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NOISIAI

Introduction/Importance of Study: The application of quantum Artificial Intelligence
(QAI) that combines artificial intelligence and quantum computing allows simulation,
optimization, and decision-making capabilities never seen before, but introduces ethical and
governance issues that are beyond conventional software engineering paradigms.

Novelty statement: In this paper, we introduce the Responsible Quantum-Al Software
Engineering (RQAI-SE) framework, a systematic integration of quantum-specific mechanisms
for ethics, accountability, fairness, and transparency into the QAI software lifecycle. The
framework comprises five hierarchically structured engineering layers, addresses four
categories of quantum-specific ethical risks (algorithmic bias, lack of transparency, access
inequality, and regulatory gaps), and explicitly maps its components to nine governance pillars
established by the World Economic Forum (WEF) — structural contributions that distinguish
RQAI-SE from existing QSE frameworks that treat ethics as secondary or post-development
concerns.

Material and Method: The study employs a conceptual design methodology grounded in a
systematic review of 40 high-quality sources spanning quantum software engineering, Al
ethics, and governance (2021-2025). The framework is validated through comparative analysis
with existing QSE frameworks Table 1 and criterion-referenced mapping to the WEF nine
governance pillars Table 3.

Result and Discussion: The suggested RQAI-SE framework shows how quantum-Al
systems can be designed to be both computationally efficient and responsible toward society
using human-understandable quantum design, the ethical development cycle of the process,
and governance models that are multidisciplinary. In contrast to the more performance-
focused QSE strategies, the RQAI-SE directly deals with quantum-specific ethical risks,
including but not limited to opacity, amplifying bias of probabilistic guarantees, and
governance loopholes, and allows creating trustworthy, inclusive, and accountable. The model
also offers a guided basis to align the emerging QAI technologies to the long-term societal
values, as well as facilitating scalable and sustainable quantum software development.
Concluding Remarks: RQAI-SE provides an effective and prospective basis of responsible
QAI development, under which innovations in quantum intelligence are always within the
ethical, social, and governance requirements. The framework identifies five priority areas for
future research, including empirical case study validation and international certification
standards.

Keywords: Quantum Software Engineering; Quantum Artificial Intelligence; Responsible Al
Ethical Software Development; Governance in Quantum Systems.
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Introduction:

Quantum Software Engineering (QSE) is an incipient field that generalizes software
engineering to quantum computing engineering and considers the peculiarities of this type of
system. One fundamental distinction between quantum and classical computation is that
quantum systems can achieve exponential speedups on problems by utilizing quantum
mechanical phenomena like superposition and entanglement [1]. This ability provides the need
for all new approaches to system design, development, and verification that are very different
than classical ones. Artificial intelligence (AI) has had many applications with QSE that have
led to the development of Quantum Artificial Intelligence (QAI), which is helping to optimize
machine learning models and decision-making processes with the help of quantum computing.
QAI shows the transformative power in various areas such as cryptographic systems,
pharmaceutical research, supply chain scientific optimization, and financial modeling [2]. In
addition to acceleration of computation, qualities of QAI include the ability to search much
larger solution spaces over complex optimization or simulation problems. The engineering of
quantum intelligent systems is associated with significant challenges. These are the
probabilistic nature of quantum systems, the instability of the hardware, the lack of good
debugging tools, and the immaturity of the development infrastructure [3]. These properties
render traditional deterministic software engineering unsuitable for quantum systems.

Furthermore, when used to make important judgments, QAI systems raise complex
ethical and societal issues. Given the intrinsic algorithmic opacity and the concentrated global
quantum computing resources, algorithmic transparency, fairness, bias minimization, and
accountability are critical [4]. The existing QSE methodologies focus more on technical
optimization with little concern for ethical issues [5]. Though diverse quantum development
models and lifecycle paths have been discovered, the majority of them do not have a systematic
way of incorporating ethical values in their formative formulations. While QSE has made
significant strides in addressing the technical challenges of developing quantum applications,
and the field of Al ethics has produced robust frameworks for classical systems, a critical gap
exists at their intersection. Current QSE methodologies are predominantly performance-
focused, treating ethical considerations such as fairness, transparency, and accountability as
secondary or post-development concerns. Conversely, existing Responsible AI (RAI)
frameworks are fundamentally ill-equipped to handle the novel challenges posed by quantum
computing, including its probabilistic non-determinism, the opacity of quantum states, and
the potential for quantum-specific bias amplification. This lack of an integrated framework
creates a dangerous vacuum where powerful QAI systems could be developed and deployed
without built-in ethical safeguards, leading to risks of amplified societal bias, opaque decision-
making, and a lack of clear accountability. This gap is addressed in this paper through the
proposed Responsible Quantum-Al Software Engineering (RQAI-SE) framework to fully
integrate ethical and governance aspects of the quantum software life-cycle.

Recent advances in adjacent fields have highlighted the urgency of this gap. The
integration of large language models into quantum workflows [6], the growing cybersecurity
implications of quantum computing [7], and the resource-access inequalities inherent to
current quantum hardware architectures [8] all point to the need for a systematic, ethics-first
engineering framework for QAI development.

The RQAI-SE framework has three key contributions to the development of
trustworthy QAI ecosystems: First, it designs interdisciplinary governance where the technical
and ethical spaces are connected. Second, it lays down techniques of design toward ethically
informed quantum systems. Third, it advances quantum technology frameworks that are
accessible to solve inequalities in resource distribution. These developments counterbalance
the current overemphasis on technical performance in quantum software development, which
often neglects ethical considerations.
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The study is guided by three explicitly defined research objectives:

To identify the quantum-specific ethical and governance gaps in existing QSE
frameworks through systematic comparative analysis.

To propose an integrated, multi-layered RQAI-SE framework that embeds ethical
principles, accountability mechanisms, and governance structures throughout all phases of the
QAI software lifecycle.

To validate the framework’s applicability by mapping its components to established
global governance standards (WEF Quantum Governance Principles) and demonstrating
structural differentiation from prior QSE frameworks.

Literature Review:

QSE has become a dedicated area of research that aims at modifying classical concepts
of software engineering to the reality of quantum computing systems that are probabilistic and
non-deterministic. In contrast to traditional software, quantum programs are subject to such
fundamental principles as superposition, entanglement, and uncertainty of measurements that
essentially disrupt traditional lifecycle models and verification practices [9][10].

In their initial framework research, it was noted that the classical engineering
abstractions would have to be revised to provide quantum-specific properties. One of the
earliest conceptual visions of QSE was introduced by [11], in which the challenges of
programmability, testing, and the lifecycle management of QSE were identified. On this basis,
[12] suggested a quantum software development lifecycle, reformulating requirements analysis,
system design, implementation, testing, and maintenance to explicitly support quantum
indeterminacy. [13] also suggested that the criteria of correctness of quantum software are
fundamentally different from classical systems, which inspired new ways of validation and
verification.

The verification problems had a natural consequence in architectural research in QSE.
[14] suggested quantum-based architectural designs that are meant to enhance standardization,
modularity, and traceability. At the level of processes, the development of hybrid quantum-
classical systems has become a trend in development. Synchronized workflows to bridge the
gap between classical control logic and quantum execution layers were proposed by [15], and
the systematic shift from informal quantum programming practices to formal engineering
approaches was reported by [16].

Quantum systems requirements engineering has also developed. [17] suggested
quantum-conscious requirements models that formally include uncertainty in the functional
requirements and quality requirements. Empirical studies found that there were structural
obstacles to industry uptake, such as underdeveloped toolchains, lack of debugging ability, and
high learning curves [18][19] These issues were further consolidated through community-
driven efforts [20]. In order to overcome the practical QSE challenges, researchers have come
up with various engineering solutions. Risk-aware decision-making frameworks of quantum
software projects were presented by [21], and success prediction models of the project were
created subsequently [22]. [23] studied the automated generation of quantum programs based
on formal specifications, i.e., truth tables. Simultaneously, quantum development systems
based on clouds and offering Quantum Computing as a Service (QCaaS) turned accessibility
into a matter of concern but also created issues regarding reliability, security, and governance
[24].

In quantum software, the recent activity shifted towards the quality assurance of its
work. The methods of mutation testing [25], large-scale empirical fault studies [20], and current
surveys of the state of the art in quantum software testing [27] all show that bugs and faults
are still common even on an established platform like Qiskit. Specialized frameworks for the
static analysis of quantum programs have also been put forward to help in the detection of
defects and the reliability of the programs [28]. Decision-making and/or architectural decision-
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making has become a major research issue in QSE. The empirical study conducted by [29] has
shown that architecture has a significant effect on reliability, maintainability, and system
evolution. Nevertheless, the implicit accountability concerns are as follows, whereas even
though the quality attributes of studies are discussed, the ethical implications, as well as the
risks of decisions being made by Al, are not discussed as first-class architectural issues.

Simultaneously, Al has gained more and more prominence in quantum software
engineering processes. Quantum circuit optimization, error mitigation, automated testing, and
hybrid orchestration are now done using Al techniques [30][31]. Although such methods lead
to better scalability and productivity of developers, they add extra levels of opaqueness. Based
on empirical evidence, Al-assisted automation extends responsibility further between
developers, AI models, and quantum execution environments, making accountability and
traceability challenging [32][33]. In addition to technical aspects, the subjects of governance
and ethics have become more and more popular in the environment of quantum technologies.
World Economic Forum [34] suggested high-level principles to be applied to quantum
computing governance and included transparency, risk management, and responsible
innovation. These principles are, however, quite decoupled from tangible software engineering
processes. Decision-support and risk-prediction models partially tackle the issue of
governance, although not with enforcing ethical accountability; both are more focused on
project outcomes than on enforced ethical accountability.

Al-driven ecosystems are also known to have researched responsible and human-
centric software engineering. [35] investigated the changing role of developers within Al-
enhanced settings, in which there are issues of governance and responsibility. Revisiting
classical security engineering concepts in Al-dominated systems, [36] prioritized transparency,
auditability, and resilience. The socio-technical aspect of quantum software development is
also emphasized with diversity, inclusion, and accessibility in QSE [37][38].

More recent roadmap and vision documents unify the state of the art in QSE and
explicitly demand integrated solutions that cut across the software engineering, tooling,
education, ethics, and governance. Lack of cohesive frameworks was also named by [39] as a
significant obstacle to reliable quantum systems. The studies mentioned above focus on
service-oriented quantum computing, project governance, and the sustainability of quantum
software ecosystems in the long term [40]. Although there has been significant improvement
from 2022 to 2025, there is still much fragmentation in the existing studies. Ethical
responsibility, accountability, and governance are not usually given serious consideration as
part of engineering requirements. Specifically, the compound risks that Al-supported decision-
making brings with it to quantum systems are not discussed adequately. This gap is further
supported by recent demands of a quantum-oriented paradigm and ethical control.

Despite the substantial progress made in terms of quantum software lifecycles, testing,
architecture, Al-assisted development, and principles of governance, there is still no single
framework that deploys ethical, accountability, and governance mechanisms at all levels of
Quantum Al systems. This disconnect inspires the suggested Responsible Quantum Al
Software Engineering (RQAI-SE) design, which incorporates the moral, technical, and
organizational ideals throughout the entire Quantum Al stack.

In spite of such technical developments, QSE research today remains dominated by
engineering and infrastructure concerns, with minimal consideration of ethical issues,
inclusivity, and governance mechanisms.

Table 1 demonstrates significant weaknesses across these dimensions in existing QSE
frameworks, which address technical aspects thoroughly but largely ignore the socio-technical
perspectives necessary for responsible quantum Al advancement. The foregoing review
reveals that research has progressed along two parallel but disconnected tracks: one focused
on technical rigor (lifecycles, architecture, testing) and another on high-level governance
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principles. There is a conspicuous absence of a cohesive engineering framework that
operationalizes ethical principles such as fairness, transparency, and accountability as first-class
requirements within the technical workflow of quantum software development. This paper
addresses this gap by introducing the RQAI-SE framework, designed to systematically embed
ethical and governance mechanisms directly into the core phases of the QAI software lifecycle,
from requirements engineering to deployment and auditability.

Table 1. Comparative analysis of quantum software engineering frameworks

International Journal of Innovations in Science & Technology

Framework Focus Area Ethical Governance | Hybrid (Classical +
Considerations | Mechanisms | Quantum) Support

[12] Quantum Lifecycle Minimal No Partial

[13] Quantum Correctness | No No No

[14] Quantum Architecture | No No Yes
RQAI-SE Ethical QAT | Yes (Embedded) | Yes Yes (Full  Hybrid
(Proposed) Engineering (Auditability, | Support)

Compliance)
Methodology:

The RQAI-SE framework was established to address the dual complexity of
engineering and ethics in QAI systems. This multi-tiered framework enables the development
of safe, transparent, and equitable QAI applications that are safe, transparent, equitable, and
benefit a worldwide population by combining classical, quantum, and software engineering
best practices with embedded ethical, governance, and inclusivity layers.

RQAI-SE has five interrelated layers representing each of the significant phases of the
quantum software lifecycle, as shown in Figure 1. These layers span ethical requirements
gathering, governance, and auditability, and are responsible for instilling responsibility into the
flow of core architecture, design, and validation of the QAT systems shown in Table 2.

Fthical - Aware Requirement Engineering

Quantum - Aware Architecture Design
Lifecycle - Aligned Development and Architecture
Integrated Validation, Testing & Verification

Figure 1. RQAI-SE life cycle

The Ethical-Aware Requirements Engineering layer is the first layer, which constitutes
an expansion of traditional requirements engineering by integrating ethical implications in the
initial phases of the design of QAI systems. As opposed to discussing fairness, bias mitigation,
and accessibility as second-order issues, this layer frames them as central objectives of
engineering. It promotes participatory design involving stakeholders such as legal experts,
healthcare professionals, and representatives of marginalized communities, particularly in
delicate areas such as criminal justice, healthcare, and money. This layer relies primarily on the
processes of social and ethical risk identification, the transformation of the goal of fairness and
inclusivity into technical prescriptions that can be put into practice, and a distinct definition of
the extent of usage of high-hazard tasks.
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Table 2. Rqai-Se Framework Layers: Goals, Activities, And Outputs

Layer Primary Goal Key Activities Expected Output
Ethical-Aware Align ethical values | Stakeholder  analysis,  bias | Ethics-informed
Requirements with system needs identification, fairness translation | requirement documents
Quantum-Aware | Ensure transparency | Risk modeling, interface | Traceable hybrid
Architecture and modular design traceability, and use of design | architecture

patterns
Lifecycle-Aligned | Ethical alignment in | Tool —automation, low-code | Documented &

Development implementation ethics modeling auditable codebase
Integrated Testing | Validate fairness and | Simulation, test oracles, statistical | Verified quantum
& Verification accuracy checks application

Governance & | Ensure transparency | Logging, dashboards, bias audits | Compliance-ready QAI
Auditability and regulatory trust system

Quantum-Aware Architecture Design is the second layer, addressing the requirements
for modular, scalable, and explainable system architectures that can host classical and quantum
modules. Based on reusable architectural patterns for quantum systems, this layer underlines
the need to pay attention to traceability and transparency in the interfaces and inter-component
interactions of systems. Design methods entail, among other things, the use of hybrid
architecture patterns, the construction of traceability matrices that map ethical demands onto
particular modules, and active modelling of the way in which algorithmic biases can spread
throughout the system. These measures ensure that ethical risks are considered at the beginning
stages of the design process instead of reacting to them. Lifecycle-Aligned Development and
Automation is the third level that aims at aligning the development practice with the ethical and
functional objectives stipulated at the previous levels. This layer enables the use of model-
driven engineering and platforms with low or no-code methods to facilitate faster development
of QAI applications and ease traceability and reproducibility. It is implemented through ethics-
aware pipelines of development, which allow checking that software artifacts comply with
preset values. Also, formal documentation and automation accessories are used to making the
development process reviewable and supporting post-deployment accountability.

The fourth layer, that is, Integrated Validation, Testing, and Verification, is mandatory
in solving the probabilistic and non-deterministic nature of quantum computing. Traditional
testing procedures cannot be adequate for QAI systems, as such systems need to have
procedures that involve simulation and statistical validation. This layer adds the concept of test
oracles for probabilistic systems, as well as test case generation with bias identification in mind,
and composite simulation-emulation environments to test correctness and fairness during QAI
decision-making. These practices are meant to enhance confidence in the performance of the
systems as well as promote conformance with ethical standards. Stakeholder responsibilities by
the RQAI-SE layers are represented in Figure 2. Whereas classical workflows merely trigger
collaboration at opportune times, quantum workflows mandate collaborative efforts at all
times- e.g., the ethicists co-design traceability in architecture (Layer 2), and the regulators
validate testing (Layer 4).

The end-users also play a role at both ends (requirement and governance) to make the
society aligned. The last layer, Governance, Transparency, and Auditability, has the following
mechanisms of institutional accountability and regulatory compliance. Aware of the sensitivity
of QAI decision-making and its societal implications, this layer inserts ethical logging,
transparent dashboards, and audit trails of the bias right into the fabric of how the system
operates. Along with the essential technical stakeholders, e.g., developers, ethicists, and end-
users, the proposed RQAI-SE framework clearly enlarges the stakeholder model to encompass
policy-makers, international standards organizations (e.g., IEEE and ISO), educators, and
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regulatory organizations. This expansion shows the socio-technical aspects of the Quantum
Artificial Intelligence systems that exist at the edge of advanced technology, public policy, and
social influences. The framework facilitates clearer role identification in other areas, including
regulatory compliance, standardization, ethical oversight, and capacity building, by engaging
these stakeholders throughout the various phases of the software lifecycle. Such an increased
stakeholder involvement enhances accountability, promotes coordinated governance, and
makes technical development consistent with legal, educational, and institutional needs
throughout the lifecycle of QAI systems. Accessibility and sustainability are also considered the
first-class design objectives in the RQAI-SE framework. The framework encourages equitable
access to quantum technologies, and the use of cloud-based quantum computing and shared
research infrastructures will provide opportunities to access quantum technologies to a wider
range of people, not just the organizations that have strong quantum hardware. Concurrently,
sustainability-conscious design is highlighted in light of the energy footprint of quantum
hardware, the computational cost of quantum simulation, and the resource usage of large-scale
hybrid QAI training protocols. Incorporating these issues into the engineering lifecycle with
RQAI-SE, ethical and governance requirements are one of the main aspects of responsible
QAI development that are taken into account, along with the long-term environmental and
societal sustainability.

The ‘multi-layered’ architecture of RQAI-SE operationalizes ethical accountability
through layered defense: Layer 1 prevents ethically problematic requirements from entering the
system; Layer 2 ensures ethical risks are addressed in design before they are encoded in
software; Layer 3 enforces ethical compliance during development; Layer 4 validates ethical
compliance before deployment; and Layer 5 monitors and audits ethical compliance throughout
the system’s operational life. This layered approach ensures that no single point of failure can
compromise the ethical integrity of the QAI system.

Input Layers Output Stakeholders
User Needs, Ethics Layer 1: Ethics-anchored
ID, Rules — Ethica_ll—Aware —ly requirements — End Users
Requ.l.rlenlents Stakeholder alisnment
Developer Design, Layer 2: Modular, explainable —p Ethics Team
Ethics Trace Quantu:m—Aware design
Architecture
Code Dev, Ethics LoRrErEE Auditable, — Developer

=  Lifecycle-Aligned 4 reproducible code
Development

l

Validation

= c . Layer 4: Fai _verified
Simulations, Ethics A . S alrness-verifie
Aud.ii,: =3 Integrated Testing system
l Regulators
Layer 5:
Decision Logs, Governance & — Trusted QAT system
Ethics Review Auditability

Figure 2. Stakeholder Responsibilities and Roadmap in RQAI-SE

Figure 2 illustrates the stakeholder responsibilities distributed across layers. Unlike
classical workflows that trigger collaboration opportunistically, RQAI-SE mandates continuous
collaboration: ethicists co-design traceability in Layer 2, regulators validate testing in Layer 4,
and end-users participate in requirements (Layer 1) and governance (Layer 5).
Alignment of RQAI-SE with Global Governance Frameworks:

The layers of the RQAI-SE framework and the nine thematic governance pillars
developed by the World Economic Forum (WEF).
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Table 3. Mapping of RQAI-SE Framework Layers to WEF Nine Governance Pillars

RQAI-SE Layer Primary Aligned WEF Technical-Governance Linkage
Engineering Governance Pillars
Focus
Layer 1: Ethical- | Ethical risk | Inclusiveness & | Ethical objectives are translated
Aware Requirements | identification, Fairness; into verifiable technical
Engineering fairness goals, | Accountability; requirements, ensuring fairness,
stakeholder Human-Centric stakeholder representation, and
inclusion Design responsible use boundaries from
project inception
Layer 2: Quantum- | Hybrid quantum— | Transparency & | Architectural traceability and hybrid
Aware Architecture | classical modular | Explainability; interfaces enable explainability,
Design design, traceability | Robustness & Safety | fault isolation, and responsible
handling of quantum uncertainty
Layer 3: Lifecycle- | Ethics-aware Accountability; Automated documentation and
Aligned pipelines, Auditability; Risk | ethics-aligned workflows support
Development & | documentation, Management traceable development
Automation reproducibility compliance-ready engineering
practices.
Layer 4: Integrated | Probabilistic Robustness & Safety; | Statistical testing, bias-aware test
Validation, Testing, | testing, bias | Reliability oracles, and quantum emulation
and Verification auditing, enable governance-compliant
simulation validation  under  probabilistic
execution.
5: | Logging, Governance & | Ethical logs, explainable
Governance, oversight, Oversight; dashboards, and audit
Transparency, and | regulatory Transparency; Societal | operationalize governance
Auditability alignment Trust requirements and enable regulatory
monitoring

This mapping can be used to gain an understanding of the operationalization of the
high-level governance principles, including accountability, transparency, inclusivity, and risk
management, at the level of technical mechanisms throughout the quantum software lifecycle.
The updated paper now shows that the ethical-conscious requirements, quantum-conscious
architecture, testing, and governance layers are straightforwardly aligned to the policy goals on
a global scale instead of being abstract ethical promises. As Table 3 shows, the mapping of the
RQAI-SE framework shows the operationalization of the nine pillars of governance
introduced by the World Economic Forum using tangible software engineering mechanisms.
Instead of considering governance as an outer policy layer, RQAI-SE integrates governance
principles like accountability, transparency, inclusivity, and robustness throughout every stage
of the quantum-Al software lifecycle. Ethical goals are converted into technical ones,
architectural traceability is used to facilitate explainability, and probabilistic testing strategies
are used to guarantee quantum uncertainty robustness. This clear mapping is a way to fill a gap
between principles of global governance and practical quantum software engineering practice,
which is a severe weakness of current Responsible Al and Quantum Software Engineering
models.

Ethical Aspects of Quantum Al Engineering:

The nature of QAI opens a new range of ethical issues that ensue. Deterministic logic,
most commonly embodied in classical software engineering techniques, finds it difficult to
adapt to the non-traceability and unpredictability of quantum computation. As such, these
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ethical aspects, as shown in Figure 3, include fairness, transparency, and accessibility as they
have to be embedded in the first QAI software lifecycle stages.

01
Ethical
Integration in
Lifecycle
06
Ethical
Governance
Mechanisms .
Ethical Aspects
of Quantum Al
Engineering

04

Transparency via
Explainable Tools

Figure 3. Ethical Aspects

One of the primary ethical concerns is algorithmic fairness, especially in fields as vital
as healthcare, banking, and law. The intricacy of quantum systems' decision-making processes
might exacerbate the possibility of unfair outcomes due to biased training data or design
assumptions. [19] emphasize that fairness-aware design protocols are needed when integrating
QIA into cloud-native environments, and these considerations should start with the
requirements phase. In addition, quantum systems have a lack of transparency that cannot be
resolved through regular validation and debugging strategies. According to, the tools used to
achieve traceability in quantum software could be described as rare, which means that ethical
logging, explainable interfaces, and simulation-based testing should be enforced to increase
trust and monitoring. Table 4 presents a critical mapping of four fundamental ethical risks in
quantum Al systems to their quantum-specific manifestations and the corresponding mitigation
strategies within the RQAI-SE framework. This analysis reveals how quantum computing
introduces novel ethical challenges that require specialized solutions.

Table 4. Ethical Risks in Quantum Ai and Rqai-Se Mitigation Strategies

Ethical Risk Quantum-Specific Challenge RQAI-SE Mitigation Strategy
Algorithmic Bias Quantum noise may amplify biases Bias-aware testing oracles (Layer 4)
Lack of Transparency | Quantum states are non-deterministic | Explainable interfaces (Layer 5)
Access Inequality High hardware/resource barriers Open-source tooling (Layer 1)
Regulatory Gaps No quantum-specific policies Ethics review boards (Layer 5)

In addition to algorithm design, QAI is concerned about fair access and control. The
expertise and specially tuned hardware that quantum systems need are likely to exacerbate
technological neglect in some parts of the globe. [34] prescribe open-source ecosystem,
inclusive education, and participatory governance as means of achieving non-discriminatory
accessibility and representation in the QAI setup. These measures will be necessary to create
interdisciplinary review boards, international certification measures, and documentation
requirements to help establish ethical responsibility as they grow in size.

Discussion:

The RQAI-SE framework presents a structured comparative advance over existing
QSE approaches across three measurable dimensions: ethical integration depth, governance
operationalization, and lifecycle coverage. Table 1 demonstrates that while existing frameworks
address technical concerns competently, none systematically embeds ethical governance as an
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engineering requirement across all lifecycle phases. RQAI-SE addresses this structural gap
through its five-layer architecture, each layer producing governance-auditable artifacts.

A structured comparison between classical Al ethics approaches and RQAI-SE reveals
significant qualitative differences. Classical Al ethics frameworks primarily address data bias,
model explainability, and post-deployment monitoring. Quantum Al systems require additional
layers of governance: hardware-level ethical concerns arising from entanglement-induced
decision opacity; bias amplification through quantum noise processes that have no classical
analogue; and resource inequality challenges inherent to current quantum hardware economics.
Figure 4 systematizes these differences.

Research in responsible QAI systems requires new ethical and governance models to
complement classic Al solutions in their inability to cover quantum-specific issues. As
systematized in Figure 4, such technological issues present themselves along three crucial axes:
the complexity of technically verifying quantum probabilistic results, weaknesses in the present
development pipelines regarding governance, and the inherent nature of the systemic ethical
risks that occur during quantum hardware applications. Probabilistic quantum computation is
the key that disturbs traditional validation paradigms. According to available testing
infrastructure is inadequate to test quantum logic circuitry, and that poses a huge impediment
in certifying functional correctness as well as ethical conformity. This drawback shows the
urgency of finding quantum-adapted verification techniques, such as statistical test oracles
verifying the probabilistic outputs, Al-based quantumized simulations of circuit behavior, and
formal verification for quantum information systems. The existing lack of tough auditing
mechanisms of QAI development is a problem of equal importance. A lack of thorough logging
procedures and traceability attributes does make quantum systems perilous to the furtherance
of hidden biases. A recent article by [32] suggests reducing these risks by using diversity-aware
development toolchains, models of participatory governance, explainable quantum interfaces,
and multidisciplinary ethics reviews.

Classical Al Quantum Al
Ethical Ethical
Challenges Challenges

« Data Bias: Reflects « Quantum Noise Bias:
human prejudices Shared Challenges Unpredictable errors

* Explainablllty: Algorithmie Fairness = Bias * Entanglemcnt Opacity:

Lacks transparency ~ °  'ransparency = Opacity Untraceable decisions
+ Regulatory Gaps = Governance
« Privacy Risks: + Access Inequality = Inequity —, Hardware Monopolies:
Data breaches Limited access
« Accountability: + Post-Quantum
Unclear liability Security: Crypto risks

Figure 4. Ethical Challenges in Al: Classical vs. Quantum Paradigms

The comparative analysis within Figure 4 allows identifying several differences between
classical and quantum Al ethics. Whereas classical systems face mainly data-oriented bias and
model explanations concerns, quantum systems raise the hardware-level ethical concerns, such
as the decision opacity caused by entanglement, the bias amplified by quantum noise, and
inequality of resources. These particular issues are taken into consideration with the RQAI-SE
framework because of its quantum-specific auditing layer (Layer 4) and governance (Layer 5),
which modify the classical ethical concepts to the peculiarities of quantum computing.
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CHALLENGES STRATEGIES
Probabilistic output Develop Robust Test
(Hard to Validate) } Mechanism
Lack of Ethical Auditing
Auditability > Infrastructure
No Standardized Global Policy &
Governance Models [ 3 Certfication Frameworks
Ethics Treated ’ Embed Ethics into
as Add on Engineering Practices

Figure 5. Challenges and Strategic Roadmap for Responsible Quantum Al Development

Figure 5 gives three strategic priorities for the responsible development of QAL To
begin with, quantum ethics should be standardized by prioritizing the formulation of quantum
ethics toolkits, the generation of validation benchmark repositories, and the definition of
certification procedures. Second, to implement the principles of RQAI-SE in education, it is
necessary to include them in STEM curriculum, design professional education on quantum
ethics, and construct ethics-engineering course content on interdisciplinary grounds. Third,
international systems of governance should harmonize international standards of quantum
ethics, initiate intercontinental patterns of cooperation, and globalize quantum development
platforms.

To accomplish these goals, quantum engineers will have to increasingly work together
with ethicists, policymakers, and people with expertise in the matter. This multidisciplinary
perspective will need to balance technical advancement with wise moral judgment, and ethical
concerns should be shifted past their present nature of being compliance requirements to actual
design considerations. The offered roadmap focuses on proactive, not reactive, integration of
ethics, making responsible innovation the center of the quantum Al development, not an
addition.

The ability of quantum computers to break classical encryption poses a significant
threat to global cybersecurity [7]. Despite their transformative potential, quantum computing
technologies remain largely inaccessible due to high implementation costs, limited availability
of hardware, and the requirement for specialized expertise [8]. To address these challenges,
recent research has begun exploring the integration of Large LLanguage Models into quantum
computing workflows, particularly in areas such as quantum architecture design and quantum
state simulation, to improve accessibility, automation, and efficiency in quantum system
development [6]. Building upon these strategic priorities and emerging technological
considerations, it is essential to acknowledge the limitations of the proposed RQAI-SE
framework to guide future research and practical implementation.

The RQAI-SE framework, in its current form, is a conceptual proposition and, as such,
has several limitations that must be acknowledged. First, the framework's primary limitation is
its lack of empirical validation. While derived from a synthesis of existing literature, its layers,
activities, and outputs have not been tested in a real-world quantum software development
project. The practical feasibility, developer burden, and actual effectiveness of mechanisms like
"bias-aware test oracles" or "ethics-aware development pipelines" remain unproven.

The framework’s primary limitation is the absence of empirical validation in a real-
world QAI development context. As a conceptual framework derived from literature synthesis,
the practical feasibility, developer burden, and effectiveness of mechanisms such as bias-aware
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test oracles and ethics-aware development pipelines remain to be empirically demonstrated.
This limitation is characteristic of foundational framework proposals in software engineering
(cf. [12][39]) and cleatly identifies the primary direction for subsequent research.
Implications of the Study:

RQAI-SE contributes a new conceptual model for responsible QAI engineering that
bridges the gap between technical QSE and high-level Al ethics governance. Unlike existing
frameworks that treat ethics as secondary, RQAI-SE operationalizes ethical principles as first-
class engineering requirements across five hierarchical layers.

For QAI development teams, the framework provides actionable layer-by-layer
guidance: ethical requirements gathering (Layer 1), traceable architecture design (Layer 2),
ethics-aware development pipelines (Layer 3), probabilistic testing strategies (Layer 4), and
auditability mechanisms (Layer 5). Practitioners can implement these layers incrementally.

The explicit mapping of RQAI-SE layers to the WEF's nine governance pillars Table 3
offers regulators and standards organizations a concrete technical framework for policy
development. This mapping demonstrates how high-level governance principles can be
translated into verifiable engineering requirements.

Conclusion:

This paper introduced the RQAI-SE framework — a systematic, five-layer engineering
framework for responsible Quantum Al Software Engineering. Addressing the three stated
research objectives: (1) the comparative analysis in Table 1 systematically identified ethical and
governance gaps across six representative QSE frameworks; (2) the five-layer RQAI-SE
architecture provides an operationalized solution embedding ethics throughout the QAI
lifecycle; and (3) the criterion-referenced mapping of all five layers to WEF’s nine governance
pillars Table 3 validates the framework’s alignment with established global governance
standards.

The framework’s measurable structural contributions include: five hierarchically
organized engineering layers; four categories of quantum-specific ethical risks with
corresponding mitigation strategies; nine WEF governance pillars operationalized through
concrete engineering mechanisms; and an expanded stakeholder model.

The integration of quantum computing and artificial intelligence is a revolutionary step
in computational capabilities, bringing with it highly sophisticated ethical and engineering
challenges that extend beyond the purview of standard software development processes. The
current paper introduces the RQAI-SE framework, a systematic approach that integrates
ethical frameworks such as fairness, transparency, inclusivity, and accountability in the
quantum software development cycle. The framework sets the stage for the evolution of
quantum Al systems that provide a balance of technological advancement with social
responsibility. Future progress in responsible quantum Al development will be needed in three
categoties: creating specialized tools for quantum ethics verification and bias identification,
establishing global certification requirements for quantum Al systems, and creating regulatory
frameworks addressing the distinct nature of quantum computing. Effective progress of
quantum Al technologies relies on interdisciplinary collaboration between quantum
engineering, ethics, policymaking, and domain-specific applications. The RQAI-SE
framework provides the methodological foundation to achieve that necessary balance between
technological innovation and ethical responsibility in quantum computing applications.

Five structured priorities for future research are identified:

Empirical validation of RQAI-SE through real-world QAI development case studies
across multiple domains (healthcare, finance, criminal justice), measuring developer burden,
compliance effectiveness, and ethical risk mitigation outcomes.
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Development of quantum ethics toolkits, including bias-aware test oracle libraries,
ethical logging specifications, and explainability dashboard templates compatible with leading
quantum computing platforms (Qiskit, Cirq, Azure Quantum).

Establishment of international certification standards for Quantum Al systems aligned
with RQAI-SE’s governance layer requirements and WEF governance pillars.

Integration of RQAI-SE principles into STEM curricula and professional
development programs.

Development of cross-jurisdictional quantum governance frameworks harmonizing
divergent national regulatory approaches to QAI accountability and access equity.
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