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Quantum Computing is in the Room
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Some thoughts

, , Quantum information is a radical
departure in information technology,
more fundamentally different from
current technology than the digital
computer is from the abacus

William Daniel Phillips, 1997
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Today (and Tomorrow) Quantum Computing Expectations

Hype Cycle for Emerging Technologies 2018

‘  Digital Twin - Deep Neural Neks (Deep Leaming) Plateau will be reached in:
(arbon Nanotube @ Jess than 2 years
o7 Platfarm @ 2to5years

Autonomous Mobile Robats Virtual Assistants @ 5110 years
Smart Robots i Aot B A more than 10 years
Deep Neural Network ASICs Blockchain

Violumetric Displays
Self-Healing System Technology
Conversational Al Piatform
Autoncenous Driving Level 5

Edge Al
Blockshain for Data Security

Expectations

Flying Autonomous ¥ehicles
Biotech — Cultured or Artficial Tissue
As of August 2018

Paak of
Innovation Trough of - Plateau of
" Inflated R - | .
Trigger Expectations Disillusionmeant Slope of Enlightenment Productivity

Time

gartner.com/SmarterWithGartner

Source: Gartner (August 2018)
© 2018 Gartner, Inc. andfor its affiliates. All rights reserved. a r ner,
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Today (and Tomorrow) Quantum Computing Expectations

Hype Cycle for Emerging Technologies 2025

Al Agents
Machine Customers
Homomarphic Encryption

Digital Immune System

Confidential Computing

Autonomous Sourcing

Crypto-Agility

Domain-Specific GenAl Models —
Augmented Connected Workforce
Artificial General Intelligence
Intelligent Simulation
Technological Sovereignty
Programmable Money
Decision Intelligence

Resource-Positive Buildings
Embodied Al

Spatial Computing

Vibe Coding

Geopatriation

Fluid Knowledge

Maodel Context Protocaol
Bidirectional BrainMachine
Interface

Disinformation Security

Physical Al
Machine Sellers

EXPECTATIONS

Meta Computing A Adaptive Experiences
Humanoid Working Robots
Cognitive Offloading

Cybernetic Teammate As of August 2025
Innovation Peak of Inflated Trough of Slope of Plateau of
Trigger Expectations Disillusionment Enlightenment Productivity
TIME

Plateau willbe reached: O <2yrs. O 2-5yrs. @ 5-10yrs. A >10yrs. ® Obsolete before plateau

Gartner 1



Quantum Computing Hype Cycles

Practical
Applications ™,

Quantum Supremacy
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Quantum Mechanics Foundations
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Foundations: Superposition

Schrodinger's cat
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Foundations: Entanglement
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Quantum Computing Foundations

What kind of computer are we
going to use to simulate

physics?

Richard Feyman, 1982
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Quantum Computing Foundations

VOLUME 74, NUMBER 20 PHYSICAL REVIEW LETTERS 15 May 1995

Quantum Computations with Cold Trapped lIons

1.1. Cirac and P. Zoller*

Institut fiir Theoretische Physik, Universidt Innsbruck, Technikerstrasse 25, A-6020 Innsbruck, Austria
(Received 30 November 1994)

A quantum computer can be implemented with cold ions confined in a linear trap and interacting with
laser beams. Quantum gates involving any pair, triplet, or subset of ions can be realized by coupling
the ions through the collective quantized motion. In this system decoherence is negligible, and the
measurement (readout of the quantum register) can be carried out with a high efficiency.

1992 1997
Artur Ekert > Nicolas Gisin
akbD non locality
1999
1993 Yasonobu Nakamura
Umn.esh. superconducting qubits
Vazirani 2002
quantlun'! Daniel Esteve
complexity superconducting qubits
1990 1995 2000 2005 2010
1996 (& 2012 2001
Serge Haroche Hans Briegel
quantum decoherence MBQC

Juan Cirac and Peter Zoller

1991 trapped ions qubits

Anton

Zeilinger Edward Farhi

neutrons adiabatic quantum computing
duality

David DiVincenzo
criterium
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2011

John Preskill
quantum
supremacy
concept

2015

2012
D-Wave One

Juan Ignacio
Cirac

2018

John Preskill

NISQ concept

Noisy Intermediate Scale Quantum

2019
Google Sycamore
« quantum supremacy »

2020 2025 2030
L 2020
China gaussian boson sampling
2019
IBM Q System One

first ‘commercial’ universal gates
2016 quantum computer

IBM Q
first cloud based quantum computer

first guantum annealing commercial computer 18



Classical Bit quantum bit “qubit”

Binary system Arbitrarily manipulable two-state quantum system

SUPERPOSITION

Overlay of .
different states Parallel arithmetic

operations possible

MEASURING Exponential
multiplication per qubit

Clear definition
of the state

v Massive amounts of
data can be handled in
plausible time




Quantum Speeups
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/l‘ MEASURING

Clear 1ition

000

n bits register n qubits register 001

010

101 2" possible s.tates n=3 2”' possible states , 011

once at a time example simultaneously 100

. 101

evaluable partially evaluable 110

independent copies no copy 111

individualy erasable non individualy erasable
non destructive readout value changed after readout
C e . Cre e k ist
deterministic probabilistic aa restsTer

pure states
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QC is not atomorrow’s technology, itis real

’ , The thing driving the hype is the
realization that quantum
computing is actually real.

Itis no longer a physicist’s
dream — itis an engineer’s
nightmare.

Isaac Chuang, 2018
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Physical Realization of Qubits
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Quantum Computing Hardware

Superconducting

Photonics
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Physical Realization of Qubits

superconducting trapped ions photons
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IBM Roadmap

2016-2019 @

Development
Roadm

Applying algorithms
to applications

Discovering new algorithms
for advantage

Orchestrating
workloads for
quantum + HPC

Accurately and
efficiently executing
on quantum IBM Quantun

computers

Innovation

Roadmap

1
Software 1BM
innovation Quantum

Experience

Hardware
innovation

Qiskit ®

Open-source SDK
for building and
compiling circuits for
‘quantum hardware

Falcon

2020 @

Application
modules

Modules for domain
specific application
and algorithm
workflows

Hummingbird

2021

Qiskit Runtime

OpenQASM 3

Qiskit
Runtime
Performance and

abstraction through
primitives

2022 @

Dynamic
Circuits

Quantum @
Serverless

Demonstrate concepts
of managing quantum
and cloud classical
computa for an end to
end workflow

Osprey

2023

Resource Management

Qiskit @

Serverless

Error
mitigation

Al-enhanced &
quantum

Prototype
demanstrations of
Al-enhanced
circuit transpilation

2024 e 2025 2026 2027

Code assistant @

Functions @ Use case Computation libraries
benchmarking toolkit

Advanced classical @, Advanced classical :‘) Utility mapping tools Circuit libraries
transpilation tools mitigation tools

Plugins Profiling tools Workflow
for HPC accelerators

Nighthawk %) Nighthawk Nighthawk ighthawk Starling

(5K) (7.5K) (10K) ( (100M)

qubits

HPC-Quantum (2)  Advantage %)  Error correction Workflow Fault-tolerant

integration candidates decoder accelerator ISA

Realize an integration Define problem types Demonstrate a Demonstrate a Demonstrate a

of classical HPC and a for advantage in 2026 real-time error workflow accelerator complete instruction

quantum computer at correction decoder that set i

utility scale execution for a known including magic state
workflow istillation for FTQC

Kookaburra Cockatoo

Flamingo

& completed
&) Ontarget

1tum memory

Crossbill

Demo
m-couple

IBM Quantum
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2024 @

Demonstrated
accurate execution

of a quantum circuit at
a scale beyond exact
classical simulation (5K
gates on 156 qubits)

Code assistant .

Functions .

Advanced classical .
transpilation tools

Plugins .

for HPC

200K CLOPS

Heron
(5K)

Error mitigation

5K gates | 133 qubits

IBM Roadmap

2025

Deliver quantum + HPC
tools that will leverage
Nighthawk, a new
higher-connectivity
quantum processor
able to execute more
complex circuits

Advanced classical @
mitigation tools

C APL

Utility-scale
dynamic circuits

Nighthawk %)
(5K)

5K gates | 120 qubits

2026

Enable the first
examples of quantum
advantage using a
quantum computer
with HPC

Use case

benchmarking toolkit

Utility mapping tools

Profiling tools

Nighthawk
(7.5K)

Error mitigation

7.5K gates | 120 qubits
Up to 120x3 = 360 qubits

2027

Improve quantum
circuit quality to
allow 10K gates

Computation libraries

Nighthawk
(10K)

Error mitigation

10K gates | 120 qubits
Up to 120x9 = 1080 qubits

2023

Improve quantum
circuit quality to
allow 15K gates

Workflow
accelerators

Nighthawk
(15K)

Error mitigation

15K gates | 120 qubits
Up to 120x9 = 1080 qubits

2029

Deliver a fault-tolerant
quantum computer
with the ability to

run 100M gates on
200 logical qubits

Circuit libraries

Fault-tolerant ISA

Starling
(100M)

Fault-tolerant

100M gates
200 logical qubits

2033+

Beyond 2033,
quantum computers
will run circuits
comprising a billion
gates on up to
2000 logical qubits,
unlocking the full
power of quantum
computing

Blue Jay
(1B)

Fault-tolerant

1B gates
2000 logical qubits
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Evolution of Number of Qubits
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QC in HPC (High Performance Computing)

IBM Quantum Starling
200 logical qubits
100 million quantum gates

2029

IBM Quantum System Two (4x)
Supports 1000+ physical qubits
15000+ quantum gates

2025
IBM Quantum Blue Jay

2000 logical qubits

1 billion quantum gates
IBM Quantum Data Center -

Poughkeepsie, New York 2033+
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Quantum computing challenges: Decoherence

* Limited timeframe where qubits are useful

—> = = = gatetime = 20-300 ns by 2 qubitgate ¢
TN I * 5 c
0 H - +————— ,ﬁ;a 0 "l g%
- | I I e S @
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\ 0___ | | |I'. .'I| :x | | I | 'h-?x \ 1 -'I ‘ E ?
| N = = =N
( 0 H -ttt A~ 0 ¥ 3
0 '(. .}' o L ¢ 1 | | >50q gate cycles E 2
N ‘ ' including some two S S
f 1 -"'.:' i 1 . E E’
0 H ~F—3) qubit gates g 3
0 X S— =0 , without QEC (*) %
- :Z,'M :::: : | o _E
' 0 .-I J( 2 ,-'_-"‘;i { 1 I ‘E -
-, / R c 3
reset initialization processing readout : % i‘L-:
| ! c 8
' | =200 ps (*) c

| qubits coherence time
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Quantum computing challenges: Error Correction

when

qubit operations when errors are generated

what

computational effects of errors on qubits

I >
initialization 1 qubit gate

10)

error created while
applying a single

qubit initialization,
preparation or reset

does not create a qubit gate
perfect |0)
flip phase
10) 10}

||) I1)

SPAM errors <

4

2 qubit gate

D

CNOT

idle qubit

error created while error created

applying a two while doing
qubit gate nothing
depolarizing

|0}

1)

amplitude error,
moving the qubit
toward |0)

phase error,
changing the phase
of the qubit

qubit progressively turning
into a mixed state, a maximally
mixed state corresponding to
an erasure error

|

readout
b
_)'
e

error while reading
out the qubit

state, impacts QEC
and final results

leakage

= — ¥ ] w & w

qubit getting out of its
two level basis states
(e.g., with
superconducting qubits)

Causes:

= Control

= (Calibration

= Material defects

= Cosmicrays

= Multiple interactions

= Thermal noise

= Electromagnetic noise
= Photon los
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Expected QC Applications

Industries

@)
b T_ele;:orr; : Aerospace
ptimized networ :
: I Materials development
4 ® Retail Consumer products ®
Dynamic pricing Unique marketing

offers

@ ~ Tavel ; fi g Lifs sciences @
Optimized ltineraries Drug discovery
Probioe types
Utllltles' _ Optimization Machine | Financial sgrwces q
Power transmission o learning Portfolio
) Iraining ' management
_ Healthcare Government
@ ?fo ;niz eftf Air traffic control
reatmen
Oil and gas/mining Transportation
O Exploration Optimized routes ®
' Higgins & Sutor, 2018
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D
Expected QC Applications

High ESIT Illustrative Racing Team

Chemistry
. Pharma Compound selection o
U Drug design Racing Team
Build superior QC network

Launch new offerings

HOW TO PLAY

- High-tech and cross-industry | PSP
= Machine learning and Al

Finance
! Pricing & risk Riders

optimization Engage with QC ecosystem
Lead own effort

Industrial goods and energy

Vinterinl erimnee T e PP PR PR
Material science

BUSINESS VALUE
(of applications)

Followers
Participate in QC networks
Gain experience

Cross-industry

Highly Al-efficient processes

-------------------------------------------------

Observers
Monitor QC ecosystem

. Analyze business potential
low EOLEEREES Riders Y P

Longer EXPECTED TIMING OF QUANTUM ADVANTAGE Shorter

(for applications)

Sources: BCG analysis. 33



Quantum Supremacy?
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NISQ (Noisy Intermediate-Scale Quantum)

FTQC (Fault-Tolerant Quantum Computing) * ="

———————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————

i NISQ topological FTQC condensed Shor 2048  complex |
! data analysis matter pricing integer chemical |
i (TDA) simulation derivatives factoring simulations |
| VQE, QAOA, N l l i
i QML l |
: \‘:\\ 1 TeraQuop ENIAC, l
| Future l QC Transistors |
| Hardware .\ Application / \ :
| Today (speculation) “*::anult—Tolcrance and Error Correction Needs |
B = - — | | | | | I | —t—
1 2 3 4 5 6 "\ -7 8 9 10 -11 -12 -14 -15 -16 28
77T Quantum operations error probabilities (logyg) T T e
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f Quantum Computers for Specialized Broadly Useful Quantum
NISQ quantum Applications and Limited Applicability Computers: general purpose,
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Quantum Advantage (expected by 20267?)

Quantum computers

Quantum advantage : wi T
with error mitigation
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O Fau lt—tole rant T ——— mn_m.ﬁ—nw‘vmw.m-inmﬂnémm‘a :
U Accepted: 18 April 2023
c qguantum computers o o it
o Elehecbterspaner his — offault-tol - whichis
k E E:n;%m - sy 127-gubit
=2 i ; -
E of ofexscrly
m :n?[ed ::S]: . res,
syt ; T R e 7 gt
TR M e R
: e ’::ﬂﬂ‘ . ”'.: ‘_ : A - N . .* ""’ql_‘
: e -
[ A : g
: by ith assock it "='Jl§llza'*‘1x«‘ w

Circuit complexity U
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D
Target Problems for QC

fEXPTIME: classically solvable in exponential time E
Unrestricted chess on an nxn board

/PSPACE: classically solvable in polynomial space h

Restricted chess on an nxn board

(' N\

QMA: quantumly verifiable in polynomial time

NP: classically verifiable in polynomial time Useful
) algorithm
NP-Complete: hardest problems in NP
Traveling salesman problem
J
N
P: classically solvable in polynomial time
Testing whether a number is prime Shor’s factoring,
b )
Integer factorization C.;rover s search, HHL's
linear system solver,....
BQP: quantumly solvable in polynomial time ) QML?

QMA-Complete: hardest problems in QMA
Quantum Hamiltonian ground state problem

\ g
& Bha#l—et—al—(m
¢ 37




Predicted #Qubits for Quantum Advantage

# qubits —

# qubits —

1 ® Realised
Road map

2018

2020

2022

2024
Year —

2026

Qubit growth estimates, according to Moore's Law
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R&D Policies

Strategic
Research
Agenda

NATIONAL STRATEGIC
OVERVIEW FOR QUANTUM
INFORMATION SCIENCE

Product of the

SUBCOMMITTEE ON QU 1 INFORMATION SCIENCE

COMMITTEE ON SCIENCE
of

NATIONAL SCIENCE & TECHNOLOGY COUNCIL

O

SEPTEMBER 2018

.)
QUANTUM

® TECHNOLOGIES

National strategy for
guantum technologies

A NEW ERA FOR THE UK

CIFAR, 2021
. Countries with coordinated . Countries without national . Countries without significant NATIONALE
national guanturm strategy strategy, but with significant initiatives but are participants G E N DA
government or government- in internaticnal guantum ‘o] NTI
'. Quantum strategy endorsed initiatives partnerships

in development




Public Investment

(O QURECA

WE SPEAK QUANTUM

Denmark
259 B DKK = USD 448 1

India
60 B INR = USD: 720 M

74 ""L M_h = |

05T BKRW = USD 2146

T ¢ A
o %
- v

Philippines
858 M PHP = USD 155 M

“ ST
>

Global effort 2025 |
USD 56.7 B ot S snosoe

(Estimate) - Thoteng i~

S— A5 TS MNAD = USE 29 M
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Agenda

Quantum Computing

Quantum Computing Applications
* Quantum Software & Quantum Software Engineering

* QOur Research Journey

Conclusions

Scan for slides
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Quantum Software works with
Probability and Uncertainty
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How to work with qubits?
initialization Hadamard gate other gates measurement

measurementreturns
|0) with a probability
o? dependingon the
¥ qubitstate, then qubit
state becomes|0)

11
qubit vector turningaround

|0) + |1) in Bloch Sphere

\/E 2 and 3 qubit gates will
conditionally link qubits

11

measurementreturns
|1) with a probability
B? dependingon the
¥ qubitstate, then qubit
state becomes|1)

superpositionof0 and 1

l J
|

during computing, the process is rather analog

(cc) Olivier Ezratty, 2021
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How to work with qubits?

classical logic gates

boolean algebra on 1 or 2 bits

NOT NAND NOR AND OR
Fit
o D D D D
B B B B
a
=] X A B | X &l B X A B X Al B | X
3 o] ool oo olofao ofofo
i 1 { i 111 0 1 (1] [1] 1 1] a 1 1
e
= | 1 1a]1 1|0 1] 0 i} 1| 0 1
'L-" 11110 11110 L | 111011

2

;

[ce) Qlivier Ezratty, february 2021

uitary matrixes

quantum gates

matrix based unitary transformations

— x (S
rotation X
NOT

DY

CNOT

_Y'_

rotation Y

C2ZNOT
Toffoli

_Z_

rotation Z

1

SWAP

[ H I
superposition
Hadamard

Fredkin

conditional SWAP
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B
How to work with qubits?

Untitled circuit File Edit View Visualizations seed 3392 o Setup and run &
Operations ] ¢ o Leftalignment v  Inspect (P
Search a— | B8 qrel

LT
AEEEE
EEEEE
mEEEE -

0l0)0]0,

Probabilities @ : Q-sphere £ @
100 [ He]
__ B0
£
o= Bl - -
=
2
E 40
=
o
20 - S
0 13 o
S FSiSSSF88s8s53
R - - S~ S - -~ - - dmiz

B State || Phase angle
Computational basis states
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Quantum Circuits & Quantum Programming Languages

qlo]

msgl

registerl

I
I
o
Y

H ~

10
A 4

OPENQASM 2.0;
include "qelibl.inc";

qreg ql[3];
creg msgll];
creg register[1];

h ql1];

cx ql[11,q[2];

barrier q[1],q[0],q[2];
cx qlO0],ql1];

h q[0];

measure q[0] -> msg[0];
cz ql[0],ql[2];

measure q[l] -> register[0];

cx ql1],ql[2];

from giskit import QuantumRegister, ClassicalRegister,

QuantumCircuit

from numpy import pi

qreg_q =

QuantumRegister (3, 'q')

creg_msg = ClassicalRegister(1l, 'msg')
creg_register = ClassicalRegister(l, 'register')

circuit

circuit.
circuit.
circuit.
circuit.
circuit.
circuit.
circuit.
circuit.
circuit.

= QuantumCircuit(qreg_q, creg_msg, creg_register)

h(qreg_ql[1])

cx(qreg_qll], qreg_ql2])
barrier(qreg_ql[l], qreg_ql[0], qreg_ql[2])
cx(qreg_ql0O], qreg_qll])

h(qreg_ql[0])

measure(qreg_ql[0], creg_msgl[O])
cz(qreg_ql0], qreg_ql[2])
measure(qreg_q[l], creg_register[0])
cx(qreg_ql1l], qreg_ql2])
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Quantum Programming Languages

Year Programming Base Abstraction | Paradigm .
anguage Language Level

1956

1996
2000

2003
2004

2005

2006
2008
2009
2011
2012
2013

2014
2015
2016

2017

2018

2020

Quantum Lambda
Calculi

QcL

qGCL

Ay

Q language
QEC (QPL)
cap

aML

qaPL
QPAlg
LanQ
NDQJava
Cove
QuECT
Scaffold
Chisel-Q
QuaFL
Quipper
Liathl>
Proto-Quipper
QASM
FJQuantum

ProjectQ

qPCF

pyQuil (Quil)
OpenQASM
GASM

Python

FOREST

OWRE

1Qu

Strawberry Fields
Blackbird
QuantumOptics |l
c#

alsl>

Silg

Jaquiil

Lambda calculus

C

Pascal

Lambda calculus
C++

Flowchart

Process calculus
Similar to Haskell
Denotational
Process calculus

C

Java

C#

Java

C(CH)

Scala

Haskell

Haskell

F#

Haskell

Assembly language
Feather-

weight Java
Python

Lambda calculus
Python

Assembly language
Assembly language
Python

Haskell

Coq proof assistant
Idealized Algol
Python

Python

Python

C#

.Net language
Python

Assembly language

High

Low
High
High
High
High
High
High
High
High
Low
High
High
High
Low/High
High
High
High
High
High
Low
High

High
High
High
Low
Low
High
High
High
High
High
High
High
High
High
High
High

Functional

Imperative
Imperative
Functional
Imperative
Functional
Other
Functional
Functional
Other
Imperative
Imperative
Imperative
Other
Imperative
Multiparadigm
Functional
Functional
Eunctional
Functional
Imperative
Imperative

Multiparadigm
Functional
Functional
Imperative
Imperative
Multiparadigm
Other

Other
Imperative
Multiparadigm
Multiparadigm
Imperative
Multiparadigm
Imperative
Imperative
Imperative

Computing Surveys

SBT3 [ g Dreg s e Sl s it
s e B
2

T i e

Manuel A. Serrano, José A. Cruz-Lemus, Ricardo
Pérez-Castillo, Mario Piattini:

Quantum Software Components and Platforms:
Overview and Quality Assessment. ACM Comput.
Surv. 55(8): 164:1-164:31 (2023)

[=] 7y A[w]
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Quantum Software Development Stacks

USER INTERFACE

Program.

Language

QUANTUM APPLICATION

LOGICAL COMPILATION &
OPTIMIZATION

QEC

HW COMPILATION

QUANTUM CLASSICAL
FIRMWARE FIRMWARE
PHYSICAL PHYSICAL

QUBIT BIT

Libraries for
chemistry, ML, etc.

[ .. Optimization
- | Optimizer H libraries ]

A

Problem definition:
cost function, circuit
ansatz, initialization

Quantum
device

Assembly
language

v A

Quantum Quantum
circuit instructions

Quantum Quantum
compiler simulator

Quantum
language

Classical
postprocessing

A

Settings for compiler,
error mitigation, noise model
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Quantum Software Development Stacks

\\

\\ -&‘
Qiskit TensorFlow Azure Leap Amazon InQuanto, \49‘
Runtime Quantumi(TiFQ) Quantum Cloud Forest SDK Braket TKET Cloud Pennyl.ane 0(00 5
o N
Qiskit ReCi D-Wave G Braket Lambeq PennylLane 090 IoN
Algorithms etirq Quantum Hybrid, QBSolv rove Algorithm Lib pytket-extensions QNode 6&((\
- _ N
Qiskit : SDK - Q# Ocean : Amazon Strawberry ©
Terra Cirg SDK pyQuil Braket SDK | U6 SDK Fields

OpenQASM {Notpublic { QIR {QMASM { Quil

Quantum Device

{Braketh { t|ket) IR

Blackbird

49



Quantum Software Engineering (QSE)

=
Quantum Software Quantum Software Engineering Quantum Software Applications Quantum Software Execution
Engineering
H C'lem_stry %
Quantum Softw m Finance
- Development
Quantum Programming @ — o
Quantum Software executed L J
J Requirements Engineering A 5 PR of =I_=_-_ - M :Illll:
- ' - .'5'@\‘-——"—"‘ I Jo¢F
= = 1= -
l Quantum Software Testing {@} - o LILILILAL
Quantum comPUter Applications SMERLUNEEEDGE alis Quantum Computers/
. . maea] Simulators
Science: Algorithms ﬁ%ﬁ
debugs/
Quantum Software Modeling A y
— W

Aquk_ul ture

Quantum Computers: Quantum Software Heal fenre
Technology

Debugging/Repair

* Understanding both low and high-level algorithms

Quantum Mechanics: )
Physics * Know-how about the way these algorithms can be assembled

and coupled with classical algorithms

* How to find the ways to translate “business problems” into these

algorithms.
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The Talavera Manifesto
for Quantum Soft. Eng. and Programming (2020)

International Workshop
on the QuANtum SoftWare Engineering
& pRogramming

QANSWER

11-12 Febru
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The Talavera Manifesto for Quantum Soft. Eng. and
Programming (2020)

Principles

QSE is agnostic regarding quantum prog. languages and technologies
QSE embraces the coexistence of classical and quantum computing
QSE allows the management of quantum software development projects
QSE deals with the evolution of quantum software

QSE attempts to deliver qguantum programs with desirable zero defects
QSE is concerned about the quality of quantum software

QSE is in favour of quantum software reuse

QSE is aware of the need for security and privacy by design

© ©® N O Ok~ b=

QSE covers the governance and management of software
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QSE Roadmap and Challenges

ACM Transactions en

Software Engineering
and Methodology

===  Quantum Software Engineering: Roadmap and Challenges

Ahead

JUAN MANUEL MURILLO, JOSE GARCIA-ALONSO, and ENRIQUE MOGUEL, University
of Extremadura, Caceres, Spain

JOHANNA BARZEN and FRANK LEYMANN, University of Stuttgart, Stuttgart, Germany
SHAUKAT AL, simula Research Laboratory, Oslo, Norway and Computer Science, Oslo Metropolitan
University. Oslo, Norway

TAO Y UE, Computer Science and Engineering, Beihang University, Beijing. China

PAOLO ARCAINI, National Institute of Informatics, Chiyoda-ku, Japan

RICARDO PEREZ-CASTILLO, Faculty of Social Sciences and Information Technologies, University of
Castilla-La Mancha, Talavera de la Reina, Spain

IGNACIO GARCIA-RODRIGUEZ DE GUZMAN, Institute of Technologies and Information
Systems, University of Castilla-La Mancha, Ciudad Real, Spain

MARIO PIATTINI, University of Castilla-La Mancha, Ciudad Real, Spain

ANTONIO RUIZ-CORTES, Computer Languages and Systems. University of Seville, Seville, Spain
ANTONIO BROGI, Department of Computer Science, University of Pisa, Pisa, Italy

JIANJUN ZHAOQ, Faculty of Information Science and Electrical Engineering, Kyushu University, Fukuoka,
Japan

ANDRIY MIRANSKY'Y, Toronto Metropolitan University, Toronto, Ontario, Canada

MANUEL WIMMER, Johannes Kepler University Linz, Linz, Austria




Research Interest on QSE

250

B Google Scholar

W Scopus

200

o o
LN o
i L

3UNO0d suonedljgqnd

o
LN

Publication year

Murillo et al., 2025
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Challenges on QSE

Quantum Software Testing

Ch-ST-1. Efficient test oracles.

Ch-ST-2. Test scalability.

Ch-ST-3. From simulators to real quantum computers.
Ch-ST-4. (Quantum) Al and (quantum) software testing.

Quantum Service Oriented Computing

Ch-SoC-1. Interoperability.

Ch-SoC-2. Platform independence.

Ch-SoC-3. Demand and capacity management.
Ch-SoC-4. Workforce training.

Quantum MDE

Ch-MDE-1. Modeling quantum-specific constructs.
Ch-MDE-2. Development of high-level design methodologies.
Ch-MDE-3. Scalable quantum software maintenance and
evolution.

Ch-MDE-4. Intelligent code generation and orchestration.

Quantum Programming Paradigms

Ch-PP-1. Complexity of circuits.
Ch-PP-2. Composable and reusable quantum software.
Ch-PP-3. Abstractions for quantum software.

= Quantum Software Architectures

Ch-SA-1. Architectural decisions in quantum software.
Ch-SA-2. Design patterns for hybrid software systems.
Ch-SA-3. Empirical evidence for the application of
design patterns.

Ch-SA-4. Evolution of hybrid software architectures.

= Quantum Software Development Processes

Ch-DP-1. Iterative development of hybrid software.
Ch-DP-2. Risk management.
Ch-DP-3. Project management.

= Quantum Artificial Intelligence

Ch-Al-1. Quantum circuit optimization.

Ch-Al-2. Developing hybrid Al-quantum workflows.
Ch-Al-3. Error mitigation and correction.

Ch-Al-4. Scalability of Al-assisted quantum software
development.

Murillo et al., 2025
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Challenges on QSE @Alarcos 2 aQuantum’

Research Group Software Engineering
= Quantum Software Testing = Quantum Software Architectures
* Ch-ST-1. Efficient test oracles. * Ch-SA-1. Architectural decisions in quantum software.
* Ch-ST-2. Test scalability. * Ch-SA-2. Design patterns for hybrid software systems.
* Ch-ST-3. From simulators to real quantum computers. * Ch-SA-3. Empirical evidence for the application of
* Ch-ST-4. (Quantum) Al and (quantum) software testing. design patterns.
= Quantum Service Oriented Computing * Ch-SA-4. Evolution of hybrid software architectures.
* Ch-SoC-1. Interoperability. = Quantum Software Development Processes
* Ch-SoC-2. Platform independence. * Ch-DP-1. Iterative development of hybrid software.
* Ch-SoC-3. Demand and capacity management. * Ch-DP-2. Risk management.
¢ Ch-SoC-4. Workforce training. e Ch-DP-3. Project management.
= Quantum MDE ] *= Quantum Artificial Intellig-ence
* Ch-MDE-1. Modeling quantum-specific constructs. * Ch-Al-1. Quantum circuit optimization.
* Ch-MDE-2. Development of high-level designh methodologies ¢ Ch-Al-2. Developing hybrid Al-quantum workflows.
* Ch-MDE-3. Scalable quantum software maintenance and ¢ Ch-Al-3. Error mitigation and correction.
evolution. * Ch-Al-4. Scalability of Al-assisted quantum software
°_Ch-MDE-4. Intelligent code generation and orchestration. [ development. ]

Quantum Programming Paradigms
¢ Ch-PP-1. Complexity of circuits.
* Ch-PP-2. Composable and reusable quantum software.
[ ¢ Ch-PP-3. Abstractions for quantum software. ]

Murillo et al., 2025
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Our Research Journey

* Reverse Engineering of Quantum
Annealing programs to KDM

* Talavera Manifesto

* Quantum Software

Modernization Framework
* Reverse Engineering of

Quantum Software to KDM

58



Classical vs Quantum Software Systems

= Classic Information Systems are still useful for
companies

* Those who have embedded a lot of mission-critical
knowledge

= Quantumfy every business operation, perhaps
for sure, does not make sense.

* High cost and no computational gain for simple
operations

* Both computing paradigms must will operate together.
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Quantum Software by SEI

Research Direction Short Term Mid-term Long-term
Benchmarks for quantum computing X
Large-scale simulation techniques X
Expanded set of quantum algorithms X X
—— Quantum algorithm insights leveraged for X X
T o— classical algorithms
Software Eng ineering Institute Standardized software stack interfaces X X
* . . .
Camegle Me]_l()n Intermediate comparisons: QC and simulators X X
Debugging tools and techniques X X

.lllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll
u . - * =
= Hybrid classical-quantum algorithms X X .
.IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII:
Proven correct libraries X X
Expanded set . . . .
szuantum Debiugglgg Domain-specific languages with greater X X
algorithms tootsll abstraction
techniques
Standardized Hybrid E::giar:':_ Target architecture mapping techniques X X
?;otfth;vfare BEE classical languages VISION
interfaces quan_tuhm Profiling Humans and Al Tools for continuous integration X X
algorithms tools are trustworthy

collaborators that Profilingtools X X
rapidly evolve

systems based on

programmer intent

5.9 Engineering Quantum Computing Software Systems
Research Focus Area 60



Integration in Hybrid Software Systems

&

4 N
Classical and

Quantum Software
must operate together

Classical data V J

Algorithm —

drives & sends
execution requests

Classical
consumes
computes
generates

dynamically generates

parametrizes
Interpreted &
translated into

Quantum

Preparation Manipulation Measurement
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Software Modernization from/to Hybrid Software Systems

ENGINEERING

SOFTWARE i
Automatic

(v o model refactoring

(v

_— o

KDM Repository

fhf

Extende

Pérez-Castillo, R., M.A.
Serrano, and M. Piattini,
Software modernization
to embrace quantum
technology. Advances in

Engineering Software,
2021. 151: p. 102933.

A

Classical
Information System

...............

Programs

-
-----------------

Model
transformatio

a : Quantum code

Code, docs, parser
database,... EEEEN I.
parsers -
[

.......... | TP

! Existing Quantum

Programs

New Quantum

----------------

Expert-based
model refactoring

(>

|
—
UML Models
7 ¢
mm He
Extended- HE .L.
QLow-code
generative
a techniques
. 1

Target Classical-
Quantum System

!

|

- N
/> g :
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Software Modernization from/to Hybrid Software Systems

Software
Quality Automatic

Journal model refactoring Programs

----------------

A

KDM Repository

=
i
. -—E-
|
Extende

A

Q : Quantum code

parser

Model
transformatio

Pérez-Castillo, R., Jiménez-
Navajas, L. & Piattini, M. QRev:
migrating quantum code
towards hybrid information
systems. Software Qual
1(2021)

Code, docs,

Reverse Engineering

database,... EEEEN I.
parsers m
|
g _-._.
Classical i Existing Quantum
Information System | { Programs :

New Quantum

Expert-based
model refactoring

UML Models N
T e
-l-‘l He :
Extended-l_l_l- T—Q
Q Low-code
generative

Q techniques

; Target Classical-
| Quantum System
|

|

~__ N
</> = *
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O
Advantage of KDM Ecosystem

KDM Ecosystem

Silo solutions

Quantum
Model

DB Model

4 )

UML/Quantum Model Common
classical-quantum

artefact repository
J

KDM Model
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Reverse Engineering: Q# to KDM

Q#t file

Q Generator
||

r-*-1 Syntax Tree

* Q# Parser ATR
::E](ﬂ#ﬁm Q# file

operation_declksration

giharp_decioration

| idertifier |

guanium_formal_paremeter s |

guanltum_return_type uwrl:um_u:fr.\;|

IDENTIFIER

| guantum_guiil_ossingment | | gquentinm_body
Gubi_deciorotion block
| statement | quantum_gate_op

HADAMARD

1

o B & I 1 3 (R SR ]

[E1]

10
11
12
13

1

namespace Quantum.dSharplpplicationl

cpen Micreosoft.Quantum.Canomn;
cpen Microsoft.Quantum.Intrinsic;
cperation HelleoQ () : (Result) |
using (var gqubit = Qubit(}){ // ARllocate a gubit.

Message ("Welcoms to the gquantum world!"™);:




Reverse Engineering: Q# to KDM

¥ ckdm: Segment xmlns:xmi="http:// www.omg.org/XMI" xmlns:xsi="http://www.w3.org/2801/XMLSchema-instance” xmlns:action="http://wew.omg.org/spec/KDM/ 2081608281 /action” xmlns:coede="http://www.omg.org/spec/KDM/208168281/code”
xmlns: kdm="http :,-’,-’wmw.om‘g.. org/spec/KDN/28160281/kdm” xmi:version="2.8" name="Stereotype Example":
- u " EmmEEm e

ST EERIEASISAFANLLY Hanes Example” SXtEAsigns SR nn AR nannanAnaannnnnnnnnnangn, qle]l |o)
H <stereotype name="quantum programming language"/> H
»  V<stereotype name="quantum program’> H
. <tag tag="implemented in" type=""/> H af1l o
H </stereotype> H
H <sterectype name="quantum gate" type=""/> H ql2] |0}
H <sterectype name="qubit"/> H
:  <stereotype name="qubit measure” type=""/>  KDM Quantum Extension Family : ql3] |0}
v Ssdansionfanilyy 3

¥model Xsi:type-iode;CodeNodel” name Quantum Full Adderdy TTTRRTTTRRnnnamnnnmaaass

v<codeElement xsi:type="code:LanguageUnit"” stereotype="//@extensionFamily.8/@stereotype.®" name="QASM"> cd
<codeElement wsi:type="code:DefinedType” sterectype="//@extensionFamily.@/fistereotype.3” name="qubit"/»
<codeElement xsi:type="code:DefinedType" stereotype="//@extensionFamily.8/@stereotype.3 //BextensionFamily.@/@stereotype.4” name="measured qubit"/>
</codeElement>
v<codeElement xsi:type="code:CompilationUnit” stereotype="//@extensicnFamily.@/@stereotype.l” name="Full Adder">
<annotation text="This program implements a gquantum full adder"/:»
<taggedvValue xsi:type="kdm:Taggedvalue"” tag="//@extensionFamily.@/@sterectype.l/@tag.0" value="QASM"/>
<entryFlow to="//@model.@/@codeElement.1/@codeElement. 4" from="//fmodel.d/@codeElement.1"/>
<codeElement xsi:type="code:StorableUnit” stereotype="//@extensionFamily.@/@stereotype.3” name="g[@]" type="//@model.@d/@@codeElement.d@/@codeElement.@” ext="" isStat
<codeElement xsi:type="code:StorableUnit™ stereotype="//@extensionFamily.@/@stereotype.3” name="q[1]™ type="//@model.d/@@codeElement.d/@codeElement.8"” ext="" isStat
<codeElement wsi:type="code:StorableUnit” stereotype="//@extensionFamily.@/@stereotype.3” name="q[2]" type="//@model.0d/@codeElement.@/@codeElement.8” ext="" isStat
<codeElement xsi:type="code:StorableUnit™ stereotype="//@extensionFamily.@/@stereotype.3” name="q[3]" type="//@model.d/@@codeElement.d/@codeElement.@8” ext="" isStat
¥<codeElement xsi:type="action:ActionElement” stereotype="//@extensionFamily.8/@stereotype.2” name="hadamard” kind=""»>
<source language="QaSM" snippet="h g[@];"/> ®eu.,,, .
<actionRelation xsi:type="action:Addresses" t0="IJ@modEiﬂBf@tﬂdeElgment.1H@codeElement.B" from="//@model.a/@codeElement . 1/@codeElement. 4"/
<actionRelation xsi:type="action:Flow" tD="ff@hDde1.Gf@codeElement.i?@tddeilemqqg;i” from="//f@model .@/@codeElement.1/@codeElement . 4" />

L

OPENQASM 2.0;
include "gelibl.inc";

gate nGO { param )} g {

B o =

h q;

</codeElement> fres "Eaag, > }
v <codeElemsnt xsi:type="sction:ActionElement” stersotype="//@extensionFamily.@/@stercotype.2” name=" .d."__k_:'l.Pd=""> . .
<source language="QASM" snippet="h Q[1];"/> @uenuna, e, b qreg q[‘i] r

<actionRelation xsi:type="action:Addresses” t0="N@mod’e'l'.ﬁ?@tbdeihmeut,,J.,-;@codeElement.1" 'Fr'om=",n",f@model.@;’@codeElement.I;@Eo'dé'l?l'anem:_. ENh
<actionRelation xsi:type="actiom:Flow" to=";’f@model.Gf@codeElemen‘t.lf.@codeEfe.rrTe'rf't'.'B""frlﬂﬁ'l-—-:f.’@mgggl.Gf@codeElement.lf.@codeElement.Er"f)
</codeElement> Rt raaaaa.,, LTS
v<codeElement xsi:type="action:ActionElement” stereotype="//@extensionFamily.@/@stereotype.2” name="hadamard” kind="

7 creg c[4];
g> h qle];

<source language="QASM" snippet="h g[2];"/> @ uanssnsnusnnnns 1-
<actionRelation xsi:type="action:Addresses" t0="U@model.@f@co&éﬁiérﬁe‘ﬁf.'ﬂ'@'c’ddeﬂtmhtﬁ2"-frina'H,{@mq.d.\z]..ﬂ,/@;p;lg_lf_lgment.1.-’@codeE1ement.6",f> g> h q [1_ r
<actionRelation xsi:type="action:Flow" to="//@model.d/@codeElement.1/@codeElement.7" 'Fr‘om=".-’x'@mode1.Gf@codeElement..l:’-@EaaéEIErﬁéﬁf.'é"ﬂ"'-------...-..-.--..-.-- L 1-
</codeElement> T8 h q [2_ r
v<codeElement xsi:type="action:ActionElement" sterectype="//flextensionFamily.8/f@stereotype.2” name="toffoli" kind=""3> .
{source languageZEQ.ASW snippet="ccx q[e],q[l],q[siff"b 4@?.......---....y...?.......}.q:......-.........................-.......-..-........-........-........-..]_ﬂ_.-y CCX q[B] ,q[j.] ,q[B] r
<actionRelation xsi:type="action:Reads” to="//@model.8/@codeElement.1l/@codeElement.®"” from="//@model.@/@codeElement.1/@codeElement.7" /> » .
<actionRelation xsi:type="action:Reads" to="//@model.8/@codeElement.1/@codeElement.1" from="//{@model.d/@codeElement.1/@codeElement.?"/> "“....----------1-2- Cx g [@] rd [1] r
<actionRelation xsi:type="action:Addresses" to="//@model.d/@codeElement. 1/@codeElement.3" 'Fr'om="f"f@model.@f@codeElement.1f@c_o_d-e‘E‘1ﬂ1ent-i‘*'!5"" [1] [2] [3] .
<actionRelation xsi:type="action:Flow" to="//{@model.8/@codeElement.1/@codeElement.8"” 'Fr'om=".-’fr@model.GK@EQQQEIEWGH‘!!}ﬂgfo'cfe'f:'lement.]""',-’) 13 ccx q Q g r
</codeElement> cewnn PTTTTLLL [1] [2]:
¥<codeElement xsi:type="action:ActionElement” stereotype=",-’.-’@extens_i_o;fﬂr|ii_ly-\0?’@5{5Féotype.2" name="cnot" kind=""> 14 cx q G r
<source language="Q&SM" snippet="cx g[e@],q[1];"/> 4.---------- ) .
<actionRelation xsi:type="action:Reads™ to="//@model.d/@codeElement.l/@codeElement.8"” from="//@model.d/@codeElement.1l/@codeElement.8" /> 15 LR [E)] P [1] r
<actionRelation xsi:type="action:Addresses” to="//@model.d/@codeElement. l/@codeElement.1” from="//@model.@/@codeElement.l/@codeElement. 8"/ - id 0 [2] .
<actionRelation xsi:type="action:Flow" to="//@model.8/@codeElement.1/@codeElement.2"” from="//@model.a/@codeElement.1/@codeElement.8"/> 16 r
</codeElement> 17 mezsure {:[2] -5 0[2],
</model> 18 measure g[3] -» c[3];

</kdm:Segment > 66



Dynamic Analysis for reversing Quantum Annealing Programs

"' Lines for dynamic analysis of dwave functions '''
import sys
from dwave_reverse.DwaveReverse import DwaveReverse
sys.settrace(DwaveReverse.traceit)

Python code

AN

Adding Traces Tracing code Program
Execution

D-Wave Ocean ]
SDK code

Based on the standard
debugging mechanism

‘ a oython’
4 Dynamic Analysis % J

SOFTWARE

Traces

CSV
metrics

KDM

Ocean Samplers
Patterns ‘ discovery generation

Hamiltonian }

- \
Ricardo Pérez-Castillo, Luis Jiménez-Navajas, Mario Expression Hamiltonian KDM

Piattini: Dynamic analysis of quantum annealing Image Expression model
programs. J. Syst. Softw. 201: 111683 (2023)
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Our Research Journey

* Survey on Quantum Software
Components and Platforms

* Reverse Engineering of
OpenQASM3 Quantum Programs

* Talavera Manifesto

* Reverse Engineering of Quantum
Annealing programs to KDM

* UML extension for Quantum
Software

* KDM-to-UML transformation

* Quantum Software

Modernization Framework
* Reverse Engineering of

Quantum Software to KDM
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Software Modernization from/to Hybrid Software Systems

Restructuring

...............
.

Automatic New Quantum
model refactoring Programs i

.
.
.................. m

Expert-based
model refactoring

.................. -
g : ~
KDM Repository m UML Models
. transformatio T ¢
— - d
. -—E: -l-‘l It-O-_L
Extende Extendedy m m Lo
[ |
[ |
Quantum code Low-code
[ |
Code, docs, a - parser Qgenerative
database,... EEEEEE a A )
echniques
parsers -
|
- " E ________ : ._-_:..-..-...-..-.------.-......-E r -------------------- 1
Classical i Existing Quantum : : Target Classical- !

: : I
Information System | : Programs P Quantum System
. L
I

!

|

- N
/> g :

T e T o e T ™ s
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Quantum UML Profile

Business Logic

Presentation

Classical-Quantum Logic |

Form

Controller : <<Quantum Driver>>
L-- > B T §> QuantumDriver :
: |<<Quantum Request>> +quantumAlgorithmReque...
0..*
Busi Entit
HSINeSSEMTRY <<Quantum| Request>>
0.1 " =~ 1 <<Quantum Request>> " oi)timizer Optimizer
QuantumRequest : 0 -method
Persistency . 1= . -tolerance : double
1 .
1 costFunction
BusinessEntityDAO - - —
CostFunction counts contains measurementresults from the circuit
. -counts([] shots number of shots
! -shots :int=1000 |-----
\:/ +getCost() getCost():
DatabaseAgent cost=0 . .
cost += np.abs((counts['00"] if "00" in counts else 0)/ shots - 0.5)
cost +=np.abs((counts["11"]if"11" in counts else 0) / shots - 0.5)
<<Quantum>> Quantum Activity Diagram - Full Adder)

Quantum Logic

1

<<Quantum>>
QuantumController < -

....................................................................................................................................................................

<<Quantum Circuit>>
Full Adder Algorithm

Q <<Controlled <<Controlled <<Controlled
Gat Qubit>> Qubit>> Qubit>>
H c c, c
<<Controlled
Qubit>> Gate>> ubit>>

X

Y jantum

38 >

E

v

X

£ <<Quantum

' i B

<<refine>>| |37 o

§

¥

2

2 “<Quantu

29 ate>:

¥

<<Quantum <<Controlle
bi Qubit>>
c, NOT c
<<Controlle

<<Measure>>

<<Measure>>

<<Qubit>>
a3

-Quantum Quantum
NOT NOT

omputing

Ricardo Pérez-Castillo, Mario
Piattini: Design of classical-
quantum systems with
UML. Computing 104(11):
2375-2403 (2022)
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Restructuring: Quantum UML profile

| 1
| 1 Zz
! | A
| 1
| 1
i ' ! \
I | 1 \
] : : \‘ \‘ \\
| l' I 1 \ \
] I | 1 1 \
] H I v 1 \ \ \
I h 1 ! \ \ \
I ; I 01 \ \ \
I I | 1 \ \ \
I I | 1 A \ N
I I | 1 \‘ r \‘
I | 1 0
1 I ! I 1 \ \ \
T . 1 . | M ® ®,
( . ,’ I l' F<Quantum Circuit>> 1 \ \‘ \\
'l ,’ _ * Tgleportation Algorithm l ‘~ \ N\
I‘—— — -~ ‘\
A H 1 a N Y et Ny \ *
S o 1 I <<Con‘frolled \ [ <<Quantum <<Moasure>> 7 <<Con?rolled S \ \\
S T ] I I Qubit>> \ Gate>> 7 Qubit>> \ 1 \
7 I I ! c \ M c \ \
v ' ——-~v l’ T | 1 T “ \ ‘
2 s S 1 ) ) ) oA o
7 ~ T I T Y ) ) \) =
ﬁ 4 ,', |I l' ', ! ‘I ’, =
= <<Quantumy ,* | <<Controlled \‘ <<Quantum I Il ! 1 K <<Controlled
QO - .
3° Ga:f» I/ Qubit>> \ Gate>> / ! ! i _I,'% Qubit>> \
A 1 TS’ \ ! 1 H : !
L \ <<Quantum ‘\\ <<Quantum H \ <<Quantum !
§ T ‘\\ Gate>> \ Gate>> I/ v Gate>> >@®)
v \ NOT \ |/ X NOT
v N AN e N
S -7 IS P4 N < PR
b b T ~--_”
<<datastore>> <<datastore>>
msg1 register1
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Restructurlng Transformacion KDM a UML

v % Segment TeleportationSample_1609842604000.xml v B <Model> Teleportationsamplej609842604000_me

¥ % Extension Family quantum extension v B2 <Model> TeleportationSample_1609842604000.xml
+ Stereotype quantum programming language v Hl<Interaction> TeleportationSample.qs
+ Stereotype quantum program v &3 < Activity> Teleport
< Stereotype quantum operation = <Activity Partition> register
conforms o conforms 1o + Stereotype quantum gate = <Activity Partition> msg
+ Stereotype qubit = <Activity Partition> target
+ Stereotype qubit measure /" <Control Flow>
+ Stereotype control qubit /" <Control Flow>
+ Stereotype qubit array 7 <Control Flow>

y v 4 Model TeleportationSample_1609842604000.xm| 7 <Control Flow>
MM KDM MM U ML v 4 Compilation Unit TeleportationSample.gs j <Control Flow>
+ Language Unit Q# Common definitions <Control Flow>

A conformsTo A v+ Callable Unit Teleport © <lnitia Node> =~
. . ® < Call Operation Action> Hadamard
4 Signature Teleport_signature

+ Storable Unit reqister # <Accept Event Action> Controlled Not
conforms o comnforms o 9 @ <Send Signal Action> C

4 Element Hadamard .
5 <Accept Event Action> Controlled Not
+ Element Controlled Not ® <Send Signal Action> C

KD M 'tO'U M L * Element Controlled Not # <Call Operation Action> Hadamard

+ Element Hadamard ® <Call Operation Action> Pauli Z

+ Element Pauli Z ® <Activity Final Node>
KD M """""""" L U M L + Element Pauli X (Not) v &9 <Activity> TeleportClassicalMessage
Transformalion v+ Callable Unit TeleportClassicalMessage = <Activity Partition> msg
+ Signature TeleportClassicalMessage_signature = <Activity Partition> target
+ Storable Unit msg /" <Control Flow>
4 Storable Unit target ® <|nitial Node>
Q# element Input KDM Output UML + Element Pauli X (Not) ® <Activity Final Node>
+ Callable Unit TeleportRandomMessage == < Activity> TeleportRandomMessage
Quantum program CompilationUnit Interaction
Quantum operation CallableUnit Activity = —
Qubit declaration StorableUnit ActivityPartition
CallOperationAction/ ¢
Quantum gate ActionElement AcceptEventAction/  § e
SendSignalAction —
Data flow between gates Flow ControlFlow
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Software Modernization from/to Hybrid Software Systems

Automatic New Quantum Expert-based
model refactoring Programs model refactoring
o e e R ‘m\
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KDM Repository m UML Models
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Hybrid code generation from UML

= Model-to-Text transformation with EGL (Eclipse Generation Language)

Extended UML model

Activity diagrams —
(Quantum Circuits)

Class Diagrams —

Model-to-Text transformation

(EGL)

?éPtij ’

Circuit
transformation

Classes
transformation

E—

—

Source Code

Qiskit code

l

Python code
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Hybrid code generation from UML

= Excerpt of EGL transformation for qguantum gates generation in Qiskit

10
11
12
13
14
15

e I T Y S P L T e

16

[*QUANTUM GATES™*]
[$ var initial = getInitialNode();
if(initial == null){

"There 15 no InitialNode".println();

} else|
var actual = initial.outgoings.target.get(0);

1%]

var type = actual.toString().split(’

while (not (type == "org.eclipse.umlZ2.uml.internal.impl.ActivityFinalNodeImpl")) {

var gate = checkGateType(actual):;

if (not (gate == "pass")) {%]
[$=circuitName%] . [%$=gate%]

[%)

actual = nextNode (actual);

type = actual.toString() .split("’

") .get (0).5plit ('@") .get (0);

") .get (0) .split('@") .get (0);

e L L]

Software amll
Systems Modeling

o
Wl
Yode-amed Y|

Luis Jiménez-Navajas, Ricardo
Pérez-Castillo, Mario Piattini.
Code generation for classical
quantum software systems
modeled in UML. Softw. Syst.
Model. 24(3): 795-821 (2025)




Concurrent engineering of
products and processes

Evidence-based review content

Risk-based stakeholder
commitment review points
(proceed, skip phases,
backtrack, or terminate)

Valuation

Foundations

Development,
Foundations,
epETations,
Development,
Foundations

Cumulative level of
understanding, product
and process detail (risk-
driven)

Ricardo Pérez-Castillo, Manuel Angel
Serrano, José A. Cruz-Lemus, Mario Piattini:
Guidelines to use the ICSM for developing
quantum-classical systems. Quantum Inf.
Comput. 24(1&2): 71-88 (2024)

ICSM Life Cycle for Hybrid Software

= |CSM (Incremental Commitment Spiral Model) as a Lifecycle

Exploration Valuation Foundations Development Operations
Commitment Commitment Commitment Commitment Commitment
Review Review Review Review Review ,

©

@

®

0

®

: : : P : PN :
! ! %) ! [T ! C wn !
c ! ! c ! U C R T = !
g 1 C 1 g 1 E g 1 g E g 1
© I 2 I © I em 1S5 8&m |
o 1 © 1 © 1 < © 1 @ < o 1
-~ 1 5 1 c 1 c o c 1
a 1 i 1 3 1 > > 8 = 3 1
x 1 @ 1 o] 1 v o 1 Y 9o 1
i > e v/ 0O OO w
Example A High, but Acceptable Acceptable Acceptable Acceptable
Simple, new classic addressable .
- P . Negligible Negligible /
information system Risk? Risk? Risk? isk? Risk?

Example B

Integration of a new gate-
based quantum module
into a hybrid information
system

High, but
addressable

Acceptable

Ris
Too high,

High, but
unaddressable

addressable

Ej

Acceptable Acceptable

High, but
addressable

Acceptable

Acceptable

N N

Example C
Development of a
guantum annealing

High, but
addressable

Acceptable

=
@

)

k?

/

Neg\|g|b\e/’

Negl\'g\'b;e@;'@

N

Acceptable

Acceptable

e

application TZZ h"gh,b‘ High, but
unaddressable addressable
Example D Acceptable Acceptable

A superior quantum
computing or software
platform service enters
the market

Too high,
unaddressable

Discontinue
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Software Product Lines for Hybrid Software

HQC-SPL

functionality p b quantumAlgorithm ~ L

rogrammingLan
e s integrationMech

. rmiqmim e mP s mem - D N R Ry A PRSPy
-~ o T ‘ . z . b ;
quantum classical faultTolerant  annealing NISQ 2\ guantumLang classicalLang  micro-Ss quantumSOA basicFunct  quality  errorCorrection
A
I
I
| Legend:
Y O N e e N
I 1 | ./ Mandatory
| 1 W .
: -—=> requires O/ Optional
gateBased adiabatic Shor Grover |, VQE QAOA QITE QSDK QASM  Q# python C#
I A or
. ~- - - -ﬂ"'/:’ . - - BXClUdeS
o N -/"’ - 7 ” ( /A\ Alternative
~ ”
ong = » ’ Abstract
= ~ | dWave qiskit cirg B concrete
. S Samuel Sepulveda,
| INFORMATION | Ricardo Pérez-Castillo,

AT Wi Mario Piattini. A software

| SOFTWARE |

| TECHNOLOGY | product line approach
for developing hybrid
software systems. Inf.
Softw. Technol. 178:
107625 (2025)




Software Product Lines for Hybrid Software

§ | ~("There are already )
Applicati - I
E-‘_ s Confi PP |;:.a IOISI del ___'S_?_S_uP:c'(_at_?t., Domain Feature many eX|SFmg FM-
o i ontiguration vViode Model (FM-D) Ds. Domain experts
= ' by Domain (CM-D) can use existing FM
R ® £
=1 =, . I . .
= Bl refines, Ds or define their
5 3 : define - wn on
£ o CM-D & CM-Q ) : oWn ones. _/
oo, ‘ configure Domain
S @ | Constraints <
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( i Configuration
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. = [ I
for hYb”d software 5 | refines; J 0ur proposal ]
systems (FM-H) can = : : = \
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qiff t d . ' Configuration  f[------------ +  Feature Model consider .
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L . Designers
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Design Pattern Detection on Quantum Programs

S [ GitHub Quantum Cod%
: Ingestion

—
repository files !/
MongoDB T Filter False Posnive]

quantum code

SS——————— R >[ Static Analysis ] ____________
quantum code filgs of quantum code
(MongoDB

] [ Reduced QuantumJ< """""""
: Circuit Representatio

: [ Detect Patterns
with QCPD

Compute Code Metric\j
with QMetrics

13462

5004

1616

806

Qiskit QASM

/75800

15320

101

101

30 50
s >[ Compute Aggregate} .......... ﬁ
Statistics

Pattern Usage
Statistics

detected not detected

Oracle pattern '\ /‘ Entanglement pattern

H X
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Design Pattern Detection on Quantum Programs

80

70
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50

40

30
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0

) o |
| _ __//H

.

=)

oz

.

Superposition is the
most frequent pattern

(35%)

Initialization Superposition Oracle

Hm Qiskit mOpenQASM

Entanglement and
Uncompute not
detected

Entanglement Uncompute

No pattern

Cluster plot

2

/‘ Uniform superposition

@

attern
Ilf} h
Ezus) .

~
Hlllll-\
. ~

/‘ Initialization pattern

O:O 275 570 7I.5
Dim1 (49.3%)

Miriam Fernandez-Osuna,
Ricardo Pérez-Castillo, José A.
Cruz-Lemus, Michal Baczyk,
Mario Piattini. Exploring
design patterns in quantum
software: a case study.
Computing 107(5): 111 (2025)

cluster
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Our Research Journey

* Survey on Quantum Software
Components and Platforms

* Reverse Engineering of Quantum « Reverse Engineering of o Soft oroduct Li
Annealing programs to KDM OpenQASMS3 Quantum Programs Quantum Software Product Lines

* Talavera Manifesto

* Quantum Software Design
Patterns

¢ UML extension for Quantum * Hybrid code generation .
* Quantum Software Software from UML models ) Tor ybrid Software
Modernization Framework * KDM-to-UML transformation * |ICSM lifecycle for
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developing hybrid hybrid systems
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GenAl is a game changer?

Qiskit Code Assistant

https://quantum.cloud.ibm.com/docs/
es/guides/qgiskit-code-assistant

GPT-4 Release
(March 2024)

L

UML Profile for
Hybrid Software

omputing

Qiskit HumanEval

Benchmark for Quantum Code
Generative Models (QCE 24)

» GenAl

':QC

Softwareand
Systems Modeling

Deterministic

£ W Code Generation

from UML

Preliminary Hybrid

Code generation based
on M2T rules (QCE 23)
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RAG for hybrid software architecting

Question

-

RAG System h

Knowledge Base

= -

Architectural Code Quantum SW
Decision Patterns Components
Relevant
Search i
Information

-

Smart Retriever

Knowledge selection and

Question + \ ‘ Prompting
customization

Prompting

Template )

Feedback

Augmented
Question

— - - -

Template
Adjusting

LLM as
generator
engine

Answer based on
informed sources
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Dynamic SPL for Self-Adaptation

Monitoring engine

j .................. .

Variability model

Reconfiguration
Engine

= DSPL Integration with MAPE-K

* Integration of Dynamic Software Product Lines (DSPL) with
the MAPE-K feedback loop to support self-adaptation.

= Run-time Variability Model

* Explicit representation of variability at run-time to enable
context-aware reconfiguration.

= Monitoring Engine

* Collects data from the running system and its environment
to detect changes and trigger adaptations.

= Reconfiguration Engine

* Applies adaptation decisions by enacting the selected
system configuration.
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Agenda

Quantum Computing

Quantum Computing Applications

Quantum Software & Quantum Software Engineering

* QOur Research Journey

Conclusions

Scan for slides
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The ‘funny’ discussion

4 classical 4
%ﬂ computer %ﬂ
Q Q
a E =
c B o )
9 what the o
quantum quantum
computer computing >100 | what the
theoretician years user sees
sees
> >
problem size very large problem
A A
g 5
= 5 o what classical
:é_ E g— E computing
S S technologists
are doing
what quantum more
computin years
fewer P _g
technologists
years are trying to do >
problem size larger problem size

Olivier Ezratty, September 2025.
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Quantum Software Engineering Matters

Quantum Research for

Software quantum computers
Engineering

Quantum

Research with Information
quantum computers Scientists
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The Road Ahead for QSE?

-

Service-Oriented Computing (SOC)

e Challenges:

Platform
independence and
interoperability,
demand/capacity
management.

Future Directions:
Standards and APls,
and tools for
quantum and
classical services
integration

Model-Driven Engineering (MDE)

%7
i

e Challenges:

Design of high-level
methodologies for
hybrid systems,
scalability in
quantum software
maintenance, and
code generation.

Future Directions:
Improvement of
code generation and
orchestration of
hybrid systems.

2

e Challenges:
Test scalability,
optimization of test
oracles, and
transition from
simulators to real.

e Future Directions:
Noise reduction
techniques, efficient
oracles, specialized
debugging tools, and
mutation and
metamorphic
testing?

Testing and Debugging
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The Road Ahead for QSE?

(eXoXo}

LI

Programming Paradigms

e Challenges:
Complexity of
quantum circuits
and reuse of

quantum software.

e Future
Directions:
Abstractions and
composition of
quantum
programs.

==

Software Architecture

e Challenges:
Architectural
decisions for
integrating
quantum and
classical systems.

e Future
Directions:
Empirical studies
on design patterns
and architectural
evolutions.

3

Software Development Processes

e Challenges:

lterative
development
models and risk
managementin
hybrid software.

Future
Directions: Agile
methodologies
and DevOps tools
to quantum
environments.
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Unveiling the synergy of Al and QC

Al and Quantum
Computing

Al and quantum computing
enhance each other's
capabilities.

Quantum Resource
Optimization
Al optimizes resource

allocation in hybrid
quantum systems.

Quantum Code
Generation
Al generates and

optimizes quantum
code automatically.

Intelligent Testing
and Debugging
Al improves testing by

detecting error
patterns effectively.

Quantum Circuit
Optimization
Al suggests optimal

configurations for
quantum circuits.

Architectural
Evaluation

Al automates hybrid
architecture assessment
and improvement.

9 Acceleration of Al

Algorithms

Quantum computing
accelerates Al algorithms
significantly.

Quantum Convolutional Neural Network

\

wwnvolwhon po° )

- oem O em o

L

B e

ErEeeo
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A Pﬂnl'.l'rj

L
[ I .

~ " —=..-
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Takeaway #1

Quantum Computing is here and now

This is a today technology more than a tomorrow one

Still, some technical milestones are expected for boosting
Its adoption

Skepticism is a normal and healthy attitude in science
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Takeaway #2

Quantum Software is crucial to get the

quantum advantage
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Takeaway #3

The business information systems will

combine classical and quantum software

Software modernization is needed

94



Takeaway #4

The Quantum Workforce is key

Be ready
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Get the elephant out of the room!
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Please, ask me

THE

AGE

OF
QUANTUM
GOMPUTING
HAS

NOW
ARRIVED

Universidad de
T4 A Y] Castilla~La Mancha

Ricardo Pérez del Castillo

Faculty of Social Sciences &
Information Technologies

Av. Real Fabrica de Seda, s/n
45600 Talavera de la Reina — Spain

ricardo.pdelcastillo@uclm.es
www.linkedin.com/in/ricardo-perez-castillo

@Alarcos ( Giocias Socilesy

Research Group Talavera de la Reina. UCLM
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