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Abstract
Software systems increasingly need to account for stakeholder values, yet existing approaches provide limited
support for integrating them into system design. We analyze these limitations for a class of systems we define
as Value-Critical Systems. We find that oversight and governance approaches rely on high-level principles
that are difficult to translate into concrete system behavior and often provide only limited or illusory control.
Software quality models capture system properties but fail to represent the underlying stakeholder values they
are intended to support. Value-oriented design methodologies, while effective at eliciting values, lack mechanisms
to operationalize them, reason about trade-offs, and integrate them throughout the system lifecycle.

To address these limitations, we derive five design requirements for the operationalization of stakeholder
values in Value-Critical Systems. These requirements support making values explicit, comparable, and measurable,
while facilitating the identification and negotiation of trade-offs and their continuous revision over time.
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1. Introduction

Software systems increasingly shape human life, influencing how we work, communicate, learn, and
make decisions. While traditional quality attributes such as performance, reliability, or security remain
important, they are not sufficient to capture the full spectrum of stakeholder concerns. In particular,
values [1] play a central role in shaping stakeholder expectations, trust, and acceptance of systems.

This is especially evident in systems that process personal data (e.g., health tracking), mediate
decisions (e.g., credit scoring), or influence user behavior (e.g., social media). We refer to such systems
as Value-Critical Systems (VCSs).

Value-Critical System (VCS). A system in which the alignment with stakeholder values is central
to its design, operation, and acceptance.

Misalignment between a VCS’s design and stakeholder values can result in outcomes that harm
stakeholders and erode trust [2]. This is amplified by the fact that values operate across multiple levels,
which can be abstracted into cultural, organizational, and individual contexts (cf. Table 1). Individual
values are shaped by organizational norms, which in turn are embedded in broader cultural contexts.

Table 1: Abstraction levels of values, with example frameworks/models and their relevance to software design.

Abstraction Level Framework/Model Relevant Design Aspects
Cultural Hofstede [3] Societal norms and expectations across regions.
Organizational Cameron & Quinn [4]  Shared priorities, and governance practices.
Individual Schwartz [1] Personal rights, preferences, and ethics.
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This introduces key challenges for VCS design: values are context-sensitive (e.g., trust in banking
vs. trust in autonomous driving), may conflict across levels (e.g., individual privacy vs. national
security), evolve over time (e.g., increasing emphasis on sustainability), and be interpreted differently by
stakeholders (e.g., varying definitions of fairness). Therefore, addressing stakeholder values in system
design inherently exhibits the defining properties of wicked problems [5]. Consequently, VCSs cannot
be designed through one-time optimization but require continuous negotiation and adaptation.

Recent high-profile cases highlight the consequences of neglecting stakeholder values in system
design. For example, the Volkswagen emissions scandal [6] revealed how software systems can be
deliberately engineered to obscure environmental impact, undermining values such as sustainability
and transparency. Similarly, the Robinhood trading platform prevented retail investors from accessing
financial markets [7], raising concerns about fairness and trust. While trade-offs between business
objectives and stakeholder values are often intentional, long-term consequences are difficult to anticipate.

However, existing approaches like quality models [8] provide limited guidance on how to systemat-
ically represent, reason about, and evaluate heterogeneous and often conflicting stakeholder values
during system design. This gap underscores the need for design approaches that operationalize values
alongside traditional quality attributes like safety and security.

In this paper, we analyze the limitations of existing approaches and derive five design requirements to
guide the systematic operationalization of stakeholder values. These requirements include (i) capturing
the diversity of stakeholder values across abstraction levels, (ii) representing values as explicit and
traceable elements, (iii) supporting the negotiation of value trade-offs, (iv) evaluating systems based
on how values are realized in behavior, and (v) enabling continuous adaptation to reflect evolving
stakeholder values. Together, these requirements provide a foundation for systematically integrating
stakeholder values into the design and evolution of VCSs.

2. Limitations of Existing Approaches

Existing approaches that are not necessarily designed to address stakeholder values explicitly but relate
to similar concerns can be grouped into oversight and governance approaches, software quality models,
and value-oriented design approaches, each with their own limitations.

2.1. Oversight and Governance Approaches

Oversight and governance approaches aim to ensure alignment with stakeholder values by introducing
human control or high-level normative guidance into system design and operation but often struggle to
translate these values into concrete system behavior.

Responsible Al and Ethics Frameworks aim to promote ethical principles derived from underlying
values in system design. However, these approaches often exhibit a gap between those principles and
their practical implementation in real-world systems. Their translation into practice is hindered by
factors such as the complexity of Al impacts, unclear distributions of responsibility, disciplinary divides,
and organizational constraints [9].

In addition, the fundamental principles often converge on a relatively small and standardized set of
values, such as fairness, accountability, and transparency. While this may not address all stakeholder
concerns, even within these values, their interpretation is not uniform across different stakeholders.
For example, different notions of fairness can be inherently incompatible, making the pursuit of one
fairness criterion contingent on trade-offs with others [10].

Human-In-The-Loop (HITL), and related paradigms such as Human-On-The-Loop (HOTL),
which emphasizes human involvement either through direct interaction or supervisory control at
runtime, are often proposed to support values such as human autonomy, trust, and informed consent.

However, in end-user settings, this assumption breaks down, as users typically lack the information,
authority, and context required to meaningfully oversee algorithmic decisions. While HITL enables
users to directly intervene (e.g., by correcting or overriding outputs), HOTL assumes a supervisory role
in which humans monitor system behavior and intervene only when necessary.



In practice, both of these paradigms face similar limitations. In many interfaces (particularly genera-
tive Al systems), human involvement is reduced to selecting or modifying system-generated suggestions.
In such cases, the system dynamically controls which options are presented, thereby pre-structuring
the decision space and potentially excluding alternatives from consideration. As a result, even in
supervisory settings, human control may remain limited, providing only the appearance of oversight
while the system retains substantial influence over the effective decision process [11].

2.2. Software Quality Models

Traditional software quality attributes (also referred to as non-functional or quality requirements [12])
described in the ISO/IEC 25010 — Product Quality Model [8], such as safety and security, are not values
themselves but a means through which stakeholder values can be supported or realized.

For example, security supports the value pri-

supports
vacy, and safety supports the value health. On —
the other hand, values motivate the selection ISO 25010 Values
and prioritization of quality attributes. Quality safety, security health, privacy
attributes define how a system should behave, -

motivates

but they do not always make explicit why these
properties are important, i.e, which stakeholder Figure 1: Relationship of ISO 25010 software quality
values they are intended to support (cf. Figure 1). attributes and stakeholder values.
While systems may satisfy specified quality

attributes, this does not guarantee that the underlying stakeholder values are adequately addressed [13].
For example, a system may improve usability through simplified interfaces intended to support accessi-
bility, yet still exclude certain users if this simplification removes information that users with specific
needs depend on [14]. In such cases, quality attributes capture specific system properties but fail to
represent the broader value context and potential trade-offs.

2.3. Design Approaches

Design approaches aim to incorporate stakeholder values into system development through participatory
and value-oriented methodologies, but often struggle to capture their full complexity in practice.

Inclusive Design aims to ensure that systems are accessible and non-discriminatory across diverse
user groups. However, these approaches focus on optimizing specific outcomes, such as fairness along
a single dimension. This narrow focus neglects the broader value landscape and can introduce new
trade-offs or unintended forms of discrimination. For example, recent studies on large language models
reveal that attempts to mitigate gender bias can lead to asymmetric outcomes. In one set of experiments,
stereotypically masculine statements were more frequently attributed to female authors than vice versa,
suggesting an overcorrection effect [15].

Value-Sensitive Design (VSD) provides a well-established framework for identifying and incorpo-
rating the values of diverse stakeholder groups through conceptual, empirical, and technical investiga-
tions [16]. However, despite its strengths in value elicitation, VSD exhibits several limitations in the
context of VCSs. First, due to the context-sensitive nature of values, VSD resists strict formalization.
This leads to a practical limitation: it lacks concrete mechanisms to operationalize values as system
properties, leaving them largely qualitative.

Second, while methods such as Value Dams and Flows [17] are proposed to handle value tensions,
they rely on aggregating stakeholder responses and do not account for power asymmetries or ethically
relevant differences between stakeholder groups. As a result, they offer limited support to reason about
trade-offs for competing values across stakeholder groups.

Finally, VSD is primarily focused on design-time activities and offers limited support for integrating
values throughout the lifecycle of VCSs. In particular, it does not provide mechanisms for stakeholders
to continuously redefine and negotiate values as their importance evolves after deployment.



3. Design Requirements

To address the limitations of existing approaches, we derive a set of design requirements (DR1-DR5)
for treating values as explicit, operational, and evolving elements when designing VCSs.

DR1: Systems should capture the diversity of stakeholder values across abstraction levels.

Existing approaches often rely on a small and standardized set of values, which fails to reflect the
diversity of stakeholder perspectives.

Values manifest across the abstraction levels outlined in Section 1, encompassing cultural values,
organizational goals, and individual stakeholder preferences. For example, in high power distance
cultures, stakeholder values are often filtered through authority figures when eliciting requirements, so
the needs of lower-level users remain underrepresented or unspoken [18]. On the other hand, eliciting
values for each individual stakeholder is often infeasible. To address this, stakeholders can be abstracted
into groups that share similar values. However, determining an appropriate level of granularity is
non-trivial: groups can always be further subdivided, while overly coarse groupings risk overlooking
important differences (cf. Figure 2).

Abstracting Stakeholder Values

Unstructured Too Abstract Too Fine-Grained Appropriate

Figure 2: Schematic variants of abstracting stakeholder values based on different perspectives.

Capturing value diversity therefore requires balancing expressiveness and tractability by defining
stakeholder groups based on systematic, revisable value profiles that reflect meaningful yet manageable
differences rather than fixed or ad hoc categorizations.

DR2: Systems should represent stakeholder values as explicit and traceable elements.

Values are often treated implicitly, leaving them underspecified and difficult to trace, interpret, or
operationalize within the system.

To address this, values must be represented explicitly as first-class elements within the design
process [2]. These value representations must be semantically precise. High-level concepts such
as fairness require explicit, context-dependent interpretation. Otherwise, they remain ambiguous
and cannot guide system behavior. While VSD emphasizes stakeholder involvement in interpreting
values [16], this interpretation is typically mediated by system designers. Following participatory
design approaches [19], systems should instead enable stakeholders to actively define value semantics
in context rather than relying on predefined interpretations.

Further, value representations must be traceable across the system lifecycle [2]. It should be possible
to link abstract values to design decisions, system components, and observable outcomes, providing a
basis for revising value interpretations as contexts evolve.

DR3: System designs should support the negotiation of value trade-offs.

Stakeholder values often conflict (e.g., individual privacy vs. national security), yet existing approaches
lack mechanisms to systematically reason about such trade-offs or make prioritization decisions explicit.
Value representations (cf. DR2) must therefore be comparable, enabling the identification of tensions
both within and across stakeholder groups and abstraction levels.
Trade-offs must be explored and negotiated collaboratively with stakeholders through structured
processes such as workshops [20], co-design sessions, or scenario-based discussions, where alternative



system behaviors and their value implications are made explicit. Engaging stakeholders in comparing
these alternatives helps surface assumptions, reveal conflicts, and shape how trade-offs are defined
and resolved. Resulting decisions must remain transparent and justifiable by documenting prioritized
values, compromises, and their relation to stakeholder perspectives.

DRA4: Systems should be evaluated based on how stakeholder values are realized in behavior.

Beyond traceability (cf. DR2), assessing whether values are effectively implemented requires metrics
that capture how values manifest in system behavior, such as statistical measures of fairness. However,
measurement must account for multiple, potentially conflicting interpretations and make explicit which
interpretation is being operationalized. Causal inference can identify true causes of outcomes, while
robustness techniques (e.g., perturbations) can be used to assess outcome sensitivity to design choices.
In practice, this should be complemented by stakeholder-centered evaluation, engaging affected
users through surveys or interviews to capture how values are perceived and experienced in context.
Stakeholders themselves are best suited to validate whether their values are addressed [21].

DR5: Systems should be continuously adapted to reflect evolving stakeholder values.

Values cannot be fixed at design time alone. Instead, value semantics must be defined and continuously
refined by stakeholders in context. This requires mechanisms that support ongoing negotiation, revision,
and reconfiguration of value representations and their operationalizations after deployment.

This perspective aligns with the Seeding, Evolutionary Growth, and Reseeding model [22], in which
systems are initially seeded through participatory design, evolve through use as new requirements and
knowledge emerge, and are periodically restructured to integrate and formalize accumulated changes.
Applying this concept to VCS design implies that value definitions, prioritizations, and trade-offs should
be continuously shaped, revised, and realigned through ongoing stakeholder interaction.

4. Conclusion

This paper identified limitations of existing approaches to addressing stakeholder values in VCSs and
derived a set of design requirements for treating values as explicit, operational, and evolving elements
of system design. By emphasizing value representation, trade-off reasoning, evaluation, and adaptation,
the requirements shift from static principles toward dynamic, context-sensitive value operationalization,
while defining necessary properties for value-aware systems at an intermediate level of abstraction.

These requirements highlight the need to move beyond implicit and design-time assumptions about
values, enabling stakeholders to actively shape and revise value interpretations over time. Realizing this
vision requires new forms of tool support, integration into development processes, and mechanisms for
stakeholder participation throughout the lifecycle of VCSs.

Future work should investigate how these requirements can be instantiated in concrete VCSs, how
value trade-offs can be systematically managed in practice, and how continuous value adaptation can
be supported in real-world deployment contexts.
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