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Agent systems provide a bottom-up approach to addressing complex tasks. Agents also provide a means of
modeling and simulating phenomena that are difficult to model and understand via standard analytical methods.
Although the main applications of agent systems pertain to computer science and are often related to artificial
intelligence, there are increasingly numerous uses of agents in areas such as the life sciences, ecological
sciences, and social sciences. In response to these interests, numerous platforms have been developed as
general or application-focused tools. Over time, the field of agent platforms has evolved, with new platforms being

developed and others being abandoned.
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simulation swarm intelligence artificial intelligence

| 1. Short History of Agent Systems

Perhaps one of the pivotal moments in the development of agent systems was the Workshop on Distributed
Artificial Intelligence held at MIT in June 1980, where 22 researchers presented their results and ideas 1. After
that, the 1980s saw the first attempts at defining the main concepts of the agents’ domain. Interestingly, among

these, one can also recognize the key problems that are still being studied today.

In 1984, Axelrod showed how cooperation can emerge from the interaction between selfish entities without
centralized control 2. He discussed several strategies for the iterated prisoner’'s dilemma, a game-theoretical

problem that remains a topic of interest in political and social studies, as well as evolutionary biology.

In 1985, the actor model was introduced by Agha and Hewitt 1. With all the “generalization” involved in this
statement, it can be suggested that an actor can be seen as a “simplified version” of an agent. The actor is reactive
as it only responds to the received messages, but it can be used to simulate more advanced behaviors, such as
perceiving the environment and performing actions, in response to the incoming communication. The research
involving actors contributed to the development of agent systems while also resulting in the development of its own
tools, libraries, and platforms (e.g., Erlang 4, Akka [, and Proto.Actor [8). However, this pathway of research and

development is beyond the scope of the work.

Furthermore, in 1986, the first (micro-)simulations were conceived; e.g., in the pursuit domain, where several

predators aim at encircling and/or capturing a prey 4. Nowadays, simulations in different domains are one of the
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highly popular application areas for multi-agent systems.

Based on psychological studies of practical reasoning (&), in 1987, Georgeff and Lansky developed the so-called
procedural reasoning system (PRS), established on the foundation of the belief—desire—intention (BDI) model for
intelligent agents . A formalization of the BDI architecture, which remains very popular in the agent domain, can
be found in 9. It explicitly includes the agent’s beliefs about the state of the environment and its own state. It also

incorporates the concepts of establishing the means for reaching a specific goal and for creating a plan.

The first agents (agent systems) were implemented using the means available at the time; e.g., in Lisp 1 or
Prolog 2. However, as the complexity of applications increased and more experience was gathered, the need for
specialized frameworks dedicated to constructing agents was recognized. One of the first attempts at delivering a
complete agent platform was AGENTO 13 a language that incorporated the idea of agent-oriented programming
(141 where the agent has complete control over its own state (beliefs, capabilities) and behaviors (responding to

messages, commitments).

The 1990s witnessed a steady stream of development in the agent systems domain where separate areas of
interest can be identified. During that time, significant advances materialized in the theoretical study of agent
systems. For instance, the ARCHON project 22! proposed a general-purpose architecture that could facilitate

cooperative problem-solving in industrial applications.

The knowledge query and manipulation language (KQML) was formulated within the DARPA knowledge sharing
effort (18] and proposed as a standardized means of agent communication. It separated the intent of the message,
in the form of a so-called “performative” (inspired by speech act theory [17), from its actual content. That effort was
further refined within the FIPA agent communication language (ACL) 8 definition. Separately, a specific agent-
based language, AgentSpeak, inspired by the PRS was formally introduced in 2. Moreover, software agents were

described and discussed in core contributions by Wooldridge and Jennings [221211[22],

Related interests emerged in the field of autonomous cars, which have been conceptualized as autonomous
agents. Here, several agent architectures were proposed (e.g., Touring Machine 23, InteRRaP [24)) and the first

self-driving vehicles were put to the test (e.g., ALVINN 23 and, later, the Nomad rover [28 and Stanley [27).

Another area of multi-agent systems’ application that expanded greatly during that time was related to social
simulations. Here, a few notable examples are the Sugarscape emergent economic model 28 the evolution of
social corruption 29, the study of the population dynamics of Cyber-Anasazi B9 and a model for civil violence

leading to “artificial genocide” 31,

Reflecting on the connection to the industry, one should note the (multi-stage) European AgentLink project [22138]
(341 which studied the application of agent systems in domains such as telecommunications, information

management, electronic commerce, and manufacturing. It is easy to notice that the vision of software agents
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formulated within these activities is materializing now, among other places, in the world of the Internet of Things
(1oT) 32,

An interesting European initiative from 2013 was the COST agreement technologies action B8, It aimed at
coordinating efforts related to the new paradigm for next-generation distributed systems based on the concept of
agreement between computational agents. In such systems, autonomous software agents negotiate with each

other, typically on humans’ behalf, to reach mutually acceptable agreements.

Despite constant research activities, at the beginning of the new millennium, interest in agent systems gradually
declined. However, it appears that, in the past few years, the field has been experiencing a revival of interest
accommodated by increased awareness of the importance of agent systems. This interest especially concerns
domains such as autonomous cars and drones (e.g., pick-up and delivery routing problem B2, simulations (e.g.,
evacuation behavior during emergencies [28)), smart cities B4 and the 1oT. In these areas, new technological
advances in the communication infrastructure (e.g., 5G (142l are facilitating further automation of and

interconnections between intelligent devices.

Today, agent systems are extensively used in medical and social simulations, particularly those that examine the
spread of infectious diseases (e.g., the impact of mobility restrictions on the spread of COVID-19 3! and strategies
for minimizing the spread of epidemics in populations [4)). Moreover, agent systems are being employed for

modeling in the electromobility sector 22I48I47148] 55 \well as in electricity markets 49,

Nevertheless, as far as industrial-grade systems are concerned, agent-based solutions are frequently being
replaced with alternative approaches, such as microservices, serverless systems (FaaS), and workflow
management systems (WMSs). This shift is driven by factors such as the broader range of technological options
offered by agent system alternatives. For instance, microservices enable the implementation of various application
services using different technologies tailored to their specific requirements. As such, they provide greater flexibility
and adaptability within the overall system architecture. Furthermore, in many cases, the complexity of agent
systems surpasses the actual needs and requirements of the tasks that are to be handled by the system, thereby

increasing the cost of the system’s development, maintenance (e.g., cross-compatibility), and deployment.

Regardless of the relative lack of popularity of agent systems in commercial applications, over time, the idea of

their applicability has materialized in a broad range of different domains.

| 2. General-Purpose Platforms
2.1. Open-Source General-Purpose Platforms

ActressMas—An agent framework inspired by the actor model and implemented using .NET asynchronous
operations. One of its primary design objectives is conceptual simplicity and support for high-level agent

abstractions, making it valuable for teaching purposes. In addition to actor-specific reactive behavior, it
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incorporates mechanisms for proactive behavior and, as such, can be used for the implementation of multi-agent
systems. It supports the concept of agent mobility by means of agents residing in distributable containers.
Additionally, it adheres to some of the FIPA specification standards for agent platforms, but it is not fully FIPA-

compliant;

Akka—A set of libraries dedicated to highly concurrent and distributed systems. In accordance with its design
principles, the toolkit is scalable, fault-tolerant, resilient, and highly performative. Similarly to ActressMas, Akka is
based on the actor model, where actors encapsulate states and behaviors. Here, the communication between
entities is achieved in a message-driven fashion. The model is based on a hierarchical structure and the concept of

actors’ supervision (i.e., “parent” actors are the supervisors of task distribution and failure handlers).

Akka.NET—Port of the original Akka to C# and F# for systems developed in .NET and Mono. Similarly to Akka, the
toolkit is designed for highly concurrent and event-driven applications. The platform is based on high-level actor
abstractions and asynchronous and distributed design. The architectural principles of the actor model are the same
as in the original Akka platform. An extension provided for Akka.NET that is worth mentioning is the Phobos 2.0
monitoring tool. In particular, the tool enables tracking the system cluster and capturing different actor metrics (e.g.,
the actor’s mailbox latency). In contrast to Akka, Akka.NET is fully open source and is released under the Apache

2.0 license;

ASTRA—A Java-based agent-oriented programming (AOP) language for concurrent and distributed systems. The
design of the language is based on simplicity and aims to resemble commonly known OOP languages (e.g., Java,
C#). The platform is thus integrated with Java programming principles and, therefore, among other characteristics,
it is strongly typed. On the side of AOP, ASTRA is inspired by AgentSpeak(L). As such, it incorporates all of its
agent-related functionalities and, specifically, the concepts of the BDI paradigm (e.g., beliefs, events, and plan

rules).

BDI4Jade—A platform extending the agent-related functionaliies of JADE (e.g., distributivity, agent
communication) with BDI paradigm concepts. It provides means for the development of reasoning agents by
including definitions of modularized reasoning strategies, goals, beliefs, and plans. In addition to that, the platform

adopts the concept of capability relationships 22,

JaCaMo—A platform for multi-agent programming consisting of three technologies: Jason, CArtAgO, and Moise. It
is based on the JaCa programming model, which separates the programming for the logic of the agents from the
programming for the environment. This separation of concerns is realized through a combination of different agent-
based technologies, where (1) Jason facilitates the programming for the cognitive agents using the BDI approach,
(2) CArtAgO enables the modeling of multi-agent virtual environments with artifacts, and (3) Moise allows for the

definition of specifications for the agents’ organizations.

Java Agent Development Framework (JADE)—A Java-based industrial-grade framework dedicated to the

implementation of multi-agent systems. Its primary objective is standard compliance and, therefore, it is fully
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aligned with the FIPA specification. The communication between agents is undertaken in a peer-to-peer fashion
through asynchronous message passing. JADE supports distributing agents on multiple containers running on
different hosts. The agents are fully mobile, meaning that they can be moved from one container to another at
system runtime. The platform offers a dedicated GUI and several debugging tools for monitoring the system.
Besides the standalone functionalities, JADE is supported by several extensions, such as JADE Test Suite and

Leap.

JADEX—A platform extending JADE with the principles of rational agents. The design of the platform follows the
concepts of active components (ACs) and service component architecture (SCA). The JADEX components are
able to both (1) act as passive service providers and (2) autonomously execute behaviors. Based on these
features, they can be seen as the representation of the agents. The platform facilitates the cognitive BDI approach
and the business process modeling notation workflow. It also supports mechanisms of dynamic agent discovery

and mobility and allows the distribution of agents across multiple machines.

Janus—An agent platform implemented in SARL used in the creation of Web and desktop-based multi-agent
applications. It can be used in both organizational-based and holarchy-based agent systems. It incorporates the
concepts of BDI architecture, allowing for the development of reasoning agents. In terms of agent interactions, it
supports both synchronous and asynchronous communication protocols. The SARL language used in the

implementation of Janus adheres to ACL accordingly and, in large part, to the FIPA specification.

JS-son—A versatile and extendable JavaScript library for the development of reasoning agents. The library
supports the BDI architecture and adheres to reasoning loops within agents. From the conceptual perspective, JS-
son agents can be programmed according to three different approaches: (1) a traditional BDI approach, (2) a
simplified belief-plan approach, and (3) a goal-based approach. The first approach follows a traditional BDI
architecture with concepts of the agent's beliefs, desires, and intentions. The belief—plan approach is a
simplification of BDI where the agents use their perception of the environment and their internal state to execute
plans through which they interact and update their own beliefs. Finally, the goal-based approach focuses strictly on

the agent’s goals, which are treated as the driving forces behind their behaviors.

Smart Python Multi-Agent Development Environment (SPADE)—A multi-agent platform based on the
XMPP/Jabber technology that offers features that assist in the construction of MASs. It is the first agent-based
system that uses XMPP as its foundation. The communication between agents is achieved via the concept of
communication channels, where the messages are dispatched using dedicated message templates. The platform
facilitates the creation of agents (represented as users characterized with unique Jabber identifiers) and agent
platforms (XMPP-based servers). It provides an extensible XML-based communication protocol that supports FIPA-
ACL metadata.

Tuple Centres Spread over the Network (TuCSoN)—Java-based platform used for the development and
coordination of multi-agent systems. Specifically, it is dedicated to model agents written in Java and tuProlog. Its

main concept is based on tuple space coordination, where tuples (programmable in ReSpecT language) are data
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structures shared between and accessed by agents in order to facilitate their communication and coordination. The
agents are able to interact in the tuple space through the use of primitives, which are inspired by LINDA's

coordination model.

XKlaim—a renewed and enhanced version of KLAIM, a coordination language for modeling and programming
distributed systems. In particular, the extension considers the incorporation of high-level programming (Java-
based) constructs. Similarly to TuCSoN (and the original KLAIM), the platform is based on the LINDA
communication concepts and defines the simulations in tuple space. The nodes (agents) are organized in
hierarchical nets.

2.2. Open-Source General Simulations and Modeling Platforms

Agents Assembly—A domain-specific language based on assembly mnemonics for implementing multi-agent
systems. It is part of a toolset intended for large-scale simulations in containerized environments that aims to
streamline the development of agent systems for users without specialized programming skills. The language
supports programming constructs that are directly related to agent systems (i.e., agents, behaviors, messages) and
offers various mathematical statements and concepts commonly used in other programming languages. For the
visualization of created systems, the AASM provides a dedicated graph modifier that also supports the creation of
graphs based on statistical distributions. The language is translated in two steps: first into a target-agnostic
intermediate representation and then into Python, based on the SPADE platform. AASM offers a dedicated GUI for

simulation definition and management, a run environment, and an XMPP-based communication server.

AgentPy—A platform that facilitates agent-based modeling. It is designed strictly for scientific use; therefore, it
provides tools for parameter sampling, Monte Carlo experiments, stochastic processes, and sensitivity analysis,
among others. The implemented models are built using agents that are combined in groups called sequences.
Such an approach allows the manipulation of multiple entities at once. Furthermore, they are placed in
environments according to specified positions. Currently, three types of environment topologies are supported: (1)
grids, (2) spaces, and (3) networks.

Agents.jl—A framework for Julia that supports the creation of agent-based models (ABMs). It is based on a
modular and function-based design and, as such, is easily extendable. The platform supports the implementation
of different types of agents, which can also be generated using Agents.jl macros. The simulations are conducted in
structured spaces of four types: grids, graphs, continuous spaces, and OpenStreetMaps. The framework provides
tools for collecting the simulations’ aggregated data and presenting them visually.

AgentScript—An agent-based modeling framework that incorporates the semantics of NetLogo and relies on the
model/view/control (MVC) architecture. As such, its design is based on the separation of concerns. Specifically, the
system is divided into three parts: the first (model) defines the semantics of agents (turtles), connections (links),
and patches; the second (view) represents the model graphically using a 2D/3D canvas (with support for GISs or

geo-modules); and the third (control) provides functionalities allowing interaction with the system via a dedicated
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graphical user interface. By relying on the Javascript/Coffeescript programming language, the platform aims to be
highly deployable.

DEVS-Suite—A simulator that is based on the parallel DEVS component and the cellular automata approach. It
automates the experimentation process and creates time data trajectories in real time. Furthermore, it features
hierarchical model libraries and can be used to animate implemented models. As such, the platform provides the
interfaces for both separate and stacked time trajectories, which can be used in component tracking. In terms of
cellular automata, DEVS-Suite offers independent tracking of any number of cells with distinct start times. The
simulator contains “Models” divided into “CellularAutomata” (e.g., game of life, system biology chemotaxis, forest
fire) and “Component” (e.g., single-input single-output, basic, and multiprocessor architectures) packages.
However, these packages are not limited, and users can also add their own model packages alongside the

provided ones;

EcoLab—An agent-based simulation framework that facilitates experiment-oriented metaphors. Initially, it was
designed for an abstract ecology model, but as the environment evolved and more types of models were
developed using it, it expanded to become a general-purpose platform. As EcolLab is implemented in C++, it
incorporates several advanced algorithms and data structures. The models implemented with the platform can be
modified and controlled dynamically at runtime. Additionally, EcoLab supports creating models of distributed agent
topologies that can run on the MPI-based cluster. It also facilitates the checkpoint mechanisms, which make it
possible to store the model's state and periodically report it to the visualization client. As such, the models can be

accessed via a dedicated GUI with graph and histogramming features;

fjage—A lightweight platform for the development of multi-agent systems. It aims to be fast and easy to
understand. The implemented agents are associated with unique identifiers, which facilitate the exchange of
messages. Furthermore, it implements various types of agent actions and behaviors. The primary features of the
platform were inspired by the JADE framework. Similarly to JADE, fjage supports the distribution of agents across
multiple containers. However, unlike JADE, the concept of container-running platforms is extended by introducing

two types of container management: real-time and event-driven.

FLAME GPU 2—The second version of the GPU extension to the FLAME framework. It incorporates agent-related
concepts into C and CUDA code. The agents implemented in FLAME GPU 2 are associated with specific types
(corresponding to given models) and encapsulate the state in the form of sets of behaviors. The communication is
undertaken in a message-driven manner, and each message, similarly to agents, is also identified by the

corresponding type, which defines a given communication strategy.

GAMA—A simulation platform that facilitates the development of spatially explicit multi-agent simulations, including
large-scale simulations. The model is based on a general approach and can therefore be used in a variety of
applications. Additionally, in order to meet more specific needs, the platform incorporates several plugins (e.g.,

Remote.GUI for use in participative simulations). The GAMA platform uses a dedicated language called GAML, the
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design objective of which is to make it intuitive and easy to use by non-computer scientists. Agents in GAMA can

be created from any dataset, including geographic information system (GIS) data.

Insight Maker—A modeling framework that employs multimethod models. The platform is capable of mapping
conceptual models onto system descriptions through loop diagrams or pictures prepared in a dedicated
diagramming tool. The prepared models can then be extended by adding dynamics using one of two modeling
paradigms provided by the platform. The first one is called System Dynamics and focuses on the high-level

behavior of the system, where the population is treated as a whole.

JAS-Mine—A platform that facilitates discrete-event simulations and the development of large-scale data-driven
models. It is designed to follow the separation principle, where the data management is decoupled from its
representation and is based on a three-layer architecture consisting of the model (i.e., implementation of simulation
components), collector (i.e., processing of simulation statistics), and observer (i.e., simulation visualization). The
simulation is handled and organized by the “scheduler” component, which is common to all agents and responsible
for ordering the simulation events. Among its features, JAS-Mine also provides integrated I/O communication
services (e.g., RDBMS and automatic CSV table creation), and it includes an advanced multi-run utility that

supports experiment design.

JSimpleSim—A Java-based simulation and modeling framework that employs a discrete-event approach. It aims
to facilitate the building of agent-based models while also supporting fast simulations. The models are interpreted
as grids that embed the agents, with behaviors defined in an event-driven fashion (i.e., agents contain queues
listing all of their events). The communication between agents employs two concepts: direct messaging and
routing, where the messages are sent via dedicated ports. From the architectural perspective, the platform is

characterized by the separation of simulation from modeling.

Multi-Agent Simulator of Neighborhoods/Networks (MASON)—A Java-based, discrete-event, multi-agent
simulation platform for lightweight, large-scale simulations. It offers model libraries and visualization tools for both
2D and 3D applications. It is dedicated to multi-agent simulations with numerous agents that run on a single

machine.

MASS—A library designed for parallelizing multi-agent and spatial simulations, enabling the modeling of emergent
collective behavior. It addresses the parallelization challenges in prevalent shared-memory approaches by offering
a parallel-computing capability for multi-agent and spatial simulations across a cluster of computing nodes. The
simulation entities are represented by the distributed arrays of agents. The communication between these agents
is undertaken through periodic data exchange. The agents can communicate with both the agents residing in the

same place as well as the agents from other places.

Mesa—A modular framework used for the development of agent-based models. It is composed of modules that are
organized into three categories: modeling, analysis, and visualization. The modeling modules define structures

used in the development of agents. In particular, they include classes of agents, a definition of agents’ movement
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space (which can be seen as a grid), and a scheduler used to organize actions (which can also be added at
runtime). Analysis modules provide tools for data collection and the capability of running the model with various

parameter settings.

Multiphysics Object-Oriented Simulation Environment (MOOSE)—A finite-element, multiphysics framework that
provides a high-level interface for nonlinear solver technology. Its design aims for it to be aligned with real-life
problems and provide a modular and extendable architecture. As such, it offers a straightforward API. Among its

other features, the platform provides fully coupled and fully implicit multiphysics solvers.

NetLogo—A modeling platform that is suitable for the representation of complex dynamic systems. In particular, it
can facilitate the simulation of natural and social phenomena. Through the utilization of thousands of autonomous
“agents”, the platform allows exploring linkages between the micro-level behavior of individuals and the macro-level
patterns of their collective interactions. In particular, NetLogo agents are grouped into “patches” (stationary agents),
“turtles” (mobile agents), and “links” (connections between agents). The platform provides utilities that allow
monitoring and modifying agents at runtime. It also offers a set of visualization tools, including plots (e.g., line plots,

bar plots, etc.) and model visualization in 2D or 3D.

Repast Suite—A collection of agent-based platforms that consists of three open-source frameworks: Repast

Symphony, Repast HPC, and Repast4Py:

(1) Repast Symphony is a Java-based toolkit that offers features for agent-based modeling. It allows development
using RelLogo (a dialect of Logo), Groovy, or Java, as well as including a pure Java point-and-click execution
environment with built-in logging and graphing utilities. The platform offers a hierarchically nested definition of
space. It allows for the visualization of 2D and 3D environments, networks (with the JUNG network modeling

library), and geographical spaces (GIS support).

(2) Repast High-Performance Computing (HPC) is the C++ version of Repast Symphony optimized and rewritten
from its previously created Java-based version. It incorporates the fundamental concepts of its predecessor, such
as contexts and projections, while optimizing them to function in a parallel-distribution manner. It was specifically

designed for utilization with large computing clusters and supercomputers;

(3) Rephast4Py is the latest addition to the Repast Suite and is built on the foundation of Repast HPC. It offers
features and functionalities facilitated by the Python programming language. In contrast to its high-performance
counterpart, Repast4Py prioritizes accessibility and ease of use. Its distributed agent-based modeling capability
enables the development of complex system models that capture the scale and relevant details of many social

problems;

SIMILAR—Agent-based modeling (ABM) meta-model based on the influence reaction model (IRM4MLS). It is
based on two-step action processing, where firstly agents generate “influences” (i.e., decisions made based on the

agent’s internal state) and then the system “reacts” (i.e., evaluating effects according to the environment’s state). It

https://encyclopedia.pub/entry/49540 9/21



Software Agent Platforms Available in 2023 | Encyclopedia.pub

is dedicated to complex systems that use knowledge from multiple viewpoints. The platform includes a generic and
modular formal model and a simulation API preserving the formal model structure. To enhance efficiency, the API
suite is separated between two kernels (a micro-kernel and extended kernel), which the developers may fine-tune

according to their needs.

SpaDES—An R meta-package that facilitates the implementation of event-based models, particularly spatial
models (i.e., raster-based, event-based, and agent-based models). Its main objective is modularity, through which
the users can extend the platform with additional functionalities. The SpaDES core is based on discrete event
simulation (DES). The platform is composed of modules represented by structured R scripts that utilize event
scheduling and offer distinct semi-autonomous algorithms. The dependencies of modules, individual parameters,

and input and output data are defined in module metadata.

2.3. Commercial Platforms

AnyLogic—A modeling tool designed to support business simulations across a wide range of industries by offering
dedicated libraries for domain-specific purposes. The software facilitates the multimethod modeling strategy and,
as such, incorporates several modeling approaches, including agent-based, discrete-event, and system dynamics.
All of these methods can be used separately or in combination with each other. With respect to the ABM, AnyLogic
supports the development of various types of agents that can be encapsulated within one another or can form
populations. The platform offers three types of spaces in which the agent can reside: continuous 3D space, grid-

based discrete space, and geographic information system (GIS) space.

ExtendSim—A suite of simulation tools that enable continuous process modeling and discrete-event simulation. It
offers different modeling approaches, including Monte Carlo, state/action and agent-based modeling. In the
simulator, the agents are represented as ExtendSim blocks. They are perceived as individual decision-making

entities, and their interaction is block-to-block-based.

FlexSim—A tool that enables the modeling, simulation, prediction, and visualization of various business systems
across multiple industries. The modeling is undertaken in 3D virtual environments. The agents are referred to as
model objects. They are used to generate events that are executed chronologically in a synchronized, discrete-
event manner. The platform also facilitates agent (object) grouping with the support of different types of groups.
Furthermore, FlexSim provides functionalities that can be used in agent learning; hence, it can serve as a tool to

evaluate and implement the reinforcement learning algorithms.

FlexSim HC—A specialized simulation software package designed for the healthcare industry. The tool is provided
by the same company that developed FlexSim. It offers a variety of 3D models specifically tailored for modern
medical facilities, providing a virtual environment for healthcare professionals to visualize and optimize their
operations. From the conceptual perspective, it follows similar principles as FlexSim; however, the concept of 3D

objects has some differences.
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GoldSim—A platform that enables users to visually and dynamically model and simulate complex systems in a
range of fields, including engineering, science, and business. It is based on a “visual spreadsheet” interface, which
facilitates graphical creation, manipulation, and analysis of the data, equations, and models. For instance, it
provides tools for probabilistic analysis, such as Monte Carlo simulations. The GoldSim simulations are built from

modules that follow the top-down hierarchical approach.

Java Agent Construction Kit (JACK)—A Java-based development platform for creating MASs with the BDI
approach. JACK agents can be described by means of their desires and can implement reasoning behaviors in
response to both proactive (when the agent’'s knowledge changes) and reactive (in response to external events)
triggers. JACK also provides generic templates that can help new developers in the creation of simple agent plans.
As defining pre-compiled plans ensures system performance and predictability, JACK is suitable for time-sensitive

and mission-critical applications.

(1) C-BDI is another framework distributed by the AOS company that developed JACK that aims to facilitate
building human—machine teams based on the BDI approach. It aims at facilitating applications with distributed team
reasoning, resilience, and scalability. The framework utilizes an explainable Al in its models, making the

applications more efficient.

(2) CoJACK is the third product distributed by the same company and is intended specifically for the modeling of
human behaviors. It applies the principles of cognition theory inside the virtual actors, making it suitable for

modeling individual and team behaviors.

Simio—A platform that offers an object-based modeling environment that enables the construction of 3D models
directly from a top-down 2D view. The platform facilitates step-based model creation in which models are created
incrementally. Similarly to previously described platforms (AnyLogic and GoldSim), Simio also combines discrete-

event, agent-based, and continuous simulation approaches.

Simudyne—SDK with an agent-based approach for building models that mimic the real world’'s complexity.
Simudyne’s agents can interact with each other and react to environmental changes. The relationships between
them are represented by networks composed of links, which can be constructed using specific built-in graph-
generation algorithms. The platform also allows the modification of the network’s links during runtime, which

supports their dynamic evolution.

Simul8—A tool that offers support for simulations across various domains, including those involving continuous
processes, discrete events, or agent-based models. Among its features, it offers a drag-and-drop interface that
simplifies the creation of simulations, provides a scenario manager that allows testing diverse simulation ideas, and

incorporates tools enabling exporting of the simulation’s results to external files.

| 3. Special-Purpose Platforms
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In many cases, domain-specific platforms address the need for agent-based simulation and modeling of various
complex phenomena. Several domains, including healthcare, transportation, economics, and ecology, are heavily
influenced by human behavior. Hence, traditional modeling techniques often fall short of capturing the complexities
of such systems. Interesting examples include simulations of the evacuation of crowded spaces B and of traffic
congestion 22, In these cases, the behaviors of individuals are difficult to simulate as they depend on complex
reasoning processes and can be subject to unpredictable changes. Agent-based simulations provide the capability
to model individuals and simulate their interactions. As individuals are represented by agents, they exhibit
autonomous behaviors, which allow a more realistic and detailed understanding of the system dynamics. Due to
this, there is a need for dedicated frameworks that can facilitate the implementation of such agent-based models.
The domain-specific platforms provide particular features that can be used specifically in the given area of

implementation.

3.1. Cognitive, Social, and Affective Agent Platforms

ACT-R—A system that resembles a programming language but its underlying constructs reflect assumptions about
human cognition taken from empirical findings of psychological experiments. The framework architecture is based
on the modules that allow simulating cognitive processes (e.g., decision making, perception, and attention
memory) and, as such, facilitate cognitive reasoning in agents. The agents rely on the knowledge base, which
includes “facts”, “concepts”, and “rules” that dictate their behaviors.

Cormas—Agent-based modeling platform designed to emulate communal resource management and the
influence that a population has on its surrounding natural environment. The software is aimed at modeling the
interactions among the different participants involved in managing sustainable natural resources. The platform

enables the creation, examination, and analysis of simulated scenarios.

DALI—A meta-interpreter built on top of Sicstus Prolog. It is a logic programming language that allows the usage of
computational logic in the context of agent systems. The primary objective of the specification of this language is
the identification and formalization of the basic patterns for proactivity, reactivity, autonomous “thinking”, and

“‘memory”.

GOAL—A programming language designed for creating agents with cognitive capabilities. Specifically, it facilitates
the programming at the “knowledge level’. The information possessed by the agent is represented using KR
semantics (e.g., OWL/prolog), and these semantics are also used in agent communication. GOAL facilitates
dynamic changes in the beliefs and goals of an agent and allows for the structuring of their decision-making

processes.

GROWLab—A Java-based software toolbox for modeling social phenomena in the field of geographic conflict
research. Specifically, it is intended for applications that require the integration of actual GIS data. Its design

considers the implementation of hierarchical agent structures. In particular, it provides notions of “layers” (i.e.,
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groups of agents), “topologies” (i.e., agent interconnections), and “configurations” (i.e., agent hierarchies).

Furthermore, the platform provides different types of spaces (e.qg., grids, hexagonal spaces, geographic spaces).

JASON—An interpreter for an extended version of the AgentSpeak programming language. In particular, it is
characterized by speech act-based inter-agent communication. It is used for creating MASs based on the BDI
architecture (e.qg., ref 23 used JASON in DEVS simulation).

Neural MMO—An open-source research platform that allows for the simulation of populations of agents within
virtual worlds generated using procedural methods. As such, the tool can facilitate foraging tasks, including
survival, exploration, and combat, involving a large number of agents generated over several hours. The agents
reside in auto-generated environments (initially at random locations) and perform the action in each simulation tick

according to the observed game state.

PAXelerate—A software that creates simulations of movements of passengers in airplane cabins. It aims to
improve the layout of the boarding-process cabins. The system consists of two main parts: (1) a cabin editor that
allows for changes to the cabin layout and (2) a simulator that runs the boarding simulation. The passengers are
represented by computer-generated agents with randomly generated physical characteristics who find their seats
using an A-Star path-finding algorithm.

Sim2APL—A library facilitating social simulations with intelligent agents. It is based on the 2APL architecture and
enables agents to coordinate their actions using time intervals called “ticks”. Each tick represents a complete
thinking process for the agents, involving sensing, reasoning, and acting. Unlike the standard 2APL, Sim-2APL

relies on agents generating action references instead of directly affecting the environment.

Soar—A cognitive architecture designed to create intelligent agents. It aims to generate agents with the ability to
mimic the complete range of cognitive capabilities of a human, such as learning, decision making, and adapting.
Agents themselves are composed of fixed blocks provided by the architecture. They make the decisions based on

(1) sensed data, (2) the contents of the working memory, and (3) long-term knowledge.

Self-Organizing Social and Inductive Evolutionary Learning (SOSIEL)—A multi-agent algorithm simulating social
phenomena that considers large areas and long time spans. Each agent has its personalized knowledge, and
sharing it is bounded by spatial criteria. Each agent can learn from the experiences of others and can adapt their

practices based on that knowledge.

3.2. Platforms for Learning Agents

Brax—A physics engine that aims to facilitate developments in the areas of robotics, human perception, materials
science, and reinforcement learning, among others B4, |t supports both single-device simulations and distributed,
parallelized ones. The engine was implemented using JAX and, as such, it can facilitate the environment’s

simulation of millions of “physics steps” per second and support fast agent training.
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Deepmind Garage—A toolkit for the development and assessment of reinforcement learning algorithms. It
provides features for defining custom environments in which agents (robots) are represented by 2D observation
points executing 2D actions (defined as velocities). The state of the agents is updated in a step-based manner.
Furthermore, the platform provides a set of libraries that contain constructs that can be used in the implementation

of agent training algorithms.

Deepmind lab—A platform that offers a set of tasks requiring agents to implement 3D navigation and puzzle
solving. These tasks are created by adapting levels from Quake Ill Arena, a first-person shooter game, as well as
custom levels designed by the community using the platform’s built-in level editor. Its primary aim is to serve as a

testing ground for artificial intelligence research, particularly in the field of deep reinforcement learning.

Gazebo—A 3D dynamic software package that allows for the simulation of populations of robots in both indoor and
outdoor environments. It is based on a robust physics engine (DART) with support for kinematic and dynamic

applications.

Gymnasium—Open-source Python library for creating and analyzing reinforcement learning algorithms. It
achieves this goal by providing a standardized API that enables communication between learning algorithms and
environments. The actions are executed on the environment in a step-based manner, where “steps” refer to the

agent observations (i.e., rewards resulting from actions).

Habitat—Simulation toolkit that facilitates the development and training of embodied Al agents. It allows visualizing
agents in photorealistic 3D environments. The toolkit consists of two main components: Habitat-Sim and Habitat-
Lab. Habitat-Sim is a 3D high-performance simulator with, among other assets, enabled physics, rigid-body

structures, CAD models of spaces, and configurable sensors.

MAgent2—A research tool designed for multi-agent reinforcement learning (MARL) with the goal of scaling up to a
large number of agents. As such, Magent2 provides implementations of baseline algorithms, including parameter-
sharing DQN, DRQN, and a2c, which are used in agent learning. The platform allows for the development of
customized agent behaviors executable in a decentralized manner. The communication and collaboration between
agent entities are undertaken using global observations of the environment and of the states of other agents.

Similarly to the previous platforms, the state of the system is defined in a step-based manner.

Mava—A comprehensive framework for creating multi-agent reinforcement learning (MARL) that offers modular
abstractions. It follows the executor—trainer paradigm inspired by the actor—learner concept in distributed single-
agent reinforcement learning. Mava facilitates the interaction between systems and the environment. It supports

distributed system training and provides various components and architectures for system creation.

MuJoCo—A physics engine designed to support research and development applications in the robotics and

machine learning fields. It is able to handle high-dimensional states and action spaces and supports multiple types
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of controllers (e.g., position-based, velocity-based, torque-based). The physical interactions that can be modeled in

the system include contacts, friction, and joint constraints.

OpenSpiel—A research platform for developing and studying games and algorithms in the domain of
reinforcement learning and game theory. It offers several simulations (e.g., n-player zero-sum, cooperative and
general-sum, and perfect and imperfect information games) and provides tools for agent-based modeling and
analysis.

PySC2—An environment intended for training agents based on Starcraft Il that provides a comprehensive
simulation of the game. It implements algorithms facilitating training agents using reinforcement learning
techniques. The platform supports real-time game-state observation and reward access, enabling an informed
decision-making process in agents.

Unity ML-Agents—A game-based platform for developing intelligent agents. It provides tools for creating virtual
environments for simulations in 2D, 3D, VR, and AR formats, as well as facilitating the handling of sensory input,
such as visual and auditory data. The platform supports both single-agent and multi-agent training, including

distributed training in which multiple agents are trained simultaneously.

3.3. Platforms for Modeling and Simulating Environments and Ecosystems

Alchemist—A simulation framework that incorporates chemistry terminology within an agent-based system.
Initially, the platform was dedicated strictly to chemistry-oriented multi-compartment stochastic simulations (321,
However, the chemistry-inspired concepts of the Alchemist’'s meta-model are now treated in an “abstract” manner.

For instance, the model defines “nodes”, “reactions”, “molecules”, and “concentrations”.

BioDynaMo—A simulation framework designed for multi-scale agent-based modeling of biological systems. Its
design principles emphasize two main aspects: (1) a high-performance engine and (2) a modular component
design. The agents are used to represent individual cells that reside in a 3D environment and are capable of

dividing (creation of new agents), moving, and interacting with each other.

FAME—Toolkit that facilitates the development of agent-based models and simulations for energy systems. It
consists of several modules, including FAME-Core, FAME-Prepare, FAME-lo, and FAME-MPI. The agent-based
models are being developed using FAME-Core. It aims to provide built-in functionalities to simplify ABM

development for programmers without specialized knowledge.

ForestSim—An agent-based model for researching policy and sustainability issues related to woody biomass-
based biofuels and bioenergy options. The platform is Java-based and relies on the MASON toolkit for simulation

management. It is designed to be modifiable for the purpose of studying more specific research areas.

Framesticks—A system for modeling artificial life and observing the effects of aimless evolutionary mechanisms. It

allows for separate simulations of the physical and neural components of a creature, taking into consideration
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genotype—phenotype mappings. The physical simulation consists of representing the creature’s body as a finite
number of points and considering the effects of forces applied on it by other points, as well as outside physical
forces (i.e., gravity, friction, elasticity). The neural part of the system represents a creature’s brain as a neural
network.

HexSim—A computer application specifically designed for constructing plant and animal population models in the
field of computational biology research. Users can define the structure, complexity, and data requirements of their
models within the HexSim platform. It leverages spatial data to capture aspects such as landscape structure,

habitat quality, and the distribution of stressors.

LANDIS-II—A modeling framework for simulating and studying the long-term ecological processes in forests. It
represents trees and shrubs as individual agents that model their growth, mortality, and regeneration. The
communication is undertaken through the effects of the agents’ actions observable in the environment. As such, the

platform enables the modeling of species interactions, including competition and facilitation

lemlab—An agent-based modeling platform designed to facilitate the development and testing of local energy
market (LEM) models. The platform is based on a modular design that incorporates a generic LEM architecture,
which allows for the adaptation of the system to meet the research needs of the user. Lemlab includes integrated
time-series data for simulating agents as several types of both power producers and consumers, such as

household loads, photovoltaic systems, wind turbines, heat pumps, and electric vehicles.

Osmose—An R package for simulation of aquatic wildlife that can represent multiple different species in one
environment. Specifically, the platform facilitates the implementation of individual-based and spatially explicit
models. Its core concept is based on the co-occurrence of predators and prey. Each specimen (agent) represented

in the simulation is characterized by a distinct set of parameters, such as weight, age, and size.

Simona—An agent-based discrete-event modeling tool dedicated to distributed grid simulations. It is primarily used
for modeling power grids, their analysis, and planning. The grids are designed using input data that must adhere to

the dedicated PowerSystemDataModel format.

TerraME—A programming environment designed to simulate the impact of human-related and natural phenomena
across anisotropic regions. It enables the implementation of three distinct modeling paradigms; namely, agent-
based models, cellular automata, and network models. The simulations executed in TerraME are based on the

events realized in discrete time steps.

3.4. Platforms for Transport-Related Simulations

AGADE Traffic—An agent-based platform for traffic simulation. It utilizes NetLogo agents to model traffic
participants and provides a graphical user interface for their visualization. The platform allows the specification of

routes for individuals by defining their origins and destinations.
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Carla—A platform for autonomous driving simulations. It includes built-in protocols and components for mobility
modeling (e.g., city structures and vehicles). It enables control of static and dynamic actors used to represent

vehicles.

MATSim—AnN agent-based platform that provides a set of methods for running and implementing large-scale
mobility simulations. It comprises “modules” (e.g., modules with configuration options) that can be used

independently or in combination with each other.

Microsoft AirSim—A simulator for ground vehicles and aircraft that has versions using both the Unity engine and
Unreal Engine. The environment is open-source and cross-platform and supports both software-in-the-loop
simulation (with flight controllers) and hardware-in-loop simulation (for physically and visually realistic simulations).
It defines vehicles as autonomous robots composed of shapes and sets of points, mapping them to corresponding
forces. These robots are simulated in an environment that incorporates physics phenomena, such as gravity or air

density.

The Open Racing Car Simulator (Torcs)—A portable, multi-platform game that can be used for both entertainment
and research purposes. It incorporates an advanced physical model that allows for realistic car racing scenarios

and offers a range of components, including racing tracks, opponents, and cars.
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