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Abstract

Quantum Computing (QC) is rapidly evolving from a theoretical
paradigm into a practical computing platform, increasing the de-
mand for Software Engineering (SE) tools to support the develop-
ment of reliable and maintainable quantum software. Although
numerous SE tools have recently been proposed, the current land-
scape remains fragmented and lacks a comprehensive synthesis.
This paper presents a Systematic Mapping Study (SMS), aiming to
identify the categories of SE tools proposed for QC, analyze the
empirical evidence supporting these tools, and summarize the main
limitations, challenges, and research gaps reported in the literature.
Following established guidelines, a total of 4,489 publications were
identified using database searches complemented by backward and
forward snowballing, and 71 primary studies were selected after
applying the predefined inclusion and exclusion criteria. The results
reveal eight SE tool categories spanning multiple phases of the QC
software development lifecycle. However, the literature is predomi-
nantly concentrated on software implementation and testing, while
requirements engineering, software design, maintenance, and reuse
remain comparatively underexplored. Controlled experiments con-
stitute the dominant evaluation method, whereas industrial case
studies and practitioner-oriented evaluations are scarce. Further-
more, recurring challenges include scalability limitations, Noisy
Intermediate-Scale Quantum (NISQ) hardware constraints, the or-
acle problem, limited interoperability, and the rapid evolution of
QC software ecosystems. These findings provide a comprehensive
overview of the current state of SE for QC and highlight opportuni-
ties for future research toward integrated, scalable, and empirically
validated development toolchains.
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1 Introduction

QC is a computational paradigm based on the principles of quantum
mechanics, using quantum bits (qubits) as its fundamental unit of in-
formation [22]. In contrast to classical bits, which can assume only
one of two possible binary states, qubits can exist in a superposition
of states and exhibit quantum correlations through entanglement,
enabling forms of information processing that are not possible in
classical computing [18]. These properties, combined with quan-
tum interference, enable the development of algorithms that can
provide computational advantages for specific classes of problems,
including integer factorization, database search, optimization, and
the simulation of quantum systems [8, 19, 36].
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In this context, Quantum Software Engineering (QSE) has emerged
as a research area dedicated to the adaptation and development of
methods, processes, techniques, and tools to support all phases of
the quantum software lifecycle [30]. As in classical Software Engi-
neering, the availability of specialized tools plays a fundamental
role in improving developer productivity, enhancing software qual-
ity, and making software development processes more systematic
and reproducible.

In recent years, numerous tools have been proposed to support
SE activities in QC [30]. These solutions include software devel-
opment kits (SDKs), development frameworks, integrated devel-
opment environments (IDEs), simulators, testing and debugging
tools, verification and validation tools, modeling environments, and
workflow management and orchestration mechanisms for hybrid
classical-quantum applications. However, these proposals are scat-
tered throughout the literature and often focus on specific stages of
the software lifecycle, making it difficult to obtain a comprehensive
view of the current state of the art [29].

Furthermore, significant gaps remain regarding the maturity of
these tools, the extent to which they support SE activities, the empir-
ical evidence used to validate their effectiveness, and the challenges
and limitations reported by their authors [30]. The lack of a struc-
tured synthesis hinders the identification of research trends and
opportunities, as well as the development of more comprehensive
solutions for the field.

Motivated by these challenges, this study presents a SMS aimed
at identifying, cataloging, and characterizing tools designed to sup-
port SE activities in the development of quantum software systems.
Specifically, the SMS seeks to answer research questions about the
categories of tools proposed to support software lifecycle activi-
ties, the empirical evidence used to evaluate these tools, and the
limitations, challenges, and research gaps that remain in the cur-
rent literature. To ensure methodological rigor, the SMS follows
established guidelines for secondary studies in SE and adopts a
snowball strategy to identify relevant primary studies [12]. The
findings are expected to provide a consolidated view of the current
state of the art, assisting both researchers and practitioners in un-
derstanding the existing ecosystem of QSE tools while highlighting
opportunities for future research.

2 Research Method

This SMS follows the guidelines for conducting Mapping Studies
(MS) in Software Engineering. To ensure the coverage of relevant
studies through the protocol while maintaining a systematic, trans-
parent, and reproducible selection process, the proposed protocol
combines the construction of an initial study set (Start Set) with an
iterative snowballing strategy [44].
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2.1 Research Questions

The research questions were defined based on the objective of
providing a comprehensive overview of the current landscape of
SE tools for QC. Specifically, they aim to identify the types of
tools proposed in the literature, understand how these tools have
been evaluated, and uncover the main limitations and research
opportunities reported in existing studies.

Accordingly, the following research questions guide this Map-
ping Study:

o RQ1: What categories of SE tools have been proposed for QC,

and which phases of the Quantum Software Development Life-
cycle (QSDL) do they support?
To address this question, we adopt the QSDL proposed by
Dwivedi et al. [6] as our conceptual framework. This life-
cycle adapts traditional SE to the quantum domain across
six phases: (i) Requirements Analysis (QSRA), (ii) Design,
(iii) Implementation, (iv) Testing, (v) Maintenance, and (vi)
Reuse. We map each identified tool to its corresponding
QSDL phase(s) based on the specific development activities
it supports, establishing a structured classification across the
QSE pipeline.

o RQ2: What types of empirical evidence have been used to

evaluate these tools?
This research question investigates the empirical evaluation
approaches adopted in the literature for assessing SE tools
for QC. To classify the evaluation methods, we adapted the
empirical study taxonomy proposed by Zannier et al. [47].
The resulting classification, summarized in Table 1, includes
Controlled Experiment, Case Study, Example Application,
Survey, Discussion, Performance Evaluation, and Proof of
Concept (PoC), covering a spectrum from rigorous empirical
studies to preliminary feasibility validations.

o RQ3: What limitations, challenges, and research gaps have

been reported in the existing literature?
This research question focuses on identifying and synthe-
sizing the main limitations, challenges, and research gaps
reported in studies proposing or evaluating SE tools for QC.
The goal is to highlight recurring issues such as limited em-
pirical validation, scalability constraints, tool maturity, and
incomplete coverage of the QSDL phases, thereby outlining
opportunities for future research.

2.2 Start Set Construction

The Start Set was established through a manual inspection of papers
published in the Workshop on QSE *. Titles, abstracts, and keywords
were analyzed to identify studies proposing, evaluating, or dis-
cussing SE tools, frameworks, SDKs, development environments,
testing and debugging tools, modeling approaches, simulators, or
workflow orchestration mechanisms for quantum applications.

2.3 Study Selection

The study selection process consisted of three sequential screening
stages.

Uhttps://dblp.org/db/conf/icse-qse/index.html
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Initially, the titles and abstracts of the retrieved studies were
analyzed to eliminate clearly irrelevant publications. Subsequently,
the introduction of each remaining paper was examined to verify
its alignment with the objectives of this SMS. Finally, the full text
of the candidate studies was read, and the inclusion and exclusion
criteria were applied.

The following inclusion criterion was adopted:

o IC1: The study presents, proposes, evaluates, or discusses a
SE tool or framework for QC.

The following exclusion criteria were applied:

e EC1: Studies not written in English.

o EC2: Studies that merely use existing tools without present-
ing a SE contribution.

e EC3: Tutorials, posters, keynote papers, or extended ab-
stracts lacking sufficient technical content.

e EC4: Duplicate publications.

e EC5: Studies that do not provide a minimum architectural
or functional description of the proposed tool.

e EC6: Studies that are not freely accessible.

e EC?7: Studies that are not peer-reviewed.

o EC8: Studies that do not present, propose, evaluate, or dis-
cuss a SE tool or framework for QC.

o EC9: Studies presenting only theoretical models or mathe-
matical formalisms without an implemented artifact.

e EC10: Secondary studies (e.g., surveys or literature reviews)
that do not propose or evaluate an original artifact.

e EC11: Studies whose primary contribution is unrelated to
the proposed tool itself.

Table 1: Types of empirical evaluation used in the analysis

Type Description

Controlled Experimental study design in which

Experiment independent variables are manipulated and
control conditions are established to
investigate causal relationships between
factors and outcomes [3].

Case Study Empirical investigation in a real-world
context [46].

Example Application =~ Demonstration using a representative
example [34].

Survey Collection of participants’ opinions or
experiences [26].

Discussion Qualitative analysis without formal empirical
evaluation [47].

Performance Systematic assessment of a tool’s

Evaluation performance, feasibility, or effectiveness
using quantitative metrics such as efficiency,
accuracy, scalability, or resource
consumption under controlled or
semi-controlled settings [43].

Proof of Concept Preliminary validation of technical

feasibility [13].




QSE Tools: A Systematic Mapping Study

2.4 Snowballing Procedure

After the definition of the Start Set, an iterative snowballing proce-
dure was performed following the guidelines proposed by Wohlin
[44]. To support the management and execution of the snowballing
process, the Parsif.al platform? was used.

Backward snowballing consisted of examining the reference lists
of all selected studies to identify additional relevant publications.
Forward snowballing was then conducted using the Google Scholar®
Cited by feature to identify studies citing the selected papers.

All candidate studies identified during these stages were sub-
jected to the same screening procedure and inclusion and exclusion
criteria. Studies meeting the eligibility criteria were incorporated
into the selected set and became the basis for subsequent snow-
balling iterations.

The process continued until saturation was reached, that is, until
no new relevant studies were identified.

2.5 Data Extraction

After the final set of primary studies was established, data were
systematically extracted using a standardized electronic form de-
veloped for this study.

The extraction form was designed to ensure consistency and
traceability throughout the data collection process. For each se-
lected study, the following information was recorded: paper title,
authors, tool name and purpose, source study, related studies (when
applicable), repository availability, supported quantum platforms,
tool category, supported SE activities, software lifecycle phase, em-
pirical validation, and the limitations, challenges, and research gaps
reported by the authors.

The extracted data were subsequently analyzed and synthesized
to answer the research questions, characterize the current land-
scape of SE tools for QC, identify research trends, and highlight
opportunities for future work.

3 Results

The study selection process resulted in the assessment of a total
of 4,489 publications, including the 12 articles comprising the start
set, with five iterations of backward and forward snowballing sub-
sequently performed. In the first stage of the selection process,
EC8 was applied to identify and exclude studies that did not meet
the predefined criteria, resulting in the exclusion of 1,712 studies.
The remaining studies were then assessed according to the other
predefined exclusion criteria as follows: EC1 (19 studies), EC2 (36
studies), EC3 (28 studies), EC4 (2,171 studies), EC5 (12 studies), EC6
(10 studies), EC7 (96 studies), EC9 (145 studies), EC10 (124 studies),
and EC11 (53 studies). After applying the inclusion and exclusion
criteria, 83 studies remained. Subsequently, 13 studies reporting the
same research were grouped to avoid duplicate evidence, resulting
in a final set of 71 primary studies for data extraction and analysis.

https://parsif.al/
3https://scholar.google.com/
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Figure 1: Distribution of the selected primary studies accord-
ing to the QSDL phases they support. A single study may
contribute to multiple lifecycle phases.

3.1 What Categories of SE Tools Have Been
Proposed for QC, and Which Phases of the
QSDL Do They Support?

The analysis of the selected studies identified a broad ecosystem
of SE tools supporting QC. These tools were classified into eight
major categories according to their primary purpose:

¢ Requirements and Modeling Tools, supporting the spec-
ification and conceptual modeling of quantum and hybrid
classical-quantum systems [10, 20, 27].

e Code Generation and Model-Driven Engineering Tools,
which automatically transform models into executable quan-
tum code using model-driven approaches [9, 11, 32].

e Programming Assistants and Al-based Coding Tools,

providing intelligent support during software implementa-

tion through conversational interfaces, code completion, and

code generation techniques [2, 4, 5].

Static Analysis and Quality Assurance Tools, aimed at

detecting programming errors, API misuse, code smells, and

quality issues without executing the program [24, 35, 48].

e Testing Frameworks, including property-based, mutation,
metamorphic, concolic, regression, and diversity-guided test-
ing approaches [1, 23, 31].

e Runtime Verification and Assertion Frameworks, re-
sponsible for monitoring quantum programs during execu-
tion through assertions and runtime specifications [17, 45].

¢ Debugging and Program Understanding Tools, assisting
developers in fault localization, visualization, and software
comprehension [14, 25, 33].

¢ Execution, Middleware, and Maintenance Tools, sup-
porting interoperability, execution management, software
modernization, optimization, and configuration management
[21, 28, 42].

Although tools were identified across multiple SE activities, their
distribution throughout the QSDL is far from uniform.

Figure 1 presents the distribution of the selected studies accord-
ing to the lifecycle phases they support. Since many tools provide
functionalities that span multiple activities, a single primary study
may contribute to more than one QSDL phase. Consequently, the
total number of occurrences shown in the figure exceeds the total
number of selected studies.


https://parsif.al/
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Figure 2: Distribution of empirical evidence used to evaluate
QOSE tools. A single study may employ multiple evaluation
approaches.

The results indicate a strong concentration of research efforts on
the Testing phase, followed by Implementation. This finding reflects
the current maturity of QSE, where the primary concern is ensuring
the correctness, reliability, and quality of quantum software through
testing techniques, debugging approaches, static analyses, runtime
assertions, and verification mechanisms. Most recently proposed
tools aim to detect programming errors, validate quantum program
behavior, improve fault localization, or automate quality assurance
activities.

A second group of studies focuses on the Design and Maintenance
phases. These works mainly propose model-driven engineering
techniques, UML extensions, automatic code generation, software
modernization approaches, middleware solutions, and interoper-
ability mechanisms to facilitate the development and evolution of
hybrid classical-quantum software systems.

In contrast, Software Reuse is supported by relatively few studies.
Existing approaches mainly focus on reusable modeling artifacts,
runtime specifications, design patterns, and modular verification
techniques. The limited number of contributions suggests that reuse
of quantum software assets remains an open research challenge.

Overall, the results reveal that current research in QSE is predom-
inantly quality-oriented, with significant emphasis on testing, de-
bugging, verification, and implementation support. Earlier lifecycle
activities, such as requirements engineering, receive comparatively
little attention, while reuse and long-term software evolution are
still emerging research topics. These findings indicate opportunities
for future work toward a more balanced tool ecosystem capable of
supporting the entire Quantum Software Development Lifecycle.

3.2 What Types of Empirical Evidence Have
Been Used to Evaluate These Tools?

To investigate how SE tools for QC have been empirically evalu-
ated, this study analyzed the evaluation approaches reported in the
selected primary studies. The identified approaches were classified
according to the type of empirical evidence provided, covering a
spectrum from preliminary feasibility assessments to more rigor-
ous experimental evaluations. Since a single study may employ
multiple evaluation approaches, it may contribute to more than one
evidence category.
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Figure 2 presents the distribution of the empirical evidence iden-
tified in the selected studies. The results indicate that Controlled
Experiments are the most frequently adopted evaluation approach,
reported in 40 studies. This prevalence suggests that many pro-
posed tools are assessed through structured experimental settings,
where predefined tasks, benchmark algorithms, and quantitative
metrics are employed to measure their effectiveness, performance,
or applicability.

The second most common evaluation method is Example Ap-
plication, reported in 18 studies. Rather than performing rigorous
comparative analyses, these works demonstrate the applicability
of the proposed tools by applying them to representative quantum
algorithms or realistic software development scenarios.

Performance Evaluation appears in nine studies, while Case Stud-
ies are reported in eight studies. These approaches generally aim
to evaluate the feasibility, effectiveness, or performance of the pro-
posed tools under specific experimental settings or practical use
cases.

Only a small number of studies employ other forms of empirical
evidence. Two studies present a Proof of Concept, whereas only one
study each reports an Empirical Study, a Discussion, or a Survey. The
scarcity of surveys and empirical studies involving practitioners
suggests that user-centered evaluation and industrial validation
remain largely unexplored in QSE.

Overall, the results reveal that the empirical validation of QSE
tools is predominantly technology-oriented. The literature focuses
on demonstrating the technical feasibility and effectiveness of pro-
posed solutions through controlled experiments, while relatively
little attention has been devoted to evaluating usability, developer
experience, adoption in practice, or industrial applicability. These
findings highlight an important opportunity for future research to
complement technical validation with practitioner-centered evalu-
ations and real-world industrial studies.

3.3 What Limitations, Challenges, and Research
Gaps Have Been Reported in the Existing
Literature?

The analysis of the selected studies reveals that QSE still faces
several structural challenges that limit the maturity and practical
adoption of existing tools. Figure 3 summarizes the main limitations,
challenges, and research gaps reported in the literature, indicating
the frequency with which each issue was identified across the
selected studies. The results show that scalability and simulation
constraints, lifecycle-related challenges, and hardware limitations
are among the most frequently reported issues, suggesting that
current QSE approaches still struggle to support realistic quantum
software development scenarios.

The most frequently reported limitation concerns scalability and
simulation, as illustrated in Figure 3. Many existing SE techniques
rely on classical simulation, whose computational cost increases
exponentially with the number of qubits. As a consequence, testing,
debugging, and verification approaches are commonly evaluated
using relatively small benchmark circuits, often containing fewer
than 30 qubits. Similar scalability issues have also been observed
in symbolic simulation and symbolic execution techniques, which
suffer from state-space explosion when analyzing complex quantum
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Figure 3: Frequency of limitations, challenges, and research
gaps reported across the selected studies.

programs. These limitations reduce the ability of current tools to
evaluate realistic quantum applications and represent a significant
barrier to their practical adoption [7, 31, 37, 40, 41].

Another major challenge identified in the literature concerns the
complete software lifecycle and the effort required to develop and
maintain quantum software. Although several tools have been pro-
posed for specific activities, most approaches remain focused on iso-
lated development tasks rather than providing integrated support
throughout the quantum software lifecycle. The rapid evolution of
quantum programming languages, software development kits, and
cloud-based quantum platforms requires continuous adaptation
of development tools, causing parsers, code analysis frameworks,
and automated assistants to become outdated quickly [38]. Further-
more, the lack of mature engineering practices for managing the
evolution, maintenance, and reuse of quantum software represents
an important research gap.

Hardware-related limitations also remain a critical challenge
in QSE. The presence of noise, decoherence, gate errors, and lim-
ited qubit connectivity in current NISQ devices makes it difficult
to distinguish software defects from hardware-induced failures.
Consequently, the effectiveness of testing, debugging, and runtime
verification techniques is often compromised, particularly for deep
quantum circuits where accumulated physical errors reduce the
reliability of assertions and statistical oracles [1, 25, 39]. These limi-
tations highlight the need for SE techniques that are more resilient
to hardware variability and capable of operating under realistic
quantum execution conditions.

The literature also consistently identifies the oracle problem as
one of the fundamental barriers to automated quantum software
testing. As shown in Figure 3, Oracle/Unobservability remains a
recurrent challenge reported across multiple studies. Due to the
no-cloning theorem and the collapse of the quantum state after
measurement, intermediate quantum states cannot be directly in-
spected without affecting program execution. Therefore, defining
reliable test oracles is considerably more complex than in classi-
cal software engineering. To mitigate this issue, several studies
have explored alternative validation strategies, including metamor-
phic testing, differential testing, and equivalence-based approaches,
which reduce the dependency on explicit expected outputs [15, 23].

In addition to execution-related challenges, the reviewed studies
highlight gaps associated with data availability and interoperability.
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The scarcity of standardized datasets and repositories containing re-
alistic quantum software defects limits the development and evalua-
tion of data-driven approaches, particularly those based on machine
learning and large language models [16]. Similarly, abstraction and
interoperability issues indicate that current quantum development
ecosystems still lack sufficient mechanisms for integrating different
programming languages, frameworks, and execution platforms.

Finally, the reviewed studies reveal that higher-level SE activities
remain insufficiently explored. Relatively few approaches address
architectural design, reverse engineering, software modernization,
and the maintenance of hybrid classical-quantum systems. This
finding corroborates the results of RQ1, which showed that cur-
rent research remains strongly concentrated on implementation
and testing, while design, maintenance, and software reuse receive
comparatively less attention [10, 28]. Therefore, the evidence sum-
marized in Figure 3 suggests that future research should move
beyond isolated technical solutions and investigate comprehensive
SE approaches capable of supporting the entire quantum software
lifecycle.

4 Discussion

This SMS provides a comprehensive overview of the current land-
scape of SE tools for QC. The results indicate that, although the
number of proposed tools has grown considerably in recent years,
research efforts remain concentrated on a limited subset of the
QSDL. In particular, implementation and testing dominate the cur-
rent landscape, whereas requirements engineering, software design,
maintenance, and software reuse remain comparatively underex-
plored.

This distribution is also reflected in the maturity of the identified
tools, as illustrated in Figure 4, which presents two complementary
perspectives. Figure 4a shows that empirical evaluation is largely
concentrated in the Implementation and Testing & Quality Assur-
ance phases, where controlled experiments are the predominant
evaluation strategy.

A complementary view is provided by Figure 4b, which corre-
lates the SE limitations addressed by the identified tools with the
QSDL phases. The results reveal that most studies focus on overcom-
ing limitations related to Scalability/Simulation, Hardware/Noise,
and Lifecycle/Effort, particularly during implementation and test-
ing. This distribution reflects the immediate challenges imposed
by current quantum hardware and the complexity of developing,
executing, and validating quantum software.

Taken together, these findings indicate that QSE research is cur-
rently driven by the practical challenges of implementing and vali-
dating quantum programs. While this emphasis is understandable
given the constraints of NISQ-era technologies, broader lifecycle
support remains limited. Future research should therefore focus on
developing integrated toolchains that span the entire QSDL, while
also providing stronger empirical evidence through realistic indus-
trial case studies and standardized evaluation benchmarks. Such
advances are essential for establishing QSE as a mature discipline
capable of supporting reliable, scalable, and maintainable quantum
software systems.
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Figure 4: Heatmaps summarizing the current landscape of
Software Engineering tools for QC. (a) Relationship between
empirical evaluation methods and the QSDL phases sup-
ported by the identified tools. (b) Relationship between the
software engineering limitations addressed by the identified
tools and the QSDL phases.

5 Threats to Validity

This study presents threats to validity primarily related to the study
selection and data extraction processes, as well as to the dynamic
nature of Software Engineering for Quantum Computing. Regard-
ing internal validity, a potential threat arises from researchers’
judgment during study selection and data extraction. Potential clas-
sification errors concerning tool categories, QSDL phases, types of
empirical evidence, and reported limitations may introduce biases
into the synthesis of the results. To mitigate this risk, a standardized
data extraction form was used to systematically record the infor-
mation required to answer the research questions, contributing to
greater consistency and traceability throughout the analysis.
Regarding external validity, the results are subject to the dy-
namic nature of Software Engineering for Quantum Computing.
The findings reflect the state of the art during the analyzed period
and may change as new studies, tools, programming languages,
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and platforms are published. Despite this limitation, the adoption
of a systematic protocol and the public availability of the extracted
data support the transparency, replication, and future updating of
this study.

6 Conclusion

This paper presented a SMS on SE tools for QC, aiming to identify
the existing categories of tools, analyze the empirical evidence
supporting them, and synthesize the main limitations, challenges,
and research gaps reported in the literature. Following a rigorous
review protocol, 71 primary studies were selected and analyzed.

The results indicate that the current QSE ecosystem offers a di-
verse set of tools addressing multiple phases of the QSDL. However,
research efforts remain heavily concentrated on software imple-
mentation and testing, while comparatively fewer tools support
requirements engineering, software design, maintenance, and soft-
ware reuse. The review also showed that controlled experiments
constitute the predominant evaluation strategy, whereas empirical
studies involving industrial settings, practitioners, and long-term
case studies remain scarce.

The identified research challenges demonstrate that the maturity
of QSE is still constrained by both technological and methodologi-
cal limitations. Scalability issues, the restrictions imposed by NISQ
hardware, the oracle problem, limited interoperability between
software ecosystems, and the rapid evolution of quantum program-
ming frameworks continue to hinder the development of mature,
general-purpose SE solutions. These limitations also help explain
the uneven coverage of the QSDL and the predominance of research
prototypes over production-ready tools.

Finally, the dataset produced during this review, including the
extracted data and study classifications, has been made publicly
available to support reproducibility and facilitate future research
on QSE.

Artifact Availability

The artifacts supporting this study, including the extracted dataset,
data analysis scripts, and generated figures, are publicly available in
the  companion  GitHub  repository, available at
https://github.com/gems-uff/se4q-review.
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