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Abstract

Industrial organisations are entering a decisive phase of digital transformation where the traditional boundaries between human
decision-making and artificial intelligence are being progressively reconfigured. For several decades, automation has been
considered a driver of efficiency, cost reduction and process stability, resulting in production models heavily centred on machine-
based optimisation and standardisation. Yet, the emergence of explainable, cooperative and context-aware artificial intelligence
promotes a radical shift from mere automation to new forms of collaboration in which human expertise becomes enhanced
rather than displaced. The field now requires models capable of reconciling the strengths of human intuition, ethical judgement,
contextual sensitivity and creativity with the powerful analytical capabilities of contemporary Al systems. This article examines
three archetypal Human-AlI collaboration models — supervised, delegated and co-creative — focusing on how these configurations
redistribute responsibilities and roles across managerial, operational and cognitive functions. The transition towards Human-AI
collaboration is not solely technological but deeply organisational. Industrial ecosystems must reconsider workforce competences,
governance, accountability and trust mechanisms, especially as decision-support systems influence strategic planning, operations
and risk management. The supervisory role of humans, traditionally positioned at the periphery of technology-driven workflows,
becomes central to the new cognitive enterprise paradigm, where collaboration replaces substitution and complementarity
replaces automation. The implications are profound: organisational models, industrial processes and future capabilities will be
increasingly shaped by the quality of the interaction between human and artificial intelligence rather than by the technological
sophistication of Al alone. The resulting scenario signals the beginning of a new industrial revolution, built on explainability,
responsible innovation and collaborative intelligence.
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Abbreviations

Al - Artificial Intelligence

XALI - Explainable Artificial Intelligence

FL - Federated Learning

EPI - Energy Physical Internet

IoE - Internet of Energy

DER - Distributed Energy Resources

DSO - Distribution System Operator

TSO - Transmission System Operator

AIISEMS - Artificial Intelligence, Intelligent Systems and Multi-Sectoral Societal Impacts
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1. Introduction: From Automation to Collaboration

The evolution of industrial systems during the last four decades has
been dominated by atechnological trajectory centred on automation,
robotics and digitalisation. The paradigm of Industry 3.0 and, later,
Industry 4.0 has been anchored to the promise that machines and
automated processes could systematically replace manual tasks,
minimise human intervention and optimise operational efficiency.
This logic has undoubtedly delivered tangible results in terms
of improved productivity, cost reduction and higher levels of
performance consistency across manufacturing, energy networks
and industrial supply chains. Nevertheless, the rapid convergence
of Al technologies, advanced analytics and distributed computing
has initiated a transformation that challenges the historical
assumption according to which human contribution diminishes as
automation increases [1-4].

Recent analyses by international organisations and industrial
research centres highlight that the emerging phase of digital
transformation is no longer primarily characterised by automation,
but rather by the ability to integrate human cognitive capabilities
with artificial intelligence in operational, tactical and strategic
processes. Reports from McKinsey and the World Economic
Forum, as well as whitepapers produced by major industrial
technology vendors, emphasise a shift towards interaction
models that combine the strengths of algorithmic analysis, pattern
recognition and predictive insights with human sensitivity, ethical
interpretation and contextual decision-making [5,6]. According
to these analyses, industries will increasingly rely on hybrid
intelligence systems where humans and Al cooperate and distribute
responsibilities according to task complexity, risk, uncertainty and
contextual variability.

This phenomenon emerges from several converging forces.
First, Al systems have become more capable of understanding
complex industrial environments, especially through explainable
Al methods enabling transparency and interpretability. Second,
the pace of technological adoption has significantly accelerated
due to the availability of scalable cloud infrastructures, generative
Al models and affordable edge computing capabilities. Third,
regulatory regimes in Europe and other advanced economies
are reinforcing governance frameworks related to algorithmic
accountability, safety and ethical use of artificial intelligence,
therefore implicitly fostering collaborative systems where human
oversight remains essential [7].

2. Background: Human-AlI in Industrial Transformation

To understand the significance of Human-Al collaboration for
industrial systems, it is necessary to contextualise its emergence
within broader technological and organisational trends. Historically,
industrial automation focused on mechanistic optimisation,
aiming to minimise human intervention and reduce operational
friction. Robotics, programmable logic controllers and automated
information systems enabled a progressive shift from manual
to machine-executed tasks. The predominance of automation,

however, has gradually encountered limitations in environments
requiring interpretative judgement, context-dependent decisions
or nuanced ethical evaluation.

Human-Al collaboration responds to this limitation by
complementing automated systems with human insight. Unlike
previous digitalisation waves, where automation primarily
displaced human tasks, current Al-based industrial architectures
promote forms of collaboration that involve joint participation in
planning, monitoring, analysing and executing complex decision
processes. In highly regulated sectors, such as manufacturing,
energy production or healthcare, the presence of human oversight
remains an indispensable requirement to guarantee safety, ethical
accountability and regulatory compliance [8].

Industrial analysts have increasingly observed that organisations
adopting Human-Al collaboration models demonstrate higherlevels
of adaptability, resilience and strategic alignment. The cognitive
enrichment produced by collaborative intelligence enables firms
to better understand complex operational environments, anticipate
failures, coordinate distributed resources and dynamically adjust
decision frameworks. Moreover, explainable and human-centric Al
architectures permit organisations to maintain strong governance
over algorithmic behaviour, preserving transparency and trust in
critical industrial decisions.

3. Light Literature and Practice Review on Human-Al Models
Although the research literature on Human-Al collaboration
remains relatively fragmented across scientific, managerial and
industrial domains, a growing number of studies and practice-
oriented analyses highlight common conceptual elements that
enable the classification of collaboration models. Early Al
literature primarily conceptualised Human-AlI interaction in terms
of human-in-the-loop systems, focusing on oversight and control.
More recent publications, however, emphasise mutual exchange
and complementary problem-solving, where the human and the
artificial agent contribute unique skills to decision processes.

Industrial reports underline that Human-Al collaboration must
be distinguished from traditional automation. While automated
systems simply execute predetermined tasks, collaborative
intelligence systems dynamically interact with human operators,
receiving feedback, adapting decisions and learning from
contextual variables. Studies by the World Economic Forum
articulate the increasing importance of hybrid intelligence, defined
as an advanced form of integrated reasoning between human and
artificial agents. McKinsey highlights that companies successfully
integrating Human-AlI collaboration models observe significant
improvements in operational reliability, risk mitigation and
predictive accuracy [9].

Furthermore, practical use-cases across industrial sectors reveal
that Human-AlI collaboration delivers superior value when tasks
involve high uncertainty, complex reasoning, strategic planning
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or ethical consideration. For example, predictive maintenance,
energy optimisation or manufacturing quality control may
involve nuanced decisions where human interpretation remains
indispensable. The literature articulates that in such contexts,
collaborative intelligence significantly outperforms both manual
execution and autonomous automation.

4. Business Methodology and Conceptual Framework

4.1 Conceptual Foundations

This article adopts a business-oriented methodology aimed at
conceptualising Human-AI collaboration models within industrial
contexts through a pragmatic, managerial and strategic lens.
The objective is to enable organisations to classify collaboration
initiatives, assess business opportunities and design governance
structures capable of supporting sustainable and explainable
cooperation between humans and Al systems. The framework is
articulated along three conceptual dimensions which collectively
determine the nature of collaboration: task control, decision
responsibility and cognitive contribution.

The first dimension, task control, concerns the extent to which
Al systems execute tasks autonomously or require continuous
human supervision. Traditional automation produces static task
execution patterns, whereas collaborative intelligence introduces
iterative exchanges where the Al system requests human input,
updates decisions and adapts to contextual feedback. Task control
defines whether humans act primarily as supervisors, validators,
co-executors or strategic orchestrators.

The second dimension, decision responsibility, expresses how
decision authority is distributed between human and artificial
agents. Some collaboration models require human validation of

Al decisions, while others may delegate tactical decisions to Al
systems while maintaining strategic oversight at human level. The
attribution of responsibility determines how organisations handle
governance, compliance, risk management and accountability.

4.2 Classification and Sectoral Articulation

Building upon the conceptual foundations introduced earlier,
the classification of Human-Al collaboration requires a
structured articulation of roles, responsibility, decision authority
and cognitive distribution across industrial processes [10].
Industrial environments rarely operate under static collaboration
arrangements; instead, configurations typically evolve according
to technological readiness, regulatory constraints, workforce
competences and business objectives. However, it is possible
to identify three fundamental archetypes that recur across
organisational and industrial domains: supervised models,
delegated models and co-creative models.

Supervised collaboration represents configurations in which
artificial intelligence performs analytical tasks or proposes
preliminary decisions while humans retain ultimate decision
authority and oversight. These models are common in highly
regulated sectors, particularly in early adoption phases where
explainability, safety and ethical validation are paramount. Task
control remains primarily human, while Al contributes operational
insights or predictive analysis. Delegated collaboration represents
arrangements in which specific decision categories, especially
tactical or repetitive ones, are transferred to Al under predefined
conditions and boundaries. Co-creative collaboration represents
advanced forms of interaction where humans and Al jointly
contribute cognitive value, generating solutions that neither party
could develop alone.

Model Type Human Role Al Role Decision Typical Use in
Authority Industry
Supervised Oversight, Analytical Human retains Quality
validation, support, full decision control,
contextual prediction, authority anomaly
judgement alerts detection, asset
monitoring
Delegated Strategic Tactical Tactical Predictive
oversight, risk decision authority maintenance,
governance execution, delegated to Al load
optimisation within defined optimisation,
rules production
planning
Co-Creative Joint Generative Shared Process
reasoning, suggestions, authority, redesign,
creative pattern context- cognitive
problem discovery dependent planning,
solving strategic
energy

optimisation

Table 1: Human-AI Collaboration Models (Classification Overview)
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Immediately after examining the comparative classification,
several managerial implications become evident. In supervised
models, industrial organisations primarily rely on AI for
supporting tasks that enrich human situational awareness, allowing
experts, technicians or engineers to evaluate system behaviour. In
delegated models, Al performs predefined tasks with autonomy
limited to tactical execution, while human oversight ensures
strategic alignment and risk mitigation [11]. By contrast, co-
creative models introduce collaborative and generative behaviours

Sector Supervised Example

Human validation
of grid anomaly
alerts

Energy

Healthcare Al-supported
diagnostic screening
validated by
clinicians
Manufacturing Quality inspection
with human
acceptance criteria

in which both human and Al agents contribute unique cognitive
value to innovative problem-solving processes.

4.3 Sector Examples

These examples illustrate that Human-Al collaboration is
not homogeneous across industries but deeply influenced by
sector-specific priorities. The following table presents concrete
applications across three major industrial sectors, demonstrating
how the three collaboration archetypes manifest in practice.

Delegated Example

Al-based demand
response execution

Al triage delegation
under medical

Co-Creative Example

Joint optimisation
of distributed
energy resources
using generative Al

Human-AlI co-
designed prevention

protocols strategies for
population health
Delegated process Co-creative
optimisation in redesign of
industrial robotics manufacturing
workflows based on
generative
simulation

Table 2: Sector Examples (Energy, Healthcare, Manufacturing)

In energy systems, supervised collaboration ensures trust and safety
in grid operations where unexpected behaviour must be interpreted
by expert operators. Delegated collaboration becomes central
in scenarios requiring real-time optimisation, such as demand
response or distributed load balancing, while co-creative models
reflect strategic collaboration in planning future architectures. In
healthcare contexts, supervised collaboration remains predominant
due to ethical and clinical responsibility, while delegated models
appear in operational processes such as triage. Manufacturing
demonstrates a broader range of collaboration maturity: from
supervised inspection to delegated robotics control and forward-
looking co-creative design of production flows.

5. Business Insights and Evidence

The adoption of Human-Al collaboration models yields several
managerial insights that transcend sector boundaries but
simultaneously reflect industrial specificities. Firstly, industrial
enterprises should recognise that collaboration introduces a
new dimension of organisational complexity requiring skills,
governance practices and decision frameworks not traditionally
present in automation environments. While automated systems

operate autonomously under static logic rules, collaborative
intelligence relies on dynamic reasoning based on contextual
information, human judgement and adaptive computational
feedback.

Secondly, evidence from industrial transitions reveals that
collaborative models promote more resilient operational
behaviours. In industrial settings characterised by high uncertainty,
such as volatile energy markets or complex manufacturing
ecosystems, human participation ensures that strategic decisions
remain grounded in ethical and contextual considerations.
Delegated decisions may accelerate operational efficiency but
must be combined with robust human oversight mechanisms to
prevent systemic risks.

Thirdly, collaborative intelligence accelerates innovation cycles.
In collaborative systems, humans and Al agents continuously
exchange information, reshaping decision spaces. Industrial
evidence demonstrates that generative capabilities, predictive
analytics and human domain expertise interact synergistically,
enabling enterprises to explore design alternatives or operational
configurations not previously accessible.
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5.1 Conceptual Chart: Risk-Complexity Map
To support industrial stakeholders in evaluating appropriate
collaboration models, a conceptual map representing the interplay

between risk and complexity can be formulated. This map
visualises how different collaboration archetypes correlate with
industrial risk levels and cognitive complexity.

High Complexity

(Co-Creative
*

(Delegated
*

Low

(Superrised
*

High Risk

Low Complexity

Figure 1: Risk-Complexity Map for Human-AlI Collaboration

In this conceptual representation, supervised models typically occur
in high-risk but low-complexity environments where procedural
safety, regulatory requirements or operational constraints offer
limited scope for autonomy. Delegated models tend to emerge in
contexts where tactical decision tasks can be automated without
undermining system-level safety, resulting in a shift towards
intermediate complexity and risk. Co-creative models appear
predominantly in advanced industrial transformations where
strategic decisions require distributed cognitive capabilities,
elevating both complexity and epistemic uncertainty.

6. Managerial and Societal Implications

Industrial enterprises undertaking Human-Al collaboration
transformation must confront a new constellation of managerial
responsibilities and societal expectations that extend well
beyond traditional technology deployment programmes. At
managerial level, the shift towards collaborative intelligence
constitutes a structural redesign of how decisions are produced,
validated and governed within industrial operations. Historically,
managerial authority relied on human expertise, hierarchical
control mechanisms and deterministic planning approaches. With
collaborative intelligence, decision authority becomes distributed
across human and artificial cognitive agents, requiring managers
to reframe their understanding of delegation, accountability
and operational control [12]. Workforce evolution emerges as a
central organisational implication. The collaborative enterprise
requires new categories of skills spanning domain knowledge,
analytical literacy, contextual interpretation, ethical judgement
and technology-oriented reasoning. Industrial technicians must be
capable not only of monitoring machinery but also of understanding

Al-generated insights, while engineers must develop competences
in explainability, data governance and human-machine interface
evaluation. Consequently, industrial HR strategies must include
multidimensional skill-building programmes that combine
technical training with ethical, regulatory and managerial
competencies.

From the standpoint of organisational design, collaborative
intelligence challenges the adequacy of existing structures based on
vertical hierarchies, functional specialisation and rigid governance
processes. Collaborative settings, especially those involving co-
creative interaction, require cross-functional teams capable of
integrating technological, operational and strategic activities.
Traditional organisational boundaries between IT, engineering,
operations and management become increasingly porous as
collaboration demands open communication channels, shared
cognitive spaces and continuous knowledge exchange. At societal
level, Human-AI collaboration introduces multidimensional
implications related to employment, ethics, trust and social
sustainability. Contrary to narratives predicting large-scale
displacement of human labour due to automation, collaborative
intelligence reinforces the role of human expertise, particularly in
high-complexity industrial contexts. Moreover, the explainability
and transparency requirements embedded in collaborative models
promote responsible use of Al that aligns with societal norms and
ethical principles [13,14].

7. Consulting Pill and Executive Takeaways
Despite the structural character of Human-Al collaboration,
industrial organisations can adopt pragmatic executive orientations
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to manage transformation dynamics and mitigate implementation
risks. Organisations benefit from positioning collaboration as
a cognitive enhancement strategy rather than an automation
programme. Explainability frameworks should be prioritised
as foundational enablers of trust, accountability and adoption.
Cross-functional competence development is essential to create
hybrid cognitive capabilities across engineering, operations
and management. Governance mechanisms must incorporate
distributed decision authority, ethical supervision and continuous
oversight. Investment roadmaps should align collaboration
maturity with technological readiness, workforce capability
and regulatory expectations. Strategic transformations should
emphasise resilience and adaptability rather than short-term
efficiency metrics.

8. Conclusions and Future Directions

Human-Al collaboration represents the beginning of a new
industrial revolution in which cognitive capabilities become
strategic production factors. The transition transcends automation
paradigms by integrating human contextual reasoning with
artificial analytical power, generating collaborative intelligence
systems capable of addressing unprecedented levels of industrial
complexity. This evolution reshapes operations, workforce
dynamics, governance structures and competitive strategies,
positioning collaborative intelligence as a foundational pillar of
industrial transformation and sustainable digitalisation.

Although supervised, delegated and co-creative models provide a
useful analytical basis, future developments will not necessarily
follow linear maturity progressions. Instead, collaborative
configurations will evolve dynamically according to technological
maturity, organisational learning and regulatory frameworks.
Industrial enterprises must therefore conceive Human-Al
collaboration not as a final destination but as a continuous journey
integrating technological sophistication with human interpretative
responsibility.

Future research and industrial experimentation will likely explore
advanced co-creative scenarios in which generative models,
cognitive platforms and human experts jointly design industrial
processes, supply chains and infrastructures. As enterprises move
toward cognitive enterprise maturity, collaboration will define
the competitive horizon of industrial transformation, becoming a
strategic benchmark for resilient industrial ecosystems and human-
centred digital evolution.
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