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Quantum
Bit (Qubit)

L |

Classical bit

10>

1>

Quantum bit

A quantum bit (qubit) similar to a bit is the
fundamental unit of quantum information

A qubit can exist in multiple states (0 and 1)
simultaneously, unlike classical bits which
are either 0 or 1. This is known as
superposition

Measuring a qubit in superposition, collapses
its state and we always get either 0 or 1 with
certain probabilities

We can still however manipulate this state by
using quantum gates



Quantum
Bit (Qubit)
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Classical bit

10>

1>

Quantum bit

Mathematically, we describe a qubit’s state using two
numbers (called probability amplitudes), often
written as a and b. These numbers are complex
(involving imaginary numbers) and represent how
much the qubit is "leaning" toward 0 or 1.

[4) = al0) + b[1)

The probability of measuring the qubit as 0 is al?
and the probability of measuring it as 1 is b2

In simpler terms:
« A qubit is like a blend of 0 and 1, and a and b tell
you how "strong" each part of the blend is.
« When you measure the qubit, it "collapses" to
either 0 or 1, with probabilities determined by
a]* and jpj?



Circuit width

Quantum @ We can chain these gates together to form

quantum circuits which along with
o o measurements can be used to describe
CI rcu It quantum algorithms such as Shor's algorithm
for factoring or Grover's algorithm for

unstructured search

A quantum circuit of width wand depth d

— ® - Circuit width describes the number of
i W o B qubits (vertical axis)
s EZIFHH I 2o  Circuit depth corresponds to the longest

qubit 7 B measurement

el I~ e~ T - I path (e.g. sequence of gates) across all

-—8—8—8 88 —8 8885

L gt qubits (horizontal axis)

J

Circuit depth d

@ From a software size measurement
perspective, quantum circuits can be
considered as functional processes and
quantum gates as equivalent to functionality
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The fundamental difference between quantum & classical
computing stems from the nature of their outcomes

® inclassical ® inquantum
computing computing
results are results are

deterministic probabilistic
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State of
Quantum
Programming

Programming

Programming require an understanding of
quantum mechanics and quantum gates.

Hardware-specific

Quantum programs are hardware-specific,

unlike the generality seen in classical
systems.

Operating System

Quantum operating systems are still

largely in the early stages of development,

primarily confined to academic research
and experimental projects conducted by
technology companies.
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Key observations

@ Classical computing

Many complexities are handled
by the operating system

Quantum computing

The absence of an operating
system leaves these challenges to
the programmer.

Quantum programs are tailored
to specific hardware
configurations, underscoring the
specialized & emerging nature of
this field.
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Key observations

@ Blurred Software-Hardware

Boundary

Quantum software must currently be
optimized for specific hardware, requiring
programmers to analyze quantum-physics-
related metrics such as:

o Quantum Volume,

o Qubit Connectivity,

o Q-Score,

o GateFidelity, and

o Error Rates.

Quantum software sizing should be
divided into two levels

Functional requirements: Gates &
operations in the circuit.

Non-functional requirements: Quantum-
physics-related ‘measurements’ (e.g,, Qubit

Connectivity, Error Rates).

The COSMIC Task Force could contribute to
standardizing this segregation.
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Key observations

@® Current ‘measurements’ will be
abstracted

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

Importance of focusing on the
functional aspects of qubits rather
than system-level non-functional
requirements

Eventually, tasks like error rates and fidelity
calculations will be automated, handled by
system specialists, freeing developers to
focus on application development.

16



Key Observations

. Analogies & Metrics :::Lc;»:iwe add q1 + q0 and measure the result into classical

# The other qubits, g2 and q3 are only there to help

A quantum circuit can be compared to a # Make o rult with 4 QU and 2 lssicl b
UML sequence diagram, with data flowing  eosempustopertoma tsao-11 Ok > |

qc_ha.x(0)
qc_ha.x(1) q: |0) -. g

from left to right.

qc_ha.barrier()

g |0)
# Code the algorithm
. . . qc_ha.cx(0,2) # CNOT with qO as control and q2 as target g3 |0) e .
CI rc u |t m etrl CS qc_ha.cx(1,2) # CNOT with q1 as control and g2 as target [
. qc_ha.cex(0,1,3) # CCNOT with g0, g1 as controls and q3 as 2 o ﬂ 1
target cO

«Width: Number of qubits (e.g,, 4). I
*Depth: Longest path in the circuit (e.g, W extract outputs

qc_ha.measure(2,0) # Measure qubit 2 into classical bit 0
5) qc_ha.measure(3,1) # Measure qubit 3 into classical bit 1

# initial_state=True displays (doesn't set) the left-most values

of qubits
qc_ha.draw(output = ‘mpl’, initial_state=True)
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Overview of Proposed Methods

Recently proposed methods for measuring the functional size of quantum software were

discussed, introducing 3 COSMIC Functional Size Measurement-based approaches at different
abstraction levels:

o o o
2022 2024 2024
Khattab et al. measures Valdes-Souto et al. Lesterhuis proposes
guantum software at focuses on functional measurement for.
the gate level using size measurement for guantum circuits
Qiskit. quantum use cases.
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COSMIC based FSM approaches

. iskit

oK. Khattab, H. Elsayed, and H. Soubra, “Functional Size Measurement Of Quantum
Computers Software.,” presented at the IWSM-Mensura, 2022

Q-COSMIC

oF. 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.

B (ircuit strategy

oA. Lesterhuis, COSMIC Measurement Manual for ISO 19761, Measurement of Quantum
Software Circuit Strategy, a circuit-based Measurement Strategy, 2024.
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COSMIC based FSM approaches

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

K. Khattab, H. Elsayed, and H.

Soubra (2022)

Article  Measurement Functional process Data movement types Unit of
Input Data
movement
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

Valdes-Souto, H. G. Perez-
Gonzalez, and C. A. Perez-
Delgado (2024)

A. Lesterhuis (2024)

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

W: each Quantum Measure
identified in this FP

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

QW: Quantum Write

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

actions of the circuit.

E:UXrn
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Qiskit Example

# Below, we add g1 + g0 and measure the result into
classical bits c2c1
# The other qubits, g2 and g3 are only there to help

# Make a circuit with 4 qubits and 2 classical bits
gc_ha=QuantumCircuit(4,2)

#encode inputsto perfformq_1+q_0=1+1
gc_hax(0
gc_hax(1

gc_ha.barrier()

# Code the algorithm

qc_ha.cx§0,2; # CNOT with g0 as control and g2 as targe
gc_ha.cx(1,2) # CNOT with g1 as control and g2 as targe
gc_ha.ccx(0,1,3) # CCNOT with g0, g1 as controls and q.
as target

gc_ha.barrier()

# extract outputs
gc_ha.measu reEZ,Og # Measure qubit 2 into classical bit 0
gc_ha.measure(3,1) # Measure qubit 3 into classical bit 1

#initial_state=True displays (doesn't set) the left-most
values of qubits
gc_ha.draw(output ="'mpl’, initial_state=True)




QISKIT / COSMIC Mapping & Data

Movements Rules

COsMIC Rule _—
Rule description
element number
Functional Identify 1 functional process
process 1 (quantum gates) for each
(FP) subsystem
Identify 1 boundary between
Boundary 2 two functional processes
interacting with each other
Identify 1 boundary between
Boundary 3 fany extgrnal §ubsystem
interacting with the
subsystem to be measured

COSMIC Rule _—

Rule description
element number
Data group 4 Identify a 1E data movement for each
movements gate connected via a line to QUBIT

Identify a 1E data movement for each
Data group . .

5 gate connected via a line to

movements )

Functional process
Data group 6 Identify 1X for each line to a
movements functional process
Data erou Identify a 1W data movement for

group 7 each measure identified in this

movements .

functional process
Data group 8 Identify a 1R data movement for
movements each read from classical bit

23



Circuit Strategy Approach

L e T ST T )

Given is a function f: {0,1}" — {0, 1} that can be evaluated but is a black box. Also given
is that the function f is either balanced (exactly half of the inputs go to 0 and the other
half go to 1) or constant (all the inputs go to 0 or all the inputs go to 1). Determine if the
function is balanced or constant.

A circuit of the Deutsch-Jozsa Algorithm is as follows:

[0> /n o /n /n /n Q
|1> U'
24
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Functional process Input, 4 CFP
E

w

E

W

Functional process H&", 3 CFP
E He"-ID

R

w

Functional process H, 3 CFP

E H-ID

R

W

Functional process Uy, 4 CFP
E Us-ID

R

R

w

Functional process Outcome, 3 CFP

E Measurement device-ID
R

w

Total 17 CFP.
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Q-COSMIC

X: Quantum State Preparation

E |

>

Functional User .
Classical Layer

L

X

Quantum Layer

W R

( Storage (

\ Quantum
\ Storage
\

Data Movement (DM) Type in COSMIC

Quantum Data Movement (QDM) Type in Q-COSMIC

Entry (E): data movement that moves a classic data group
from a functional user across the boundary into the func-
tional process where it is required.

QEntry (QE): data movement that moves a quantum data
group from a functional user across the boundary into the
functional process where it is required.

eXit (X): data movement that moves a classic data group
from a functional process across the boundary to the
functional user that requires it.

QeXit (QX): data movement that moves a quantum data
group from a functional process across the boundary to
the functional user that requires it.

Read (R): data movement that moves a classic data group
from persistent storage within reach of the functional
process which requires it.

QRead (QR): data movement that moves a quantum data
group from quantum persistent storage within reach of
the functional process which requires it.

Write (W): data movement that moves a classic data group
from a functional process to persistent storage.

QWrite (QW): data movement that moves a quantum

data group from a functional process to quantum persis-
tent storage.

E: Quantum Measurement

Q-COSMIC Context Diagram
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COSMIC Data Group (DG) Interpretations

Each study offers a unique interpretation of the Data Group (DG) concept in quantum

software

O
Khattab et al.

Identifies DG as data
moving along a single
line, forming the basis
of functional
processes.

Valdes-Souto

Defines a Quantum Data
Group (QDG) as having at
least one component (e.g,
attribute) storing
guantum information

Lesterhuis

Describes DG as initiated
by a triggering event, with
an SDK function moving
the DG to execute the
operation (action)

26



Key Observations

o The concept of Data o *In quantum systems, a DG @ Standardizing the
Group (DG) in quantum is more complex than a definition and
software remains single attribute: interpretation of Data
unclear and lacks a *It has "dimensions" and is Groups in quantum
standardized definition represented as matrices software is crucial for

with at least 2 dimensions. advancing adequately
functional size
*DGs consist of sets of measurement
vectors that must be methodologies

processed concurrently

27






Quantum Volume (QV)

The workshop highlighted varying definitions
and interpretations of Quantum Volume (QV)
across gray literatures.

QVv=2°

where d Is the circuit depth

Qv

quantifies the number of usable
qubits on a quantum computer

QV by IBM

QV measures how well a quantum
computer runs random two-qubit
circuits in parallel.

29



Issues & Limitations in
Qv Cﬂncept ® Ambiguities in Definition

QV is a single "base number" without
clarity on what entity or attribute it
represents.

® Measurement Gaps

*No assigned measurement unit.

* Unclear definition of the "attribute QV=2d
represented by QV

. . . Why the base is 2 or what it signifies?
@® Holistic Claims

Despite being called "volume," the
Assertions that QV is a "holistic" metric calculation:

lack rationale or evidence .is one-dimensional,

*lacks physical or conceptual justification
for multidimensional interpretation
30



Major Implications of QV Concept

® Lack of Standardization

The unclear definition and rationale
behind QV hinder its adoption as a
universal performance metric for
quantum systems.

® Measurement Misinterpretation

Without a well-defined entity, attribute,
or unit, QV risks being misinterpreted
and inconsistently applied across
research and industry.

® Need for Refinement

Establishing a rigorous,
multidimensional metric with well-
defined units and rationale is critical to
accurately assess quantum computer
performance.

Impact on Comparisons

The current QV framework limits
meaningful comparison of quantum
systems, potentially slowing progress in
benchmarking and hardware
advancements.

31



Key Observations

@ To ensure the effective use of Quantum Volume as a metrologically valid performance metric, it is

crucial to address its definitional ambiguities, measurement gaps, and lack of multidimensional rigor.

« Standardization and clarity will facilitate meaningful comparisons & drive advancements in
quantum computing.

Standardizing the definition and interpretation of Data Groups in quantum software is crucial for

advancing adequate functional size measurement methodologies.

The quantum computing field must evolve toward automation & abstraction of low-level

complexities, enabling developers to focus on leveraging quantum systems for impactful

applications
* This evolution supports a process in software engineering that requires the separation of functional and non-
functional requirements.

* Developers can use quantum systems in their applications more effectively and efficiently at a higher level,
independent of low-level complexities.

* Size measurement can be conducted more efficiently

32






Quantum Software
Sizing using COSMIC
with case studies

Systematic Literature
Review on Quantum
Size Measurement

Exploration of
Measurement components
in Quantum as NFR

Action Items

ORONOROL <

® ®

Review circuit-based approach with the COSMIC Group.

Review Khattab (2022) and Valdes-Souto (2024) approaches with the
COSMIC Group.

Prepare new case studies.
Consolidate the three sizing approaches.

Analyze past Quantum student club challenges from a functional
requirements perspective.

Conduct a systematic literature review on size
measurement in Quantum Software.

Analyze Quantum Volume (QV) and other relevant
metrics.

Explore error and fidelity concepts within the scope of
measurement as non-functional requirements (NFR)
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