variable, experimental setups cost, manufacturability, user ROI



quantum engineering is a key enabler
of the second quantum revolution
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generic
constraints

* talent

* funding

* competition
* evaluation
* patentability

scientific development

engineering

specific constraints

* find good questions
* advance science

* falsifiability

* publish

* project milestones

* enabling technologies
* multi-skills integration
* reproducibility

* user needs (UX, TCO, ROI)
* roadmaps

* investors pressure

* market size

* economies of scale

* scaling manufacturing

* business models



/ theoretical work

fundamental

Ti—

experimentation

applied research

v

experimental ____________—»  engineering

development

b

technology
development

academic labs

industry vendor

industrial research
industrialization

l maintenance

usage

\ sales and marketing
education and training

ecosystem development



guantum engineering

examples and learnings
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FTQC engineering
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energetics engineering

practical benefi - total cost of ownership (TCO) ---

speedup results quality  required data : capex + other opex  energy, power

economical benefits (EB)
increased revenue
reduced costs
improved service quality
competitiveness

= return on investment (ROI)

ROI= 22 551
~ TCO

Sisoasaseanap

| versatilityand i

; externalities, including
platform effects

economies of scale

green: technology
black: economics driven

economics and engineering



science and
engineering
at CERN LHC

how fundamental
research benefits from
engineering

© Olivier Ezratty, January 2025
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FTQC
engineering

full-stack components
integration to deliver on
the promises of FTQC
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what should we have in FTQC roadmaps?

basic features

* # logical qubits.

* supported circuit size
/ logical error rates.

* # physical qubits.

logical qubits

QEC overhead circuit depth

physical qubits gates / QOPS

!

logical qubits fidelities

engineering “features”

» supported range of applications.

* clock speed and QLOPs/s.

* planned QEC codes and methods.

e processor size & reliance on QPU interconnect.

. * peak power consumption in W.

| » components operating temperature.
* QPU weight and size.

X temperature variability.

* components MTBF.

. * capex/opex cost structure.

operational metrics



QEC/FTQC engineering

The FLuid Allocation of Surface code Qubits (FLASQ) cost model
for early fault-tolerant quantum algorithms

William J. Huggins,"* Tanuj Khattar," Amanda Xu,"2 Matthew Harrigan,! Christopher
Kang,"# Guang Hao Low,! Austin Fowler,! Nicholas C. Rubin,! and Ryan Babbush!
" Google Quantum Al, Mountain View, CA,
2 University of Wisconsin-Madison, Madison, W
3 Department of Computer Science, University of Chicago,
(Dated: November 12, 2025)

A

USA
hicago, IL, USA

Google Willow compilation-optimization resource estimations and optimizations
in 2024
real-time error syndrome detection code switching
. . . . magic-state correlated

logical memory single-qubit two-qubit & . leakage error
ubit logical gate logical gate (*) PREPEENR ] correction errors g
N and teleportation correction ]
qubit connectivity qubit control calibration qubit fast non demolition measurement é

qubit physical gate fidelities >99.9% at scale

scaling QPU with interconnect and gate teleportation + circuits partitioning

) ) . blue QEC basic component.
(*) not using post-selection which
doesn’t scale to deep circuits. green FTQC component.
grey  QEC hardware enablers.



chips “design to test” iteration cycles

|
silicon spin qubits
|

RS
7 photonic integrated circuits
ok s

A/ 4

AL/

/

|
time saving opportunities

superconducting qubit chips
* integrated EDAs (QDAs).
* dedicated clean rooms.
* manufacturing clusters.
* cryogenic characterization
* process and design parallelization.

| | | |
6 months 12 months 18 months
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enabling tech engineering trade-offs

control and
readout signals
multiplexing

room
temperature
electronics

QPU scaling

control signals
quality

cryo-electronics

cabling scaling

cryogenics
scaling

14



guantum computing

energetics engineering # Q E l

system architecture using reductionist
and holistic optimizations under multiple
constraints

the quantum energy initiative



full-stack energetic costs decomposition

quantum physics &
quantum energetics

qubit gates and
readout
operations

cost of fighting
noise with error
correction

engineered
dissipation

classical
computing

cooling
and vacuum

ions and neutral atoms photons superconducting & spin qubits

classical part of quantum algorithms
ansatz preparation, data loading, block encoding, cost function computing, data access, networking, post-processing

code compiling (or minor embedding in analog modes) and run-time execution drive (including number of shots)

error syndromes detection and QEC drive (FTQC) and/or quantum error mitigation & suppression (NISQ)

gate calibration, tuning control electronics

room temperature electronics and controls, including QPU interconnect
FPGA, ASICs, DAC/ADCs, AWG, mixers, tone pulses generation; lasers, SLMs, AODs, CCD and photonic circuits controls

low-temperature active electronics

lasers
JPA, TWPA, HEMT, cryo-CMOS, SFQ, mux/demux
SLMs, AODs photon sources low-t N ) lectroni
CCD/CMOS sensors, ion traps and detectors ow-température passive ? ectronics
cables, attenuators, filters

laser cooling (water/air) dilution cryostat — 15mK to 1K

4K compressor for dilution, vacuum chambers, cryopumps, photon sources, photon detectors
4K compressor cooling (water/air)

ultra-vacuum pump vacuum pump



energetic systems architecture approach

] Perform Control
1. Tunctional an roduct breakdowns >
.
—————————————————————————————————————————————————————————————————————————————— Control Convey Generate Route Extract Decode
heat control signals control signals error syndromes | | error syndromes

2. estimate baseline resources

hea

Exchange |
t

Generate Generate Convert
carrier signal | | waveform frequency
Quantum
computer
Enabling Decoder
Hardwar¢]

Control
electronics

3. optimize energy efficiency under constraints

Quantum
Processor

4. mix reductionist and holistic approaches

5. handle operational trade-offs de'fa”elddi”
t i Gas Handling Pulse Tube
nex SI e ree

credit: Jeremy Stevens, Alice&Bob

Sample
Holder

Cryogenics

6. measure and benchmark
7. integrate an economical view

The energetic challenges of fault-tolerant quantum computing

Marco Fellous-Asiani,' Pierre-Emmanuel Emeriau,? Jeremy Stevens,’
Marco Pezzutto,*> ¢ Yasser Omar,*>¢ and Olivier Ezratty”$ *

'Inria

FTQC energetics paper 2Quandela
. . *Alice&Bob
(I n p re pa ration ) . *Instituto Superior Técnico, Universidade de Lisboa, Portugal

SPQI — Portuguese Quantum Institute, Portugal
SPhysics of Information and Quantum Technologies Group,
Centro de Fisica e Engenharia de Materiais Avangados (CeFEMA), Portugal
"EPITA Research Lab
s(Quamum Energy Initiative



from baseline estimates to optimizations

baseline resources

4 use state of the art existing
technologies.

¢ adding individual
components resources.

what

& evaluate or measure idle,
average and peak power.

+ + 4+ +/| =100

& all active components.

& classical computing
(circuit preparation,
compiler, error correction,
post-processing, ...).

examples

reductionist optimizations

¢ account for future enabling
technology developments.

4 component level
optimization.

¢ doesn’t affect other
components performance.

& doesn’t add more noise.

S N P

€ cryogenics.
& control electronics.
& cable dissipation.

& compiler efficiency.

*

*

holistic optimizations

interdependent
optimizations.

side effects on noise and
task success metrics.

@ various energy vs computing
time or space-time trade-
offs.
]
*
+ n+ + +|| =70
& moving electronics at

L 2

L 2

cryogenic temperatures.

using SFQ control
electronics.

* % of baseline power or energy, for the sake of demonstration

changing qubit temperature.

system generic (power) or task dependent with a success metric (energy)



FTQC vs HPC power baseline estimates

peak power consumption (log scale)

200 MW

100 MW 4

40 MW +

10 MW 1

5 MW

2 MW
1 MW

500 kW -

100 kW 4

largest WW supercomputers

I I 4K logical qubit FTQC estimates

JUPITER Booster (Germany}
Sunway TaihuLight (China):
LLNL/NNSA CTS-1 Jade (USA)

FTQC Vendor B
Fugaku (Japan)

El Capitan (USA)
FTQC Vendor C
Leonardo (ltaly)
Alps (Switzerland)

<
e
o
T
g
>
O
(o4
-
'S

Aurora (USA)
Frontier (USA)
Sierra (USA)
LUMI (Finland)

HPC6 (Italy)

EDF Selena (France)

FTQC Vendor F

estimate base power for various FTQCs and actual for existing largest HPCs WW. HPC source: https://www.top500.org/lists/top500/2025/11/.

FTQC sources: official and unofficial vendor data, estimates with 4K logical qubits and 10*2 gates support.

e
-
.

-

e

FTQC scenarios

systems capex and opex

range similar to largest HPCs

base scenario

FTQC and HPC markets
similar in size

optimistic scenario

broad offering <1 MW
+ viable business operations
applications

parallelization needs

will need multiple affordable

FTQCs working in parallel to

support heavy workloads like
chemical simulations

FTQC market in units using

HPC comparables


https://www.top500.org/lists/top500/2024/06/
https://www.youtube.com/watch?v=rUcPLZeZxG0&t=3048s

guantum
software
engineering

from quantum circuits to full-
stack software engineering

classical computing quantum computing

classical code generation quantum code
code 8 code libraries

v T l

dat:
inli

libraries requiring input data.

a used
braries

libraries independent from input data can be
compiled/optimized separately.

compiler data preparation i »
v block encoding piler & piler & code
ansatzes, oracle optimizer optimizer libraries
input CIass',TaL output o ¢—’
data compie data L .
code circuit output classical
v compiled data post-
libraries il L— LA
physics optimization machine learning code
simulation problems and deep learning
software tool

quantum source code

v

domain specific libraries —

complley transpiler optimizer
native NISQ +QEM (NISQ) +QEC (FTQC)

—

hardware specific quantum source code

and shots drive (run, results analysis)

pulses optimization  qubit drive instructions generation — qubit physics simulator

4//N>

microwaves drives, DC pulses laser pulses, SLM, photon sources, nanophotonic
drive, FPGA/ASIC, DAC/ ADCs AOD & CCD drives circuits & photon detectors drive

A

4

code emulator

classical hardware

CUDA/Nvidia




quantum software engineering

eonpoeay opentons

machine learning
and deep learning

Software tool

mimm  RmEE onic: [ optmition
i | simulation problems
modular exponentiation domain —
classical computing time scale. v
0(N) 100@2") I compiler
transpiler
state vector
i Fr—
Encading e e rawelis | +QEM(NSQ)

circuit

as close as repeated 2 decreasing exponentially

optimizer

+QEC (FTQC)

possible to target with molecule size.

st ofa)eme

O(N?) 1o O(N%)

and shots drive (run, results analysis)

ration —» qubit physics simulator

11U = et < ¢ problem Hamiltonian H

encodingin unitary U

microwaves drives, DC pulses laser pulses, SN,

H=system

photon sources, nanophotonic

U= unitary
Grive, FPGAVASIC, DAC/ ADCs

Hamitonian encodingit
i

P

full-stack software solutions design

compilation-optimization resource estimations and optimizations

real-time error syndrome detection

magic-state
preparation (T)
and teleportation

leakage error
correction

two-qubit
logical gate (*)

single-qubit
logical gate

logical memory
qubit

qubit connectivity qubit control calibration

error correction and fault tolerance

1

code emulator

classical hardware.

compilation chain

code switching

correlated
errors
correction

qubit fast non demolition measurement

CUDA/Nvidia

@D
'J e

m

o+ codereview -

breakpoints
hardto
implement

spotting errors
in circuts is
difficutt [ emulation debugging

patterns review checking output

register vector
state hard to
evaluate

rojective
on ancilla qubits

review
not
frdable
refactoring P
e

verification and validation

metrics considers
SOK speed, | SDK, compilers, |
T Benchpress 0070, Vo
HALES BACQ higher-level = X q
T algorithms algorithm energetics
EVIDEN gscore performance compilation -
! QED-C #QEI
e v low-level Jaunching &'E'Eé mekrig
TU Delft: QPack ;‘52;:‘:""‘; QEM benchmarks
' Raytheon i
rrrrrrrrrrrrrrrr o Tedhmclogies repository
CLOPS gate cycle speed @
error per layered gates (EPLG) crosstalk, qubits
entanglement classical
topology ! &
randomized and cross- control electronics
i ting
entropy benchmarking . compu
qubits number cryogeny
and fidelities

benchmarking



theory vs engineering

aspect science engineering

e accounting for prefactors.
complexity class theory. e resource estimates.
theoretical speedup. « using real-life user data sets.
e compare with best-in-class classical solutions.

obtaining some
quantum computing
speedups

PHYSICAL REVIEW X 14, 041029 (2024)

'f Shtetl-Optimized

The Blog of Scott Aaronson / “?
e
If you take nothing else from this blég: quantum computers won't BQ? / Openlng the Black Box inside Grover’s Algor]thm
solveyhard problems instantly by just trying all solutions in parallel. \
Also, pfease read Zvi Mowshowitz's masterpiece on how ito fix K-12 education!

E. M. Stoudenmire®' and Xavier Waintal®’

« On overexcitable children 'Cemerfor Computational Quantum Physics, Flatiron Institute,

Xavier Waintal responds (tl;dr Grover is still quadratically faster) » N 162 5th Avenue, New York, NY 10010, USA
Of course Grover’s algorithm offers a quantum advantage! “Université Grenoble Alpes, CEA, Grenoble INP, IRIG, Pheligs, F-38000 Grenoble, France
Unrelated Update: Huge congratulations to Ethernet inventor Bob Metcalfe, for M (Received 30 May 2023: revised 9 July 2024; accepted 5 August 2024; published | November 2024)

winning UT Austin’s third Turing Award after Dijkstra and Emerson!



theoretical vs practical speedups

total computing time
log scale

classical
computing (*)

are T,and T, polynomial

compatible with the speedup
use case constraints? quantum
Tp ............................................... computing
exponential
speedu
T, ™ P P
“prefactors”

number of qubits

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

(*) for a fair comparison, the classical computer can be as expensive and/or energy hungry as the QPU.

electricity grid optimization

portfolio optimization

chemical simulation

el
Li=ion

L
ap-ANE  Polysulfide
separator

minutes

hours

weeks/months

acceptable T,and T,


https://journals.aps.org/prx/abstract/10.1103/PhysRevX.14.041029

quantum algorithm full-stack engineering

on a classical computer, often an HPC,

creates a controlled U operations,
H B supermosition of 2" and phasekickback to inverse quantum
developers Createa quantum circuit computational states first n qubits Fourier transform
with significant pre-processing and " l
post-processing (green) 10) H

modular exponentiation
classical computing time scale

0(N3) to 0(2V)

QFT1 /

o) —{ 1]

10) —| H I ?

as close as repeated

possible to target 0 (i) times
ground state @

processing

-
(%]
o
o
(%]

=
>
(%]
()
S

qubits in phase register

c

state vector
encoding
circuit

Q decreasing exponentially
with molecule size

orbitals

O(N?) to O(N®)
problem Hamiltonian H example of a

. . ) quantum phase
encoding in unitary U estimate (QPE) to

compute the ground
state of a Hamiltonian
in some chemical
simulation

classical pre-processing

H=system U= unitary
Hamiltonian encoding it

other classical costs in grey are algorithm independent
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HPC QPU integration

when is colocation mandated?
what bandwidth is required?
what HPC size next to QPUs?
data center constraints?

Integration of Quantum Accelerators into HPC:

Toward a Unified Quantum Platform

Amr Elsharkawy Xiaorang Guo
Chair of Computer Architecture and Parallel Systems Chair of Computer Architecture and Parallel Systems
Technical University of Munich Technical University of Munich
Munich, Germany Munich, Germany
amr.elsharkawy @in.tum.de Xiaorang.guo@tum.de

Martin Schulz
Chair of Computer Architecture and Parallel Systems
Technical University of Munich
Munich, Germany
schulzm @in.tum.de

https://arxiv.org/abs/2407.18527

Dependable Classical-Quantum
Computer Systems Engineering

Edoardo Giusto*, Santiago Nuiiez-Corrales', Phuong Caof,

Alessandro Cilardo*, Ravishankar K. Iyeri, Weiwen Jiang”, Paolo Rech?, Flavio Vella§,

Bartolomeo Montrucchio¥, Samudra Dasgupta*™*, and Travis S. Humble **
*University of Naples Federico II, Italy - egiusto@ieee.org
National Center for Supercomputing Applications, Urbana, IL, US
IUniversity of Illinois Urbana-Champaign, US
§University of Trento, Italy
9 Politecnico di Torino, Italy
I George Mason University, VA, US
** Oak Ridge National Laboratory, TN, US

Security & Privacy

https://arxiv.org/abs/2408.10484
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quantum software engineering tools

software
tools

academic experiments

pulse-level control (NISQ).

prototype SDKSs.

Python notebooks.

custom emulators.

hardware-level qubit simulators.
tomography software tools.
research-oriented transpilers.
experiment data analysis tools.
data-analysis machine learning tools.

post-selection-based error correction.

industry applications tools

full-stack QEC and FTQC.

stable APIs and gate set
production-grade SDKs.

resource estimators.

guantum circuits partitioning tools.
hardened compilers and optimizers.
debugging, verification and certification.
telemetry and performance monitoring.
cloud/HPC operations.

job queuing and scheduling.

QPU time billing.

operational research tools.



quantum
engineering
and economics

TCO-ROI and externalities

EXHIBIT 3 | The Speed of Market Growth Depends on Technical Milestones

UPSIDE CASE (10:1 RATIO IN ERROR CORRECTION): MAJOR APPLICATIONS BY 2031
BASE CASE (500:1): MAJOR APPLICATIONS BY 2042

2045-2050
CAGR*

uantum computing market
($billions)

300
250
200
150
100

50
0 2 —

295

UPSIDE CASE

300
250
200
150
100

50

BASE CASE

1 2 6
2025 2030 2035 2040 2045 2050

B Significant speed M Moderate speed M Early QCs O Fiveyear Quantum Quantum

advantage advantage (<150 logical qubits CAGR simulation factorization
Source: BCG analysis.
Note: Assumes machine learning grows at current projected rate of ~18% CAGR until 2037 and then levels off at 2% CAGR per year until reaching a
steady-state growth rate of ~7% applied to majority of other applications. Because of rounding, numbers may not add up to the totals shown.
ICAGR based on 2045-2050 to compensate for downward bias of higher initial adoption rates of solutions that offer significant and moderate speed
advantages.



Moore’s law duality

LOG, OF THE NUMBER OF
COMPONENTS PER INTEGRATED FUNCTION

technology

O—=NUAHOO~N®O

Fig. 2 Number of components per Integrated
function for minimum cost per component
extrapolated va time,

“complexity”
= # of transistors on a chip

The experts look ahead

Cramming more components
onto integrated circuits

With unit cost falling as the number of components per
circuitrises, by 1975 may dictate ing as
many as 65,000 components on a single silicon chip

By Gordon E. Moore

Director, Research and Dy Laboratories, Fairchild
division of Fairchild Camera and Instrument Corp.
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from value to return on investment
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versatility and externalities, including
platform effects economies of scale
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green: technology driven
black: economics driven

(cc) Olivier Ezratty, December 2025.
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