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Abstract:

This paper presents a vision for a new breed of Agent-Based Simulations that are built on the technology of the
Web. Inspired by the emergence of the recently proposed Hypermedia Multi-Agent Systems concept - which
combines the concepts Hypermedia Systems, Semantic Web and Affordances - we propose a novel approach
to implementing complex agent-based simulations built from suites of loosely-coupled reusable components
in a manner that ensures scalability.

1

INTRODUCTION

Agent-Based Modelling (ABM) is a bottom-up approach to studying the behaviour of complex systems (Polhill et al., 2019) that has been successfully
applied in many domains, including: Logistics (Du
et al., 2019), Intelligent Transportation Systems (Golpayegani et al., 2018) and Power Systems (Teixeira
et al., 2020). Such systems are modelled as collections of agents; each one encapsulating private state
and behaviour. Global system behaviours emerge
through interactions between the constituent agents.
A key challenge in this area is the ability to
model systems of increasing complexity. It is acknowledged that such systems are becoming too complex to be captured in a single model (Kitova et al.,
2016). One solution is to use Hybrid Simulation (HS)
(Eldabi et al., 2018). Broadly, HS combine multiple interconnected sub-simulations, potentially implemented using a diverse set of modelling techniques
(Mustafee et al., 2017). It is increasingly used in Operational Research (Brailsford et al., 2019) and SocioEnvironmental Systems (Turner II et al., 2016).
The development of HS tools and methodologies
is still an open research problem. In (Polhill et al.,
2019), the authors highlight the lack of suitable tools
and frameworks for integrating ABM with other techniques. Interoperability is a particular issue leading
to many existing HS being built using a single tool
a
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(Eldabi et al., 2018).
This paper argues that HS should not be built on
monolithic architectures and homogeneous technology stacks, but should instead be implemented as
loosely-coupled collections of reusable components,
written using diverse programming languages and
frameworks, that are designed to be deployed at scale.
In essence, it argues that HS should be implemented
using a microservices architecture (Fowler, 2014).
Section 3 presents a vision of a new framework for
implementing HS based on ABM, where each subsimulation is encapsulated as a microservice that uses
REpresentational State Transfer (REST) to serve simulation semantically enriched state representations.
The agent layer, which consumes this state, is implemented as a Hypermedia MAS (Ciortea et al., 2019b).
Section 4 presents some challenges and opportunities
for further research, and section 5 presents some concluding remarks.

2

THE CURRENT STATE OF
PLAY

There are a range of approaches to implementing
ABMs, and (Abar et al., 2017) provides an excellent review of them. What is clear from the review
is that ABM has traditionally been viewed as a desktop computer style of exercise where tools are provided to support the creation and execution of models on a single machine. Such tools typically consist
of some mechanism to specify agent types and be-
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haviours, the environment(s) that the agent inhabits,
any constraints on interaction, and any rules for adaptation of behaviour. The main constraint on the use of
such tools to create simulations is often the time taken
for the simulation to be executed, which can lead to
repeated simplifications of the model until the execution time is acceptable (Taylor et al., 2020).

2.1

Simulating at Scale

Within the simulation community, two main approaches have emerged to overcoming the limits of
desktop simulation. The Distributed Simulation (DS)
community (Rashid et al., 2018) focuses on the development of techniques that can be deployed on highperformance computing clusters. This has led to the
development of tools, such as: RePAST HPC (Collier
and North, 2012) and MATSim (W Axhausen et al.,
2016). Taylor (Taylor, 2019) reviews DS through the
lens of Operational Research, highlighting the prevalence of bespoke implementations tailored to specific
scenarios, the lack of model reuse and the need for
well-designed frameworks.
A criticism of DS is the cost and availability of
computing clusters. This led to the emergence of
Cloud Based Simulation (CBS) (Taylor, 2019) which
is concerned with the deployment of simulations in
the cloud. Example ABM tools include: CloudSME
(Taylor et al., 2018), RISE (Al-Zoubi and Wainer,
2013) and Distributed Mason (Cordasco et al., 2018),
a port of Mason (Luke et al., 2004) for the cloud.
In (Hüning et al., 2016), the authors describe
MARS, a cloud-based ABM tool that uses a layered
model adapted from Geographical Information Systems, where each layer represents a distinct feature of
the simulation. It supports the distribution of models;
each layer is deployed as a separate node and individual layers can be distributed across multiple nodes.
More recently, the CBS community has started exploring the intersection of microservices and simulation. Microservices are an architectural style that promote the decomposition of complex systems into distributed applications composed of simple services that
are designed to scale (Fowler, 2014; Zimmermann,
2017). In (Taylor et al., 2020), the authors introduce a
microservices framework for the creation of deadline
based simulations. Their prototype implemented an
auto-scaling mechanism that runs multiple REPAST
simulations in parallel to meet deadlines (Anagnostou et al., 2019). This is achieved by modelling each
simulation as a microservice.
Finally, (Pump et al., 2019) describes the only
known project that has used microservices to create
a HS from heterogeneous models. However, as the

authors state, the developed model was bespoke and
tailored to the specific problem they were addressing.
The adoption of microservices in the design of
simulators is appealing for a number of reasons:
• they promote the development of small, looselycoupled systems that maintain their own independent state (Dragoni et al., 2018);
• they are deployed within an ecosystem of tools
and components that facilitate rapid and agile development techniques, are easy to extend and support automated management of fault tolerance and
scaling (Richards, 2015); and
• they support the integration of heterogeneous
systems built using diverse technology stacks
(Thönes, 2015).
This is especially true of Hybrid Simulations, where
bounded context, isolation and loose coupling (Zimmermann, 2017) promotes the decomposition of simulators into discrete components that can be developed and deployed independently.
The decomposition of simulators into components
offers the potential for their reuse across multiple scenarios. Microservices facilitate this through the requirement that all the components adhere to a uniform
interface, engendering the use of diverse technology
stacks. This presents a route towards the development
of hybrid simulations that combine not only different
programming languages and tool sets, but also integrate different simulation techniques.

2.2 Simulating Intelligence
A recent survey on the use of the Belief-DesireIntention (BDI) architecture (Rao et al., 1995) in
social simulation (Adam and Gaudou, 2016) highlights the potential quality improvements that cognitive architectures bring to simulation. They outline
an emerging trend in social simulation that argues for
the application of the ”Keep It Descriptive, Stupid”
(KIDS) principle over the ”Keep It Simple, Stupid”
(KISS) principle. Their argument is that, with increased computing resources there is less need to use
simplistic agent models in an effort to maximise the
performance of the simulation. A better solution is
to use richer cognitive agent architectures to facilitate
the creation of more nuanced models.
Agent-Oriented Programming (AOP) languages
(Shoham, 1993) offer such rich architectures through
logic based programming constructs that are both
verifiable and explainable (Kravari and Bassiliades,
2015). Recently, there has been a resurgence of interest in using AOP for simulation (Bădică et al., 2018b;
Lawlor et al., 2018; Bădică et al., 2018a; Balabanov
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et al., 2020). Other work has explored how to support discrete event simulation using AOP. In (Larsen,
2019a) the authors describe a simulator tool based
on GAMA (Taillandier et al., 2016) that is applied
to Hospital staff planning (Larsen, 2019b). In (Ricci
et al., 2020) an emerging simulation platform based
on JaCaMo (Boissier et al., 2013) is described. Finally, in (Muto et al., 2020) a Socio-Ecological Systems approach to modelling the agricultural economy of the Rancherina River Basin using the BESA
(González et al., 2003) agent toolkit is presented.

2.3

Affordances in Simulation

Recent research suggests that affordances may provide a more flexible approach to ABM (Klügl, 2015).
The concept of an affordance originates in ecological
psychology as a means of representing the relationship between environmental objects and the potential
actions that an agent (human or otherwise) may perform with those objects (Gibson, 1979).
Affordances are information perceived from the
environment that signifies that a particular action may
be performed. They allow for a higher level of abstraction in agent-environment interactions, allowing
an agent to reason about the actions it can perform
instead of having hard coded actions in plans.
The use of affordances in ABM parallels the
changing perception of agent-environment interaction
where the environment now viewed as an explicit part
of the MAS (Weyns et al., 2007). This view is being realised through systems such as EIS (Behrens
et al., 2012) and CArtAgO (Ricci et al., 2007), which
provide an abstraction of the environment that can be
used across agent platforms. CArtAgO has already
been used in simulations systems, JaCaMo-sim platform (Ricci et al., 2020) is based on its use, and also
in combination with affordances in a Web of Things
environment (Ciortea et al., 2018b).
Affordances-effect pairs have been utilised in
modelling of human behaviour in complex environments (Jooa et al., 2013). Affordance fields have been
used to represent the suitability of potential actions
available to an agent at a given time in path planning
simulations (Kapadia et al., 2009). Affordances have
also been used in traffic simulation (Ksontini et al.,
2015) and simulating the behaviour of tanks in a capture the flag exercise (Papasimeon, 2010).
Each of these examples represents a bespoke implementation of the concept of affordances in ABM,
each choosing how to represent affordances, how to
fit them into the execution of the agent, and how to
represent them in the language. The benefits of using
affordances in ABM can be greatly enhanced, or the
406

cost of implementation diminished, by the development of a standard representation. This would enable
greater interoperability between agents and simulation systems, between agents and environments, and
between simulation systems.

3

A NEW VISION FOR
SIMULATION AT SCALE

We believe there is a need for Hybrid Simulations that
can scale while being built from reusable components
that are designed for interoperability. The combination of techniques introduced in this paper represent
a potential pathway to achieving this. Our approach
is inspired by the successes achieved by leading technology companies, such as Netflix and Amazon, who
have met the challenge of deploying their infrastructures at Web Scale.
Underpinning their success is their adoption of the
microservices architecture (Fowler, 2014). As is highlighted in section 2.1, little research has been carried
out into the use of microservices in simulation. While
the approach we propose is focused on the application
of microservices to ABM, we believe that it can be
used to support the creation of simulations that combine diverse modelling approaches.

3.1 Microservices and Simulation
In our view, microservices are ideally suited to the implementation of Hybrid Simulations (HS). The mapping of microservices to sub-simulations is in keeping
with the ethos of the approach. In fact, as is discussed
in section 2.1, adopting a microservices perspective
brings a range of additional benefits including mature
tool ecosystems and polyglot computing.
The notion of polyglot computing sits well with
HS as it is expected that such systems will be composed of multiple sub-simulations implemented using
heterogeneous modelling techniques and languages.
However, it does not address how to engender interoperability between those sub-simulations. It is our view
that this can be achieved through the adaptation of the
way that Linked Data is currently used in the Web
of Things (WoT) (Guinard and Trifa, 2016). Broadly
speaking, Linked Data is an approach to realising Tim
Berners Lee’s vision of the Semantic Web (BernersLee et al., 2001) through the creation of typed links.
These links are embedded within documents that represent data from different Web sources. Critically,
Linked Data supports machine readability through the
use of ontologies, encoded and interpreted using Semantic Web technologies (Bizer et al., 2011).

Harnessing Hypermedia MAS and Microservices to Deliver Web Scale Agent-based Simulations

Within the WoT, Linked Data has been used to
help develop a set of standards, known as Thing Descriptions (Charpenay and Käbisch, 2020). These
are machine readable documents that describe the
”things” that have been deployed. They describe the
capabilities of the devices, allowing clients to reason
about how (or whether) to use them. The availability
of such descriptions is driving research into a range
of ”thing” composition techniques, including: thing
discovery (Zhou et al., 2016), Web Mashups (Guinard
and Trifa, 2009), automated composition tools (Noura
and Gaedke, 2019) and even agent-based approaches
(Savaglio et al., 2020). Such descriptions can also be
used with manual composition tools.
Our vision is inspired by this view. We believe
that a Simulation Description that is analogous to
Thing Descriptions would promote interoperability
and reuse of sub-simulations. Such a description
could be used both to specify the nature of the environment as well as the inputs and outputs associated with it. The application of semantic meaning to
all data inputs and outputs related to each simulation
would allow for their integration into data processing
pipelines for tasks such as transforming data between
representations or handling (time) scaling issues.

3.2

Microservices and Agent-based
Simulation

In our view, there are two main ways in which ABM
can be integrated with the Hybrid Simulation framework proposed above. One approach is to view them
simply as self-contained sub-simulations that are integrated into larger simulations that are not agent-based.
While there are a number of challenges in achieving
this, it is not the focus of the vision we present in this
paper. In our view, such an approach can be realised
through existing simulation frameworks.
Instead, our vision is oriented towards a second
approach where ABM plays a key role in the overall
simulation. Here, the ABM acts as a central component in which agents are linked with multiple subsimulations, developed using diverse simulation techniques, whose state is consumed by the agents so that
they may more accurately model the behaviour of the
population they are simulating. Due to the potential complexity arising from processing multiple state
data streams, we believe that the simple agent models traditionally used in ABM will be inadequate and
more nuanced models are required. In our view, such
an approach is congruent with the ”Keep It Descriptive, Stupid” principle described in (Adam and Gaudou, 2016). The authors use this principle to argue
that the social simulation community needs to adopt

BDI style models, tools and programming languages.
We agree with this sentiment and argue that it is
essential for managing the complexity emerging from
agents interacting with multiple sub-simulations as is
proposed within our vision. In our view, the best way
to deliver this is through the use of Hypermedia MAS.
In (Ciortea et al., 2018a), the authors introduce
the concept of Hypermedia MAS as an approach to
building dynamic, open and long-lived MAS (Vachtsevanou et al., 2020) that are designed to inter-operate
seamlessly with the World Wide Web. In (Ciortea
et al., 2019b), this approach is expanded by outlining
a vision in which agents are integrated into the hypermedia fabric of the web, and that by doing so, enter
into a shared hypermedia environment that is based
on the open standards of the Web. In such an environment, devices and physical services can be exposed as
first class entities. Hyperlinks and hypermedia controls can be used to discover and interact with those
entities or even other agents regardless of their location. Such controls can be published through hypermedia documents that are adapted based on the state
of the underlying entities.
Through these hypermedia documents, agents are
able to discover at run-time the capabilities of the entities in their environment. Presented appropriately,
such a document could be linked to the concept of affordances as described in section 2.3 enabling them
to understand not just what the state of the entity is,
but also what they are currently able to do to that entity. It is important to understand that the concept of
Thing Descriptions, as discussed in section 3.1 is an
example of just such a document.
As described earlier, our vision views ABM as the
integration point for multiple sub-simulations. This is
achieved by viewing the sub-simulations as being part
of the environment. The agents would then interact
with the sub-systems through an agent-environment
interface. In our approach, the environment would
be decomposed into a set of microservices and the
agents would interact via the APIs exposed by these
microservices. There are two possible integration
strategies to achieve this: the use of a single microservice that acts as the intermediary between the agents
and the subsystems - in the microservices world, this
would be considered an API Gateway (Montesi and
Weber, 2016); and the direct integration of the agents
with multiple linked microservices.
We are especially interested in the latter approach
as we believe that it offers a more decentralised and
scalable solution. The view also has many parallels
with the recent work done on applying Hypermedia
MAS to the Web of Things (Ciortea et al., 2019a).
In their approach, the highlight the use of Thing De407
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scriptions as a means for describing interaction affordances that can be used by the agent to understand its options. We aim to mirror this approach
through the introduction of an Entity Description that
describes the interface between each sub-simulation
and the environment. Agents would use this to configure themselves as they connect to a sub-simulation.
We term the interface defined by the entity description
to be an Affordance API. Finally, the entity descriptions should be linked to corresponding Simulation
Descriptions as defined in section 3.1.
Mirroring the decomposition of the environment
into a set of microservices, we believe that the agents
should also be deployed across a set of microservices.
A possible solution for achieving this is Multi-Agent
MicroServices (MAMS) approach (Collier et al., 2019;
O’Neill et al., 2020), which has been demonstrated
in the ASTRA agent programming language (Collier
et al., 2015; Dhaon and Collier, 2014).
In summary, this section expands our vision for
a Hybrid Simulation framework to require the use
of Hypermedia MAS to implement the agent component of an ABM. Inspired by recent work in the
area of WoT, the agents would interact with subsimulations, modelled as environment microservices,
using REST and Linked Data. As with the WoT,
agent-environment interactions are governed through
the use of interaction affordances.

3.3

Illustrating the Vision

To illustrate our vision, we present a sketch of a Hybrid Simulation of a shopping centre. The simulation,
whose architecture is presented in Figure 1 aims to
model the occupancy and transit of people through the
shopping centre.
Sim
Manager

Weather
Sim

SimAPI

SimAPI

SimAPI

PedSim

TrafSim

ShopSim

Internal
Aﬀordance
API

External
Aﬀordance
API

Figure 1: Representation of microservice-based Hypermedia MAS Simulation.

As can be seen, the simulation consists of a number of sub-simulations. The three primary simulations
are: PedSim which models the arrival and departure
of pedestrians on foot; TrafSim which does the same
for pedestrians who travel by vehicle; and ShopSim,
which models the shopping center. The idea here, is
that PedSim and TrafSim act as sinks and sources
of agents (who model the population) that enter/leave
408

the shopping center (modelled as ShopSim). There
is no requirement that these first two simulations be
agent-based; they could be statistical simulations, that
drive the creation of agents inside ShopSim, or they
could themselves be agent-based simulations. An important challenge to be resolved here, would be how
to support both types of simulation without requiring
any changes to ShopSim. For example, an intermediary component could be added that acts as an interface to ShopSim, creating and destroying agents as
appropriate. These simulations themselves, could be
linked to other simulations, for example, in Figure 1,
all three are linked to a weather simulator.
The agent-based ShopSim simulator is itself decomposed into two sub-simulations that cover the internal and external locations of the shopping centre
respectively. The shopping centre itself can be represented as a graph, with nodes being modelled as endpoint associated with the sub-simulations, and edges
modelled as hyperlinks between nodes. Depending
on the nature of the environment, these hyperlinks
could be either manipulated by the agents themselves,
or used internally by the simulations. For example,
an agent could transition from a corridor to a shop
by submitting a DELETE request to the corridor endpoint and a POST request to the shop endpoint. Alternatively, the agent submit an ”enterShop” action to the
corridor simulation resulting in the corridor simulator
transitioning the agent to the shop. Which approach
to use depends largely on the nature of the simulation and whether or not the agent is embodied in the
environment. If the agent has a body, then we believe
that the latter approach is more appropriate as the representation of the body would need to be transferred
from one simulation to the other. This brings more
challenges in terms of how to represent the body in
a way that does not limit interoperability, and how to
standardise transitioning agents between simulations.
Another challenge to be addressed is agentsimulation interaction. Specifically, we are concerned
with how the agent is made aware of the actions it can
currently perform. As discussed in section 3.2, we believe this is best achieved through the implementation
of an Affordances API. Both approaches described in
the previous paragraph fit this. For simulations where
the agent is disembodied, we envisage using equivalents of the WoT Thing Description. Alternatively,
in cases where the agent is embodied, the body provides a context for the agent in the simulation. This
context can be used to identify the potential actions of
the agent, which in turn can be passed to the agent.
Finally, the sim manager is responsible for setting
up or managing the overall simulation. Interaction
with each sub-simulation is through the SimAPI.
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4

CHALLENGES AND
OPPORTUNITIES

Realising the vision presented in this paper raises a
number of challenges that also present opportunities
for the Multi-Agent Systems community. Some of the
key challenges are described below:
Tools for Building Hypermedia MAS: Suitable
tools for building Hypermedia MAS do not currently
exist (Ciortea et al., 2019b). Such tools would need
to be hypermedia friendly and provide mechanisms
to allow agents to reason with and act on semantic
knowledge.
Defining Ontologies for Describing Simulations:
The effective description of simulation components is
critical to enable their composition and reuse. Development of a standardised suite of ontologies to support this is an essential community activity.
Exploring the Methods and Protocols Needed to
Deliver Hybrid Simulation: Before effective standards can emerge, there is a need to explore how
to combine simulation components: how component
connections should be presented to agents and how
an agent should migrate from one component to another. It is concerned with the creation of the methods and protocols needed to allow agents to operate
seamlessly across them.
Building Simulations that Can Scale: Being able to
decompose a simulation into constituent microservice
is not enough. There is a need to understand how to do
this in a way that enables scalability. This challenge
is further complicated by the need to consider multiple sub-simulations and the need for mechanisms that
can knit the individual sub-simulations into a larger
whole.
Reusability across Simulation Domains: Understanding how to make sub-simulations reusable across
problem domains is another key challenge. This requires the development of standards for defining simulations and techniques for composing them. Some
discussion on potential approaches is presented in
section 3.1.

5

CONCLUDING REMARKS

This paper presents a vision of a microservices-based
approach to implementing Hybrid Simulations that
include an ABM component that is underpinned by
the recently proposed notion of Hypermedia MAS. We
have illustrated our vision through a simple example
and outlined a number of challenges and opportunities for future research.
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