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Abstract. Software agents are autonomous components that perform 
tasks on the behalf of users. In many contexts, agents do not exist in 
isolation, but they must interact with other agents, leading to multia-
gent systems (MASs). No matter whether they collaborate or compete in 
MASs, coordination is needed to rule their interactions and to support 
them in their activities. In this chapter, we present the agent coordi-
nation models defined in the last 25 years taking the contributions to 
the WOA workshops as fil rouge, along with the languages that have
been proposed to allow agent coordination. In addition, we sketch how
the research on agent coordination has paved the way to be applied in
several application fields, such as autonomic computing, self-organizing
systems, energy management, and autonomous vehicles.
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1 Introduction 

Software agents represent a useful paradigm in the development of complex dis-
tributed systems [28]. They exhibit some specific features that make them useful 
for different kinds of application areas. Let us start from the feature that could 
perhaps be considered the most important one, i.e. autonomy,  which  enables  
software agents to carry out tasks on behalf of humans with the ability to take 
autonomous decisions. In addition to this, there are other features that turn 
out to be relevant to achieving the benefits of exploiting agents. In fact, soft-
ware agents are r eactive, which means that they sense and react to environment
changes; moreover, they are proactive, which means that they have plans to
achieve goals, and last but not least, they are social, which means that they
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interact with other agents and the environment in which they act. The sociality 
feature of the agent enables building systems composed of several agents, which 
allows the definition of multi-agent systems (MASs). Therefore, MASs are the 
natural way to design complex distributed systems that determine two different 
scenarios. On the one hand, a MAS can be considered from an individualistic 
perspective: an aggregation of agents that simply interact with each other; in 
this scenario, the resulting MAS is closed, meaning that participant agents must 
be designed only referring to the specific problem. On the other hand, a MAS 
can be used to determine an open scenario to provide a conceptual model for vast 
organizations. In the latter scenario, the agent sociality not only enables techni-
cal powers but also enables to model, in the agents, a behavior very similar to 
the human one. This calls for ruling out the interactions a mong agents in some
way. In particular, agents can compete to exploit shared resources and/or can
exploit each other features to achieve self-interested goals (competitive agents);
nevertheless, agents can collaborate to carry out a common goal (cooperative
agents); in both cases, a coordination model/language is needed. Another inter-
esting feature of agents can be the mobility, which allows agents to move to
different execution contexts and introduces some interesting challenges in agent
coordination.

The aim of this chapter is to provide the reader with a wide illustration of 
the approaches present in the literature with regard to agent coordination. This 
survey poses a particular emphasis to the approaches that have been presented 
at the Workshop on Objects and Agents (WOA) over the years to underline 
that the Italian research i s absolutely in line with the research carried out at the
international level. Our analysis on agent coordination ranges from the models
to the languages, to finish discussing what application fields can benefit from
using MASs.

More in detail, this chapter is organized as follows. In Sect. 2, we describe the 
methodology used to gather the WOA papers, s ummarizing them in a table. In
Sect. 3, we provide a survey of the coordination models that have been defined in 
the last 25 years to model the agents’ interactions; in this Section we first consider 
the two possible couplings of coordination, spatially and temporally, to arrive at 
defining another aspect that make s the coordination more active or reactive, i.e.
the adaptability. In particular, we present MARS and other models that apply
this point of view. In Sect. 4, we consider some specific coordination approaches 
that have again been defined in the last 25 years to rule the agents’ in teractions,
but focusing in particular on the relative coordination languages. In Sect. 5,  we  
include a discussion of application areas where the use of a MAS together with 
a specific model/language for agent coordination can be particularly relevant.
Section 6 concludes the c hapter.

2 Methodology 

To select the WOA papers to analyze in this chapter, we started from two sources 
of information tracked year after year by the WOA organization: a bibliography
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file tracking citation metadata about all papers presented at WOA, and a spread-
sheet with abstracts of such papers. We automatically have filtered relevant con-
tributions for the current chapter by searching for keywords “coordination model” 
and “coordination language”, and then removing duplicates (since in some WOA 
editions, demo papers had the same title as main event papers). Afterwards, we 
manually further filtered the partial results by reading the abstracts and, when
needed, the paper itself to evaluate whether the contribution is relevant to the
chapter. The end result of this process is the collection of papers cited in this
chapter and summarized in Table 1. 

Table 1. Summary of coordination related contributions discussed at WOA. In the 
“Category” column, M = m odel, L = language, W = middleware, A = application.

Year Refs Brief description Category 
’98–14 [39,41,52,53] TuCSoN, programmable tuple-based coordination M  W  
2000 [11] MARS, programmable coordination model M  L  W  
’02–13 [38,43,59] ReSpecT, programmable tuples M  L  
2004 [32] TOTA, distributed, self-organising tuples M  W  
2006 [45] Coordination for autonomic computing A 
’08–12 [46,57,62,64] SAPERE, distributed, self-organising semantic tuples M  L  W  
2010 [44] Coordination for grid computing A 
’10–13 [36,47] Bio-chemical inspired, self-organising tuples M 
2012 [14] Coordination for energy regulation A 
’12–17 [2,4,6] Commitment-based architecture M  W  
2015 [20] Coordination for unmanned vehicles A 
2018 [54] Coordination for smart factories A 

3 Coordination Models 

During its life, an agent is in need to coordinate its activities with other entities, 
let them be other agents or resources on hosting execution environments. More
in particular:

– an application may be composed of several agents that cooperatively perform 
a task a nd, then, are in need of coordinating their activities;

– an agent, in case it is mobile, is usually in need to roam across remote sites 
to access resources, services, and even other agents there allocated.

As a case study application, let us consider a simple WWW information retrieval 
application. An agent is sent to a remote site to analyze the WWW pages and
returns to the starting site with the URLs of the pages that contain a specific
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keyword. The agent clones itself for any remote link found in the pages of interest 
and sends the clones to the found sites, to recursively continue the searching 
work. Inter-agent coordination is needed to avoid multiple visits of different 
agents on the same site (since it is common to find cross-references in HTML
pages). The coordination of the agents with regard to the hosting execution
environment aims to define a precise protocol to access and retrieve information
on a site.

Although coordination models have been extensively studied in the past, the 
openness of the agent environment introduces new problems and needs. In this 
section, we define a simple taxonomy of the possible coordination models for
agent applications [12]. Two main characteristics distinguish different coordina-
tion models: spatial and temporal coupling. In particular:

– spatially coupled coordination models require the involved entities to share a 
common name space; conversely, spatially uncoupled models enforce anony-
mous interactions;

– temporally coupled coordination models imply synchronization of the involved 
entities; conversely, temporally uncoupled coordination models achieve asyn-
chronous interactions.

Therefore, four categories of coordination models can be derived (see Fig. 1): 
(i) direct, both spatially and temporally coupled; (ii) meeting-oriented, spatially 
uncoupled and temporally coupled; (iii) blackboard-based, spatially coupled and 
temporally uncoupled; (iv) Linda-like, both spatially and temporally uncoupled.
In the following (Sects. 3.1 to 3.4), we detail these four coordination models.

Fig. 1. Coordination Models for Agents

However, from our research work we can affirm that all these models exhibit a 
possible limitation. In fact, they are “passive” and therefore do not provide active 
support for applications. So, we decided to explore “active” or “reactive” coordi-
nation models that can introduce another aspect of coordination, i.e. adaptability
(see Sect. 3.5).
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3.1 Direct Coordination 

In direct coordination models, agents can initiate a communication by explicitly 
naming the involved partners (spatial coupling). This usually implies their syn-
chronization (temporal coupling). In the case of inter-agent coordination, two 
agents must agree on a communication protocol, typically a p eer-to-peer one.
In the case of access to the resources of the hosting environment, coordination
usually occurs in a client-server way.

The general adoption of direct coordination models in agent applications is 
not suitable. Repeated interactions require stable network connections, making 
communication highly dependent on network reliability. In addition, wide-area 
communications between entities require complex and highly informed routing 
protocols. Finally, because several agent applications are intrinsically dynamic 
(through dynamic agent creation), it may be difficult to adopt a spatially coupled 
model in which the communication partners must be identified. In the case 
study application, the agents cannot know how many other agents make up the 
application because the agents are dynamically created depending on the found 
links. In addition, to establish a communication session, agents must be forced 
to synchronize their activities, whic h instead are intrinsically asynchronous and
autonomous. In the presence of many agents, direct coordination models can be
effectively exploited only for accessing local resources: a local server has to be
provided as a manager, and an agent interacts with it in a client-server way.
In our case study application, local WWW servers may supply HTML pages to
agents.

3.2 Meeting-Oriented Coordination 

In meeting-oriented coordination, agents can interact without the need to explic-
itly name the partners involved. Interactions occur in the context of known 
meeting points that agents join, either explicitly or implicitly, to communicate 
and synchronize with each other. Apart from always-opened meetings - which 
can abstract the role of servers in an execution environment – an active entity 
must assume the role of initiator to open a meeting point. Often, meetings are 
locally constrained: to avoid the problems related to non-local communication 
(i.e., unpredictable delay a nd unreliability), a meeting takes place at a given exe-
cution environment, and only local agents can participate in it. Clearly, because
agents must share common knowledge of either the meeting names or of the
events that force them to join a meeting, full spatial uncoupling is not achieved.

Although the meeting model partially solves the problem of exactly identify-
ing the involved partners, it has the drawback of enforcing strict synchronization 
between agents. Because in many applications, the schedule and the position of 
agents cannot be predicted, the risk of missing interactions is very high. In the 
case study application, to avoid multiple visits to the same site with a meeting-
oriented model, an additional agent must be introduced for each site visited.
When an agent has explored a site, it creates a “meeting” agent before returning
to the user site. The meeting agent is forced to reside on the creation site: as any
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other agent arrives at this site, it tries to enter a meeting with the meeting agent 
to detect whether the site has been already visited or not. In our opinion, this 
solution is not generally suitable for the case study application because there is 
no possibility that the meeting agent will kno w when to die. In addition, to let
an agent remain on one visited site is not safe: a malicious agent can exploit the
time it is on a site to furnish private information to the external.

3.3 Blackboard-Based Coordination 

In blackboard-based coordination, interactions occur through shared data 
spaces, local to each hosting environment, used by agents as common reposi-
tories to store and retrieve messages. Insofar as agents must agree on a common
message identifier to communicate and exchange data via a blackboard, they are
not spatially uncoupled.

The most significant advantage of this coordination model derives from fully 
temporal uncoupling: messages can be left on blackboards without needing to 
know neither where the corresponding receivers are nor when they will read the 
messages. This clearly suits a scenario in which the position and the schedules of 
the agents can be neither monitored nor granted easily. In addition, being any 
inter-agent interaction forced to be performed via a blackboard, hosting envi-
ronments can easily control all interactions, thus leading to an execution envi-
ronment model more secure than that of the coordination approaches described 
above. Our case study application can effectively exploit the blackboard model 
for inter-agent coordination. When an agent arrives at a site, it first checks on 
the local blackboard for a “marker” message, coming from another agent of the 
same application. If the agent reads the “marker” message, it knows that the site 
has already been visited; otherwise, it is in charge of placing the “marker” mes-
sage on the blackboard. With regard to agent-to-hosting execution environment 
interactions, a blackboard can be exploited to let agents retrieve the needed
information without requiring the presence of a specialized resource manager
and to let the local environment provide in the blackboard all the data it wants
to publish while protecting private data. In the case study application, the exe-
cution environment could provide, in the form of messages, the pathnames of all
its publicly accessible files. However, there is no way for an agent to retrieve the
pathnames of the HTML files only, but all messages have to be retrieved and
successively selected to search those corresponding to HTML files.

3.4 Linda-like Coordination 

In Linda-like coordination, the accesses to a local blackboard are based on asso-
ciative mechanisms [15]: Information is organized into tuples and retrieved asso-
ciatively through a pattern matching mechanism. Associative blackboards (called 
tuple spaces) enforce full uncoupling, requiring neither temporal agreement nor
mutual knowledge to let agents coordinate.

Linda-like coordination suits agent applications well. In a wide and dynamic 
environment, such as the Internet, having complete and updated knowledge of
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hosting execution environments and other application agents may be difficult or 
even impossible. Then, because agents would somehow require pattern matching 
mechanisms to adaptively deal with uncertainty, dynamicity, and heterogeneity, 
it is worthwhile to integrate these mechanisms directly into the coordination 
model, to simplify agent programming, and to reduce application complexity. In 
the testbed application, associative mechanisms may be not necessary for inter-
agent interactions, because agents know which message to retrieve from the 
blackboard to avoid multiple visits, as shown in the previous subsection. How-
ever, let our application be composed of several types of agent, each devoted to 
the search for a different keyword. In this case, an associative mechanism would 
be necessary: an agent must check the presence of marker messages in the tuple
space with the keyword field that matches the agent’s own keyword; instead, it
must ignore the messages left by agents searching for different keywords. With
regard to agent-to-hosting execution environment interactions, if the pathnames
of all public readable files are available in the tuple space, agents can simply
look for tuples corresponding to pathnames matching the “html” extension.

3.5 Adaptable Coordination 

As mentioned above, we further study the possibility of making the coordina-
tion medium active or reactive,  to  provide  adaptable coordination and better 
support to the development of agent applications. In this way, the environment 
can become an actor in the coordination, taking an active p art in the coordi-
nation process. This allows the coordination to be adaptable to the context in
which it occurs, leading to context-aware coordination [13]. With “context” we 
mean a broad range of aspects, from the environment where the coordination 
takes place to the specific agents that need to co ordinate with each other, from
external information to the history of the involved agents.

In the following, we present an example of a coordination architecture that 
implements the idea of adaptable coordination (MARS), and then briefly present 
other approaches. As the readers will see, the most suitable model for facing
adaptability is the Linda-like one.

MARS (Mobile Agent Reactive Spaces). MARS [11] has been proposed 
by the researchers of the University of Modena and Reggio Emilia. MARS is 
a programmable coordination architecture for Java-based mobile agents. Nev er-
theless, it can be associated to different agent systems with little modifications.

MARS adopts the Linda-like model and makes many independent tuple 
spaces available to the agents. It was originally conceived for mobile agents, 
but can be used with any kind of agent. Each tuple space is associated with a 
node and is accessed by locally executing agents. For each space, MARS provides 
a metalevel tuple space, which contains tuples that represent actions that can be 
executed in reaction of agen ts’ access to the “normal” space. In this way, each
MARS tuple space can “react” to accesses performed by agents that exhibit a
behavior programmed by the space administrator or by the agents themselves
(see Fig. 2).
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Fig. 2. The MARS coordination architecture (image adapted from [11]). 

The MARS tuple space enables inter-agent coordination and allows agents to 
access primitive data items and references to execution environment resources. 
The local tuple space is the only node resource that agents can directly access,
reducing the problem of dynamically binding local references to mobile entities.

Other Approaches. PageSpace [17], an architecture for interactive Web appli-
cations, uses Linda-like coordination. Both mobile and fixed agents can use its 
tuple spaces to store and associatively retrieve object references. In addition, 
agents can create tuple spaces to interact privately without affecting host execu-
tion environments. To influence the coordination activities of application agents, 
PageSpace is not reactive in itself but instead defines special-purpose agents to
access the space and change its contents. These special-purpose agents can be
limited both in monitoring interaction events and in tuning their effects.

The IBM T Spaces [61] project uses Linda-like interaction spaces as general-
purpose information repositories for mobile and network applications. Rather 
than defining agent-oriented coordination media, the T Spaces architecture aims 
to provide a powerful and standard interface for accessing large amounts of infor-
mation organized as a database. Therefore, the designers of T Spaces integrated 
a special programmability to add new behaviors to a tuple space. This occurs 
through new admissible operations on a tuple space rather than by program-
ming the effects on the basic Linda operations; of course, this requires applica-
tion agents to either be aware of operations available in a given tuple space or
somehow dynamically acquire this knowledge.

The MOLE system [10] defines a meeting-oriented coordination model rather 
than a tuple-based one. MOLE meetings use shared, non-mobile objects that 
agents must access to send or receive messages. MOLE meetings enforce tempo-
ral uncoupling by permitting asynchronous message notification to agents and 
can be programmed to integrate specific policies for managing the exchanged
messages. These characteristics provide an uncoupled and programmable coor-
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dination model that enforces a control-oriented coordination style, in contrast to 
a data-oriented one, and requires the definition of meeting points at the appli-
cation level.

TuCSoN [40] extends the Linda coordination model that defines tuple centers 
whose behavior can be programmed by a specific language. TuCSoN is detailed
in Sect. 4.3. 

4 Coordination Languages 

Coordination models abstractly define the concepts necessary to give shape to a 
desired interaction paradigm, i.e., one with desired properties. For instance, the 
blackboard or Linda models mentioned in previous section, respectively, offer 
temporal, and both temporal and spatial uncoupling properties. Coordination 
languages, instead, concretely define the vocabulary and grammar of program-
ming languages specifically meant to deal with the interaction space of com-
puting, not the more common algorithmic space [60]. Of course, several of the 
coordination models proposed throughout the years also brought along their own 
coordination language to give the model an operational incarnation suitable for
practical experiments, implementations, and real-world deployments.

The WOA workshop series has seen some of such languages:

– the “Tuples Over The Air” (TOTA) model, language, and middleware [32]; 
– the “Self-Aware PERvasive Ecosystems” (SAPERE ) model, l anguage, and

middleware [46,57,62,64], originated in the context of the homonym EU FP7
project;

– the “TUple Centres Spread Over the Network” (TuCSoN) mod el, language,
and middleware [39,41,52,53]; 

– the commitment-based languages proposed by Baldoni et al. [2,4,6]; 
– the “Reaction SPECification Tuples” (ReSpecT) adopted in TuCSoN and pro-

posed by Omicini et al. [38,43,59]; 
– the biochemistry-inspired languages [36,47] that were either precursors of or 

inspired by the SAPERE approach already mentioned.

4.1 TOTA 

TOTA is a framework that utilizes distributed tuples to represent contextual 
information and allows uncoupled interaction between the components of a 
distributed application. Unlike other shared data-space models, TOTA tuples 
are not node specific or tied to a particular data space within the network. 
Instead, they are put into the network and autonomously propagate according 
to the specific propagation rules. Consequently, TOTA tuples form a spatially 
distributed data structure that conveys both information exchange among the
application components and contextual information about the distributed envi-
ronment itself. In TOTA, such an environment features a peer-to-peer network of
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possibly mobile nodes, each running a local instance of the T OTA middleware—
as depicted in Fig. 3. The middleware maintains references to a limited set of 
neighboring nodes,  and  automatically adapts to dynamic changes caused by node 
mobility or failures. In scenarios like Mobile Ad Hoc Networks (MANETs), 
TOTA nodes identify neighbors within their wireless communication range. The 
propagation rules for tuples diffusion are automatically triggered by the TOTA 
middleware when the appropriate conditions occur (e.g., a new node enters the 
neighborhood, a certain tuple is added/removed to the current tuple space, and 
other conditions). Such rules may not only modify the location of the tuple, but
also its content, allowing the creation of an overlay of distributed tuples meant
to transmit information across the network and represent contextual information
about the application environment in a distributed way. TOTA has been used
to program coordinated motion patterns [35], implement location and content-
based information access [31], implement mobile particle systems [30], in order 
to enable stigmergic coordination [33], and to program modular robots [34]. 

Fig. 3. The TOTA coordination model and language.

4.2 SAPERE 

SAPERE [16,63] is a coordination model for multi-agent pervasive systems 
inspired by natural chemical reactions, featuring its own coordination language 
(“eco-laws”). The SAPERE architecture is depicted in Fig. 4. SAPERE is based 
on four main concepts: Live Semantic Annotations (LSAs), LSA Tuple Space, 
Agents, and Eco-laws. LSAs are tuples of types (name, value) that are used 
to store application data. LSAs belonging to a computing node are stored in 
a shared container named LSA Tuple Space. Each LSA is associated with an 
agent, such as sensors, services, or general applications, that wants to inter-
act with the LSA space, e.g., injecting or retrieving LSAs from the LSA space.
Inside the shared container, tuples react in a virtual chemical solution by using
a predefined set of coordination rules named eco-laws, which can (i) instantiate
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relationships among LSAs (Bonding eco-law), (ii) aggregate them (Aggregate 
eco-law), (iii) delete them (Decay eco-law), and (iv) spread them across remote 
LSA Tuples Spaces (Spreading eco-law). When a tuple is modified by an eco-law, 
its relative agent is notified. The implementation of the SAPERE middleware
allowed several kinds of real distributed self-adaptive and self-organizing appli-
cations to be developed [63]. More discussion about these sort of self-organising 
coordination models, languages, and middleware is provided by Chapter [1]. 

Fig. 4. The SAPERE coordination model and language.

4.3 TuCSoN 

TuCSoN is a coordination model that adopts Linda as its core but extends it 
in several ways, such as by adopting nested tuples (expressed as first-order logic
terms), adding primitives (i.e., bulk [55] and uniform [40]), and replacing tuple 
spaces with tuple centres [50]—that is, tuple spaces whose behavior can be pro-
grammed with a dedicated language: ReSpecT [48]. As such, the main driving 
concepts behind the TuCSoN model and technology are (i) first-order logic tuples 
and ReSpecT reactions to enable the declarative expression of coordination poli-
cies, (ii) asynchronous communication and coordination primitives by default 
(although synchronous versions are also available) to enable full decoupling,  and  
(iii) programmable tuple spaces to enable full control over the coordination poli-
cies to be followed by the system at hand, there included security policies [19]. 
TuCSoN comes with a Java-based implementation that provides coordination as
a service [58] in the form of a Java library (defining an API) and a middleware 
runtime, especially targeting distributed Jav a processes, but open to rational
agents implemented in tuProlog [25]—see Fig. 5. 

4.4 Commitments 

Commitment-based communication artifacts [5] (i.e., computational tools provid-
ing functions) in multi-agent systems implement interaction protocols and mon-
itoring functionalities—as thoroughly described in Chapter [7]. These artifacts
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Fig. 5. The TuCSoN coordination model a nd language.

verify ongoing interactions for protocol adherence, detect violations, and identify 
violators. As programmable communication channels, artifacts encapsulate what 
commitment protocols refer to as “the social state”, which captures the interac-
tion session between parties and provides the necessary social actions for agen ts
to enter and comply with commitments. Consequently, the artifacts encode the
coordination rules of the protocol. A commitment, denoted as .C(x, y, r, p),  repre-
sents a contractual relationship between a debtor (. x) and a creditor (. y). Specifi-
cally, the debtor commits to the realization of the consequent condition (. p)  when  
the antecedent condition (. r) is satisfied. Commitments thus function as directed 
obligations from the debtor to the creditor. Unlike traditional obligations, com-
mitments are subject to manipulation, for example, delegation, assignment, or 
release. Importantly, commitments serve a regulative purpose: social expecta-
tions dictate that agents respect the commitments that involve them, e.g. to 
preserve reputation. In particular, the debtor bears the responsibility for fulfill-
ing the consequent condition. Thus, agents’ behavior is influenced by the com-
mitments present in the social state. Commitmen t protocols typically consist of a
set of shared actions agreed upon by all interacting agents. These social actions
modify the social state, for example, by adding new commitments, releasing
agents from existing commitments, or satisfying commitments.

4.5 ReSpecT 

The ReSpecT language [48] is rooted in first-order logic and serves to define tuple 
centres’ behavior within TuCSoN. A tuple centre is a tuple space that introduces 
programmability into the coordination environment. Unlike a traditional tuple 
space, where the response to communication events (adding, reading, and remov-
ing tuples) is predetermined and unchangeable, a tuple centre’s behavior can be 
changed. This flexibility is achieved by programming a collection of specification 
tuples,  also  known  as  reactions. ReSpecT,  as  a  language for behavior specifi-
cation, facilitates the creation of internal computations in a tuple centre, and
their linkage to specific communication events. It enables the declarative pairing
of events with reactions through unique logic constructs termed specification
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tuples, formatted a s .reaction(E,G,C). For an event .Ev, a sp ecification tuple
.reaction(E,G,C) will execute a computation . C upon the happening of the e vent
.Ev, provided that .E and .Ev “match”—in ReSpecT, the matching is defined on 
top of Prolog unification mechanisms [49]. Moreover, computation . C is executed 
only if the guard predicates defined in . G, which express conditions on the event 
or the state of the tuple centre, evaluate to true. ReSpecT thus allows for the 
procedural programming of reactions as sequences of computations (in terms of 
logical goals), with each computation potentially achieving success or encounter-
ing failure. Every reaction elicited by a communication event is processed prior 
to addressing any subsequent events. Consequently, agents experience the out-
come of the communication event (e.g., invocation of a Linda primitive) and the 
sim ultaneous execution of all related responses as one unified shift in the state
of the tuple center. Therefore, the impact of a communication operation on a
tuple centre can be tailored to be as intricate as necessary, depending on the
coordination demands of the application at hand.

4.6 Biochemical Tuple Spaces 

Biochemical tuple spaces [56] are the basis of a coordination model inspired by 
biochemical solutions where tuples always have an associated activity or per-
tinency value. This value represents the concept of chemical concentration to 
determine how much a tuple can influence the coordination state. For exam-
ple, a low concentration tuple would participate in the execution of coordination 
rules infrequently. In fact, this model incorporates coordination laws that resem-
ble chemical reactions. These laws are integrated into the space o f the tuples,
and they cause the concentration of tuples to change over time, mirroring the
behavior of chemical substances in a solution. This allows for the use of chemical
patterns to bring about interesting self-organizing properties. Note that if . t is 
a tuple specified by .in (extract) o r .rd (read) operations, a tuple existing in the 
space that matches . t as in Linda is looked up. However, unlike Linda, the match-
ing function here is application dep endent and returns a degree of matching (e.g.
.∈ [0, 1]) instead of a yes/no: stronger matching (e.g. higher semantic matching) 
implies a higher probability of finding a certain tuple. This probabilistic aspect 
is the crucial mechanism that ultimately enables self-organization and adaptive-
ness. Furthermore, these laws include a mechanism for the diffusion of tuples, 
which simulates the movement of chemical substances across the boundaries of 
biological compartmen ts. This adds another layer of realism to the model, mak-
ing it a powerful tool for studying biochemical systems, and promotes its usage
in networked systems.

Common to all these heterogeneous languages is their inspiration for other 
fields of research, such as physics, sociology, chemistry, made not just to appear 
“fancy”, but to inherit some desirable properties and to attack the peculiar chal-
lenges of some application domains [29]. For example, biochemical coordination 
approaches directly enable and support s elf-organization and the resulting self-*
properties [26]. Chapter [1] provides ample discussion about these kinds of self-
organising coordination models, languages, and middleware.
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5 Application Fields 

In this section, we sketch some application fields in which the coordination of 
software agents c an be exploited in an effective way.

Autonomic computing is a context in which agent coordination has been 
exploited to achieve flexible and adaptable systems [45]. In fact, the autonomic 
computing and multi-agent systems share different aspects that enable syner-
gies between them. Autonomic computing requires a general purpose compo-
nent model, in order to enforce autonomic behavior in both the forms of self-
adaptation and self-organization, to handle “situatedness” in complex knowledge 
environments, and to tolerate scalable forms of dynamic aggregation. Multi-agent
systems research can play a major role in the definition of such component model
and, more generally, in the advance of the autonomic communication research
area.

Coordination has been exploited in the field of energy regulation [14]. Since 
private houses can produce renewable energy, for example, by means of solar 
panels, owners could sell the unused energy to neighbors. A peer-to-peer model 
seems the most suitable for energy negotiation (i.e., between single producers and 
single consumers), even in a deregulated way. On the one hand, this situation 
could lead to advantages for both producers and consumers, but on the other 
hand it is very complex and dynamic. An agent-based approach can help to 
tackle complexity, thanks to the autonomy of agents. Their coordination can
grant that the system meets defined policies, both at the producers/consumers
level and at the community level. In addition, a suitable coordination enables
the optimization of energy production and supply costs by means of negotiation
and learning.

Another interesting field in which coordination models and languages can 
be exploited is the management of autonomous vehicles [37]. An autonomous 
vehicle can be modeled as an agent that has some goals, for example, to reach 
the destination as soon as possible or to park near the office. To achieve the goals, 
the vehicle must compete with other vehicles to exploit common resources, such 
as roads, intersections, and parking slots. Sometimes, they must collaborate to 
exploit the resources, for instance, aggregating in platoons. To complete the
scenario, the local administration can have some goals, for instance reducing the
pollution caused by the vehicles. In any case, their coordination is needed to
regulate the movements and to apply local or global polices.

In general, self-organizing approaches take advantage of the experience in 
the agent world, in particular reusing the coordination models and languages in
other different areas, such as computational grids [44], unmanned vehicles [20], 
smart factories [54]. 

6 Conclusion 

In this chapter, we have addressed the topic of the coordination of software 
agents, starting from the point that the agents are social, and this implies their
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interaction and then their coordination. We have focused on coordination models 
and coordination languages,  about  which  we  have  reported  an  overview.  We  
have reported in particular the research works presented at WOA in it 25 y ears.
We have also sketched some application fields that can take advantage of the
coordination of software agents.

After this overview work, we can provide some considerations.
First, only 23 WOA papers over almost 400 tackled the coordination issue in 

a sharp way. Of course, WOA addressed and addresses a broad range of topics, 
from agent modeling to Agent-Oriented Software Engineering, from intelligent 
agents t o agents applications, so it is reasonable that the coordination issue
concerns only a slice of the total number of papers.

The second consideration is about the fact that WOA papers on coordina-
tion models and languages are not recent. Most of them have been published 
before 2010. This can mean that the agent coordination is quite settled and no 
further specific research is needed. In any case, we believe that this requires some 
reflection from the WOA community. 
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