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			Abstract: Agents are understood by definition as entities that interact with their environment and also with other agents. Thus, when two or more agents are able to work together in order to solve a common problem, they form a multi-agent system (MAS). MAS are systems that integrate a set of agents that interact, communicate and coordinate to achieve the established objectives. MAS are designed to meet a set of objectives according to a set of rules and standards. This article briefly summarizes different MAS classifications and methodologies that have been extensively used in the literature.
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			Resumen: Los agentes se entienden por definición como entidades que interactúan con su entorno y también con otros agentes. Así, cuando dos o más agentes son capaces de trabajar juntos para resolver un problema común, forman un sistema multiagente (SMA). Los SMA son sistemas que integran un conjunto de agentes que interactúan, se comunican y se coordinan para alcanzar los objetivos establecidos. Los SMA se diseñan para cumplir una serie de objetivos de acuerdo con un conjunto de reglas y normas. Este artículo resume brevemente las diferentes clasificaciones y metodologías de los SMA que se han utilizado ampliamente en la literatura.
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			1 Introduction

			An agent is a computer system located in some environment that is capable of acting autonomously in an environment to meet its design goals. Autonomy is a difficult concept to define as it is very broad but in this context, it refers to a system’s ability to act without the direct intervention of humans (or other agents) and to control its own actions and internal state [20]. Agents can be defined as intelligent entities with social skills (interaction, collaboration, communication, coordination, competence, negotiation, intelligence) that encapsulate a functionality to solve a problem [32, 19].

			The agent paradigm emerged to satisfy the deficiencies that classical software engineering had when modelling complex software systems. In this sense, according to [9, 18, 32], the agent paradigm can be applied to three main types of systems:

			– Open systems: These systems are able to change dynamically, because their components are not known a priori and are highly heterogeneous (different entities, implementations and techniques, etc.). Negotiation and cooperation techniques are necessary to solve this type of systems, the basis of which is part of multi-agent systems [1].

			– Complex systems: They are related to large and unpredictable systems, whose approach is the use of abstraction and modularity techniques. Both characteristics are an intrinsic part of MAS, since the notion of an autonomous agent is itself an abstraction of a module that encapsulates procedures and data (objects) that allow to solve a problem autonomously [17].

			– Ubiquitous systems: This type of systems enhance the use of a computer system by utilizing the computational power of a physical environment, usually distributed, but somehow abstracting its complexity away from the end user. The system must cooperate with the user to achieve the desired objectives.

			In sum, agents must be able to interact, negotiate and coordinate to achieve the common goal.

			The remainder of this study is structured as follows: Section 2 presents the most widely used MAS classifications found in the literature, Section 3 presents MAS methodologies, Section 4 the communication between agents and finally, the last section presents the conclusions drawn from the review.

			2 MAS Classifications

			The other major focus of interest has been the classification of agents according to different criteria [26, 23, 4, 11, 30]. Nowadays, in the literature there are different classifications of agents, highlighting mainly the following taxonomies:

			– Classification of the type of agent implementation [26]. According to this classification, the following four types of agents are distinguished, which are presented in order of complexity: simple reflex agent, reflex agent with internal state, goal-based agents and utility-based agents.

			– Classification according to the type of agent attributes [23]. For instance, [23] makes a complex classification of agents, distinguishing agents according to different characteristics. Thus, according to :

			• Mobility, there are static and mobile agents.

			• According to internal reasoning model, there are deliberative and reactive agents.

			• Attributes such as autonomy, cooperation and learning, there are collaborative, interface, collaborative learning and smart agents.

			• The union of characteristics of these types of agents gives rise to a new type of agent, called a hybrid agent.

			– Classification according to the conceptual design. Taking into account the conceptual design of the agents, there are interface, search and information agents.

			– Classification according to the architecture [30]. The last classification to be presented in this paper is based on the internal architecture of the agent. Following this criterion, reactive, deliberative and hybrid architectures are distinguished.

			Within these classifications of agents, [30] classify according to the architecture of the agent, since it determines what the agent’s main components are, and how they interact with each other to achieve the final mission. If an agent is considered to be a complex system, the architecture should describe the internal structure of the agent, explaining how the agent is decomposed into independent modules that interact to achieve the required functionality. In this sense [30] proposes three classic architectures.

			– Reactive architectures in which the agent lacks both reasoning and the ability to represent its environment, and its actions are modelled by basic rules [22].

			– Deliberative architectures where the agent is able to maintain a symbolic representation of knowledge and plan the set of actions to be taken to achieve its goals.

			– Hybrid architectures, which is a model of architecture that combines the characteristics of the two aforementioned architectures.

			The most widely studied and extended deliberative architecture is the BDI (Belief, Desire, Intentions) model [13], which has been the most widespread among reasoning models, since it combines a philosophical model associated with human reasoning and a considerable number of implementations [12]. Intelligent agents have different roles, as outlined below [3]:

			– Beliefs. Related to the set of propositions that the agent accepts as true. That is, the agent’s view of the environment and the state of the other agents.

			– Desires or goals or objectives. Refer to the set of properties that the agent tries to make true.

			– Intentions. Associated with the set of planned actions that allow it to reach a desired state.

			These agents provide solutions in dynamic and uncertain environments. Moreover, they are capable of dealing with real-world problems, even when they have only a partial view of the problem and a limited number of resources.

			In addition, most software systems existing today are highly complex (such as Cloud Computing environments), since they are usually concurrent systems, interacting with each other and with other external systems [33].

			1.1 Multi-Agent Systems and Optimization

			An optimization problem consists in finding the best solution, according to a set of criteria, within a set of possible solutions. Optimization algorithms are general procedures that solve a problem by producing feasible solutions through problem contextualization. Optimization algorithms can be seen from two different viewpoints, they are exact if they find the optimal solution or heuristic if the solution is not necessarily optimal.

			The ideal would be to obtain an optimal solution, however, in problems where the human factor exists, it is necessary to apply heuristic methods to adapt them to the needs or characteristics that the user desires. To apply these methods, it is necessary to:

			1. Identify the problem.

			2. Define and present the problem.

			3. Explore viable strategies.

			4. Advance the strategies.

			5. Achieve solutions and evaluate the effects of the application of these solutions.

			3 MAS Methodologies

			In recent years, the rise of organizational concepts has undergone a process of rapid development. Thus, a great variety of models and methodologies for their development can be found in the state of the art, some of them based on artificial societies. The development of these methodologies, whose objective is to facilitate agent-based software design tasks, has also led to the evolution of Agent Theory itself [32]. Some of the most common methodologies used for multi-agent systems are described in the Table 1.

			Table 1. Multi-agent methodologies

			
				
					
					
					
					
				
				
					
							
							Name

						
							
							Methodology Description

						
							
							
							Authors

						
					

					
							
							GAIA

						
							
							Provides a set of models that are used in the analysis and design stages of multi-agent system development and evolve throughout that process

						
							
							Environmental

							Preliminary role

							Preliminary interaction

							Organizational rules

						
							
							[31, 34]

						
					

					
							
							INGENIAS

						
							
							Is based on the well-known and established software development process; the unified process.

							It is based on the definition of a set of meta-models that describe, from various points of view, the elements that make up a multi-agent system

						
							
							Organization environment

							task/goals

							agent interacion

						
							
							[25]

						
					

					
							
							MASE

						
							
							Uses a series of graphic models to describe system objectives, behaviors, agent types and agent communication interfaces. It uses most of the Unified Modelling Language (UML) diagrams and makes some improvements to fit the MAS domain

						
							
							Capturing Goals

							Applying the use cases

							Refining roles

						
							
							[8]

						
					

					
							
							TROPOS

						
							
							Agent-oriented software development methodology, based on two key features:

							(1) the notion of agent and the associated mentalist notions (e.g. objectives and tasks)

							(2) the analysis of the requirements and the specification of the system to be analyzed with respect to its intended environment

						
							
							Early requirements analysis

							late requirements analysis

							Architectural Design

							Detailed design

							Implementation

						
							
							[5, 14]

						
					

					
							
							PROMETHEUS

						
							
							Specifically aimed at the construction of intelligent agents

						
							
							System Specification

							Architectural Design

							Detailed design

						
							
							[24]

						
					

					
							
							PASSI

						
							
							Step-by-step methodology for designing and developing multi-agent partnerships. Integrating design models and concepts from software engineering approaches using the UML notation

						
							
							Domain Description

							Agent Identification

							Role Identification

							Task specification

						
							
							[6]

						
					

					
							
							DECAF

						
							
							Flexible multi-agent system, which is a set of software tools for rapid design, development and execution of intelligent agents for complex software systems

						
							
							Distributed

							Environment

							Centered Agent Framework

						
							
							[15]

						
					

					
							
							RETSINA

						
							
							The agents of the system must form a community of peers who are committed to peer-to-peer relationships.

							The structure of the community of actors must emerge from the relationship between the actors rather than be imposed by the infrastructure. It does not employ any centralised control, implements distributed infrastructure services that facilitate the relationships between agents

						
							
							operating environment communication infrastructure

							ACL infrastructures

							MAS management services

							Performance Services security

						
							
							[27, 28]

						
					

				
			

			As seen in the Table 1, GAIA [31] is undoubtedly one of the main MAS development methodologies and has been widely used in different studies and contexts. After its emergence, the methodology was revised to include organizational concepts, the notion of environment, and a set of tools and techniques to facilitate its use in open environments; this revision has been called GAIA II or GAIAexOA [34]. In recent years, organizational concepts have undergone a process of rapid development. Thus, a great variety of models and methodologies for their development can be found in the state of the art, some of them based on artificial societies. The development of these methodologies, whose objective is to facilitate agent-based software design tasks, has also led to the evolution of Agent Theory itself [32, 18].

			The design process of a networked system or a Cloud Computing (CC) environment, requires the study of the design methodologies of the Virtual Organizations (VO) themselves. This is so because each methodology includes its own tools, techniques and models for modelling, but in most cases these methodologies have numerous common features; different authors have defined them as the meta-model of the multi-agent paradigm [7, 2].

			3.1 MAS methodologies analysis

			Once the main methodologies for the design and (in some cases) development of MAS have been presented, it can be seen at a glance that all of them have a set of common features; features that have evolved as they have been revised over time. Thus, the classical methodologies have a clear design approach focused on the agent itself, while revisions of these methodologies have evolved to an organizational design model.

			In the organizational systems’ meta-model, there are two key concepts, the role and the organization (or group), in addition to the agent concept itself. It is common to divide the study of organizational systems into two levels of abstraction [31]; the structural (or macro) that takes into account the dynamic and organizational aspects (roles and groups); and, the concrete (or micro) level that shapes the low-level definition of the agents (tasks, plans, etc.).

			4 Communication between agents

			Over the years, the different types of communication between agents have been studied. Some of them are defined below:

			– Speech act: An agent can act as a speaker (S) who produces an utterance to change the beliefs of the hearer (H) [21].

			– Message: Agents use point-to-point or broadcast communication to talk to other agents. In the former, agent A can talk directly to agent B if it knows the agent’s address.

			– Blackboard: In this communication method, agents can collaboratively share data with each other using a central repository called Blackboard.

			Nevertheless, the definition of the concept of organization is much more complex. First, the organization has to describe the objectives for which it has been designed, bearing in mind that these objectives have to be aligned with those of its members (roles or suborganizations) and that to some extent they provide rationality to the system as a whole. This design, although it has different nomenclatures depending on the methodology, it tends to include social, communicative, interactive and normative aspects [9]. Each of these is described below:

			1. Social aspects refer to the description of the set of roles, groups (role associations) and the relationship between them. Regarding the existing relationships between roles and groups (recursively), some authors have defined a set of social structures that allow to model the interactions between members. Among the main structures, the following stand out: hierarchies, coalitions, teams, congregations, societies, federations, markets, matrixes and composite organizations. Some studies have simply defined possible relationships between members [9] such as dependency, hierarchy, use, etc.

			2. The communication aspects refer to the means or language that makes the exchange of information possible. That is, a knowledge representation language (usually represented by an ontology) and a communication language. The communication sequence between two agents is called illocution [10], communication act [9] or link [16], and can have different purposes depending on the philosophy of the message [9]: representation, prohibition, permissions, declaration, expressive, commitment or directive.

			3. Interaction aspects refer to how roles collaborate to achieve common goals. That is, given that there may be objectives that cannot be achieved individually, and that require the combination of several agents for achievement, it is necessary to describe an interaction structure that allows to articulate or regulate the achievement of individual sub-objectives that in turn make the achievement of higher-level objectives possible. It should be emphasized that these interaction sequences evolve as the relationships between roles and groups progress.

			4. Normative aspects, it should be noted that this is one of the main pillars of organizational MAS, and there is even a methodology based on this concept HARMONIA [29]. Norms (or institutional patterns [34] make it possible to establish a relationship of trust between the members of an organization, since they limit the free will of individual agents. Any external agent, who wishes to be part of an organization, must comply with the standards. In short, they formally define the obligations, prohibitions and permissions of the members and of the communications between them.

			In addition to the concepts that have just been presented (role, organization, norms and social structures), organizational MAS routinely include another key concept; environment. Agent theory traditionally conceives the agent as an entity that plans its actions based on its perception of the environment. However, the increasing complexity of the environment itself in the context of open systems (dynamic, heterogeneous and unpredictable) can not only make the MAS unpredictable, but also difficult to interact with.

			5 Conclusions

			Despite their broad applicability, MAS still face a number of challenges, such as coordination between agents, security and tasking. This study provides a comprehensive analysis of all aspects of MAS, from definitions, characteristics, applications, challenges, and communications to evaluation. A classification of MAS applications and challenges is provided along with references for further study. We hope that this paper will serve as an insightful and comprehensive resource on MAS for researchers and practitioners in the field.
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