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Set of PowerPoint presentations and reference
articles - Sept. 30, 2024

Soubra H., Quantum Software Sizing Workshop, [IWSM-
MENSURA’24, Montreal, Canada September 30 - October 4, 2024.
IBM, What Is Quantum Volume, Anyway?, 2020,
https://medium.com/qiskit/what-is-quantum-volume-anyway-
a4dff801c36f

Khattab, K., Elsayed, H., & Soubra, H. (2022). Functional Size
Measurement Of Quantum Computers Software. In IWSM-Mensura.
Lesterhuis, COSMIC Measurement Manual for ISO 19761,
Measurement of Quantum

Software Circuit Strategy, a circuit-based Measurement Strategy,
2024.

F. Valdes-Souto, H. G. Perez-Gonzalez, and C. A. Perez-Delgado, “Q-
COSMIC: Quantum

Software Metrics Based on COSMIC (ISO/IEC19761),” ArXiv Prepr.
ArXiv240208505, 2024.

Quantum Students’ Club presentation by Simon Roy and Samuel
Richard
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1-  Workshop Agenda

QUANTUM SOFTWARE SIZING (WORKSHOP LEADER: Dr. Hassan Soubra)
13:30-14:00 WHAT IS MEANT BY QUANTUM SOFTWARE SIZING TODAY?

14:00-14:30 CONTRIBUTIONS TO DATE: COSMIC-BASED MEASUREMENT
APPROACHES FOR QUANTUM (SOUBRA, VALDES, LESTERHUIS)

14:30-15:00 QUANTUM STUDENTS’ CLUB: ACHIEVEMENTS AND CHALLENGES
15:00-15:30 COFFEE BREAK

15:30-16:00 DISCUSSION 1: UNRESOLVED ISSUES AND THE IDENTIFICATION
OF ADDITIONAL QUANTUM SOFTWARE REQUIREMENTS AND
REPOSITORIES

16:00-17:30 HANDS ON EXERCISES: SIZING QUANTUM PROGRAMS,
ALGORITHMS, AND REQUIREMENTS

2-  Workshop Summary

Unlike classical software, Quantum software has a number of
characteristics that set it apart from classical software, including for
measurement purposes. Due to the intertwined nature of hardware and
software in quantum computing, research is needed to advance the
quantitative management of quantum software applications development
and evolution.

This workshop on Quantum Software Measurement was led by Dr. Hasan

Soubra and, throughout the workshop, contributors presented overviews of
recent proposals on quantum software measurement approaches,
including an exploratory comparison between measurement methods for
classical software and quantum software.

Those workshop contributors provided valuable insights on applicable
methods for measuring quantum software, including feedback on quantum
use cases presented by the ETS Quantum Students Club. The event
concluded with discussions and exercises.


https://www.iwsm-mensura.org/wp-content/uploads/2024/09/workshop-30-sept.pdf

The workshop presentations sparked several questions and potential
research directions.

3-  Participants

Alain April, Jean-Marc Desharnais, Sylvie Trudel, Alain Abran, Konrad Nadobny, Hassan
Soubra, Donatien Koulla Moulla, Daniel Dutil, Alexandra Lapointe-Boisvert, Lionel Perrot,
Frank Vogelezang, Sion lIsrael Sion, Fouzia Amar, Ling Guo, lannick Gagnon, Lilia
Zaouache, Ernest Mnkandla, Tuna Hacaloglu, Thomas Maketa, Collin Hammond, Pierre
Bourque, Francisco Valdés-Souto

4- Quantum Software Size Measurement
Research Directions

From previous work and discussions within the Al Taskforce, the taskforce is divided into
three sub-research perspectives:

e Quantum Software sizing using COSMIC with case studies

e SLR on quantum measurement by focusing on Quantum volume and other
metrics

e Exploration of Measurement component in Quantum as NFR

Quantum Software Size Measurement

Exploration of

Quantum Software
Sizing using COSMIC
with case studies

SLR on quantum Measurement

measurement componentin

Quantum as NFR

Figure 1 presents these three sub-research perspectives



5-  Major Implications

3.1.Basic concepts of Quantum Computing

Taking as an example the Quantum circuit represented in Figure 2, key quantum-related
concepts were introduced to the participants:

Quantum circuit

A quantum circuit of width wand depth d
— W 1-qubitgate

L
= I 2-qubit gate

measurement

Circuit width

[RRREE

Circuit depth d

Figure 2: A typical quantum circuit’

- Atypical quantum circuit is made of qubits which themselves consist of a set of
guantum gates and measurements.

- Quantum gates are quantum operations and they are equivalent to functionality.
From a measurement perspective they can be considered as functional
processes. Any functionality implemented is based on gates (E.g. Hadamard
gates, CNOT gates etc.)

- Measurementinaquantum circuitis necessary to handle and analyze the impacts
of the probabilistic characteristics of the quantum physics nature of quantum
computing. Measurement for a quantum circuit requires reading the output value
of a line in a quantum circuit and analyzing its ‘fidelity’ to provide the output to be
recorded.

- Circuit width describes the number of qubits (vertical axis)

- Circuitdepth : Across the set of qubits in a circuit, where each may have a distinct
number of gates (e.g. operation) the circuit depth corresponds to the longest path
(e.g. sequence of gates) across all qubits (horizontal axis) -

1 https://uwaterloo.ca/institute-for-quantum-computing/news/quantum-advantage-shallow-circuits



https://uwaterloo.ca/institute-for-quantum-computing/news/quantum-advantage-shallow-circuits

Note: in Figure 2, each qubit is represented with the exact same number of gates and
measurements, while in practice each may vary in terms of number of gates).

3.2.Interconnected Structure of Quantum
Software and Quantum Hardware and its
reflection of size measurement

- Participants highlighted that programming for quantum computers is still at an
emerging stage compared to classical computing.

- Key observations included :

» the absence of an operating system and the use of programming languages
that operate at a level even lower than assembly language.

» quantum programs are typically tailored to specific hardware
configurations, underscoring the specialized and nascent nature of this
field.

» In classical computing, many complexities are handled by the operating
system, but in quantum computing, the absence of an operating system
leaves these challenges to the programmer.

- The fundamental difference lies in the nature of the outcomes:

» inclassical computing, results are deterministic, whereas

» in Al and quantum computing, they are probabilistic.

» While this distinction influences how the results are interpreted and
applied, it does not impact the underlying functionality.

- The concept of measurement in quantum computing is expected to evolve
significantly in the future. As technology advances, current measurement
functionalities will likely become abstracted :

» While measurements will remain integral at the circuit level, they are
anticipated to be embedded within the operating system (OS) or managed
at another architectural layer.

» From a functional perspective, measurements will still occur in the
circuits, but their visibility and direct management will diminish.

- This shift underscores the importance of focusing on the functional aspects of
qubits rather than system-level non-functional requirements.
» Aspects such as error rates and fidelity are expected to be automated and
handled by the OS or embedded directly on the chip.
» These concerns will be addressed by specialists working on system
architecture, freeing quantum application developers from needing to
manage these complexities.



- The key takeaway is that instead of dedicating efforts to measuring error rates or
calculating fidelity—tasks that will eventually become invisible within the
architecture or OS—the focus should shift to segregating the use of results from
the functionality.

» This will enable developers to concentrate on leveraging quantum systems
for their intended applications without being burdened by lower-level
implementation details.

- It was emphasized that in quantum computing, the boundary between software
and hardware is currently blurred. Quantum algorithms/ programs need to be
optimized to run efficiently on specific quantum hardware architectures : such
efficiency is analyzed by calculating quantum physics-related indicators such as:
Quantum Volume, Qubit Connectivity, Q-Score, Gate Fidelity, Error Rates.

» Thus, additional programming is currently required to calculate such
quantum-physics related indicators.

From a measurement perspective, it is proposed that quantum software sizing be
segregated into two distinct perspectives:

A. Sizing of the functional requirements to be implemented in a circuit composed of
gate (e.g., operations): the ‘functional size of the software implementing these
gates.

B. Sizing of the requirements for the quantum-physics related measurement
implemented by software. (Such software functional size is derived the quantum
systems NFR related to the quantum physics and analysed, for example through
Qubit Connectivity, Q-Score, Gate Fidelity, Error Rates.

» The contribution of this COSMIC Task Force can be doing this segregation.

Qiskit Example When a quantum circuit (Figure 3)
observed, it can be constructed an

# Below, we add q1 + g0 and measure the result into classical
2c1

analogy between the data flowing in the

o0 circuit and a UML sequence diagram in
a0 €>—<L #— which data flowing from left to right.

q310) o -

hm
# CNOT with g0 a:
1,2) # CNOT with q1 a
0,1,3) # CCNOT with

<
c_ha.cx(
ic_ha.cex(

Figure 3. An example of quantum circuit along with a Qiskit code?

2 https://medium.com/@harini.hapuarachchi/a-beginners-guide-to-qiskit-1-0-c8e3e854d732



https://medium.com/@harini.hapuarachchi/a-beginners-guide-to-qiskit-1-0-c8e3e854d732

The width and depth of the circuit given in Figure 3 can be computed as follows:
e The width corresponds to the number of qubits, hence it is 4.
e The depth corresponds to the longest path to the given circuit, hence it is 5.

3.3.Quantum Software & Functional Size
Measurement Methods

Recently proposed methods for measuring the functional size of
quantum software were introduced and were discussed.

Three COSMIC Functional Size Measurement based methods, each
proposing measurement at different abstraction levels (Figure 4), were
introduced for quantum software measurement:

- Khattab et al. (2022): Proposes measurements on Qiskit at the
gate level.

- Valdes-Souto et al. (2024): Focuses on quantum use cases.

- Lesterhuis (2024): Presents an approach for measuring
quantum circuits.

Table 4: Comparison of 3 studies on FSM approaches for sizing Quantum Software

Article  Measurement Functional process Data movement types Unit of
Input Data
movement
[5] Qiskit Quantum Gate E: each QUBIT connected via a line CFP
software to a quantum gate; each gate

connected via a line to a Functional
process

X: each line to a Functional process
R: each read from a classical bit

W: each Quantum Measure
identified in this FP

[20] Use-case Use case QE: Quantum Entry QCFP=CFP
diagram with QX: Quantum Exit
Q-UML QR: Quantum Read

QW: Quantum Write

[19] Quantum The actions CFP
circuits performed on qubits-
input and operator

actions of the circuit.

sS®Xm

Figure 4: The 3 COSMIC functional size measurement approaches
for Quantum Software
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Current interpretation of the COSMIC Data Group (DG) concepts in
these 3 studies:

e The data group concept mentioned in Valdes-Souto et al. (2024)
as follows: “A Data Group (DG) is designated as a Quantum Data
Group (QDG) if and only if at least one of its components—such
as an attribute—stores quantum information.”

e Lesterhuis (2024) defines a data group (DG) as “In quantum
computing an SDK (software development kit) conveys a signal
(triggering event) to its quantum program function (functional
user). The latter initiates the data group that is moved by the
triggering Entry of the functional process concerned. The SDK’s
quantum software execution function performs the execution.
Object of interest of the data group is the action (operator) to be
performed.”

e Khattab et al. (2022) defines DG as “Accurate identication of
data group movements in any functional process begins with
correct identification of data groups. A single data group is sent
over a single line, which is assumed a priori.”

When these three definitions are carefully examined, it can be said
that the concept of Data Group (DG) has not yet been clearly defined
in this context and it can be inferred from the available information
that there is not yet a sufficient knowledge regarding data group in
Quantum Software Size Measurement.

e Data group in quantum, is not one attribute, instead, it has
‘dimensions’.

e Data group appears to be matrices having at least two
dimensions: it is a set of vectors that need to be handled
concurrently.

11



3.4.Issues raised regarding the concept of
Quantum Volume (QV)

Quantum Volume (QV) is largely referred to in the quantum computing
literature, but it has been defined or utilized differently in the
academic and gray literature — see Figure 5.

Quantum Volume: Quantifies the number of usable qubits on a quantum computer.
Effective Quantum A quantum circuit of width w and depth d
Incorporates error mitigation techniques to enhance quantum volume.
Volume: »f —
— W 1-qubi
Qubit Connectivity: | Influences the efficiency and scalability of quantum software applications. I - ——1 T ——t
% 5= = 2-qubi
Functional Size N 3 88— a8 -
Measures the functional size of quantum software, incorporating quantum data-movements. 2
Measurement: = —
L 3 — measul
Basic Quantum Size | |\ . etrics such as Code Size, Design Size, and Specifcation Size S wis  -I—E—E—8—8—8 —8—8—=
Metrics: —i——a—a—8 —i—a—8
O P "y qubit w1 —
Metrics:
Q"al'tgo':eﬂvb"d Evaluates the quality of hybrid quantum-classical code, focusing on maintainability. Circuit depth d
QPU Metrics: Key performance metrics for quantum processing units (QPUs), such as Q-score Max-Clique and circy
X res types of errors in quantum software, including Program anomaly bugs, Configuration bugs
Error Rates: type and structure bugs.
E"'aE':f;er:e"‘ Impacts quantum software performance, requiring management for reliability and security.
D ion of q | 64
Quantum Volume S g
computing system

IBM Quantum

E A ®

Measures qubit count and QV=29, where d is the Higher QV indicates better
circuit depth. circuit depth. quantum hardware.

Montreal, 27 Qubits, QV64, Falcon r4

Quantum Volume

A diagram of the 27 qubit “Montreal” chip on which quantum volume
was demonstrated, showing how its qubits are arranged. Each spot
represents a qubit.

sssss 204 https://arxiv.org/abs/2008.08571

QV Question 1 * The Quantum Volume is calculated as QV=2"
where n is both the number of qubits and thg¢

If a quantum computer successfully runs a circuit depth, assuming they are equal.
quantum circuit with 6 qubits and a circuit * For this quantum computer, the QV is 276 5
depth of 6, what is its Quantum Volume? Explain 64.

how QV is calculated. * This means the system can handle quantun

circuits of moderate complexity, balancing
qubit count with gate fidelity and error rate

Figure 5: Various defintions of Quantum Volume

One of the contribution of the workshop is the recognition of the
variety of authors’ definitions and interpretations related Quantum
Volume concept in the academic and gray literature.
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The IBM team (2020) developed the Quantum Volume number while
investigating the difference between the transistor count of classical
computers and the qubit count of quantum computers. According to
IBM (2020) “The Quantum Volume protocol tests how well a quantum
computer can run a circuit consisting of random two-qubit gates
actingin parallel on a subset of the device’s qubits. These circuits have
awidth, meaning how many qubits are involved, and a depth, meaning
the number of discrete time steps during which the circuit can run
gates before the qubits decohere.”

They explain how to calculate Quantum Volume concept as follows:
“Let’s say that you have a 27-qubit quantum computer.

- You set up arandom two-qubit circuit of depth two, run it lots of
times, and the test succeeds — it outputs heavy strings® with
greater than two-thirds probability and with a confidence
interval greater than 97.725%.

- Yourepeat with :

= three qubits at depth three,
= four qubits at depth four,

= five qubits at depth five, and
= six qubits at depth six, and

- the test still works.

If you move up to seven qubits with a circuit of depth seven and the

test fails, then the Quantum Volume is 2°, or 64.”
From this IBM example and calculation Quantum Volume :

e |s a single number (therefore, this is a ‘base number’) and there is no
definition of what the ‘entity’ is being sized
o Quantum volume is defined as 29, then d is the maximum
number of usable qubit, but they don’t consider the size of each
qubit.
o Inthe formula (which is 2% where 2 is not an entity by itself. It is
not clear why the number 2 is utilized.

3 Heavy string : note precisely defined in IBM document
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o The formula itself is one dimensional, but it is (incorrectly?)
interpreted as multidimensional.

e A measurement unit has not been assigned to this number!

e Thereis no definition of what is the ‘attribute’ being represented by the
number obtained: there is a description of a target achieved (test
succeeds — it outputs heavy strings* with greater than two-thirds
probability and with a confidence interval greater than 97.725%) and
the context of this achievement (largest number of qubits with same
number of °depth) where such largest single number become an
exponent of base 2, which calculation provided a ‘quantity’ referred to
as ‘volume’ without the description-definition of what a ‘volume
corresponds to.

e |t is not a combination of other numbers (it is neither a ‘derived’
number composed of other numbers).

e Claims that QV is ‘holistic’ are not supported by any rationale or
documented evidence.

3.5.ETS Quantum Student Club Presentation

Two representatives of the ETS Quantum Student Club shared their
experiences with two use cases representing creative and effective
application scenarios for quantum computing.

Use Case 1: Cleaning the Ocean with Quantum Computing

o The Quantum Student Club presented a solution proposal for using
quantum computing to help reduce ocean pollution.

Use Case 2: Developing a PennyLane Plugin for the ETS MonarQ Quantum
Computer Integration

4 Heavy string : note precisely defined in IBM document
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o The club described their process of developing a plugin for PennylLane
that provides an interface with the MonarQ platform (the quantum
computer on ETS campus).

« The student club shared detailed insights into the technical
development details and the practical skills they gained during the
plugin development process.

The Quantum Student Club’s experiences with these two diverse projects
offered insights into the application potential of quantum technologies
across various fields.

4. Action ltems

The action items are given in Figure 6.

Quantum Software Size Measurement

SLR on quantum Exploration of

Quantum Software
Sizing using COSMIC
with case studies

Measurement
measurement

componentin
Quantum as NFR

A systematic mapping study of

size measurement in Quantum * By focusing on Quantum volume

Software will be conducted. and Other metrics e  Error and fidelity
Circuit-based approach by concepts within the
Lesterhuis (2024) is being scope of

reviewed by COSMIC Group.
Approaches by Khattab et al.
(2022) and Valdes-Souto et al.
(2024) will be reviewed by i
COSMIC Group. requirements
Additional cases studies will be

measurement and
their definition as
non-functional

conducted.

Consolidation of the three
approaches will be done.
Analysis of past Quantum
student club challenges from
the functional requirements
perspective will be done.

Figure 6: QuantumSoftware Sizing sub-research categories and corresponding action items
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