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1. INTRODUCTION

1.1 Background of the Research

Digital transformation has fundamentally changed
the way organizations process information,
manage resources, and make operational
decisions. Traditional organizational systems were
primarily designed around historical reporting
mechanisms, where decisions were made after
events occurred through periodic data analysis and
managerial interpretation. However, increasing
uncertainty, operational
complexity, and the demand for realtime
responsiveness have shifted organizations toward
intelligent, continuously learning systems capable
of sensing, analyzing, and responding to dynamic
conditions. Organizational
Processing Theory highlights that firms operating
in uncertain environments require enhanced
information-processing capabilities to effectively
interpret complex information and coordinate
appropriate responses (Tushman & Nadler, 1978).
Similarly, = Dynamic  Capabilities = Theory
emphasizes  that  competitive  advantage
increasingly depends on an organization’s ability
to sense changes, seize emerging opportunities,
and transform operational processes through
adaptive capabilities (Teece et al., 1997).

The evolution of digital technologies reflects this
transition from traditional information systems
toward autonomous intelligence. Initially,
organizations relied on conventional information
systems that focused on transaction processing
and operational record management. These
systems were later complemented by data analytics
platforms capable of extracting insights from large
volumes of structured and unstructured data.
Digital twin technology represents a further
advancement by creating dynamic virtual
representations of physical assets, processes, or
systems that enable continuous monitoring,
simulation, and  performance  evaluation.
Traditional digital twins primarily support
visualization, operational = monitoring, and
scenario-based  simulation by maintaining
connections between physical systems and their
digital counterparts (Valeria et al., 2022).

environmental

Information

Recent developments in artificial intelligence (Al),
machine learning, and advanced analytics have
transformed digital twins from passive monitoring
systems into intelligent and adaptive decision-
support environments. Al-enabled digital twins
integrate predictive modelling, anomaly detection,
autonomous recommendations, and continuous
learning mechanisms, allowing systems to
anticipate future conditions and recommend or
execute optimized responses (Sajadieh & Noh,
2025; Rahman et al., 2025). These capabilities
enable organizations to move beyond reactive
problem-solving toward predictive and adaptive
management.

The importance of Al-enabled autonomous digital
twins is increasingly evident across Industry 4.0
and Industry 5.0 environments. In smart
manufacturing, these systems support predictive
maintenance, production optimization, and
process automation. In healthcare, digital twins
enhance  operational  planning, resource
allocation, and decision support. Energy systems
utilize intelligent twins for infrastructure
monitoring and optimization, while
transportation and supply chain networks employ
them for disruption prediction and adaptive
coordination (Rahman et al., 2025; Soori & Azizi,
2026). Therefore, Al-enabled digital twins
represent not merely a technological innovation
but an organizational capability that strengthens
sensing, information interpretation, and dynamic
response mechanisms.

1.2 Problem Statement

Although research on digital twin technologies has
expanded considerably, several conceptual and
practical limitations remain unresolved. Existing
studies have primarily emphasized digital twin
development for simulation, visualization, and
monitoring, while comparatively limited attention
has been given to their transformation into
autonomous decision-making systems (Sajadieh &
Noh, 2025; Fatade et al., 2026). The integration of
Al introduces significant opportunities for
predictive analytics and adaptive management;
however, current architectures often lack a
comprehensive framework connecting real-time
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sensing,  predictive intelligence,  decision

optimization, and autonomous action (Rahman et
al., 2025; Nahar et al., 2026).

Furthermore, the increasing autonomy of Al-
driven systems creates important challenges
related to human oversight, explainability,
accountability, and governance. While Al can
improve operational efficiency, organizations must
determine appropriate boundaries between
automated decision execution and human
judgment (Rahimi et al., 2024). These challenges
are particularly relevant for organizations
operating within emerging digital environments
where technological maturity and governance
mechanisms continue to develop. Therefore, this
study uses Pakistan-based professionals as an
empirical context while addressing broader global
challenges associated with designing and
implementing Al-enabled autonomous digital
twin architectures.

1.3 Research Questions

RQ1: How do Al capabilities transform digital
twins from predictive systems into autonomous
decision-support architectures?

RQ2: What technological components are
essential for developing Al-enabled autonomous
digital twins?

RQ3: How can Al-enabled digital twins facilitate
real-time predictive analytics and adaptive
decision-making?

RQ4: What organizational and governance factors
influence  successful  implementation  of
autonomous digital twins?

RQ5: How can human intelligence and Al
autonomy be balanced in intelligent management
systems!

1.4 Research Objectives

The objectives of this study are:

1.To examine the role of artificial intelligence in
enhancing digital twin intelligence and autonomy.
2.To identify key technological and architectural
components required for Al-enabled autonomous
digital twins.

3.To explore how organizations utilize predictive
analytics and intelligent systems for adaptive
decision-making.

4.To investigate challenges related to governance,
trust, explainability, and human oversight in
autonomous digital twin environments.

5.To develop a conceptual framework for
intelligent digital twin management based on
technological and organizational requirements.

1.5 Significance of the Study

This  study contributes to  theoretical,
technological, and managerial understanding of
Al-enabled autonomous digital twins. From a
theoretical perspective, the study extends Dynamic
Capabilities Theory by explaining how Al-driven
digital twins enhance organizational sensing,
predictive capability, and adaptive response
mechanisms. Traditional dynamic capability
perspectives emphasize how organizations respond
to environmental change; however, Al-enabled
digital twins provide technological infrastructures
that continuously generate intelligence, anticipate
future conditions, and support organizational
transformation (Teece et al., 1997).

The study also contributes to Organizational
Information Processing Theory by demonstrating
how digital twins increase organizational
information-processing capacity. Through
continuous data acquisition, Al-based
interpretation, and intelligent decision support,
digital twins enable organizations to process
complex information more efficiently and
improve decision quality (Tushman & Nadler,
1978).

From a technological perspective, this research
proposes an integrated understanding of
autonomous  digital twin architecture by
connecting loT-based data acquisition, digital
modelling, Al analytics, simulation capabilities,
decision intelligence, and autonomous action
mechanisms. Such integration provides a
foundation for developing intelligent systems
capable of continuous adaptation and operational
optimization (Soori & Azizi, 2026).

From a managerial perspective, the study provides
guidance for organizations seeking to implement
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Al-enabled digital twins by highlighting critical
including implementation
strategies, autonomy boundaries, governance
structures, and human-Al collaboration. The
findings can assist organizations in adopting
intelligent systems while maintaining reliability,
accountability, and effective human involvement.

considerations

2. Literature Review

2.1 Theoretical Framework

Dynamic Capabilities Theory (Primary Lens)
Organizations  increasingly —operate  within
environments characterized by rapid technological
advancement, market uncertainty, and
continuous changes in operational requirements.
In such environments, competitive advantage
depends not only on possessing resources but also
on the ability to continuously sense changes,
interpret emerging opportunities, and adapt
organizational processes. Dynamic Capabilities
Theory explains how organizations develop such
adaptive abilities through three interconnected
processes: sensing, seizing, and transforming
(Teece et al., 1997).

Al-enabled digital twins provide technological
mechanisms that strengthen these dynamic
capabilities. Through realtime data acquisition
from connected devices, sensors, and operational
systems, digital twins enhance organizational
sensing capability by providing continuous
visibility ~ into  physical = processes  and
environmental changes. Unlike conventional
information systems that rely on periodic
reporting, intelligent digital twins allow
organizations to identify emerging patterns and
potential disruptions before they significantly
affect performance (Sajadieh & Noh, 2025).

The seizing capability is supported through Al-
driven prediction, optimization, and decision
intelligence. Machine learning models embedded
within digital twins can analyze complex
operational data, simulate possible scenarios, and
recommend appropriate actions. This enables
organizations to convert information into
actionable knowledge and improve decision

quality (Rahman et al., 2025).

The transforming capability emerges when digital
twins facilitate continuous adaptation and
operational improvement. Autonomous digital
twins can modify processes, optimize resource
allocation, and support adaptive responses with
limited human intervention. Therefore, Al
enabled digital twins represent not only
technological tools but strategic capabilities that
enable organizations to continuously adjust and
improve in dynamic environments (Valeria et al.,

2022; Yaseen et al., 2026).

Organizational Information Processing Theory
(Supporting Lens)

Organizational Information Processing Theory
argues that organizations facing uncertainty
require greater information-processing capacity to
coordinate activities and make effective decisions
(Tushman & Nadler, 1978). As operational
environments become more complex,
organizations must develop mechanisms that
enable rapid collection, interpretation, and
utilization of information. Galbraith (1973)
further emphasized that organizational design
should align information-processing capabilities
with environmental demands.

Al-enabled digital twins provide such capabilities
by integrating diverse data sources, processing
information in real time, and generating
predictive insights. These systems combine IoT-
generated operational data, analytical models,
simulation capabilities, and decision-support
mechanisms to improve organizational
responsiveness.  Through continuous data
integration, digital twins reduce information
delays and enable decision-makers to access
relevant information at the appropriate time
(Nahar et al., 2026).

From an OIPT perspective, autonomous digital
twins represent advanced information-processing
infrastructures  that increase organizational
capacity to manage uncertainty. By transforming
raw operational data into predictive and
actionable intelligence, these systems support
faster responses, improved coordination, and
more informed decision-making.
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2.2  Evolution from Digital Twins to
Autonomous Al-Enabled Digital Twins

Digital twin technology has evolved from a basic
digital representation of physical objects into an
intelligent, adaptive system capable of supporting
autonomous decision-making. Early digital twin
applications primarily focused on creating virtual
models of physical assets and processes to enable
visualization, monitoring, and simulation. These
systems allowed organizations to compare actual
performance with expected conditions and
identify operational deviations. However, their
analytical capabilities were largely dependent on
human interpretation and manual decision-
making processes (Valeria et al., 2022).

The integration of artificial intelligence has
significantly expanded digital twin capabilities. Al-
enabled digital twins incorporate machine
learning algorithms, predictive analytics, and
advanced computational methods to identify
patterns, forecast future conditions, and generate
intelligent recommendations. Instead of merely
describing current system states, these advanced
twins can anticipate failures, evaluate alternative
scenarios, and support proactive management
decisions (Sajadieh & Noh, 2025).

The progression toward autonomous digital twins
represents a further transformation where Al
systems move beyond  prediction and
recommendation toward controlled decision
execution. The architecture of autonomous digital
twins generally consists of multiple interconnected
layers: the physical system layer, data acquisition
layer, virtual representation layer, Al intelligence
layer, and autonomous control layer. The physical
system generates operational data, the data layer
enables connectivity and integration, the virtual
model represents system behavior, the Al layer
provides predictive intelligence, and the
autonomous control layer enables adaptive
responses (Rahman et al., 2025).

Recent research highlights that autonomous
digital twins are becoming central components of
intelligent industrial and cyber-physical systems.
They support real-time optimization, predictive
maintenance, and  adaptive  operational
management across various domains. Studies by

Gomase (2026), Jinka (2025), and Lappin (2025)
emphasize that future digital twin architectures
require stronger integration between edge
computing, cloud platforms, Al models, and
enterprise systems to achieve reliable autonomous
functionality.

2.3 Al-Driven Predictive Analytics and Decision
Intelligence

Artificial intelligence has become a fundamental
component in transforming digital twins from
monitoring platforms into intelligent decision-
support systems. Predictive analytics enables
organizations to analyze historical and realtime
data to identify patterns, forecast future
conditions, and anticipate potential operational
challenges. Within digital twin environments, Al
models continuously process data generated from
physical systems and produce insights that support
proactive management decisions.

One of the major capabilities enabled by Al is
forecasting. Machine learning algorithms can
predict equipment failures, demand variations,
resource requirements, and operational risks
before they occur. This predictive capability allows
organizations to shift from corrective responses
toward preventive and adaptive strategies. In
manufacturing environments, Al-driven digital
twins support predictive maintenance by
identifying abnormal equipment behavior and
estimating remaining operational life (Singh et al.,
2025).

Al also enhances anomaly detection by identifying
deviations from expected system behavior. In
complex environments where large volumes of
data are generated continuously, human analysis
alone may be insufficient. Al algorithms can detect
subtle changes, identify hidden relationships, and
provide early warnings. Healthcare systems, for
example, can utilize intelligent digital twins to
optimize resource allocation, monitor operational
conditions, and improve service delivery
(Kuppusamy, 2025).

Beyond prediction, Al-enabled digital twins
provide decision intelligence through simulation
and optimization. Organizations can evaluate

alternative scenarios virtually before
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implementing physical changes. This capability
reduces uncertainty and improves strategic
planning. In transportation and supply chain
systems, digital twins can simulate disruptions,
evaluate alternative routes, and recommend
optimized responses (Long et al., 2025;
Shamsuddoha et al., 2026).

Therefore,  Aldriven  predictive  analytics
represents a critical mechanism through which
digital twins generate organizational intelligence.
By combining forecasting, anomaly detection,
optimization, and simulation, these systems
enable organizations to make faster and more
informed decisions. The integration of Al with
digital twin technology creates a foundation for
adaptive management across manufacturing,
healthcare, energy, and logistics sectors (Khan et

al., 2026).

2.4 Adaptive Decision-Making and Autonomous
System Management

The development of autonomous digital twins
requires a transition from traditional monitoring
systems  toward adaptive  decision-making
architectures. While conventional digital twins
provide information about current system
conditions, autonomous digital twins are designed
to interpret information, evaluate possible
outcomes, and initiate appropriate responses. This
progression can be understood through different
levels of autonomy.

At the first level, digital twins perform monitoring
functions by collecting and displaying real-time
information about physical systems. At the second
level, Al models enable prediction by identifying
future conditions and potential risks. The third
level involves recommendation capabilities, where
systems propose optimized decisions for human
approval. The fourth level introduces controlled
autonomous action, where predefined responses
can be executed automatically within specific
boundaries. The highest level involves fully
autonomous management, where Al systems
independently adapt operations based on
changing conditions (Soori & Azizi, 2026).
Although higher levels of autonomy offer
significant efficiency benefits, they also introduce

challenges related to trust, accountability, and
safety. Autonomous decision-making systems must
provide understandable explanations regarding
why specific actions are recommended or
executed. Explainable Al is therefore essential for
ensuring that managers can evaluate and validate
Al-generated decisions, particularly in safety-
critical environments (Rahimi et al., 2024).
Human oversight remains a central requirement
in autonomous digital twin systems. Rather than
replacing human expertise, effective architectures
should establish collaboration between Al
capabilities and human judgment. Human
involvement is particularly important when
decisions  involve  ethical  considerations,
unexpected conditions, or significant operational
consequences (Rehmat et al., 2025). Fatade et al.
(2026) argue that future autonomous digital twins
should incorporate governance mechanisms that
define autonomy boundaries, accountability
structures, and risk management procedures.
Consequently, adaptive decision-making in digital
twins requires balancing automation with
responsible  human  control. Successful
implementation depends not only on
technological capability but also on organizational
readiness, governance frameworks, and trust in Al-
supported decisions.

2.5 Digital Twin Applications Across Socio-
Technical Systems

Al-enabled digital twins have expanded beyond
industrial applications and are increasingly
applied across diverse socio-technical systems.
Their ability to combine real-time monitoring,
predictive analytics, and adaptive decision-making
makes them valuable for managing complex
environments involving physical infrastructure,
human activities, and organizational processes.

In manufacturing, digital twins support predictive
maintenance, production optimization, and
process improvement. By continuously
monitoring equipment conditions and comparing
actual performance with digital models,
organizations can identify inefficiencies and
prevent unexpected failures. These capabilities
contribute to improved productivity, reduced
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downtime, and enhanced operational reliability
(Rahman et al., 2025).

In energy systems, digital twins enable intelligent
monitoring and optimization of infrastructure
such as power grids and renewable energy
networks. Al-based models can predict demand
patterns, identify potential failures, and optimize
resource distribution. Such applications are
particularly important as energy systems become
increasingly decentralized and complex (Nneoma
Ugwu et al., 2026).

Healthcare represents another important domain
where  digital twins provide operational
intelligence. Beyond individual patient modelling,
organizational digital twins can support hospital
management by optimizing resource allocation,
predicting service demand, and improving
workflow coordination (Kuppusamy, 2025).
Transportation systems benefit from digital twins
through improved safety management, traffic
optimization, and operational planning. Al
enabled models can simulate transportation
scenarios and support proactive responses to
disruptions (Long et al., 2025). Similarly, smart
infrastructure applications utilize digital twins for
monitoring urban systems, managing resources,
and improving public services (Afolabi et al.,
2025).

Across these domains, digital twins demonstrate
their potential as intelligent socio-technical
systems capable of integrating physical processes,
digital information, and organizational decision-
making. Their effectiveness depends on the ability
to combine technological capabilities with
appropriate governance, interoperability, and
organizational adaptation (Raza & Khalid, 2026;
Kour et al., 2025).

2.6  Organizational Capability, Adoption
Challenges and Governance

Despite the significant potential of Al-enabled
digital twins, successful implementation requires
organizations to overcome several technological
and managerial challenges. Digital twins depend
on reliable data ecosystems, interconnected
systems, and advanced analytical capabilities. Poor
data quality, limited interoperability, cybersecurity

risks, and insufficient workforce skills can restrict
the effectiveness of intelligent digital twin
architectures.

Data quality represents one of the most
fundamental challenges because Al models
depend on accurate, consistent, and timely
information. Incomplete or unreliable data can
reduce prediction accuracy and negatively
influence autonomous decision-making. Similarly,
interoperability remains a major concern because
digital twins require integration among sensors,
databases, enterprise systems, and analytical
platforms (Mannan et al., 2026).

Cybersecurity and governance are also critical
considerations because digital twins create
interconnected environments where operational
data and decision processes may become
vulnerable to manipulation. Organizations must
establish mechanisms for data protection, access
control, accountability, and responsible Al usage.
These  governance  requirements become
increasingly important as systems move toward
greater autonomy (Mannan et al., 2026).
Organizational readiness is another important
factor  influencing  adoption.  Successful
implementation requires leadership support,
technological capabilities, skilled employees, and
organizational willingness to redesign existing
processes. Research on Al adoption highlights that
technological transformation depends not only on
infrastructure but also on human capabilities and
institutional preparedness (Ali et al., 2026; Yaseen
et al., 2026).

These challenges may become more pronounced
in emerging digital ecosystems; therefore,
perspectives from Pakistan provide useful
empirical insights. However, these issues represent
broader global challenges faced by organizations
attempting to implement autonomous Al-driven
systems. Addressing these barriers requires a
balanced approach combining technological
investment, workforce development, governance
mechanisms, and organizational transformation

(Ashraf et al., 2025).
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2.7 Research Gaps

Although existing literature provides valuable
insights into digital twin technologies and Al
applications, several research gaps remain. First,
much of the existing research has focused on
technological development, architecture design,
and industrial applications, while comparatively
limited attention has been given to organizational
requirements and decision-making processes.
Digital twins are increasingly recognized as
strategic organizational capabilities; however, their
relationship with  organizational —adaptation
requires further investigation (Sajadieh & Noh,
2025).

Second, existing frameworks often emphasize
predictive analytics and simulation but provide
limited integration between prediction, adaptive
decision-making, and autonomous action. Future
digital twin architectures require stronger
conceptualization of how Al transforms digital
twins from analytical tools into intelligent
management systems (Rahman et al., 2025).
Third, limited research has examined governance
challenges associated with autonomous digital
twins.  Issues related to  explainability,
accountability, human oversight, and trust remain
insufficiently explored, particularly when Al
systems influence operational decisions (Fatade et
al., 2026).

Fourth, existing studies predominantly adopt
technical perspectives, creating a need for
qualitative ~ exploration  of  organizational
experiences and cross-industry requirements.
Understanding how managers and technology
professionals perceive autonomous digital twin
adoption can provide valuable insights into
practical implementation challenges.

Finally, there remains a need for theoretically
grounded models that integrate technological
architecture  with  organizational  capability
perspectives. Combining Dynamic Capabilities
Theory and  Organizational  Information
Processing Theory can provide a stronger
foundation for explaining how Al-enabled digital
twins enhance organizational intelligence,
adaptability, and decision-making capacity.
Therefore, this study addresses these gaps by

developing an empirically grounded conceptual
understanding of autonomous digital twin

architectures. (Afolabi et al., 2025).

3. Methodology

3.1 Research Design

This study adopts a qualitative exploratory
research design to investigate organizational
perspectives regarding Al-enabled autonomous
digital twins, predictive analytics, adaptive
decision-making, = and intelligent  system
management. A qualitative approach is
appropriate when examining emerging
technological phenomena where theoretical
understanding is still developing and where
researchers seek to understand perceptions,
experiences, and interpretations of participants
within complex organizational contexts. Since
autonomous digital twins represent an evolving
technological ~ paradigm,  exploring  how
professionals  understand  their  potential,
challenges, and implementation requirements
provides deeper insights than relying solely on
quantitative =~ measurement.  Following  the
principles of reflexive qualitative inquiry, this
study focuses on generating rich contextual
understanding through systematic interpretation

of participant experiences (Braun et al., 2022;
Byrne, 2022).

3.2 Sampling Strategy

The study employs purposive sampling to identify
participants with relevant professional knowledge
and practical experience related to digital
transformation, artificial intelligence, analytics,
and operational management systems. Purposive
sampling is suitable for qualitative research
because it enables researchers to select
information-rich participants who can provide
meaningful  insights into the  research
phenomenon (Braun et al, 2022). The
participants  included managers, engineers,
technology specialists, analysts, and operational
professionals from different industries. Selection
criteria included professional involvement with
digital technologies, organizational decision-
making, data-driven systems, or technology-
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enabled operational processes. This approach
ensured that participants possessed sufficient
understanding of digital twin applications and Al-
driven intelligent systems. The sampling strategy
followed qualitative research recommendations
emphasizing relevance, expertise, and diversity of
perspectives rather than
representativeness (Hole, 2024).

statistical

3.3 Data Collection

Data were collected through semi-structured
conducted  with  professionals
representing multiple industry sectors, including
manufacturing, healthcare, energy, banking,
logistics, telecommunications, construction, and
technology services. Semi-structured interviews
were selected because they provide flexibility for
participants to explain their experiences while
allowing researchers to maintain consistency
across discussions. The interview protocol focused
on key dimensions of Al-enabled autonomous
digital twins, including predictive analytics, system
architecture, adaptive decision-making,
implementation challenges, governance, and
human-Al collaboration. This approach enabled
participants to provide detailed insights regarding
technological opportunities and organizational
requirements. Semi-structured interviewing is
widely recognized as an effective method for
exploring organizational and
technological phenomena where participant
interpretation is essential (Braun et al., 2022).

interviews

complex

3.4 Data Analysis

The collected interview data were analyzed using
reflexive thematic analysis. This method was
selected because it provides a systematic yet
flexible approach for identifying meaningful
patterns within qualitative data. The analysis
followed the established stages of thematic

analysis, including data familiarization, generation
of initial codes, development of candidate themes,
review and refinement of themes, and
interpretation of findings (Braun et al., 2022).
During the coding process, recurring concepts
related to digital twin architecture, predictive
intelligence, decision-making,
organizational readiness, and governance were
identified. The themes were subsequently
examined in relation to the theoretical
foundations of Dynamic Capabilities Theory and
Organizational Information Processing Theory.
Following Byrne (2022), the analysis emphasized
interpretation and theoretical understanding
rather than merely describing participant
responses.

autonomous

3.5 Ethical Considerations

Ethical principles were maintained throughout
the research process to ensure responsible
collection, analysis, and reporting of participant
information. Participants were informed about
the purpose of the study, their voluntary
participation rights, and the intended use of
collected data. Confidentiality and anonymity
were ensured by removing personally identifiable
information and presenting findings through
aggregated thematic interpretations rather than
individual identification. Given that the study
examines Al-enabled autonomous systems,
additional attention was given to responsible Al
considerations, including transparency,
accountability, human oversight, and potential
risks associated with intelligent decision-making
systems. Ethical management of qualitative
research data and responsible technology
perspectives are essential for maintaining research
credibility and participant trust (Rehmat et al.,
2025; Mannan et al., 2026).
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Table 1: Participant Profiles

The table below presents the professional background of participants included in the study. Participants were
selected from diverse sectors to capture multiple perspectives regarding Al-enabled autonomous digital twin
applications, technological requirements, and organizational challenges.

Participant Industry Position Experience Digital Twin Relevance
Experience with production
Participant . Manufacturin systems, equipment monitorin
P Manufacturing g 35 years Y > cdUIpm &
1 Manager predictive maintenance, and

operational optimization

Experience with digital

Participant Information . transformation, cloud systems
P IT Project Manager 31 years ’ ¥ ’

2 Technology enterprise integration, and
technology implementation
Experience with critical
Participant Energy Sector infrastructure, predictive
Energy . 42 years , .
3 Executive maintenance, and operational
reliability
. Experience with logistics analytics
Participant P & YHE,

4 Supply Chain Supply Chain Analyst 29 years inventory management, and supply
chain optimization
Experience with healthcare

Participant Hospital Operations ) )
5 b Healthcare b M P 38 years resource planning and operational
anager .
& decision systems
Y
Experience with digital bankin,
p g g
Participant Banking Banking Technology 33 years systems, cybersecurity, and
6 Specialist technology-enabled decision
p 4%
processes
Participant Technical expertise in Al models,
articipan . . .
7 P Software Engineering  Software Engineer 27 years APIs, databases, and system
architecture
. . . Experience with project
Participant . Construction Project . p' pro) .
3 Construction M 36 years  monitoring, resource allocation,
anager ,
8 and infrastructure management
Participant Experience with transportation
articipan . - . . .
9p Logistics Logistics Director 40 years networks, disruption management,
and operational planning
- L Experience with network
Participant o Telecommunications s i
10 Telecommunications Manacer 30 years monitoring, automation, and
g predictive operational management
. . Experience with infrastructure
Participant Public Sector . . be
1 Infrastruct Project Director 45 years  planning, asset management, and
nfrastructure .
public systems
. , Experience with production quali
Participant Pharmaceutical . b produetion b
0 Manufacturing Operations Manager 34 years  control, process optimization, and
anufacturin,

manufacturing systems
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Participant Industry Position Experience Digital Twin Relevance
Experience with digital platforms,
Participant E-commerce demand forecasting, inventory
E-commerce ) 32 years L ..
13 Operations Manager optimization, and logistics
coordination
Participant Artificial Expertise in machine learning,
articipan , L . .
) 4p Intelligence/Data Data Scientist 30 years predictive analytics, and AI model
Science management
. Experience with manufacturing
Participant ) ) . . . . .
15 Industrial Engineering  Industrial Engineer 37 years efficiency, automation, and
operational improvement
. . Experience with urban systems
Participant Smart City . P i AR 5y ’
Smart City Consultant 35 years  infrastructure intelligence, and
16 Development . )
digital transformation
. L . Experience with safety-critical
Participant L Aviation Operations b . R )
Aviation 41 years systems, operational planning, and
17 Manager T
reliability management
. Experience with digital strategy, Al
Participant Technoloev Consultin Technology 34 perie lement %i o and &
echnology Consulti ears implementation, a
18 &y g Consultant ¥ p !

organizational transformation

4. Findings and Discussion

Theme 1: From Reactive Monitoring to
Predictive Intelligence

The findings indicate that Al-enabled digital twins
represent a fundamental shift from reactive
operational management toward predictive and
adaptive intelligence. Participants consistently
highlighted that conventional systems often
depend on  historical reports and manual
monitoring, whereas intelligent digital twins
enable continuous observation of system
conditions and early identification of potential
problems. This transition reflects a movement
from understanding what has already happened
toward predicting what may happen and
determining appropriate responses.

The analysis demonstrates that digital twins
enhance organizational capabilities by integrating
real-time data streams with analytical models.
Through continuous monitoring, organizations
can identify deviations, anticipate failures, and
optimize operations before disruptions occur. This
predictive capability is particularly valuable in
complex environments where delayed responses
may result in significant operational losses. Al-

driven analytics further strengthen digital twins by
enabling pattern recognition, anomaly detection,
and forecasting capabilities (Singh et al., 2025).

The findings also suggest that the ultimate value of
digital twins lies beyond prediction alone. By
continuously learning from operational data, Al-
enabled digital twins support adaptive
management by allowing organizations to modify
strategies and processes according to changing
conditions. This supports the argument that
digital twins are evolving from descriptive
monitoring platforms into intelligent
organizational ~ capabilities  that  facilitate
continuous improvement and transformation

(Valeria et al., 2022).

Theme 2: Al-Enabled Simulation and Adaptive
Decision-Making

The findings reveal that one of the most important
advantages of Al-enabled digital twins is their
ability to support scenario modelling and adaptive
decision-making. Participants emphasized that
digital twins allow organizations to evaluate
possible future conditions before implementing
decisions in real operational environments.
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Through simulation capabilities, organizations
can test alternative strategies, assess potential
outcomes, and select optimized responses.
Al-driven simulation enhances decision quality by
combining realtime information with predictive
models. Instead of relying solely on managerial
experience or historical trends, organizations can
utilize intelligent systems to analyze multiple
scenarios and identify optimal solutions. This
capability is particularly valuable in dynamic
environments such as  supply  chains,
transportation ~ networks, and  industrial
operations where uncertainty and rapid changes
are common.

The findings indicate that adaptive decision-
making occurs through a combination of
prediction, recommendation, and controlled
automation. Al models can identify emerging
problems, evaluate possible interventions, and
recommend actions based on operational
objectives. In some cases, routine responses may
be executed automatically within predefined
boundaries. Such capabilities represent an
advancement from traditional decision-support
systems toward autonomous management
architectures (Soori & Azizi, 2026).

Furthermore, digital twins support organizational
resilience by enabling virtual experimentation
before physical implementation. This reduces
decision risks and improves operational flexibility,
particularly in complex systems where direct
experimentation may be costly or impractical

(Long et al., 2025).

Theme 3: Integrated Architecture for
Autonomous Digital Twins

The findings highlight that effective autonomous
digital twins require a multi-layered architecture
integrating physical systems, data infrastructure,
artificial intelligence, and decision mechanisms.
Participants emphasized that digital twins cannot
function effectively as isolated software
applications; rather, they require interoperability
among sensors, databases, enterprise platforms,
analytical models, and operational systems.

The identified architecture  consists  of
interconnected layers beginning with the physical

system layer, where operational activities generate
real-time data. The data integration layer collects,
processes, and transfers information from
multiple sources. The digital representation layer
creates a virtual model of the physical system,
allowing continuous comparison between
expected and actual performance. The Al
intelligence layer applies machine learning and
analytical models to generate predictions and
insights, while decision layers enable optimization
and adaptive responses.

The findings support previous research
emphasizing that Al-enabled digital twins require
strong connectivity between edge technologies,
cloud computing, data platforms, and intelligent
algorithms.  Without effective  integration,
organizations may develop fragmented digital
solutions that fail to provide comprehensive
operational intelligence (Rahman et al., 2025).
Similarly, Jinka (2025) highlights that edge-to-
cloud architectures are essential for ensuring real-
time processing, scalability, and reliability in
intelligent digital twin environments.

Therefore, autonomous digital twins should be
viewed as integrated socio-technical architectures
rather than individual technological components.
Their success depends on the coordination of
multiple technological layers and organizational
processes.

Theme 4: Human Oversight and Explainable
Autonomy

The findings demonstrate that while Al-enabled
digital twins provide significant opportunities for
automation, human oversight remains essential
for effective and responsible implementation.
Participants generally supported increasing levels
of automation for routine monitoring, prediction,
and operational optimization but expressed
concerns regarding fully autonomous decision
execution in high-risk environments.

The analysis indicates that trust in autonomous
systems depends heavily on explainability and
transparency. Organizations require
understanding of how Al systems generate
predictions and recommendations, particularly
when decisions influence safety, financial
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outcomes, or critical operations. Explainable Al
mechanisms allow managers to evaluate Al
generated insights and maintain accountability
within decision processes.

The findings support the concept of human-Al
collaboration rather than complete replacement of
human expertise. Human professionals contribute
contextual knowledge, ethical judgment, and
experience-based understanding that may not
always be captured within digital systems.
Therefore, effective autonomous digital twin
architectures should establish clear boundaries
regarding which decisions can be automated and
which require human approval.

Rahimi et al. (2024) emphasize that Al-enabled
digital twins in decision-critical environments
require mechanisms that enhance transparency
and clinical or operational confidence. Similarly,
Rehmat et al. (2025) highlight that human-
centered Al adoption depends on trust,
confidence, and  responsible integration.
Consequently,  explainability and  human
governance should be embedded within digital
twin architectures from the initial design stage.

Theme 5: Data

Organizational Readiness
The findings identify data infrastructure and
organizational readiness as critical factors
influencing successful adoption of Al-enabled
autonomous  digital  twins. Participants
emphasized that advanced Al capabilities depend
on reliable, accessible, and integrated data
ecosystems. Inconsistent data quality, fragmented
information systems, and limited interoperability
can significantly reduce the effectiveness of
predictive models and autonomous decision

Infrastructure and

mechanisms.

The analysis suggests that organizations must
develop mature digital foundations before
implementing highly autonomous systems. Data
collection  processes,  system  integration,
cybersecurity  mechanisms, and  analytical
capabilities must be established to ensure reliable
digital twin performance. Without these
foundations, organizations may experience

inaccurate predictions, inefficient decision
recommendations, or limited operational value.
Organizational capability is equally important
because digital twin implementation requires
changes in processes, skills, and management
approaches. Employees must develop capabilities
related to data interpretation, Al interaction, and
technology management. Leadership support and
organizational willingness to redesign existing
workflows also influence successful adoption.
These findings align with Dynamic Capabilities
Theory by demonstrating that technological
resources alone do not create value unless
organizations develop the capability to effectively
utilize them. Yaseen et al. (2026) highlight that
Industry 4.0 technologies require alignment
between technological innovation and human
capital development. Similarly, Al adoption
depends on organizational readiness,
technological capability, and institutional support

(Ali et al., 2026).

Theme 6: Governance and Responsible
Autonomous Systems

The findings emphasize that governance is a
fundamental  requirement for responsible
deployment of autonomous digital twins. As Al
systems become increasingly involved in
operational decision-making, organizations must
address  issues related to  cybersecurity,
accountability, transparency, and ethical Al usage.
Participants highlighted that autonomous systems
operate within complex environments where
incorrect decisions may create significant
consequences. Therefore, governance mechanisms
should define responsibility structures, decision
boundaries, monitoring procedures, and risk
management approaches. Autonomous digital
twins require continuous evaluation to ensure that
Al models remain accurate, reliable, and aligned
with organizational objectives.

Cybersecurity represents another important
concern because digital twins depend on
interconnected networks and continuous data
exchange. Unauthorized access, data
manipulation, or system failures could
compromise operational reliability. Organizations
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must therefore incorporate security measures
throughout the digital twin lifecycle rather than
treating cybersecurity as a separate consideration.
The findings support the argument that
responsible autonomy requires integration of
technological ~ innovation with  governance

importance of autonomy levels, governance
mechanisms, and accountability structures in
socio-technical Al systems. Similarly, Mannan et
al. (2026) highlight the need for secure and
responsible Al architectures that address emerging
challenges associated with intelligent technologies.

frameworks. Fatade et al. (2026) emphasize the

Table 2: Thematic Analysis of Findings

) Theoretical Architectural
Theme Sub-Themes Interpretation )
Connection Component
Digital twins enable ]
) ) o sl b ) Physical System
From Reactive  Real-time monitoring, organizations to move Dynamic Laver. Dat
. . . . . . T ayer, Data
Monitoring to prediction, early from historical analysis Capabilities yer
. . . . . Integration Layer,
Predictive detection, adaptive ~ toward proactive and  Theory: sensing Al Intelliven
. . . 1. ntelligence
Intelligence management predictive decision- capability L 8
. ayer
making Y
i ) Al enables Dynamic
Al-Enabled Scenario modelling, o Y e
) ) L organizations to Capabilities .
Simulation and optimization, } o Decision
) i evaluate alternatives Theory: seizing L
Adaptive recommendations, Optimization Layer

and improve decision and transforming

Decision-Making autonomous responses . .
quality capability

Autonomous digital

Integrated Sensors, data twins require . Data Integration
) . ) Organizational -
Architecture for platforms, digital interconnected , Layer, Digital
. i Information )
Autonomous models, Al engines, technological layers ) Representation
.. . . ] Processing Theory
Digital Twins connectivity rather than isolated Layer
systems
Responsible autonomy
) Trust, transparency, ,
Human Oversight requires human
; human-Al ) Human-centered Human
and Explainable ) . involvement and .
collaboration, decision Al perspective ~ Governance Layer
Autonomy ) understandable Al
boundaries .
decisions
Data Successful adoption
Infrastructure Data quality, depends on Dynamic Data Integration
and interoperability, skills, organizational capability =~ Capabilities Layer, Al
Organizational digital maturity and technological Theory Intelligence Layer
Readiness readiness
Autonomous systems
Governance and . . o
. Security, require governance Organizational
Responsible I ) ) , Human
accountability, ethical mechanisms to ensure Information
Autonomous i . ) Governance Layer
Svst Al risk management reliability and Processing Theory
ystems

responsible operation
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Synthesis of Findings

Based on the thematic analysis, this study proposes
an Al‘Enabled Autonomous Digital Twin
Architecture consisting of seven interconnected
layers. The architecture represents the transition
from conventional monitoring systems toward
intelligent, adaptive, and governed autonomous
environments.

The first layer, the Physical System Layer,
represents the realworld assets, processes, and
environments being monitored. The second layer,
the Data Integration Layer, enables continuous
collection, communication, and processing of
information from multiple sources. The third
layer, the Digital Representation Layer, creates a
virtual model that reflects the current and
expected behavior of physical systems.

The fourth layer, the Al Intelligence Layer, applies

reasoning mechanisms to generate insights. The
fiftth layer, the Decision Optimization Layer,
evaluates and identifies
appropriate responses. The sixth layer, the
Autonomous  Management enables
controlled execution of decisions within
predefined boundaries. Finally, the Human
Governance Layer ensures accountability,
explainability, ethical oversight, and strategic
alignment.

This architecture demonstrates that autonomous
digital twins require integration between
technological intelligence and organizational
governance. The findings indicate that successful
implementation depends not only on Al capability
but information  infrastructure,
organizational readiness, and human-centered
governance.

alternative scenarios

Layer,

also on

machine learning, predictive analytics, and
Strategic Initiation Environmental Analysis Organizational Readiness Data Strategy Technology Architecture
’ Vision and Objectives ‘ E;ema.l Trends —‘ L > ‘ Digital Maturity ‘ L > ’ Data Acquisition ‘ L IoT Infrastructure
[ Stakeholder Alignment | lRegulatory Requiremeni‘ , Capability Assessment ] ‘ Data Governance J I Interoperability
|
Y A 4
Al Model Development Governance and Ethics
L Predictive Analytics | Human-AlI Collaboration o e I Policy and Compliance |
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S(i)mlt{la{ioﬁ and J | Human Oversight Autonomous [ Decision Optimization } [ | Ethical Al ‘
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+ Lworkforce Developmﬂ Implementation l Controlled Autonomy | +
System Integration Pilot Implementation
Bdge-Cloud Integration ‘ 1 I Use Case Selection l
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Figure 1. Proposed Implementation Roadmap for Al-Enabled Autonomous Digital Twins: Integrating
Data Infrastructure, Al Intelligence, Adaptive Decision-Making, and Governance Mechanisms
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Discussion

The findings provide evidence that Al-enabled
autonomous digital twins represent an important
evolution in organizational intelligence by
integrating realtime information processing,
predictive analytics, and adaptive decision-making.
From the perspective of Dynamic Capabilities
Theory, digital twins strengthen organizational
sensing capabilities by continuously monitoring
operational  environments and identifying
emerging changes. They further enhance seizing
and transforming capabilities by enabling Al-
supported optimization and adaptive responses
(Teece et al., 1997).

The findings also support Organizational
Information Processing Theory by demonstrating
that digital twins increase organizational capacity
to process complex and rapidly changing
Through
integration and intelligent analysis, these systems
reduce information limitations and support faster
decision-making (Tushman & Nadler, 1978).

The results align with previous research suggesting
that Al transforms digital twins from descriptive
models into predictive and autonomous systems
(Sajadieh & Noh, 2025; Rahman et al., 2025).
However, the findings extend existing literature by
emphasizing that autonomy requires more than
technological  capability. Human oversight,
explainability, governance, and organizational
readiness are essential components of successful
implementation (Rahimi et al., 2024; Fatade et al.,
2026).

Furthermore, the study contributes to emerging
discussions on responsible Al by highlighting that
autonomous systems should operate within clearly
defined boundaries. While Al can improve
efficiency and responsiveness, human judgment
remains necessary for complex and high-impact
decisions. This reinforces the need for hybrid
intelligence models where Al capabilities and
human expertise complement each other.

Overall, the findings suggest that Al-enabled
autonomous  digital  twins  should  be
conceptualized as  socio-technical  systems
combining advanced analytics, organizational
capabilities, and governance mechanisms. Such an

information. continuous data

integrated perspective provides a stronger
foundation for understanding how organizations
can successfully adopt intelligent autonomous
technologies.

5. Conclusion, Implications and Future
Directions

5.1 Conclusion

This study examined the development of Al-
enabled autonomous digital twins as next
generation intelligent management systems
capable of supporting real-time predictive
analytics,  adaptive  decision-making,  and
operational intelligence. The findings
demonstrate that digital twins are evolving beyond
traditional virtual representations and monitoring
platforms into dynamic, Al-driven systems that
can continuously sense environmental conditions,
interpret complex information, simulate possible
scenarios, and support adaptive responses.

The study highlights that the value of autonomous
digital twins emerges from the integration of five
fundamental capabilities: sensing, prediction,
simulation, adaptation, and controlled autonomy.
The sensing capability enables continuous
collection of real-time information from physical
systems through connected technologies and data
infrastructures. Predictive capabilities allow Al
models to identify patterns, anticipate future
conditions, and detect potential disruptions
before they occur. Simulation capabilities enable
organizations to evaluate alternative scenarios and
optimize decisions without directly affecting
physical operations. Adaptive capabilities allow
systems to respond to changing environments,
while controlled autonomy ensures that
automated decisions operate within predefined
boundaries supported by human governance.

The findings further indicate that successful
implementation of autonomous digital twins
requires alignment between technological
architecture and organizational capabilities.
Advanced Al models alone are insufficient unless
supported by reliable data infrastructure,
interoperability, skilled human resources, and
effective governance mechanisms. The study
emphasizes that human involvement remains
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essential, particularly in complex and high-risk
environments where professional judgment,
accountability, and ethical considerations
influence decision outcomes.

The proposed Al-enabled autonomous digital twin
architecture provides a comprehensive framework
integrating physical systems, data acquisition,
digital representation, Al intelligence, decision
optimization, autonomous management, and
human governance layers. This integrated
perspective advances understanding of how
organizations can transition from reactive
management approaches toward predictive and
adaptive operational systems.

Overall, Al-enabled autonomous digital twins
represent a significant transformation in
organizational  intelligence. =~ They provide
organizations with the ability to continuously
learn from operational environments, improve
decision quality, and respond dynamically to
emerging challenges. Future organizational
competitiveness will increasingly depend on the
ability to effectively combine artificial intelligence,
digital representations, and human expertise
within responsible and adaptive management
frameworks.

5.2 Theoretical Implications

This  study  contributes to  theoretical
understanding by extending Dynamic Capabilities
Theory through the identification of Al-enabled
digital twins as technological mechanisms that
strengthen organizational sensing, adaptation, and
transformation capabilities. Traditional
perspectives emphasize organizational ability to
respond to environmental change; however, this
study demonstrates that intelligent digital twin
architectures provide continuous technological
support for identifying changes, predicting future
conditions, and enabling adaptive responses
(Teece et al., 1997).

The study also extends Organizational
Information Processing Theory by demonstrating
how autonomous digital twins enhance
organizational capacity to collect, process, and
utilize complex information. By integrating real-
time data, predictive analytics, and decision

intelligence, digital twins reduce information
limitations and  improve  organizational
responsiveness (Tushman & Nadler, 1978).
Consistent with Galbraith’s (1973) perspective,
advanced information-processing mechanisms
become increasingly important as environmental
complexity increases. Furthermore, the findings
support the view that digital twins represent
strategic technological capabilities that facilitate
organizational transformation through
continuous intelligence generation (Valeria et al.,

2022).

5.3 Practical Recommendations

Organizations seeking to implement Al-enabled
autonomous digital twins should prioritize the
development of integrated data ecosystems that
ensure reliable data collection, interoperability,
and real-time information exchange. Strong digital
foundations are essential because Al-based
predictions and autonomous decisions depend on
accurate and accessible data.

Organizations should adopt phased autonomy
approaches rather than immediately pursuing fully
autonomous systems. Initial implementation
should focus on monitoring, prediction, and
decision recommendations before gradually
introducing  controlled  automation.  This
approach allows organizations to evaluate system
reliability and establish appropriate governance
mechanisms.

Human oversight should remain a central
component of autonomous digital twin
architectures. Organizations should define clear
boundaries regarding which decisions can be
automated and which require human approval.
Investment in Al literacy, technical skills, and
workforce development is also necessary to ensure
effective collaboration between employees and
intelligent systems.

Finally, organizations should prioritize explainable
Al mechanisms to improve trust, transparency,
and accountability. Al-generated
recommendations should be understandable to
decision-makers, particularly when automated
systems influence critical operational decisions.
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5.4 Limitations and Future Research Directions
This study has several limitations that provide
opportunities for future research. First, the
qualitative research design enabled detailed
exploration of participant perspectives but does
not provide statistical validation of relationships
among technological and organizational factors.
Future studies may employ quantitative
approaches to test and validate the proposed
framework across larger samples.

Second, although participants represented diverse
sectors, the study was conducted within a single
national context. Future research should examine
Al-enabled autonomous digital twin adoption
across multiple countries and institutional
environments to identify contextual differences
and common implementation patterns.

Third, future research may develop digital twin
maturity models that measure organizational
readiness, technological capability, and levels of
autonomy. Such models could assist organizations
in evaluating their progression from basic
monitoring systems toward intelligent
autonomous architectures.

Further research should also investigate Al
governance frameworks specifically designed for
autonomous digital twins. Areas requiring deeper
investigation include explainability, cybersecurity,
ethical decision-making, accountability structures,
and human-Al collaboration models. These
developments will be essential for ensuring that
autonomous digital twins are implemented as
reliable, responsible, and sustainable intelligent
management systems.
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