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Abstract

Digital Twins (DTs) are dynamic digital representations of physical objects and systems, including their associated
processes and environments. Using real-time data analytics, modelling, simulation and ‘what-if’ scenarios, they
can enable valuable understanding and decision-support for managing a system. One potential application of DTs
is the management of natural landscapes. However, despite the critical impact of humans on the natural
environment, none of the DTs of the natural environment found in the literature include the human systems in
that environment. We propose a modular framework for integrating human systems within a DT of the natural
environment, to facilitate simulation and modelling of a range of management contexts, objectives and
stakeholders across time and space. We then propose four principles as the theoretical basis for modelling the
socio-ecological governance systems that underpin DTs of human systems for managing the natural environment.
We also provide a use case related to area-wide integrated pest management as an example of the potential
application of the proposed framework for collectively managing the natural landscape. The composition and
characteristics of this use case as a DT and examples of user engagement at multiple spatial and temporal scales
are also described. Finally, we identify some methods such as agent-based modelling, reinforcement learning,
and graph neural networks that could be used to incorporate human systems in a DT, along with some examples
of their use for similar tasks from the literature. Integrating human systems in DTs of the natural environment will
facilitate the development of novel digital decision-support tools that provide stakeholders with different
perspectives of the shared natural environment and enable them to understand the impact of various
management methods and actions.
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1. Introduction

Digital Twins (DTs) are dynamic virtual representations of actual physical objects or systems (natural, or
synthetic) across multiple stages of their lifecycle (Jones et al., 2020). The DT paradigm, in addition to the DT
itself, interweaves solutions and technologies for complex system analysis, decision support, and technology
integration.

The general principle of the DT paradigm is that there should be a tight coupling between the physical and the
virtual counterparts, with varying degrees of two-way communication between them. Kritzinger et al. (2018)

Correspondence:
Contact H. Parry at Hazel.Parry@csiro.au

Cite this article as:

Dhakal, S., Parry, H., Li, Y., Loechel, B. & Moghadam, P.

Do digital twins need people? Integration of the human dimension into digital twins of the natural
environment

Socio-Environmental Systems Modelling, vol. 8, 18760, 2026, doi:10.18174/sesmo.18760

This work is licensed under a Creative Commons Attribution-NonCommercial 4.0 International License. @ @ @

An Open-Access Scholarly Journal

@E Socio-Environmental Systems Modelling
http://www.sesmo.org

SESMD


mailto:Hazel.Parry@csiro.au
http://creativecommons.org/licenses/by-nc/4.0/
http://www.sesmo.org/

S. Dhakal et al. (2026) Socio-Environmental Systems Modelling, 7, 18760, doi:10.18174/sesm0.18760

differentiated a ‘digital twin’ from a ‘digital model’ and a ‘digital shadow’. While all are digital representations
of a physical object, a ‘digital model’ lacks any automated data exchange between the physical and digital
objects; a ‘digital shadow’ features only a one-way data flow from the physical to the digital object; and a ‘digital
twin’ has fully integrated data flow between them. With the wider adoption of DTs outside of the original
domains, DTs with different levels of coupling of the real and virtual entities have been proposed in both
academia and industry. Verdouw et al. (2021) defined a typology of six, potentially overlapping, categories of
DTs based on their usage, namely imaginary, monitoring, predictive, prescriptive, autonomous, and recollection
DTs.

1.1 Digital twins for managing the natural environment

The popularity and success of DTs in the industrial production and manufacturing domains for optimising the
operation of complex processes and human-made objects has led to an increased interest in the development
of DTs of the natural environment (Blair, 2021; Verdouw et al., 2021). The utility of the DT paradigm in existing
domains indicates that it holds the potential to aid informed decision-making and management of the natural
environment. In addition to improving the understanding of the associated processes and interactions in the
natural environment, DTs can also help us simulate and understand different management actions,
interventions, and their impact on the environment.

The design and development of DTs of the natural environment presents several challenges. While mechanistic
modelling is required for reflecting the dynamics of both natural systems and human-made objects, the limited
availability of comprehensive data for all components of the natural environment necessitates a much higher
degree of reliance on mechanistic modelling. However, capturing and modelling the dynamic nature of the living
physical systems, including their uncertainties and idiosyncrasies, is a difficult task. It is also challenging to
capture the bidirectional flow of information and feedback among the various components in natural systems
that generally exhibit slower responses to events and actions compared to human-made physical systems.
Another major challenge is the integration of the complex inter-relationship of the natural environment with
the human systems that are an integral part of many natural environments (social, cultural, economic, etc.) as
part of the DT.

In the context of managing the natural environment, DTs are most likely to be used for monitoring the
environment, predicting the future states of the environment, suggesting management actions and
interventions (a prescriptive DT, following the typology of Verdouw et al. (2021)), as well as limited automation
(see Figure 1). At the same time, based on Kritzinger et al. (2018), such DTs could be categorised somewhere
between a ‘digital shadow’ and a ‘digital twin’.
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Figure 1: Digital twin usages for the management of the natural environment.

DTs have been proposed for different aspects of the natural environment, such as earth systems (Bauer et al.,
2021; Knibbe et al., 2022; Koning et al., 2023), oceans (Lilja Bye et al., 2022), forests (Buonocore et al., 2022;
Nita, 2021), water systems (Chen et al., 2023; J. Park & Yang, 2020; Qiu et al., 2022), and agriculture (Alves et
al., 2023; Moshrefzadeh et al., 2020), among others. As is evident from these examples, the scale of these DTs
ranges from local farms to regional and supraregional environments. It should also be noted that the vast
majority of these DTs arein the early maturity stages (based on the DT maturity stages presented in Uhlenkamp
et al. (2022)), with most ranging from architecture or framework proposal to early prototypes (see
Supplementary Material).
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1.2 Inclusion of the human dimension

The increasing dominance of humans over several aspects of the natural environment means that humans are
both driving, and adapting to, changes in the natural environment (Calvin & Bond-Lamberty, 2018; Motesharrei
et al., 2016; Palmer & Smith, 2014). Hence, when modelling any natural environment that exhibits strong,
intricate inter-relationships with the human systems, particularly in relation to its management, it is imperative
to model the feedback between these systems. Consequently, any DT of the natural environment that does not
include the human systems that are crucial to its management is essentially incomplete. Given the dynamic,
evolving, and often uncertain nature of the human-environment relationship, it is also insufficient to merely
include the human dimension in the form of exogenous input to the DTs. Instead, the human systems must be
modelled as fundamental components of the DTs of the natural environment, to enable modelling of the impact
of human actions on the natural environment and vice versa.

However, to our knowledge, none of the existing DTs of the natural environment (regardless of their maturity),
model the human systems within that landscape. Humans, in various capacities, are only proposed as interfacing
with the DTs for managing the natural environment. This is also true for DTs of the built environment (e.g. cities)
with only a few exceptions such as Castelli et al. (2019), Fan et al. (2021) and Xu et al. (2022). Among the
proposed DTs of the natural environment, Bauer et al. (2021) have discussed the inclusion of the human systems
in the form of greenhouse gas emissions, pollution, land-cover change or water management. Nevertheless,
discussions or frameworks for how to include the human systems as part of the DTs of the natural environment
are still lacking from the literature.

This position paper attempts to fill this gap in the literature and discusses how we can take the first steps towards
integrating human systems within DTs of the natural environment. Towards this end, we first propose a general
framework that addresses where and how models of human systems fit within a DT of the natural environment.
Then, we propose four key principles that can be applied to model the human systems in the form of socio-
ecological governance systems for managing the natural environment. Finally, we propose agent-based
modelling and simulation (ABMS) as one of the most suitable methods for implementing the proposed
framework, along with identifying some machine learning (ML) methods that could be used to complement
ABMS in this task.

2. The proposed framework

2.1 A modular approach

In most cases, the natural environment can be considered as being composed of three broad components: the
geophysical environment, the biosphere within that environment, and the human systems. The DT of a natural
environment can, thus, be composed of the corresponding sub-DTs: the geophysical, biophysical, and human
systems (social, cultural, economic, etc.) as shown in Figure 2. These sub-DTs will essentially be a highly
integrated and dynamic collection of models (either mechanistic or data-driven) corresponding to different
aspects of that component. The number of such models and their complexity, as well as the complexity of the
overall DT architecture, will depend on the natural environment that is being digitally mirrored and the
objectives of the DT. Often, data-driven and mechanistic models will complement each other with higher
reliance on mechanistic models when observation data are limited and higher reliance on data-driven models
as more real-time data becomes available.

The geophysical DT will predominantly be created or updated from observations and measurements of the
inanimate systems of the Earth. The biosphereiis likely to be represented through a combination of various data
sources for the measurable and quantifiable components, and through mechanistic models for the more
dynamic and complex living systems. These two layers will form the foundation upon which the human systems
of the natural environment will be represented. The human systems will most likely be represented through a
combination of mechanistic and data-driven models; however, many aspects will increasingly be measurable in
real-time, such as footfall data, economic transactions, social media, etc. (Birks et al., 2020; Ravid & Aharon-
Gutman, 2023). The DT will also integrate human expertise in the form of domain knowledge, management
options, and contextual scenarios.
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Figure 2: Diagrammatic representation of how the digital twin will integrate various models, simulations, algorithms, data
sources, automated analytics, etc. The digital twin, or its components, will receive contextual input from a range of sources;
and it will be accessed by diverse stakeholders through a range of user interface options and Application Programming
Interfaces (APIs).

The DT (or the models contained within) will receive input in the form of observations (from weather stations,
radars, sensors, manual recordings, etc.) and data collected and managed by government and non-government
entities (such as census, surveys, socio-economic predictions, etc.) as well as citizen science data, and social
media posts, among others. Each component of the natural environment is comprised of multiple entities. For
example, a geophysical DT may be comprised of land parcels, weather systems, soil, groundwater, and relevant
processes within realm; a biophysical DT may be comprised of plants, animals, and ecosystem interactions; and
a human DT could be comprised of farmers, land management practices, and rules and regulations. Associated
with these entities are specific parameters or metrics that define observable characteristics important to
understanding the system and which relate to potential management actions, e.g. the crop type, animal
population size, or type of farmer/farm enterprise. From a landscape management perspective, there can be
several management interventions that directly act on the parameters of entities that comprise the three
components. These management interventions will eventually impact all three layers, given the complex inter-
relationship between the geophysical, biophysical, and human components of the natural environment. Please
see Section 3.2 for examples of these entities, parameters, observations, and management actions for the area-
wide integrated pest management (AW-IPM) use case.

Furthermore, as shown in Figure 2, the DT platform will allow its users to interface with it through several user
interfaces and APIs. These stakeholders could include policymakers, industry bodies, researchers, consultants,
those living in and managing the concerned natural environment, among others. The user interface will support
actions such as querying the DT for data and visualisations, running simulations for different scenarios,
interactive exploration of the current and predicted future states of the natural environment, predicting the
impact of management actions, integration with existing workflows, etc. It is expected that these abilities will
support more knowledgeable decision making in terms of managing the environment, including better
preparations for potential future scenarios.
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2.2 Applications across spatial and temporal scales

Any DT of the natural environment that aims to facilitate system understanding and improved decision-making
should include support for simulations using multivariate scenarios. The separation of layers and components
in the proposed framework allows us to create varying sets of scenarios as contextual inputs that apply to either
the entirety or a subset of the DT framewaork, both spatially and temporally. These scenarios could include, for
example, political or economic systems, regulations, regional or global events, markets, cultural changes,
weather patterns, and pest intensity. The benefit of separating the scenarios as contextual inputs to the model
is that such a method will allow us to test various real, probable, and hypothetical scenarios (or a combination)
and simulate management actions accordingly. The scenarios themselves can be dynamic and continually impact
the model(s) throughout the simulation.

The DT should not only provide the current state of the natural environment, but also allow the prediction and
exploration of its future states at different time points. This includes updating the predicted states based on
real-world observations as well as accounting for the impact of different management actions (see Figure 3). For
example, the DT should allow its users to simulate and understand the impacts of a set of management actions
on the natural environment — by producing future states of the environment with and without those
management actions.
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Figure 3: The digital twin of the natural environment should allow us to simulate future states of the environment under a
range of scenarios and management actions. It should also support simulating the impacts of available management options.

Most environmental management scenarios are characterised by the presence of a diverse set of stakeholders
with competing interests. Therefore, the DT should support defining multiple stakeholders and actors whose
actions either impact the geophysical and the biophysical components of the landscape, or who are impacted
by changes in those layers. The proposed framework also envisions use cases, applications, and corresponding
user interfaces for different actors. These applications and user interfaces should provide these stakeholders
their respective views of the natural environment (both current and future states) and allow them to query, run
simulations and analyse scenarios based on their perspectives, roles, and requirements.

3. Socio-ecological governance within a Digital Twin

A key aspect of modelling human systems in relation to managing the natural landscape is the selection of
principles to guide how the socio-ecological governance system is modelled in the DT. There exist diverse modes
of socio-ecological governance and related principles in the literature (Bourceret et al., 2021), but it is beyond
the scope of this paper to discuss them in detail. In this section, we present four key principles that guide the
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way in which we believe DTs should be structured to reflect socio-ecological governance systems, that will allow
their use in decision-making for managing the natural environment. We also provide a potential use case of AW -
IPM to discuss how these principles of socio-ecological governance within a DT apply to a real-world context.

3.1 Principles of socio-ecological governance systems

That the DT accommodates the multiple ways of governing socio-ecological systems.

In general, we propose that use cases for a DT for managing the natural environment aim to support the various
ways that socio-ecological systems are governed, and that they can support multiple forms of governance in
combination.

Governance of socio-ecological systems is generally considered to take one of three fundamental forms:
hierarchy, market, or community (Bell & Park, 2006). Each form is seen as comprising a unique set of mechanisms
that motivate action: hierarchical (top-down, via direction and regulation, based on legitimated authority and
the threat of penalty for non-compliance), market-based (individualistic; via incentives, price, exchange, and
contract; based on private interests), and communitarian (voluntary action; achieved via education and moral
suasion, norms and peer pressure, social honouring and sanctioning; and typically based on trust, reciprocity
and commitment to a common cause).

While these three modes of social organisation differ fundamentally in their operating principles, they are often
seen operating in combination as each has particular strengths and weaknesses. The art and science of
differentially applying the different modes of governance, either singularly but usually in combination, to
manage an issue, is known as ‘metagovernance’ (Bell & Park, 2006; Cheshire et al., 2014; Gjaltema et al., 2019;
Meuleman, 2009).

A DT should be able to support each mode of governance, identifying the conditions under which a particular
mode is most appropriate and specifying the requisite mechanisms to address the issue — regulations,
incentives/price, suasion, commitment to a common cause, etc. — whether applied singularly or in combination.

That the DT accommodates both single-agent and multi-agent issues.

These modes of social organisation can be used to motivate and order both individual and collective action in
socio-ecological landscapes (Aggarwal & Anderies, 2023; Halik et al., 2018; Ruzol et al., 2017).

Some environmental management problems can be solved by individual or private action, such as where a
problem exists on a landholder’s own property, and they can deal with the issue themselves. In such cases, the
landholder may be motivated either by the necessity to comply with government regulation (hierarchy), their
own private interests (markets e.g., the profit motive, or achieving personal values such as beautification or
wellbeing of the environment), or a sense of moral obligation to the greater good of the community and/or
‘suasive’ mechanisms (communitarian values and mechanisms). There may also be a combination of these three
drivers. Simple ‘suasive’ (moral suasion) mechanisms to convince agents to act voluntarily typically involve
education campaigns, combined with explanations of benefits, and an appeal to act altruistically, for the good
of the whole (community, industry, landscape, etc.).

However, most environmental management problems are multi-agent in nature, in that action from several
different parties is required to achieve a solution. A multi-agent landscape management problem is one where
an individual agent, or collection of individual agents, cannot achieve a desired or required environmental
outcome without assistance from one another or external others.

That the DT accommodates the different ways of governing multi-agent issues.

The different modes of governance, or ways of managingissues, provide mechanisms by which interdependence
between agents for multi-agent issues can be resolved. Establishing a top-down, hierarchical approach based on
legitimated authority is the classical model of ‘government’ as Government (i.e. in the formal sense). Typically,
a public entity, such as a government department, issues policy, regulations and directions that coordinate the
actions of the various relevant parties, in order to achieve the intended outcome (e.g., rehabilitation of a
degraded landscape; biosecurity of the Queensland Fruit Fly in South Australia). Alternatively, market-based
mechanisms could be used to resolve multi-agent landscape management problems. These rely on individual
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(private) agents having incentives to cooperate with others to achieve their own interests, through the
mechanisms of price, exchange/trade, and contracts. Thus, interdependencies between private agents acting
autonomously are resolved through market mechanisms. However, in practice, many so-called market-based
schemes are set up by government and utilise grants, taxes, and subsidies to create incentives for autonomous
agents to act in desired ways (e.g., water and carbon trading schemes). This demonstrates how, in practice,
different modes of governance are combined to achieve the desired outcome. Lastly, where neither government
regulation nor market incentivisation of private agents are expected to be effective, or otherwise suitable,
mechanisms to engender voluntary action may be appropriate.

That Collective Action theory provides a sound theoretical basis for the DT in the management of the natural
environment.

Voluntary collective solutions can take many forms, from quite casual and loosely organised community groups
(e.g. local Bushcare groups) to highly organised and sophisticated group and multi-group (network) structures
and processes, led either locally or externally (Graham et al., 2019). There are likewise many theories on
collective processes for decision-making on natural resource management and co-governance of socio-
ecological landscapes (Everingham, 2009; Meinzen-Dick et al., 2004). However, here, we assert that Collective
Action theory, which arises from the field of institutional economics (Ostrom, 1990), provides the most readily
identifiable principles for effective co-management. Also known as ‘institutional design’ or ‘common pool
resource management’ theory, collective action theory has been extensively applied to natural resource and
sustainable socio-ecological management.

3.2 Use case example

We discuss the use case of area-wide integrated pest management, which is representative of a collective action
management scenario for a public good with low excludability. In such a case, a multi-actor framework is
required, as opposed to single actor decision-making which is generally found at a finer spatial scale where
‘excludability’ is high, such as for a single land parcel like a national park or farm. The entities in our DT must
reflect these multiple actors, and management interventions need to consider the multiple objectives the actors
may have and the potential interactions between them. We also present the primary purpose and data
requirements to develop a DT for managing the natural environment within our proposed framework.

3.2.1 Area-wide integrated pest management

As agricultural industries in many parts of the world face an increasingly ‘chemically-limited’ future due to
multiple pressures, existing approaches to pest management need to be redesigned (Pretty, 2018). These
pressures include pest resistance, human health concerns, environmental protection regulation, social license,
barriers to export markets, and lags in new product development. Integrated Pest Management (IPM) is an
approach that has long been advocated as a means through which to navigate such a chemically limited future
(Cowan & Gunby, 1996). IPM incorporates beneficials (e.g. predatory insects) into pest management strategies,
coordinates the timing of operations to maximise efficacy and increases the diversity of management strategies
and enterprises on farm to increase resilience (Kogan, 1998). The need to move beyond the farm-scale as a unit
of management to a more cooperative, agroecological, area-wide approach has been coined ‘areawide IPM’ or
‘AW-IPM’ (Deguine et al., 2021; Kogan, 1998).

In order to facilitate AW-IPM, we need decision-making tools that can handle complex systems, support
integration of observation data with forecasting of pest population dynamics in real-time and take a scenario-
based approach to simulate and understand the impact of multiple existing and novel control methods. Given
the importance of collective action for AW-IPM, these tools also need to support coordinated management
actions among diverse stakeholders. A DT of AW-IPM, developed using the framework proposed in Section 2
and the principles discussed Section 3.1 can meet these requirements to facilitate decision-support for complex
AW-IPM across large agricultural landscapes.

The primary entities that we anticipate would comprise the geophysical, biophysical and human DTs for AW -
IPM are given in Table 1, noting that these entities encompass land units and managers not only of farmland but
also of other key land units such as home gardens and council land. Examples of parameters and observations
associated with these entities are also given in Table 1, along with suggested management actions that could be
assessed with the DT. These management actions may relate to geophysical (e.g. crop rotations that suppress
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green bridges for pests to remain in the landscape) and biophysical, through direct action on the pest
populations (e.g. estimating effective dynamic thresholds for pesticide or biocontrol). We would also be able to
consider the human dimension of management actions with the DT, such as the different drivers of cooperation
among stakeholders, their willingness to bear the expenses to implement AW-IPM and predict the stakeholder
involvement thresholds in group action for successful pest management.

Table 1: Composition and characteristics of a digital twin of the natural environment for area-wide integrated pest
management.

System Entities Parameters Observations Management Actions
Geophysical crop-fields, non-crop temperature, rainfall, satellite data, rotations/land use
habitat, other land uses, etc.; NDVI or government data (e.g. change, planting (e.g.
climate landscape metrics; land use), weather floral resources)
crop type, stage, data, farm
health management system
records
Biophysical pests and beneficial population growth trap networks, pesticide spray,
populations rate, damage to crops  regional pest reports, biocontrol

pesticide usage
surveys, field-based on

farm data
Human growers, backyard willingness to pay, social surveys, census formation of AW-IPM
gardeners, institutions thresholds for action, data, targeted studies groups, extension
(council, pest drivers for efforts, top-down
management groups) cooperation policy interventions

An important aspect of a DT is how it enables information access and intervention. A DT needs to be dynamic,
allowing information extraction and intervention by users (not constrained to ‘experts’), and for users to be able
to influence the system trajectory across time and space even if just as simulated scenario outputs (Bauer etal.,
2021). In the case of the DT for AW-IPM, users would be able to answer a range of questions across spatial (farm
to the entire landscape) and temporal (short-term action to long-term planning) scales. Applications and user
interfaces could be designed to allow users to interact with the DT from an appropriate perspective (see Section
2.2). Figure 4 shows the kind of queries the DT could support for diverse stakeholders across both spatial and
temporal scales. Ideally, the DT would also be capable of capturing the outcomes of such interventions and
updating data accordingly in the DT, to ensure inevitable feedback loops across scales are accounted for.
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Where to undertake opa
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Figure 4: User engagement and some representative queries supported by a DT of AW-IPM across spatial and temporal scales
for a range of stakeholders.
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4. Modelling methods

Modelling the complex and dynamic system of the natural environment and the human systems within that
environment will necessitate the use of diverse methods appropriate to what is being modelled and simulated.
Below, we propose that ABMS be used as the primary framework for modelling the human system; and we also
identify several methods from MLand computer science in general that could be used in conjunction with ABMS.

Regarding the integration of the geophysical and biophysical systems and processes within the DT of the natural
environment, several studies in the literature have previously addressed this issue (Annoni et al., 2023; Koning
et al., 2023; Nativi et al., 2021), as well as specific aspects of these systems such as biodiversity modelling
(Trantas et al., 2023), climate forecasting (Voosen, 2020), watershed management (D. Park & You, 2023), among
others. Similarly, more technical software engineering issues such as implementation (Eramo et al., 2022),
software architecture (Ferko et al., 2022; Mostafa et al., 2021), enabling technologies (Fuller et al., 2020), use of
Big Data and IOT (Li et al., 2023; Radanliev et al., 2022), have also been discussed in the literature and are beyond
the scope of this paper.

4.1 Agent-based modelling and simulation

ABMS is a powerful simulation technique to describe complex, dynamic systems that are comprised of multiple
autonomous and interacting agents and characterised by continual change and evolution through time and
space (Bonabeau, 2002; Epstein, 2006; Macal, 2016). The structure of agent-based models is based on the
interaction of heterogeneous, autonomous agents with each other and their environment. The flexibility of
ABMS means that anything from individuals and households to entire societies, or geographical and political
entities can be represented using agents.

ABMS has become the leading method for modelling people, organisations, and societies because it provides an
explicit framework for modelling human behaviour, causal processes, emergent phenomena, and social
mechanisms across most disciplines, including biology, social sciences, business, and archaeology (Macal, 2016).
In the case of the DT of a natural environment, ABMS can play a key role in modelling human systems, other
biophysical systems whose population and behaviour need to be modelled in the system, as well as to capture
the feedback effects (Naqvi & Rehm, 2014).

ABMS only provides the overall framework for modelling and simulating humans, their social structures and
networks, and their interactions. Implementing an agent-based model requires considering a wide range of tasks
both during the simulation (online tasks), and before or after the simulation (offline tasks). Online tasks include
modelling the connections among agents and the flow of information within the network structure, obtaining
and perceiving the contextual information from and about the environment, decision-making, evaluating
decisions and outcomes, strategy formation, prediction, optimisation and planning, and learning. Offline tasks
include parameterising the model, calibrating the agents, validating the model, and processing the simulation
outputs. Researchers have used diverse methods from Artificial Intelligence (Al), ML and data-science to
implement these tasks in the literature (Platas-Lépez et al., 2023; Zhang et al., 2023). In the following subsection,
we provide examples of several methods and technologies that could be used to implement the above.

4.2 Machine Learning and Artificial Intelligence methods

ML methods excel at learning patterns, making predictions, and extracting insights from data, and thus have
great potential for implementing and enhancing the capabilities of ABMS during both the offline and online
tasks.

4.2.1 Offline tasks

ML is now widely used for agent specification in ABMS in the literature (Ale Ebrahim Dehkordi et al., 2023).
Chopra et al. (2023) used neural networks to calibrate agent-based models as part of their epidemiological
GradABM, which was used to develop vaccine strategy and policy during the COVID-19 pandemic. Mustafa et al.
(2017) developed a hybrid urban expansion model using ABMS where they used logistic regression models to
parameterise the decision-making process of agents (developers, farmers and planning permission authorities).
Similarly, Sdnchez-Marofio et al. (2017) discussed the use of decision trees learned from questionnaire data to
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develop behavioural rules for agents in an agent-based model. Abdulkareem et al. (2019) used Bayesian
Networks to extract and model the behavioural patterns in a spatial disease agent-based model.

In relation to a DT, where the agent-based model can access various data streams integrated with the DT, ML
methods can also help integrate these data streams to parameterise the agent-based models or drive agents'
behaviour (e.g., perceiving their environment, decision-making or self-learning). For example, Dyer et al. (2022)
used graph neural networks (GNNs) to calibrate ABMS parameters in case of 'fully-observed ABM' (when the full
trace of the agents' states and interactions are observed). An et al. (2023) leveraged reinforcement learning and
convolutional neural networks to equip agents with the ability to self-learn their rules of behaviour directly from
the data.

Similarly, Al and ML can also assist with post-simulation tasks such as output data analysis or creating surrogate
ML models trained using ABMS data. Surrogate modelling, which involves constructing a statistical model of the
ABM to perform detailed model analysis, has been suggested as a solution to the computationally demanding
nature of ABM output analysis. Angione et al. (2022) compared multiple ML methods for ABM surrogate
modelling and determined that Artificial Neural Networks (ANNs) produced the most accurate model
replications. The strengths of ML in detecting patterns have previously been used to detect the patterns of
emergence within ABMS that cannot be easily detected by human experts and specialists (Janssen et al., 2019;
Peters et al., 2016).

4.2.2 Perceiving the environment and making decisions

Most online tasks within ABMS can be grouped under two broad categories: perceiving their environment, and
making decisions to meet their objectives while considering their environment. Agents can be empowered to
learn the underlying rules, map relationships between the observed states and outcomes, and make their own
predictions under emergent situations using various ML methods. For example, Jager (2019) re-implemented
the famous Sugarscape agent-based model and used ANNs to drive the decision-making of agents instead of
theory-driven or empirically determined rules.

Furthermore, since the decision-making process of agents can also be formulated as prediction or classification
problems in predefined spaces, supervised ML methods and reinforcement learning (Kaelbling et al., 1996) can
be implemented to help the agents deduce efficient and satisfactory behaviours under varying circumstances.
For example, Sert et al. (2020) designed an ABMS that simultaneously promoted two conflicting behaviours
(segregation and interaction) using a set of rewards based on the agents’ actions. They used reinforcement
learning (Deep Q-networks) to help agents efficiently explore the strategies that satisfy the conditions imposed
by the rules of interaction within the simulation. This approach can be applicable to many scenarios of collective
management of the natural environment where agents need to assess a range of potential and existing
behaviours associated with the rules of interactions and rewards.

4.2.3 Capturing interactions among agents

Interactions among agents play a vital role in human systems and increasingly large amounts of data are
collected and available from these interactions, including social media data, traffic footfall data, etc. Graph
Neural Networks (GNNs) provide one potential method to capture the interaction patterns among agents. GNNSs,
by using pairwise message passing, help us understand the complex relationships among all the nodes or agents
in a network (Scarselli et al., 2009), and they have achieved great success on networked data in various domains,
such as social networks, biomolecular networks, and transportation networks (Zhou et al., 2020). When
integrated with ABMS, GNNs can provide a mechanism for the agents to improve their awareness of the context
in which they operate, in addition to modelling the crucial aspects of human decision-making such as
information and innovation diffusion. Chopra et al. (2021) represented the interaction of agents as message
passing operations in GNNs to bring scale and efficiency to agent-based simulations and thus overcome some of
the scaling issues faced by ABMS when representing the behaviour of large populations in real-world contexts.

10
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5. Discussion

DTs of the natural environment have the potential to become valuable decision-support tools for more informed
and effective management of the natural landscape. A critical task while developing a DT of the natural
environment is modelling and integrating the human systems in that environment within the overall DT,
particularly because of the close inter-relationships between human and other systems and the increasing
dominance of human systems. Modelling the dynamic nature of human systems, their uncertainties, and
idiosyncrasies as well as the complex inter-relationship between humans and natural systems is, however, not
trivial. The DTs of the natural environmentin the literature (whether developed or proposed) do notinclude the
human systems as part of the DT.

In this paper, we have proposed a general framework for integrating the human systems within the DT of the
natural environment, as well as four key principles to guide how such DTs should be structured to reflect the
socio-ecological governance systems. The proposed framework and the principles should be applicable for a
wide range of natural environment management scenarios, and we have also provided the use case of AW-IPM
as an example. We have also proposed ABMS as the methodological framework for implementing the human
systems and identified several ML methods that could complement ABMS in this task.

The integration of machine learning (ML) and artificial intelligence (Al) within DTs of human systems introduces
several technical considerations, particularly for critical tasks such as offline agent calibration and online
behavioural decision-making. Beyond general limitations (including a heavy dependence on high-quality data,
vulnerability to distribution shifts and scalability challenges), these models are inherently susceptible to
overfitting, where they may fail to generalise beyond the specific datasets used for training (Purcell & Neubauer,
2023; van der Burg et al., 2021). Furthermore, data bias within training sets can perpetuate existing societal
inequalities if the underlying behavioural data is unrepresentative of the diverse stakeholder groups within the
landscape. Given the often ‘black-box’ nature of many ML models, these systems can become less interpretable
and explainable, creating significant barriers to transparency regarding the DT’s underlying processes and
making it difficult for stakeholders to validate emergent behaviours (Kobayashi & Alam, 2024).

These technical constraints necessitate a broader discussion on the socio-ethical implications of integrating
sensitive human dimensions into digital frameworks. Given the high reliance on modelling and theoretical
assumptions, it is imperative to clarify the risks and implications associated with inherent uncertainty to
maintain stakeholder trust, especially in high-stakes landscape management contexts. As larger volumes of
behavioural and potentially sensitive personal information are collected and linked within the DT, concerns
regarding data quality, privacy and security become increasingly acute (van der Burg et al., 2021). Consequently,
addressing these limitations requires the implementation of strong governance, clear consent mechanisms and
robust safeguards against misuse to ensure the DT remains a reliable tool for facilitating collective action and
informed decision-support.

A DT of the natural environment that integrates human systems, following the framework and principles
discussed in this paper, will enable diverse stakeholders, including policymakers, to foresee and analyse the
impacts of various management decisions, strategies, and policy instruments under a range of potential
scenarios. Doing so will also enable the development of novel digital decision-support tools that help identify
when and where to intervene to solve problems, facilitate collective decision making, optimise management,
and improve preparedness.

Supplementary Material

The Supplementary Material for this article can be found online at https://sesmo.org/article/view/18760/18444.

References

Abdulkareem, S. A., Mustafa, Y. T., Augustijn, E.-W., & Filatova, T. (2019). Bayesian networks for spatial learning: A workflow
on using limited survey data for intelligent learning in spatial agent-based models. Geolnformatica, 23(2), 243-268.
https://doi.org/10.1007/s10707-019-00347-0

Aggarwal, R., & Anderies, J. (2023). Understanding how governance emerges in social-ecological systems: Insights from
archetype analysis. Ecology and Society, 28(2). https://doi.org/10.5751/es-14061-280202

11


https://sesmo.org/article/view/18760/18444

S. Dhakal et al. (2026) Socio-Environmental Systems Modelling, 7, 18760, doi:10.18174/sesm0.18760

Ale Ebrahim Dehkordi, M., Lechner, J., Ghorbani, A., Nikolic, I., Chappin, E., & Herder, P. (2023). Using Machine Learning for
Agent Specifications in Agent-Based Models and Simulations: A Critical Review and Guidelines. Journal of Artificial
Societies and Social Simulation, 26(1), 9. https://doi.org/10.18564/jasss.5016

Alves, R. G., Maia, R. F., & Lima, F. (2023). Development of a Digital Twin for Smart Farming: Irrigation Management System
for Water Saving. Journal of Cleaner Production, 388, 135920. https://doi.org/10.1016/j.jclepro.2023.135920

An, L., Grimm, V., Baij, Y., Sullivan, A., Turner, B. L., Malleson, N., Heppenstall, A., Vincenot, C., Robinson, D., Ye, X,, Liu, J.,
Lindkvist, E., & Tang, W. (2023). Modeling agent decision and behavior in the light of data science and artificial
intelligence. Environmental Modelling & Software, 166, 105713. https://doi.org/10.1016/j.envsoft.2023.105713

Angione, C., Silverman, E., & Yaneske, E. (2022). Using machine learning as a surrogate model for agent-based simulations.
Plos One, 17(2), €0263150. https://doi.org/ggk2gb

Annoni, A., Nativi, S., Coltekin, A., Desha, C., Eremchenko, E., Gevaert, C. M., Giuliani, G., Chen, M., Perez-Mora, L., Strobl, J.,
& Tumampos, S. (2023). Digital earth: Yesterday, today, and tomorrow. In International Journal of Digital Earth (Vol.
16, Issue 1, pp. 1022—1072). https://doi.org/10.1080/17538947.2023.2187467

Bauer, P., Stevens, B., & Hazeleger, W. (2021). A Digital Twin of Earth for the Green Transition. Nature Climate Change, 11(2),
80-83. https://doi.org/ghxtwv

Bell, S., & Park, A. (2006). The Problematic Metagovernance of Networks: Water Reform in New South Wales. Journal of
Public Policy, 26(1), 63—83. https://doi.org/dkw3pg

Birks, D., Heppenstall, A., & Malleson, N. (2020). Towards the Development of Societal Twins. In ECAl 2020 (pp. 2883-2884).
10S Press.

Blair, G. S. (2021). Digital Twins of the Natural Environment. Patterns,  2(10), 100359.
https://doi.org/10.1016/j.patter.2021.100359

Bonabeau, E. (2002). Agent-based modeling: Methods and techniques for simulating human systems. Proceedings of the
National Academy of Sciences, 99(suppl 3), 7280—7287.

Bourceret, A., Amblard, L., & Mathias, J.-D. (2021). Governance in social-ecological agent-based models: A review. Ecology
and Society, 26(2), art38. https://doi.org/nsbm

Buonocore, L., Yates, J., & Valentini, R. (2022). A Proposal for a Forest Digital Twin Framework and Its Perspectives. Forests,
13(4), 498. https://doi.org/10.3390/f13040498

Calvin, K., & Bond-Lamberty, B. (2018). Integrated Human-Earth System Modeling—State of the Science and Future
Directions. Environmental Research Letters, 13(6), 063006. https://doi.org/10.1088/1748-9326/aac642

Castelli, G., Cesta, A., Diez, M., Padula, M., Ravazzani, P., Rinaldi, G., Savazzi, S., Spagnuolo, M., Strambini, L., Tognola, G., &
Campana, E. F. (2019). Urban Intelligence: A Modular, Fully Integrated, and Evolving Model for Cities Digital Twinning.
2019 |IEEE 16th International Conference on Smart Cities; Improving Quality of Life Using ICT, 10T and Al (IEEE HONET -
ICT 2019), 33-37.

Chen, H., Fang, C., & Xiao, X. (2023). Visualization of Environmental Sensing Data in the Lake-Oriented Digital Twin World:
Poyang Lake as an Example. REMOTE SENSING, 15(5). https://doi.org/10.3390/rs15051193

Cheshire, L., Everingham, J.-A., & Lawrence, G. (2014). Governing the impacts of mining and the impacts of mining
governance: Challenges for rural and regional local governments in Australia. Journal of Rural Studies, 36, 330—339.
https://doi.org/nsbn

Chopra, A., Raskar, R., Subramanian, J., Krishnamurthy, B., Gel, E. S., Romero-Brufau, S., Pasupathy, K. S., & Kingsley, T. C.
(2021). Dee pABM: Scalable and Efficient Agent-Based Simulations Via Geometric Learning Frameworks - a Case Study
For Covid-19 Spread and Interventions. 2021 Winter Simulation Conference (WSC), 1-12. https://doi.org/nsbp

Chopra, A., Rodriguez, A., Prakash, B. A., Raskar, R., & Kingsley, T. (2023). Using neural networks to calibrate agent based
models enables improved regional evidence for vaccine strategy and policy. Vaccine, 41(48), 7067-7071.
https://doi.org/nsbq

Cowan, R., & Gunby, P. (1996). Sprayed to death: Path dependence, lock-in and pest control strategies. The Economic Journal,
106(436), 521-542.

Deguine, J.-P., Aubertot, J.-N., Flor, R. J., Lescourret, F., Wyckhuys, K. A., & Ratnadass, A. (2021). Integrated pest
management: Good intentions, hard realities. A review. Agronomy for Sustainable Development, 41(3), 38.

Dyer, J., Cannon, P., Farmer, J. D., & Schmon, S. M. (2022). Calibrating agent-based models to microdata with graph neural
networks. ICML Workshop Al for Agent-Based Modelling (Best Proposal Paper).
https://openreview.net/forum?id=ZWyHGTUcgJD

Epstein, J. M. (2006). Generative social science: Studies in agent-based computational modeling. Princeton University Press.

Eramo, R., Bordeleau, F., Combemale, B., Brand, M. van den, Wimmer, M., & Wortmann, A. (2022). Conceptualizing Digital
Twins. In IEEE Software (Vol. 39, Issue 2, pp. 39-46). https://doi.org/10.1109/MS.2021.3130755

Everingham, J.-A.  (2009).  Australia’s  Regions.  Public Policy and Administration, 24(1), 84-102.
https://doi.org/10.1177/0952076708097910

Fan, C., Zhang, C., Yahja, A., & Mostafavi, A. (2021). Disaster City Digital Twin: A Vision for Integrating Artificial and Human
Intelligence for Disaster Management. International Journal of Information Management, 56, 102049.
https://doi.org/ggj8kw

Ferko, E., Bucaioni, A, & Behnam, M. (2022). Architecting Digital Twins. In IEEE Access (Vol. 10, pp. 50335-50350).
https://doi.org/10.1109/ACCESS.2022.3172964

Fuller, A., Fan, Z., Day, C., & Barlow, C. (2020). Digital Twin: Enabling Technologies, Challenges and Open Research. In IEEE
Access (Vol. 8, pp. 108952-108971). https://doi.org/10.1109/ACCESS.2020.2998358

12



S. Dhakal et al. (2026) Socio-Environmental Systems Modelling, 7, 18760, doi:10.18174/sesm0.18760

Gjaltema, J., Biesbroek, R., & Termeer, K. (2019). From government to governance to meta-governance: A systematic
literature review. Public Management Review, 22(12), 1760-1780.
https://doi.org/10.1080/14719037.2019.1648697

Graham, S., Metcalf, A. L., Gill, N., Niemiec, R., Moreno, C., Bach, T., Ikutegbe, V., Hallstrom, L., Ma, Z., & Lubeck, A. (2019).
Opportunities for better use of collective action theory in research and governance for invasive species management.
Conservation Biology, 33(2), 275-287. https://doi.org/10.1111/cobi.13266

Halik, A., Verweij, M., & Schliiter, A. (2018). How Marine Protected Areas Are Governed: A Cultural Theory Perspective.
Sustainability, 10(1), 252. https://doi.org/gcdczp

Jager, G. (2019). Replacing Rules by Neural Networks A Framework for Agent-Based Modelling. Big Data and Cognitive
Computing, 3(4), 51. https://doi.org/gpf7f7

Janssen, S., Sharpanskykh, A., Curran, R., & Langendoen, K. (2019). Using causal discovery to analyze emergence in agent-
based models. Simulation Modelling Practice and Theory, 96, 101940. https://doi.org/10.1016/j.simpat.2019.101940

Jones, D., Snider, C., Nassehi, A., Yon, J., & Hicks, B. (2020). Characterising the Digital Twin: A Systematic Literature Review.
CIRP Journal of Manufacturing Science and Technology, 29, 36-52. https://doi.org/10.1016/j.cirpj.2020.02.002

Kaelbling, L. P., Littman, M. L., & Moore, A. W. (1996). Reinforcement learning: A survey. Journal of Artificial Intelligence
Research, 4, 237-285.

Knibbe, W. J., Afman, L., Boersma, S., Bogaardt, M.-J., Evers, J., van Evert, F., van hder Heide, J., Hoving, |., van Mourik, S., de
Ridder, D., & de Wit, A. (2022). Digital Twins in the Green Life Sciences. NJAS: Impact in Agricultural and Life Sciences,
94(1), 249-279. https://doi.org/10.1080/27685241.2022.2150571

Kogan, M. (1998). Integrated Pest Management: Historical Perspectives and Contemporary Developments. Annual Review
of Entomology, 43(1), 243-270. https://doi.org/fj79gf

Koning, K. de, Broekhuijsen, J., Kiihn, I., Ovaskainen, O., Taubert, F., Endresen, D., Schigel, D., & Grimm, V. (2023). Digital
Twins: Dynamic Model-Data Fusion for Ecology. Trends in Ecology & Evolution, 38(10), 916-926.
https://doi.org/10.1016/j.tree.2023.04.010

Kobayashi, K., & Alam, S. B. (2024). Explainable, interpretable, and trustworthy Al for an intelligent digital twin: A case study
on remaining useful life. Engineering Applications of Artificial Intelligence, 129, 107620.
https://doi.org/10.1016/j.engappai.2023.107620

Kritzinger, W., Karner, M., Traar, G., Henjes, J., & Sihn, W. (2018). Digital Twin in manufacturing: A categorical literature
review and classification. IFAC-PapersOnLine, 51(11), 1016—1022. https://doi.org/10.1016/].ifacol.2018.08.474

Li, X., Feng, M., Ran, Y., Su, Y., Liu, F., Huang, C., Shen, H., Xiao, Q., Su, J., Yuan, S., & Guo, H. (2023). Big Data in Earth system
science and progress towards a digital twin. In Nature Reviews Earth and Environment.
https://doi.org/10.1038/s43017-023-00409-w

Lilja Bye, B., Sylaios, G., Berre, A.-J., Van Dam, S., & Kiousi, V. (2022). Digital Twin of the Ocean-an Introduction to the ILIAD
Project. EGU General Assembly Conference Abstracts, EGU22-12617.
https://meetingorganizer.copernicus.org/EGU22/EGU22-12617.html

Macal, C. M. (2016). Everything you need to know about agent-based modelling and simulation. Journal of Simulation, 10(2),
144-156.

Meinzen-Dick, R., DiGregorio, M., & McCarthy, N. (2004). Methods for studying collective action in rural development.
Agricultural Systems, 82(3), 197-214. https://doi.org/cbfnwc

Meuleman, L. (2009). The Cultural Dimension of Metagovernance: Why Governance Doctrines May Fail. Public Organization
Review, 10(1), 49-70. https://doi.org/bv4b66

Moshrefzadeh, M., Machl, T., Gackstetter, D., Donaubauer, A., & Kolbe, T. H. (2020). Towards a Distributed Digital Twin of
the Agricultural Landscape. Journal of Digital Landscape Architecture, 5, 173-186.
https://doi.org/10.14627/537690019

Mostafa, F., Tao, L., & Yu, W. (2021). An Effective Architecture of Digital Twin System to Support Human Decision Making
and Al-driven Autonomy. Concurrency and Computation: Practice and Experience, 33(19, SI).
https://doi.org/10.1002/cpe.6111

Motesharrei, S., Rivas, J., Kalnay, E., Asrar, G. R., Busalacchi, A. J., Cahalan, R. F., Cane, M. A., Colwell, R. R., Feng, K., Franklin,
R. S., Hubacek, K., Miralles-Wilhelm, F., Miyoshi, T., Ruth, M., Sagdeev, R., Shirmohammadi, A., Shukla, J., Srebric, J.,
Yakovenko, V. M., & Zeng, N. (2016). Modeling Sustainability: Population, Inequality, Consumption, and Bidirectional
Coupling of the Earth and Human Systems. National Science Review, 3(4), 470-494.
https://doi.org/10.1093/nsr/nww081

Mustafa, A., Cools, M., Saadi, I., & Teller, J. (2017). Coupling agent-based, cellular automata and logistic regression into a
hybrid urban expansion model (HUEM). Land Use Policy, 69, 529-540.
https://doi.org/10.1016/j.landusepol.2017.10.009

Naqvi, A. A, & Rehm, M. (2014). A multi-agent model of a low income economy: Simulating the distributional effects of
natural disasters. Journal of Economic Interaction and Coordination, 9(2), 275-309.

Nativi, S., Mazzetti, P., & Craglia, M. (2021). Digital Ecosystems for Developing Digital Twins of the Earth: The Destination
Earth Case. Remote Sensing, 13(11), 2119. https://doi.org/10.3390/rs13112119

Nita, M. D. (2021). Testing Forestry Digital Twinning Workflow Based on Mobile LiDAR Scanner and Al Platform. FORESTS,
12(11). https://doi.org/10.3390/f12111576

Ostrom, E. (1990). Governing the Commons: The Evolution of Institutions for Collective Action. Cambridge University Press.
https://doi.org/10.1017/cb09780511807763

13



S. Dhakal et al. (2026) Socio-Environmental Systems Modelling, 7, 18760, doi:10.18174/sesm0.18760

Palmer, P. I., & Smith, M. J. (2014). Earth Systems: Model Human Adaptation to Climate Change. Nature, 512(7515), 365—
366. https://doi.org/10.1038/512365a

Park, D., & You, H. (2023). A Digital Twin Dam and Watershed Management Platform. Water, 15(11), 2106.
https://doi.org/10.3390/w15112106

Park, J., & Yang, B. (2020). GIS-Enabled Digital Twin System for Sustainable Evaluation of Carbon Emissions: A Case Study of
Jeonju City, South Korea. SUSTAINABILITY, 12(21). https://doi.org/10.3390/su12219186

Peters, R., Lin, Y., & Berger, U. (2016). Machine learning meets individual-based modelling: Self-organising feature maps for
the analysis of below-ground competition among plants. Ecological Modelling, 326, 142-151.
https://doi.org/10.1016/j.ecolmodel.2015.10.014

Platas-Lépez, A., Guerra-Hernandez, A., Quiroz-Castellanos, M., & Cruz-Ramirez, N. (2023). A survey on agent-based
modelling assisted by machine learning. Expert Systems, e13325. https://doi.org/10.1111/exsy.13325

Pretty, J. (2018). Intensification for redesigned and sustainable agricultural systems. Science, 362(6417), eaav0294.
https://doi.org/10.1126/science.aav0294

Purcell, W., & Neubauer, T. (2023). Digital Twins in Agriculture: A State-of-the-art review. Smart Agricultural Technology, 3,
100094. https://doi.org/10.1016/j.atech.2022.100094

Qiu, Y., Duan, H., Xie, H., Ding, X., & Jiao, Y. (2022). Design and Development of a Web-Based Interactive Twin Platform for
Watershed Management. Transactions in GIS, 26(3), 1299-1317. https://doi.org/10.1111/tgis.12904

Radanliev, P., De Roure, D., Nicolescu, R., Huth, M., & Santos, O. (2022). Digital twins: Artificial intelligence and the loT cyber-
physical systems in Industry 4.0. In International Journal of Intelligent Robotics and Applications (Vol. 6, Issue 1, pp.
171-185). https://doi.org/10.1007/s41315-021-00180-5

Ravid, B. Y., & Aharon-Gutman, M. (2023). The Social Digital Twin:The Social Turn in the Field of Smart Cities. Environment
and Planning B: Urban Analytics and City Science, 50(6), 1455—-1470. https://doi.org/10.1177/23998083221137079

Ruzol, C., Banzon-Cabanilla, D., Ancog, R., & Peralta, E. (2017). Understanding water pollution management: Evidence and
insights from incorporating cultural theory in social network analysis. Global Environmental Change, 45, 183-193.
https://doi.org/nsbs

Sanchez-Marofio, N., Alonso-Betanzos, A., Fontenla-Romero, O., Polhill, J. G.,, & Craig, T. (2017). Empirically-Derived
Behavioral Rules in Agent-Based Models Using Decision Trees Learned from Questionnaire Data. In A. Alonso-
Betanzos, N. Sanchez-Marofio, O. Fontenla-Romero, J. G. Polhill, T. Craig, J. Bajo, & J. M. Corchado (Eds.), Agent-
Based Modeling of Sustainable Behaviors (pp. 53-76). Springer International Publishing.
https://doi.org/10.1007/978-3-319-46331-5_3

Scarselli, F., Gori, M., Tsoi, A. C., Hagenbuchner, M., & Monfardini, G. (2009). The Graph Neural Network Model. IEEE
Transactions on Neural Networks, 20(1), 61-80. https://doi.org/10.1109/TNN.2008.2005605

Sert, E., Bar-Yam, Y., & Morales, A. J. (2020). Segregation dynamics with reinforcement learning and agent based modeling.
Scientific Reports, 10(1), 11771.

Trantas, A., Plug, R., Pileggi, P., & Lazovik, E. (2023). Digital twin challenges in biodiversity modelling. In Ecological Informatics
(Vol. 78). https://doi.org/gtprjr

Uhlenkamp, J.-F., Hauge, J. B., Broda, E., Litjen, M., Freitag, M., & Thoben, K.-D. (2022). Digital Twins: A Maturity Model for
Their Classification and Evaluation. IEEE Access, 10, 69605-69635. IEEE Access.
https://doi.org/10.1109/ACCESS.2022.3186353

vanderBurg, S., Kloppenburg, S., Kok, E. J., & van der Voort, M. (2021). Digital Twins in Agri-Food: Societal and Ethical Themes
and Questions for Further Research. NJAS: Impact in Agricultural and Life Sciences, 93(1), 98-125.
https://doi.org/nsbr

Verdouw, C., Tekinerdogan, B., Beulens, A., & Wolfert, S. (2021). Digital Twins in Smart Farming. Agricultural Systems, 189,
103046. https://doi.org/10.1016/j.agsy.2020.103046

Voosen, P. (2020). Europe builds ‘digital twin’ of earth to hone climate forecasts. In Science (Vol. 370, Issue 6512, pp. 16—
17). https://doi.org/10.1126/science.370.6512.16

Xu, Z.,Jiang, T., & Zheng, N. (2022). Developing and Analyzing Eco-Driving Strategies for on-Road Emission Reductionin Urban
Transport Systems-A VR-enabled Digital-Twin Approach. CHEMOSPHERE, 305(135372). https://doi.org/gqk2jp

Zhang, W., Valencia, A., & Chang, N.-B. (2023). Synergistic Integration Between Machine Learning and Agent-Based Modeling:
A Multidisciplinary Review. IEEE Transactions on Neural Networks and Learning Systems, 34(5), 2170-2190. IEEE
Transactions on Neural Networks and Learning Systems. https://doi.org/10.1109/TNNLS.2021.3106777

Zhou, J., Cui, G., Hu, S., Zhang, Z., Yang, C., Liu, Z.,, Wang, L., Li, C., & Sun, M. (2020). Graph neural networks: A review of
methods and applications. Al Open, 1, 57-81. https://doi.org/gjt96x

14



