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Abstract—A contemporary governance challenge for governments concerns the biogas domain: what incentives and policies
can lead to a viable biogas economy? To support addressing
this challenge, a prototype of a simulator is constructed in
which horizontal governance is applied in a multi-stakeholder
context. This paper reports on the modelling and knowledge
acquisition that led to the development of that prototype. Rather
than (re)inventing tooling, three available agent-based modelling
approaches are combined: the MAIA meta-model, OperA and
GENIUS; with AgentScape as the agent-based middleware for
the realisation of the simulator. The resulting simulator has been
validated by biogas experts from Alliander (NL-based energy
network company), leading to conﬁrmation that our combined
approach was useful for the analysis of this multi-stakeholder
domain.

I. I NTRODUCTION
The emerging domain of biogas production poses a number
of challenges regarding governance of that domain: what
policies should a government impose to foster a healthy biogas
economy? Within the Netherlands, a number of promising
small-scale experiments are currently conducted (e.g., [1]), yet
a consensus on a national governance approach is lacking.
The biogas domain is characterised by multiple stakeholders,
including biogas producers (e.g., farmers and water-treatment
facilities), gas distributors and consumers. These stakeholders
typically are independent of each other and need to arrive at a
market price for goods and services through negotiation. The
government can inﬂuence the market prices through incentives
(e.g., subsidies) and policies. An open challenge is: how to
assess what the effect is of a speciﬁc type of governance
on the biogas economy? This challenge is addressed in the
NeGoM project1 , in which a prototype of a simulator is
realised to study the effects of horizontal governance in the
biogas domain.
For modelling the multiple stakeholders in the biogas domain, i.e., by considering it as a multi-actor system, quite
a number of modelling approaches are available. Some very
speciﬁc (e.g., [2], [3]), and useful within their context, others
much more broader (e.g., INGENIAS [4], Gaia [5]). This
1 The full name of the project is New Governance Models for Next Generation Infrastructures and is funded by the Next Generation Infrastructures
Foundation and subsidised by Alliander.
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paper examines the possibility of combining a number of
existing complementary modelling frameworks in order to
facilitate modelling multiple aspects of a complex multi-actor
system. The challenge is to maintain semantic coherence
among the modelling approaches. Can some part of the output
of one modelling approach be used as a partial input for
another modelling approach? What changes need to be made
and how can consistency be maintained? What advantages can
be achieved from combining modelling approaches?
Rather than inventing a new modelling approach, the approach taken in the NeGoM project was to combine existing
modelling approaches (each specialised to model different aspects of a multi-stakeholder system) and to use this combined
modelling approach to create a simulation tool to evaluate a
horizontal governance structure for the biogas domain. The
complementary modelling approaches used are the MAIA
meta-model, OperA, and GENIUS, where the simulator is
prototyped on AgentScape - an agent-based middleware.
First, Section II brieﬂy sketches the multi-stakeholder biogas domain, including requirements on modelling approaches.
Subsequently, Sections III to VI introduce the MAIA metamodel, OperA, GENIUS, and AgentScape. Section VII describes our combined modelling approach. Section VIII discusses our achieved results, and Section IX concludes the
paper with some conclusions.
II. S IMULATING H ORIZONTAL G OVERNANCE IN THE
B IOGAS D OMAIN
In the wake of the liberalization of energy markets and
transition to the use of more renewable energy sources, the
concept of self-governance or horizontal governance is gaining
prominence. Not only is distributed generation emerging as
a credible alternative to central electricity production, it is
also becoming increasingly possible for villagers, neighbours,
farmers, and small businesses, to organise the delivery themselves and switch from dependence on network companies to
proactive and coordinated self-provision.
The central research focus of the NeGoM project is to
investigate the effects of different types of governance for new
energy markets. This investigation was scoped to the focus
to assess the impact of horizontal governance in the biogas

domain through simulations. That is, individuals or groups of
people can exercise control over oneself or themselves: the
rule of a community by its members. To this end, a simulator
has been designed.
Biogas can be produced by farmers and water-treatment
facilities. Farmers can collect biogas from the breakdown of
manure and water-treatment facilities from sewage in devices
called digesters. However, before biogas can be used by
consumers, it must be upgraded as it contains contaminations.
To get a viable biogas network running, many aspects need to
be taken into account, such as subsidies, distribution distance,
infrastructure costs, natural gas prices, consumer behaviour,
etc. The NeGoM project researched whether farmers and
water-treatment facilities could cooperate and share the cost of
the biogas infrastructure to create a proﬁtable biogas network.
A prototype simulator was designed and built to investigate
this type of governance.
The NeGoM project has chosen to use agent-based simulations2 . Within such simulations each entity/stakeholder in
the biogas energy market is modelled as a separate entity
(agent) with its own behaviour and goals. The end result
is a dynamic model that is able to capture the emergent
behaviour of all entities in the system. It is important that
all entities are autonomous and have their own behaviour
with their own decision processes and preferences. Within a
horizontal governance model, interactions and collaborations
between stakeholders play an important role. Therefore, within
the NeGoM project, special attention has been given to negotiations between stakeholders. Decisions made by stakeholders
are dependent on the negotiations they have among each other.

Fig. 1.

Simulator overview

Figure 1 shows a very concise overview of the simulator.
Each simulation run is determined by a scenario which sets
a number of global parameters, individual parameters for
agents (actors, such as preferences by stakeholders), trends
and energy prices (the environment) and determines how many
actors there are (e.g., producers, consumers). The simulation
runs by simulating the actions of each actor over time, which
is determined by a simulation controller clock. The simulated
2 See

time period is scenario dependent and often encompasses 30
years. Within each year, multiple phases are distinguished
within which actors can perform certain actions. The type of
horizontal governance that is tested determines which actions
can be performed.
Modelling horizontal governance in the biogas domain
entails capturing knowledge on the following aspects:
•
•
•
•

Multi-stakeholder: their roles, relations, circumstances,
dependencies, and scenarios.
Biogas domain: biogas production, cleaning, distribution,
consumption, pricing, subsidies, etc.
Organisational structures: organisations, roles, responsibilities and rules of stakeholders.
Negotiation: knowledge and utility for multi-issue negotiations among stakeholders.

The MAIA, OperA, GENIUS and AgentScape modelling
approaches each specialise on different aspects, and as such
are complementary to each other. The main rationale for the
selection of these four modelling approaches is the availability
of expertise. The objective of the research is not to evaluate a
single approach, but rather to investigate the combination of
these approaches, without enforcing a full integration at the
level of tooling. Each of these frameworks are brieﬂy described
in the following sections.
III. MAIA
MAIA (Modelling Agent systems based on Institutional
Analysis) [7] is a meta-model that structures and conceptualises an agent-based model in a high level language. The
concepts in the MAIA meta-model are a formalization of the
Institutional Analysis and Development (IAD) framework of
Elinor Ostrom [8], extended with concepts from other social
science theories (Structuration [9], Social mechanisms [10]
and Actor-centered institutionalism [11]).
MAIA has been designed to support the participatory development of agent-based simulations in order to bring this
modelling approach within the reach of more researchers and
practitioners, especially those who want to study the effect of
policy instruments on behaviour at individual and aggregate
level [7].
Furthermore, an online tool3 supports the conceptualization
process of agent-based models with MAIA. In this tool, the
MAIA model (i.e., the conceptual model developed with
MAIA) is observable and traceable through tables and diagrams and can therefore be used for communication with
domain experts and problem owners for concept veriﬁcation.
The MAIA meta-model views a socio-technical system as
bounded in time and space, and shaped by social structure [9].
The structure of the system is both the means to organise the
system as well as the outcome of that system [12]. It consists
of many actors who perform actions and interact with each
other in what is called an action arena. What happens in the
action arena of the system leads to patterns of interaction and
3 See

[6] for an introduction
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outcomes that are judged on the basis of evaluative criteria
which are deﬁned by the analyst.
The MAIA meta-model is organised into ﬁve structures that
serve as placeholders (i.e., categories) for related concepts.
These will be explained in more detail next.
a) Collective Structure: The characteristics of the community or collective unit of interest are described in the
collective structure. The collective structure deﬁnes agent
types which represent individual or composite entities that
make decisions, act and react in a social system.
Agents have properties (e.g., age and gender), personal
values (e.g., social recognition, wealth), physical assets (e.g.,
cleaner) and information (e.g., investment costs). Agents take
roles (e.g., producer) in the society to perform various actions.
They have intrinsic capabilities such as eating and sleeping
that are independent of the role they take in the society. The
decision making procedure of agents for performing various
actions is based on these attributes.
b) The Constitutional Structure: To be part of a social
system (e.g., a biogas system), agents take roles, which places
them in certain institutional settings. Institutions are sets
of rules, norms and shared strategies that structure social
behaviour and interaction [13]. Each role is created to serve
an objective in the system. If an agent meets the condition
to enact a role (e.g., live in a biogas neighborhood in order
to be in the role of a consumer) certain responsibilities or
capabilities become available or acceptable for him to perform.
For example, the agent in the role of a biogas producer can
search for collaboration with other biogas producers.
c) The Physical Structure: Individuals are also inﬂuenced by their physical surroundings. Physical components
are the building blocks of the non-social environment that the
agents are embedded in (e.g., digesters, cleaners). For example,
farmers own a farm and consumers own houses. The type of
these components is private because they belong to a person
or a group of people. Physical components can also be shared
among everyone in the system (public), such as a regulated
grid. Each physical component may have properties (e.g., a
digester has capacity). Physical components may also have
behaviours (e.g., ageing) and affordances (i.e., what can be
done with it; e.g., biogas can be cleaned).
d) The Operational Structure: The operational structure
is viewed as an action arena where different situations take
place, in which participants interact as they are affected by
the environment and produce outcomes that in turn affect the
environment. The agents, inﬂuenced by the social and physical
setting of the system, perform actions in the action arena. The
action arena contains all the entity actions that may execute
during a simulation ordered by plans, which are in turn ordered
by action situations. Entity actions have an action body, which
is the actual activity the performer executes. Each entity action
speciﬁes the preconditions for the performer to perform an
action (e.g., a consumer must have a demand for biogas before
they can negotiate with producers) and the updates in the status
of the system after the action is executed (e.g., unfulﬁlled
demand of consumer = 0). Furthermore, the agent may have a
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decision-making criterion for performing an action (e.g., only
produce biogas if it will lead to a ﬁnancial proﬁt), which
may also be inﬂuenced by a related institution (e.g., a rule:
the producer needs to pay a ﬁne if he does not produce the
contracted amount of biogas.).
e) The Evaluative Structure: Like any other software
system, errors in simulations should be detected as early
as possible starting from the analysis and conceptualization
phase. The Evaluative Structure provides concepts with the
help of which the modeller indicates what patterns of interaction, evaluation, and outcomes are of interest. The modeller
identiﬁes those variables that can serve as indicators for
model validity (is it sufﬁciently realistic?) and model usability
(will its implementation help to explore the question(s) to be
addressed?).
IV. O PER A & O PERETTA
The engineering of applications for complex and dynamic
domains is an increasingly difﬁcult process. Requirements
and functionalities are not ﬁxed a priori, components are not
designed nor controlled by a common entity, and unplanned
and unspeciﬁed changes may occur during runtime. There
is a need for representing the regulating structures explicitly
and independently from the acting components (or agents).
Organization computational models, based on Organization
Theory, have been advocated to specify such systems.
Organization models must enable the speciﬁcation of global
goals and requirements but cannot assume that participating
actors will always act according to the needs and expectations
of the system design. As such, organization models must
support the speciﬁcation of governance and interaction rules
to guide participants’ behaviours.
The OperA model [14] proposes a more expressive way for
deﬁning organizations by introducing an organizational model,
a social model and an interaction model. This approach explicitly distinguishes between the organizational model and the
agents that act in it. Agents become aware of the organizational
rules via contracts that specify these rules. The agents are still
fully autonomous in making decisions. OperA describes an
operational organization in three parts: (1) the organizational
model: roles, relations, interactions; (2) the social model:
population of organization, linking agents to roles; and (3) the
interaction model: describes interactions given organizational
model and agents.
The organizational model contains the description of the
roles, relations and interactions in the organization. It is
constructed based on functional requirements of the organization. The social model and the interaction model are the
link between the organizational description and the executing
agents. Here the organizational rules are translated to contracts
for the agents fulﬁlling the roles. OperA includes a formal
language to describe those contracts.
In an operational organization the social model and the
interaction model can be dynamic, because of agents entering
or leaving the organization. The organizational model is in
principal static as long as no structural changes are carried

through. The administrative tasks to keep track of the different
organizational models are speciﬁed in organizational roles.
Agents enacting roles in an organization are expected to
have some minimal knowledge about the concepts that are
used to set up social contracts. The contracts are described
in deontic expressions. The agents need to know the deontic
concepts permission, obligation and prohibition. Furthermore,
the description includes relations between roles. The agent
needs to know the meaning of such a relation. For example,
a hierarchical relation between role r1 and r2 implies that a
request from r1 is interpreted as an obligation by r2 .
OperettA4 [15] is an IDE (Integrated Development Environment) developed to support the design, analysis, and
development of agent organizations using the OperA conceptual framework and methodology. It is intended to support
software engineers and developers in both developing and
documenting the various aspects of specifying and designing a
multi-agent organization. OperettA enables the speciﬁcation of
organizational models. It provides separate editors for different
components of organizational models; i.e., it has different
(graphical) editors for each of the main components of an
organizational model as deﬁned in the OperA framework.

to be speciﬁed. These customised agents can also be
added to the repository.
• Negotiation protocols: A negotiation protocol governs the
interaction between negotiating parties by determining
how the parties interact/exchange information, and when
a negotiation is terminated. For bilateral negotiation,
GENIUS provides the Alternating Offers Protocol [18].
Via a graphical user interface, GENIUS supports the setup
of a single negotiation or a tournament. Figure 2 shows
a screenshot of GENIUS interface showing the results of a
speciﬁc negotiation session. The negotiation log shows each
action that the agents took during the negotiation as well as a
summary of the negotiation results. The negotiation dynamic
chart displays optimal solutions such as Pareto efﬁcient frontier, Nash product, and Kalai-Smorodinsky solutions [18]. It
also shows each agent’s moves in the outcome space and
any agreement reached. Consequently, researchers can evaluate
how good the reached agreement is according to these metrics.

V. G ENIUS
GENIUS, General Environment for Negotiation with Intelligent multi-purpose Usage Simulation, provides an open
architecture to allow easy development and integration of
negotiation agents. It can be used as a research tool on multiissue negotiation [16], [17]. In short, it allows the use of
existing negotiation strategies (from its repository), introduce
new negotiation scenarios, elicit user preferences in terms
of linear additive utility functions, design new negotiation
strategies and algorithms, test negotiation strategies against
state-of-the-art agents (designed by other researchers), and
analyze the negotiation outcomes using different evaluation
metrics. GENIUS is mainly focused on bilateral negotiation
where two parties negotiate over a list of issues.
GENIUS includes three modules:
• Negotiation scenarios: A negotiation scenario consists of
a negotiation domain describing the negotiation issues
and at least two preference proﬁles deﬁned on that
domain. Basically, a domain is a list of issues where
each issue has a set of possible values (e.g., discrete
enumerated value sets or integer-value sets). For example, the possible values for holiday location might
be Barcelona, Rome, Istanbul, and Amsterdam.
New scenarios can be created and added to the scenario
repository. To create a new scenario, ﬁrst the negotiation
domain must be deﬁned and then preference proﬁles on
this domain must be created.
• Negotiating agents: A negotiating agent implements the
Agent Java API. Customised agents can be created based
on a provided Agent skeleton, which requires certain
methods such as receiveMessage, init and chooseAction
4 See

Fig. 2.
Session

VI. AGENT S CAPE
5

AgentScape [19] is a multi-agent platform that provides the
middleware infrastructure needed to support mobility, security,
fault tolerance, distributed resource and service management,
and services access to agent applications. The multi-level
AgentScape middleware infrastructure has been designed to
be extensible.
Intelligent software agents are mobile applications that are
launched by a user or another agent and obtain rights and
permissions to use resources and access data. Agents contain
algorithms that work towards fulﬁlling the user’s goals and run
as independent, asynchronous tasks. Agents have the ability to
be created; to migrate between hosts; to communicate with
other agents and their owner, and to access resources and
services. Agents cannot function without a middleware system
to provide the interface to allow them to move between sites in
a distributed system. Typically this middleware provides a set
of application programming interfaces (APIs) to allow agent
5 See

http://www.operettatool.nl
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GENIUS Interface Showing the Results of a Speciﬁc Negotiation

http://www.agentscape.org

application developers to easily access remote resources, such
as web services on speciﬁc servers.

Fig. 3.
Conceptual model of the AgentScape middleware environment
(adapted from http://www.agentscape.org)

Within AgentScape, agents are active entities that reside
within locations, and services are third-party software systems
accessed by agents hosted by the AgentScape middleware (see
Figure 3). Agents in AgentScape can communicate with other
agents and can access services. Agents can migrate from one
location to another.
The leading principle in the design of the AgentScape
middleware has been to develop a minimal but sufﬁcient
open agent platform that can be extended to incorporate new
functionality or adopt (new) standards into the platform. This
design principle has resulted in a multi-layered architecture
with (1) a small middleware kernel, called the AgentScape
Operating System (AOS) kernel [20], that implements basic mechanisms and (2) high-level middleware services that
implement agent platform speciﬁc functionality and policies.
The current set of middleware services includes agent servers,
host managers, location managers, a lookup service and a web
service gateway. The policies and mechanisms of the location
and host manager infrastructure are based on negotiation and
service level agreements [21].
VII. C OMBINING M ODELLING A PPROACHES
The three modelling approaches MAIA, OperA and GENIUS
are combined as shown in Figure 4, where results ‘produced’
by a modelling approach are used as a starting point by another
modelling approach. Although the ﬁgure shows a directed
ﬂow, the process used during the NeGoM project can be characterised as agile. Given the progress of the modelling of the
biogas domain, manual (paper-based) or prototype simulations
were used to engage in multiple iterations, including validation
by the biogas experts from Alliander. These iterations helped
to focus modelling effort on those aspects and details that were
relevant to the realisation of the simulator.
Figure 4 also shows how the different modelling approaches
are related in the project. MAIA is used to conceptualise the
biogas system itself, including its actors and their actions,
and document domain knowledge. For example, MAIA is
used to model the farmers, the water-treatment facilities,
the consumers (such as, small neighbourhoods, small and
large businesses), the physical infrastructure components, the
process of creating biogas from manure, the goals of each
actor, physical limitations, etc. MAIA is also used to model
environment factors such as natural gas price ﬂuctuations.
The OperA framework is then used to add organization
elements, such as coordination mechanisms, organizational
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Fig. 4.

Combination of modelling approaches.

objectives, governance models, abstract protocols, and abstract
negotiation patterns between biogas producers and consumers.
In principle, MAIA and OperA could be used to model
most of the biogas domain independently, but each modelling
framework has its own focus. MAIA is able to capture the
actors and their actions in the domain (dynamics), and OperA
is able to capture the coordination and organizational aspects
of the domain. The combination of the two provides a more
complete model of the biogas system for simulation.
The negotiations that the stakeholders can perform are
already modelled in the MAIA and OperA frameworks, but
only on an abstract level. The actors and objects involved
in negotiations have been modelled in MAIA, while the
interaction model of the stakeholders is modelled in OperA.
The outcome of this is used by GENIUS to perform the actual
negotiations in the simulations.
Together with the scenarios, the MAIA and OperA models
are fed into the simulator which runs on AgentScape and uses
GENIUS to deal with negotiations between stakeholders during
the simulations. The simulator itself uses agents to represent
the actors inside the simulations, as well as other necessary
entities (e.g., a bank, natural gas price issuer, etc.).
The governance model created in OperettA deﬁnes the
organization model of the involved entities with roles, actions,
objectives and norms. This organization model is mapped to
software agents that run in the simulator on the distributed
AgentScape platform. Each agent corresponds to a role and
executes the actions of that role based on the objectives and
norms belonging to that role.
For the realisation of the simulator, some of the tooling
of the modelling approaches has been provisionally integrated with AgentScape, which plays the role of ‘integrating’
middleware. AgentScape is enriched by a small additional
layer that provides the required simulation capabilities. The
information and knowledge speciﬁed by MAIA is (for now)
manually encoded in the agents and negotiation strategies. The
simulator is populated by means of a scenario description
and an accompanying OperettA conﬁguration ﬁle. GENIUS
provides a ‘negotiation-service’ (that internally uses GENIUS-

negotiation-agents) that can be employed by the (producer &
consumer) agents that are conﬁgured by OperettA.
The integration of MAIA, OperettA and AgentScape contains two parts. In the ﬁrst part, the characteristics of the
organization model in OperA are transferred into the logic of
software agents through XML conﬁguration parameters. In the
second part, a version of a software action library is developed
that implements available actions for agents, as speciﬁed in the
MAIA model.
For example, in a (simpliﬁed) biogas domain three roles can
be identiﬁed: agricultural farms, water-treatment facilities, and
consumers. The former two are biogas producers, the latter
is a biogas consumer. Furthermore, each role can perform
different actions, such as invest, negotiate, collaborate, buy,
etc. Different horizontal governance types can be implemented
by changing when and how biogas producers can collaborate
and changing when and on what producers and consumers
can negotiate. All this knowledge is captured in the MAIA
and OperA models.
Next, for the simulation, these models are transferred into
the logic of executable agents within the AgentScape middleware. For this purpose, an action library and a generic agent
have been developed. The action library contains executable
implementations of the actions deﬁned in MAIA. The OperA
models specify when and which of these actions are called by
which roles. The generic agent is a basic executable simulation
agent and can be conﬁgured to call actions from the action
library. During the setup of the simulation, the XML output
of the MAIA and OperA models are used to conﬁgure the
generic simulation agents, thereby implementing agents that
perform the roles as speciﬁed in the modelled domain. This
instantiation process can easily be automated and results in
executable simulation agents (i.e., producer and consumer
agents) that can run within the AgentScape middleware.
These producer and consumer agents use GENIUS to mediate negotiations on contracts for biogas delivery between
them. The GENIUS library is integrated into AgentScape via
AgentScape’s service interface, which is a mechanism to make
the functionality of new (external) libraries and services accessible to agents. GENIUS can be conﬁgured through parameters
which determine what the negotiations are about or inﬂuence
the negotiations themselves. Which parameters can be set have
been identiﬁed and speciﬁed in the domain model using the
modelling tools. However, the actual values of the parameters
are chosen at runtime by the agents for each negotiation
separately and depend on the current state of the simulation.
Examples of such negotiation parameters are min/max prices,
amount of gas, contract duration, and negotiation strategies.
Figure 5 depicts how the simulator can be used for running
different scenarios. Each scenario describes the characteristics
of consumers and producers in a speciﬁc energy domain,
as well as other relevant parameters, including negotiation
parameters, willingness to collaborate, and price ﬂuctuations
for energy. As can be seen in the ﬁgure, the MAIA and
OperA models are used during the design of the simulation
model. They capture the knowledge of the domain itself and
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Fig. 5.

The integrated simulation environment.

the actions that roles take. GENIUS and AgentScape are used
during the simulation runs themselves and operationalise the
simulation model by performing the actions and negotiations
deﬁned in the MAIA and OperA models within speciﬁed
scenarios.
VIII. D ISCUSSION
The work presented in this paper entails combining
three agent-based modelling approaches: MAIA, Opera and
GENIUS, and operationalising an agent-based simulator using
the AgentScape agent-based middleware. The choice for these
agent-based approaches was based on availability of expertise,
and the choice for the multi-stakeholder use-case was dictated
by the project’s domain owner Alliander, an energy network
company in the Netherlands (our ’end user’).
In the project, the simulator was used to evaluate horizontal
governance in the biogas domain where producers and consumers could negotiate about the delivery of biogas using
contracts. Furthermore, producers could collaborate in order
to share the cost of the biogas infrastructure. The simulator
allowed evaluating the effects of governance in different scenario’s (ﬂuctuating natural gas prices, government subsidies,
etc.) and determining under which conditions a stable and
sustainable conﬁguration emerged. Using different existing
modelling approaches allowed the project to quickly model the
domain and add the necessary details on, for example, domain
knowledge, organizational structures, and negotiation patterns
and translate them into a running agent-based simulation
model.
Different approaches exist that could have been used in the
project as well. For example, Gaia [5] is a methodology for
agent-oriented analysis and design. Gaia can be used to model
systems from requirements to a detailed design ready for
implementation. Its conceptual framework distinguishes two
models: a roles model and an interactions model. The former
contains all the roles and their responsibilities and permissions.
The latter contains the interactions (protocols) between roles.
In the design phase, these models are elaborated in an Agent,
a Services, and an Acquaintance Model. However, Gaia does
not support norms.

INGENIAS [4] is an agent-based software engineering
methodology that is able to design multi-agent systems. It
provides a comprehensive meta-model that can conceptualise
software in self-deﬁned graphical notations and diagrams.
Organisational aspects of a system are modelled by deﬁning
roles, groups, and organizations in different viewpoints. INGENIAS also supports code generation. It explicitly addresses
different aspects of simulations, such as scheduling, and provides guidelines on how to build a simulation from INGENIAS
models [22]. However, the social aspects of agents are not
fully addressed in INGENIAS. There is no support for norms
and regulations. INGENIAS deﬁnes roles but with a different
meaning to organizational roles.
The remainder of this section presents some lessons learned
from the project’s effort. Brieﬂy summarised, the main ﬁndings are:
• Maintaining coherence: Maintaining coherence while
(re)modelling and developing the prototype of the simulator was a major challenge. The MAIA model provided
a sound base on which the other modelling frameworks
could build on. However, it required effort to maintain the
semantic coherence between the models. In the project,
a social construct (namely: team-formation) among all
the participants was used to assure coherence across
modelling approaches.
• Expertise availability: Without the availability of experts
on each of the modelling approaches, it would have been
impossible to achieve the current level of integration.
• Willingness to learn: Each of the team-members needed
to be willing to learn about other modelling approaches,
by interaction with respective experts.
• Iterations: We exploited the subsequent additions of details when applying the modelling frameworks in this
order: MAIA, OperA/OperettA, GENIUS, AgentScape.
These details were used as a means to further investigate
the models of the domains at higher levels of abstraction.
In general, this achieved multiple ‘yo-yo’ down & up
iterations, until the prototype of the simulator yielded
results that could be validated by biogas domain experts.
• Validate early: Even when insufﬁcient details were available to develop a working prototype, paper-based examples and incomplete prototypes were used to validate our
modelling progress with biogas domain experts, while
also ensuring that we often engaged in combining our
modelling approaches, thereby avoiding ‘late’ integration
and running the risk of being unable to deliver our results.
At this moment, there is insufﬁcient evidence to make
statements about generalised applicability of these combined
modelling frameworks. The current results are promising, and
the work will be continued on a use-case by use-case basis,
to further deepen the understanding of modelling multi-actor,
socio-technical systems.
IX. C ONCLUSIONS
This paper describes results attained in the NeGoM project
on combining three modelling approaches, MAIA, OperA
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and GENIUS and operationalising the results with an agentplatform AgentScape to model the multi-stakeholder biogas
domain and develop a prototype of a simulator to investigate
the viability of horizontal governance in the biogas domain.
The resulting simulator has been validated by biogas domain
experts from Alliander, which provides substance to our ﬁndings that the combination of the modelling approaches was
fruitful. Further insights on the combination of these modelling
approaches have to be gathered by application to additional
use-cases.
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