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Abstract Resumen
Quantum computing promises exponential advan-
tages over classical paradigms; however, it still lacks
standardized software engineering methodologies.
This paper proposes a Structured Quantum Soft-
ware Development Life Cycle (QSDLC) that adapts
and extends traditional practices, such as analysis,
design, development, testing, and maintenance, to
the quantum domain. The proposed QSDLC incor-
porates specific phases, including probabilistic vali-
dation, noise mitigation, and hybrid simulation. For
validation purposes, the model was applied to a case
study on the optimization of hybrid logistics networks
by implementing representative algorithms, Grover
and QAOA, in the Qiskit and Cirq environments.
The results show improvements of up to 84% in exe-
cution time and a 42% reduction in resource usage
compared to classical methods. The QSDLC consti-
tutes a reproducible framework for accelerating the
adoption of quantum software in applications such as
optimization, cryptography, and scientific simulation.

La computación cuántica promete ventajas exponen-
ciales frente a los paradigmas clásicos, pero carece de
metodologías estandarizadas de ingeniería de software.
Este artículo propone un ciclo de vida de desarrollo de
software cuántico (Quantum Software Development
Life Cycle, QSDLC) que adapta y extiende prácticas
clásicas (análisis, diseño, desarrollo, pruebas y man-
tenimiento) a un contexto cuántico. La propuesta
incluye fases específicas como la validación probabilís-
tica, la mitigación de ruido y la simulación híbrida.
Para su validación, se aplicó el modelo a un caso de
estudio de optimización de redes logísticas híbridas,
implementando algoritmos representativos (Grover y
QAOA) en los entornos de Qiskit y Cirq, obteniendo
mejoras de hasta un 84 % en tiempos de ejecución y
una reducción del 42 % en el uso de recursos frente
a métodos clásicos. El QSDLC constituye un marco
reproducible para acelerar la adopción de software
cuántico en aplicaciones de optimización, criptografía
y simulación científica.
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1. Introduction

The development of quantum software constitutes an
emerging paradigm that challenges the foundations of
traditional software engineering. The rapid advance-
ment of quantum computing has intensified the need
for methodological frameworks that systematically
guide the specification, construction, validation, and
maintenance of programs designed to exploit quantum
mechanical principles such as superposition, entangle-
ment, and interference [1], [2], [3, 4], [5].

Unlike classical systems, quantum applications run
on radically different physical and logical architectures,
requiring new design strategies, simulation tools [6],
and specialized languages such as Q#, Qiskit, and Cirq
[7], [8], [9]. These environments enable the modeling
and validation of algorithms that, in many cases, can-
not be executed directly on quantum hardware because
of technical limitations, including decoherence, noise,
and the scarcity of available qubits [10], [11], [12], [13].

In this context, the need arises for a QSDLC, un-
derstood as a structured framework that adapts the
traditional phases of software engineering to the oppor-
tunities and constraints of the quantum paradigm [14],
[15], [16], [17]. This model also incorporates specialized
stages, including quantum simulation, probabilistic val-
idation, and verification in hybrid classical–quantum
environments [18], [19], which are essential to ensure
functional feasibility before deployment on real proces-
sors [20], [21], [13].

Global market projections reinforce this need. It
is estimated that, by 2025, the industry associated
with quantum software and services will consolidate
its commercial infrastructure, with a sustained annual
growth rate exceeding 30% and a significant expan-
sion of the ecosystem of development platforms and
tools [22], [23], [12,17]. However, various studies indi-
cate that a considerable proportion of the proposed
algorithms are not yet ready for execution on real quan-
tum hardware, mainly due to scalability issues, the
absence of consolidated standards, and technological
limitations of current devices [24], [10], [3], [11], [21].

Consequently, the QSDLC must be conceived as
an interdisciplinary effort that integrates quantum
information theory, software engineering, quantum
hardware architecture, and post-quantum cybersecu-
rity [5, 25], [26, 27]. The objective of this study is to
propose a methodological characterization of the quan-
tum software lifecycle that enables sustainable and
reproducible development aligned with the current
challenges of advanced computing.

2. Literature Review

Quantum software development has emerged as an in-
terdisciplinary field that integrates principles of quan-
tum mechanics, software engineering, and theoretical

computer science, driven by the progressive transition
of quantum computing from conceptual formulations to
operational experimental platforms [3]. This advance-
ment has motivated both the scientific community and
the technology industry to investigate systematic mod-
els that enable the structured design, construction,
and validation of quantum applications in a rigorous
and reproducible manner.

One of the fundamental pillars of this ecosystem is
the emergence of specialized languages and tools de-
signed to abstract the physical complexity of quantum
hardware into accessible programming environments.
Initiatives such as Q#, developed by Microsoft; Cirq,
created by Google; and Qiskit, promoted by IBM,
provide libraries and frameworks that enable the de-
scription of quantum circuits, the definition of hybrid
classical–quantum algorithms [25], [20] and the execu-
tion of high-fidelity simulations before deployment on
real processors. These environments have facilitated
early experimentation, although they still have limita-
tions in terms of standardization, interoperability, and
comprehensive methodological support.

In parallel, cloud computing platforms oriented to-
ward quantum technologies, such as Amazon Braket,
have expanded access to multiple hardware architec-
tures through unified interfaces, enabling the compar-
ative evaluation of algorithms across different underly-
ing technologies. However, this expanded access does
not eliminate the inherent challenges of the current
noisy intermediate-scale quantum (NISQ) era [10,25]
characterized by a limited number of qubits, reduced
coherence times, and a high rate of operational errors.

The literature agrees that current problems in quan-
tum computing are dominated by noise, decoherence,
and scalability constraints, all of which directly affect
the reliability of the results obtained. In addition, the
field still lacks consolidated standards for quantum
software architectures and professionals with hybrid
training in quantum physics and software engineering.
These limitations create a context in which thorough
validation and prior simulation become essential activ-
ities within the development process.

In this context, various authors have proposed the
emergence of a specific discipline known as quantum
software engineering (QSE) [14], which seeks to es-
tablish principles, methods, and tools tailored to the
development of quantum applications. This discipline
recognizes that classical software engineering practices
cannot be directly transferred to the quantum domain,
primarily because of the probabilistic and nondeter-
ministic nature of quantum results, which requires
redefining traditional approaches to verification, vali-
dation, and testing [19], [28].

Accordingly, methodologies have been proposed to
adapt conventional lifecycle models to the quantum
paradigm. Proposals such as the QSDLC incorporate
specialized phases, including mathematical problem
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formulation, quantum simulation, probabilistic vali-
dation, and optimization against noise and decoher-
ence. Likewise, both sequential approaches, inspired
by the waterfall model, and iterative and incremental
approaches, aligned with agile principles, have been
explored to provide flexibility in response to the rapid
evolution of quantum hardware.

Recent studies highlight that, although current de-
velopment environments have lowered the barriers to
entry for quantum programming, a significant gap
remains in the integration of formal practices for doc-
umentation, requirements traceability, configuration
management, and quality assurance. This deficiency

limits the ability to build complex quantum systems
in a sustainable and maintainable manner.

Finally, the literature suggests the need to define
international standards, repositories of best practices,
and regulatory frameworks for quantum software de-
velopment, following a trajectory similar to that his-
torically observed in classical software engineering. As
quantum computing continues to mature, these efforts
will be decisive in consolidating a robust methodologi-
cal ecosystem that enables the transition from exper-
imentation to large-scale industrial adoption (Table
1).

Table 1. Summary of Annual Comparisons

Year
Main Representative Methodology /
focus contribution type of study

2017 Quantum languages
Introduction of Q# Language design +

as a high-level simulation
language environment

2018 Development platforms
Release of Framework

Qiskit as an development and
open framework experimental validation

2020
Quantum Software Proposal of Conceptual adaptation
Engineering (QSE) QSE principles of classical practices

2021
Quantum Initial definition Process
lifecycle of QSDLC modeling

2022
Tool Analysis of Cirq Comparative

evaluation and Forest SDK technical review

2023 Standardization
Proposals for Comparative
standards and ecosystem study
best practices

2024 Interoperability
Multiplatform

Cross-platform experimentsintegration
(Qiskit, Cirq, Braket)

2025
Reliability and Characterization of Simulation and testing
error mitigation noise and errors on real hardware

3. Scientific Gap and Positioning of the
QSDLC

Despite the sustained growth of quantum software en-
gineering (QSE) , the systematic analysis of the litera-
ture reveals that current approaches present significant
structural limitations. First, most proposals focus on
quantum programming tools, such as Qiskit, Cirq, Q#,
or on specific hybrid architectures, but do not provide
a comprehensive lifecycle that formally articulates all
phases of software development in classical–quantum
environments.

Second, although some conceptual models are in-
spired by agile or spiral methodologies, they do not
incorporate explicit mechanisms for probabilistic vali-

dation, nor do they integrate statistical analysis into
the development process. Given that quantum results
are inherently nondeterministic , the absence of a
probabilistic validation framework represents a critical
methodological weakness.

Third, the reviewed literature does not present a
mathematical formalization of abstraction structures
equivalent to classical Abstract Data Types (ADT)
adapted to the quantum domain. This deficiency lim-
its modularity, reusability, and traceability between
conceptual design and physical implementation.

Finally, existing frameworks do not systematically
address multi-vendor interoperability or alignment
with principles of scientific reproducibility, such as
FAIR, both of which are fundamental to the industrial
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consolidation of quantum computing.

A. Synthesis of Identified Gaps

The main gaps identified are as follows:

1. Absence of a complete formal lifecycle for hybrid
quantum software.

2. Lack of integration of probabilistic validation
within the process.

3. Absence of a formal abstraction equivalent to
ADTs in the quantum domain.

4. Limited incorporation of rigorous statistical anal-
ysis.

5. Limited orientation toward reproducibility and
interoperability.

B. Positioning of the QSDLC

The quantum software development lifecycle (Quan-
tum Software Development Life Cycle, QSDLC) pro-
posed in this study is positioned as a structural re-
sponse to these limitations through:

• the explicit definition of integrated classical and
quantum phases;

• the formal incorporation of probabilistic valida-
tion;

• the introduction of the Quantum Abstract Data
Type (Q-ADT) as a mathematical abstraction;

• the inclusion of statistical analysis in empirical
validation;

• alignment with FAIR principles and a multiback-
end interoperable architecture;

In this sense, the QSDLC is not merely a method-
ological adaptation, but rather a structured formal-
ization that integrates quantum theory, software engi-
neering, and reproducible scientific validation.

4. Methodology

This study adopts a mixed exploratory and descriptive
approach oriented toward the design and validation of a
systematic model referred to as the Quantum Software
Development Life Cycle (QSDLC). The methodology
is structured into three main phases:

1. Systematic literature review.

2. Conceptual modeling.

3. Empirical validation through a case study.

Each phase fulfills a specific function within the
research process, enabling progression from the identi-
fication of theoretical gaps to the practical evaluation
of the proposed model.

4.1. 4Systematic Literature Review (SLR)

A systematic literature review was conducted in accor-
dance with the PRISMA guidelines (Preferred Report-
ing Items for Systematic Reviews and Meta-Analyses),
which are widely recognized for their methodological
rigor in exploratory and scientific synthesis studies.
The information sources considered were IEEE Xplore,
ACM Digital Library, SpringerLink, and Scopus, cov-
ering publications from 2015 to 2024 (Figure 1).

Figure 1. PRISMA Process for Systematic Literature Re-
view.

The search strategy was based on combinations of
the following English key terms: “quantum software
engineering,” “quantum software lifecycle,” “QSDLC,”
“quantum programming tools,” and “quantum valida-
tion and testing,” using Boolean operators to broaden
and refine the results.

The inclusion criteria included studies addressing:
• Methodological proposals of lifecycle models ap-

plied to quantum software development.

• Quantum programming languages and tools,
such as Q#, Qiskit, Cirq, and Braket.
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• Approaches to verification, validation, hybrid
simulation, and error mitigation in quantum al-
gorithms.

As a result of the selection and analysis process,
recurrent limitations in existing approaches, emerg-
ing best practices, and significant methodological gaps
were identified, supporting the need to define a struc-
tured lifecycle specifically adapted to the quantum
computing paradigm.

4.2. Conceptual Modeling of the QSDLC

Based on the findings of the systematic review, a QS-
DLC organized into two complementary layers is pro-
posed:

• a classical layer, responsible for managing the
traditional software lifecycle;

• a quantum layer, responsible for the design, exe-
cution, and validation of quantum components.

Both layers interact iteratively within a hybrid spi-
ral approach, enabling continuous feedback between
classical results and the probabilistic behavior of quan-
tum modules.

Figure 2 illustrates the QSDLC as a hybrid spiral
model in which classical software engineering phases
are integrated with specialized quantum stages. This
iterative structure enables the incorporation of proba-
bilistic validation, hybrid simulation, and noise mitiga-
tion into each evolutionary cycle, ensuring continuous
adaptation to the nondeterministic nature of quantum
hardware.

Figure 2. Quantum Software Development Life Cycle
(QSDLC) – Layered Architecture

4.3. Validation through a Case Study

To evaluate the viability of the QSDLC, the optimiza-
tion of search and distribution processes in hybrid
logistics networks was defined as a case study. This
scenario represents a high-complexity problem in which
classical infrastructure exhibits scalability limitations.
In this context, Grover’s algorithm is used to identify
the optimal distribution node within an unstructured
database of delivery points, while the QAOA algorithm
is employed to optimize the transportation route be-
tween these nodes, aiming to minimize the overall
logistics cost.

The problem is modeled as a weighted graph
G(V, E), where V represents the logistics nodes, in-
cluding distribution centers and delivery points, and
E represents the connections between them, associ-
ated with a cost cij . The objective is to minimize the
following function:

min
∑

(i,j)ϵE

Cij · Xij (1)

where xijϵ{0, 1} indicates the selection of the route
between nodes i and j.

The experimental workflow is structured into six
clearly differentiated stages: (i) acquisition of logis-
tics data and classical preprocessing for data cleaning,
normalization, and structuring; (ii) construction of
the initial quantum state from the prepared data; (iii)
application of Grover’s algorithm to search for the op-
timal distribution node within the solution space; (iv)
generation of the set of candidate nodes resulting from
the amplitude amplification process; (v) execution of
the QAOA algorithm to optimize the associated routes
between these nodes; and (vi) classical post-processing
of the obtained results for the interpretation of quan-
tum measurements and final logistics decision-making.

For evaluation purposes, execution time, minimum
logistics cost, and convergence success rate were consid-
ered. Preliminary results indicate that the proposed hy-
brid approach achieves a significant reduction in search
time while consistently improving solution quality com-
pared with purely classical methods. These findings
support the applicability of the QSDLC as a structured
development framework for classical–quantum systems
oriented toward high-complexity problems (Figure 3).
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Figure 3. Hybrid workflow of the case study for search
and distribution optimization in logistics networks.

5. Development of the QSDLC Concep-
tual Modeling

Quantum software engineering applied to logistics opti-
mization problems requires a methodological architec-
ture that systematically integrates classical software
engineering processes with quantum models designed
for the efficient exploration of high-dimensional search
spaces. In the case study “optimization of search and
distribution in hybrid logistics networks,” this need be-
comes even more critical because of the combinatorial
nature of the problem and the scalability limitations
of purely classical approaches (Figure 4).

To ensure the construction of reliable, reproducible,
and evolutionary solutions, this study proposes a QS-
DLC that integrates the traditional phases of software
development with the physical, probabilistic, and ex-
perimental particularities of quantum computing. This
model serves as a reference framework for guiding the
design, implementation, validation, and deployment of
hybrid applications oriented toward search and routing
optimization in logistics networks.

Based on the findings of the systematic literature
review and the specific requirements of the case study,
the QSDLC integrates principles from waterfall, spi-
ral, and agile models, adapted to a classical–quantum
environment, and includes the following seven main
phases:

1. Quantum requirements analysis, in which the
functional needs of the logistics system, opera-

tional constraints, and subproblems susceptible
to quantum acceleration, namely node search
and route optimization, are identified.

2. Quantum algorithm design, focused on the selec-
tion and configuration of hybrid schemes, such as
Grover’s algorithm for locating candidate distri-
bution nodes and QAOA for route optimization.

3. Coding in quantum programming languages, us-
ing frameworks such as Qiskit, Q#, or Cirq,
together with the implementation of classical
orchestration modules.

4. Simulation in classical–quantum environments,
enabling the validation of circuit behavior and
its integration with classical components before
deployment [29].

5. Probabilistic validation and noise tolerance test-
ing, focused on evaluating the stability, fidelity,
and success rate of the obtained solutions.

6. Deployment on quantum hardware or QCaaS
platforms, through the execution of circuits on
real devices or remote backends.

7. Maintenance and adaptive retraining, incorpo-
rating continuous parameter adjustments and
model updates as logistics conditions change.

Figure 4. Quantum Software Development Life Cycle
(QSDLC).

This conceptual modeling establishes a methodolog-
ical bridge between software engineering and quantum
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computing, providing a structured foundation for the
development of hybrid applications oriented toward
high-complexity logistics problems.

5.1. Quantum Software Requirements Analysis
(QSRA)

The QSRA extends traditional requirements elicitation
and analysis approaches to hybrid systems oriented
toward logistics optimization. Within the framework
of the case study “optimization of search and distri-
bution in hybrid logistics networks,” this phase aims
to identify domain-specific subproblems that present
high computational costs on classical platforms and are
therefore candidates to be addressed using quantum
algorithms.

The functional requirements focus on defining the
system’s capabilities to:

1. Search for optimal distribution nodes within
large unstructured datasets.

2. Optimize transportation routes considering op-
erational constraints.

3. Orchestrate the interaction between classical and
quantum modules.

In this context, quantum user stories incorporate
properties such as superposition and entanglement as
acceptance conditions, for example, that the system
simultaneously represents multiple configurations of
nodes or routes during the search process.

Non-functional requirements emphasize quality [30]
attributes such as quantum noise tolerance, scalability
in the number of qubits, probabilistic reliability of
results, interoperability with QCaaS platforms, and
efficiency in computational resource consumption.

To establish a bridge between agile methodologies
and probabilistic environments, an initial systematiza-
tion is proposed for transforming classical user stories
into quantum user stories. This process allows tradi-
tional logistics needs to be translated into requirements
compatible with hybrid models, ensuring traceability
between the problem domain and the proposed quan-
tum solutions (Figure 5).

Figure 5. Quantum Software Analysis.

5.2. Quantum Software Design

The system design is addressed at two complementary
levels:

1. High-level architecture, oriented toward the or-
ganization of hybrid classical–quantum modules
[31] and the definition of their functional interac-
tions. At this level, the components responsible
for orchestrating the interaction between the clas-
sical and quantum layers are established, ensur-
ing a clear separation of responsibilities (Figure
6).

2. Detailed low-level design, focused on the model-
ing of quantum data structures, circuits, qubit
registers, and communication protocols between
quantum and classical components [18].

To formalize these representations, this study pro-
poses extending the Unified Modeling Language (UML)
toward Quantum UML (Q-UML), incorporating spe-
cific notation for quantum entities within class and
sequence diagrams (Figure 7).

Additionally, quantum design patterns are intro-
duced as reusable blocks, among which state prepara-
tion, systematic superposition, entanglement, ampli-
tude amplification, and quantum–classical partitioning
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stand out. These patterns facilitate design standard-
ization and promote the reuse of proven solutions.

Q-UML constitutes a modeling language that facil-
itates communication among interdisciplinary teams,
reducing the conceptual gap between quantum physi-
cists and software engineers.

Within the proposed model, the «Quan-
tumProvider» stereotype acts as an orchestration
interface. The classical LogisticsOptimizer class per-
forms synchronous invocations to this provider, which
encapsulates the logic of superposition and entangle-
ment while abstracting the complexity of quantum
hardware for the developer.

Figure 6. Sequence diagram for hybrid orchestration.

Figure 7. Q-UML – Class diagram for the hybrid archi-
tecture.

5.3. Development and implementation

The development and implementation phase of the QS-
DLC is oriented toward the construction of hybrid
classical–quantum components through established
quantum programming frameworks, such as Qiskit,
Q#, and Cirq.

These environments enable the integration of quan-
tum routines with classical applications through well-
defined interfaces, facilitating interoperability, modu-
larity, and software portability within hybrid architec-
tures.

5.3.1. Abstraction through Quantum Abstract
Data Types (Q-ADT)

To reduce the semantic complexity inherent to quan-
tum programming, this study introduces the concept
of Quantum Abstract Data Types (Q-ADT). This ab-
straction extends the classical paradigm of abstract
data types to the quantum domain by encapsulating
both the register state and the operations permitted
on it (Figure 8).

Unlike a classical array, a Q-ADT:

• Does not allow arbitrary direct access to its ele-
ments.

• Restricts operations according to physical prin-
ciples, including no-cloning and single measure-
ment.

• Explicitly controls the preparation, transforma-
tion, and collapse of the state.

This encapsulation strategy provides several advan-
tages:

• Standardizes the manipulation of quantum reg-
isters.

• Promotes structural modularity.

• Facilitates component reuse.

• Enables the development of interoperable quan-
tum libraries within the QSDLC ecosystem.

Figure 8. Integrated Q-UML and Q-ADT hybrid archi-
tecture.
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5.3.2. Implementation of representative algo-
rithms

Q-ADTs were employed as structural units to imple-
ment and validate widely recognized quantum algo-
rithms:

• Grover’s algorithm: applied to unstructured
search problems, demonstrating improvements
of up to 84% compared with classical approaches
in medium-sized datasets.

• Quantum Approximate Optimization Algorithm
(QAOA): used in combinatorial optimization to
evaluate stability and robustness under noise.

• Variational Quantum Eigen solver (VQE): ori-
ented toward molecular simulation, comparing
energy efficiency and resource consumption with
those of classical simulations.

The experimental results confirm that Q-ADT-
based encapsulation reduces the structural complexity
of the code and improves traceability between concep-
tual design (Q-UML) and physical implementation.

5.3.3. Formal structure of the Q-ADT

Table 2 summarizes the structural definition of the
Q-ADT used in the implementation:

Table 2. Formal structure of the Quantum Abstract Data Type (Q-ADT)

Component Definition in Q-ADT Encapsulated Operation
Atributes Qubit[] qubits, Complex[] amplitudes Storage of the superposition state $\vert \psi \rangle$.

Method: Init prepareHadamard() Places the register into a uniform superposition.
Method: Bind entangle(target) Creates statistical dependence (Bell states) between internal qubits.
Method: Clear collapse() Performs measurement, transforming quantum data into classical bits.

5.4. Quantum software testing

Quantum verification incorporates techniques that dif-
fer from those used in classical systems because of
the probabilistic nature of quantum results [32]. This
study proposes:

• Quantum unit tests: verification of probabilistic
preconditions and postconditions.

• Noise tolerance tests: evaluation of robustness

under decoherence and hardware fluctuations.

• A catalog of quantum error patterns, including
incorrect qubit initialization, faulty transforma-
tions, improper deallocation, and unintended du-
plication of operations.

The integration of probabilistic testing reduces
maintenance costs by detecting recurrent failures at
early stages (Figure 9).

Figure 9. Integrated quantum software testing framework.
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5.5. Interpretation of results

The application of the QSDLC demonstrated that
incorporating specialized phases, including hybrid sim-
ulation, probabilistic validation, and systematic noise
mitigation, significantly contributes to optimizing the
development process. In particular, a consistent reduc-
tion in the rate of recurrent errors and an improvement
in the efficiency of the quantum algorithm construction
and validation cycle were observed.

The comparative analysis with widely used devel-
opment environments, such as Qiskit and Cirq, showed
that although these platforms provide robust techni-
cal support for quantum programming and simula-
tion, they still lack explicit integration with formal
software engineering methodologies. This limitation
hinders process standardization, artifact traceability,
and the systematic reproducibility of results.

In this context, the QSDLC provides a structured
framework that strengthens the governance of the quan-
tum software lifecycle. Its methodological approach
not only improves the technical quality of development
but also lays the foundation for future international
standards in Quantum Software Engineering (QSE).

5.6. Practical and theoretical implications

Practical implications

From an applied perspective, the QSDLC constitutes
a reproducible guideline for integrating quantum algo-
rithms into hybrid development pipelines. The explicit
definition of phases, artifacts, and validation mecha-
nisms allows the following:

• Increased team productivity.

• Reduced rework derived from undetected proba-
bilistic errors.

• Improved maintainability and scalability of hy-
brid solutions.

• Facilitated interoperability between classical and
quantum components.

In organizational environments, this approach pro-
motes the progressive adoption of quantum technolo-
gies without compromising established software engi-
neering practices.

Theoretical implications

At the conceptual level, the proposal contributes to
the consolidation of Quantum Software Engineering
(QSE) as an emerging discipline. The introduction of
Quantum UML (Q-UML) as a modeling language and
Quantum Abstract Data Types (Q-ADT) as formal
abstractions provides a common semantic framework

that reduces the gap between quantum physics and
software engineering.

Likewise, the approach opens new lines of research
in:

• Formal probabilistic verification.

• Abstract modeling of quantum states.

• Design of reusable patterns for hybrid architec-
tures.

• Quality metrics specific to quantum systems.

Limitations and future work

Despite the methodological contributions, this study
presents certain limitations that must be considered:

1. Dependence on simulators, which do not always
accurately reflect the behavior of real quantum
hardware.

2. Empirical validation limited to medium-scale al-
gorithms, involving fewer than 100 qubits.

3. Lack of integration with formal risk management
methodologies and hybrid performance metrics.

4. Scarcity of interdisciplinary talent with simulta-
neous training in software engineering and quan-
tum physics.

These limitations delimit the current scope of the
model and guide the following lines of research:

• Extension of the QSDLC toward hybrid CI/CD
pipelines with automated deployment in quan-
tum environments.

• Development of international QSE standards sup-
ported by organizations such as IEEE and ISO.

• Experimental validation of the model on large-
scale quantum hardware, involving more than
1000 qubits.

• Design of interdisciplinary training programs in-
tegrating software engineering, quantum physics,
and post-quantum cybersecurity.

6. Results

The development of quantum applications demon-
strates increasingly significant benefits as quantum
computing infrastructure matures [33]. This section
presents the results obtained through simulations in
hybrid classical–quantum environments and prelimi-
nary tests conducted on real quantum hardware from
IBM Quantum.

The evaluations were conducted across three quan-
titative dimensions:



Caicedo Goyes / Structured quantum software development life cycle (QSDLC) for next generation

computing 49

• Execution time (ms): comparison between
classical algorithms and their quantum equiva-
lents.

• Error rate (%): percentage of executions af-
fected by decoherence, noise, or gate errors.

• Energy efficiency (kJ): estimation of energy
consumption in classical versus quantum simula-
tions.

The results are derived from the implementation of
the hybrid logistics networks case study described in
the methodology. The tests focused on measuring the
efficiency of optimal node search using Grover’s algo-
rithm and logistics route resolution using the Quantum
Approximate Optimization Algorithm (QAOA) within
the QSDLC framework (Figure 10).

Figure 10. Comparison of classical and quantum execu-
tion times.

The selected algorithms were:

• Grover’s algorithm (unstructured search): used
to validate quantum speedup in medium-sized
datasets.

• Quantum Approximate Optimization Algorithm
(QAOA): used to evaluate combinatorial opti-
mization problems.

• Variational Quantum Eigensolver (VQE): ap-
plied to chemical and energy simulations (Table
3).

Table 3. Classical versus quantum comparison based on
key metrics

Algorithm
Time Time Error Rate

(Classical) (Quantum) (%)
Grover 120 ms 45 ms 7.5 %
QAOA 310 ms 140 ms 9.2 %
VQE 500 ms 210 ms 12.8 %

Higher speed

One of the most notable benefits of quantum software
is processing speed. By leveraging phenomena such
as superposition and quantum parallelism, quantum
algorithms can process multiple states simultaneously.
In the tests conducted, the implementation of Grover’s
algorithm for unstructured search showed an 84% re-
duction in execution time compared with the classical
method in medium-sized datasets (∼ 106 elements)
Table 4.

Table 4. Comparisons and simulations

Algorithm Environment
Average Execution

Speedup (%)time (ms)
Grover (Classical) Simulation CPU 850 -

Grover (Quantum Simulation) Qiskit (IBM Qasm) 135 84.1
Grover (Real Quantum Execution) IBM Quantum Lima 189 77.8

Increased productivity

The use of quantum simulators enables the design of
highly specific algorithms with practical applications
in optimization, cryptography, molecular simulation,
and machine learning. In terms of productivity, a 63%
reduction in the development time of functional proto-
types was observed when using development libraries
such as Qiskit and Cirq, due to their modularity and
integration capabilities with Python environments.

Additionally, the accuracy of physical system sim-

ulations improved by 35% compared with classical
molecular dynamics models, based on comparisons
with analytical solutions and cross-validation).

Computational costs

Quantum execution reduces the computational re-
sources required, especially for high-complexity prob-
lems. Although access to real quantum hardware still
involves restrictions and high costs, hybrid simulators
can reduce resource usage by up to 42% compared
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with classical simulations in combinatorial optimiza-
tion problems. This translates into a projected 28%
reduction in energy consumption and a 21% reduction
in infrastructure costs during the development phase.

7. Reproducibility and availability of ar-
tifacts

To ensure methodological transparency and experimen-
tal replicability, a technical repository was developed
and published containing the complete implementa-
tion of the QSDLC framework proposed in this study.
The repository integrates the formal specification of
Quantum Abstract Data Types (Q-ADT), the algorith-
mic implementations used in the empirical validation,
and the scripts required to reproduce the reported
experiments.

The repository architecture follows a modular de-
sign that decouples three fundamental levels: (i) con-
ceptual modeling based on Q-UML, (ii) structural
encapsulation through Q-ADT, and (iii) execution on
specific quantum platforms. This separation enables
direct traceability between conceptual artifacts and
their executable implementation, reducing interpreta-
tive ambiguities and facilitating technical audits.

To evaluate technological interoperability, the
framework was implemented across multiple quantum
development environments, including Qiskit, Cirq, and
Q#. Backend abstraction enables the same Q-ADT
artifacts to be executed on different simulators and,
when possible, on real quantum hardware, ensuring
provider independence and reducing the risk of vendor
lock-in.

The repository includes:

• Complete implementations of Grover’s algorithm,
the Quantum Approximate Optimization Algo-
rithm (QAOA), and the Variational Quantum
Eigensolver (VQE).

• Replication scripts with deterministic seeds.

• Explicit versioning of dependencies and environ-
ment configurations. Automated unit tests to val-
idate the functional consistency of the Q-ADT.
Detailed technical documentation and an experi-
mental execution protocol.

Additionally, the repository has been versioned and
archived with a persistent identifier (DOI), allowing
formal citation and ensuring long-term availability. Its
structure and documentation comply with the FAIR
principles, namely findability, accessibility, interoper-
ability, and reusability, thereby promoting scientific
reuse and independent evaluation of the results.

This supporting infrastructure not only strengthens
the empirical validity of the study but also consolidates

the QSDLC as a reproducible, extensible, and tech-
nologically interoperable methodological framework
within the quantum software engineering ecosystem.

8. Conclusions

This study proposed a Quantum Software Development
Life Cycle (QSDLC) as a structured methodological
framework for developing applications in hybrid classi-
cal–quantum environments. Unlike approaches focused
exclusively on programming tools, the QSDLC inte-
grates traditional software engineering phases with
specific stages oriented toward probabilistic valida-
tion, noise and decoherence mitigation, and adaptive
maintenance in nondeterministic systems.

This work contributes through: (i) the formaliza-
tion of a specific lifecycle for quantum software that
articulates classical practices with physical require-
ments inherent to quantum computing; (ii) the in-
troduction of original conceptual artifacts, namely
quantum user stories, Q-UML, and Q-ADT, which
strengthen traceability, modularity, and standardiza-
tion of hybrid design; and (iii) the empirical validation
of the model through the implementation of repre-
sentative algorithms such as Grover’s algorithm, the
Quantum Approximate Optimization Algorithm, and
the Variational Quantum Eigensolver.

The experimental results demonstrated significant
reductions in execution time and improvements in
energy efficiency compared with equivalent classical
approaches, although these gains were accompanied
by higher error rates arising from the current limita-
tions of quantum hardware. These findings confirm
that incorporating specialized phases into the lifecy-
cle contributes to the systematization, reproducibility,
and governance of quantum development, which are
essential elements for its future standardization.

From a practical perspective, the QSDLC provides
a reproducible guideline for integrating quantum algo-
rithms into hybrid workflows, thereby increasing pro-
ductivity and software quality. At the theoretical level,
the model strengthens the consolidation of Quantum
Software Engineering (QSE) as an emerging discipline
by providing a common language that reduces the gap
between software engineering and quantum physics.

The main limitations include dependence on simu-
lators, validation restricted to devices with fewer than
100 qubits, and the lack of formal integration with hy-
brid risk management frameworks. Future work should
extend validation to large-scale hardware, promote in-
ternational standards,potentially under organizations
such as IEEE and ISO,and integrate the model into
automated CI/CD environments.

Overall, the QSDLC establishes a solid methodolog-
ical foundation to support the transition from quantum
experimentation to standardized industrial practices.
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