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Abstract. This paper introduces ECM, a new coordination model, and
one of his language binding, STL++4. STL++ is aimed at making par-
allel and distributed programs’ construction easier by providing a set of
powerful tools that clearly describe the coordination part of an applica-
tion. These tools, embedded in an object-oriented computation language,
enable distributed components to be dynamically reconfigured. STL-++
acts also as a coordination language especially well suited for distributed
implementations of multi-agent systems. It is aimed at giving basic con-
structs for the implementation of generic multi-agent platforms. The un-
derlying architecture on which STL++ develops, is based on PT-pvM,
a software platform providing rich message passing facilities for light-
weight processes (threads), which is itself built on top of PVM.
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1 Introduction

Coordination constitutes a major scientific domain of Computer Science. Works
coming within Coordination encompass conceptual and methodological issues as
well as implementations in order to efficiently help expressing and implementing
distributed applications. Autonomous Agents, a discipline of Artificial Intelli-
gence which enjoys a boom since a couple of years, embodies inherent distributed
applications. Works coming within Autonomous Agents are intended to capital-
ize on the co-existence of distributed entities, and autonomy-based Multi-Agent
Systems (MAS) are oriented towards interactions, and collaborative phenomena
and autonomy.

Today’s state of the art parallel programming models, such as (distributed)
shared memory models, data and task parallelism, and parallel object oriented
models (for an overview see [61]), are used for implementing general purpose
distributed applications. However they suffer from limitations concerning a clear
separation of the computational part of a parallel application and the “glue” that
coordinates the overall distributed program. Especially these limitations make

* Part of this work is financially supported by the Swiss National Foundation for
Scientific Research, grant 20-05026.97 and 21-47262.96



distributed implementations burdensome. To study problems related to coordi-
nation, Malone and Crowston [47] introduced a new theory called Coordination
Theory aimed at defining such a ”glue”. The research in this area has focused
on the definition of several coordination models and corresponding coordination
languages, in order to facilitate the management of distributed applications.

Coordination is likely to play a central role in MAS, because such systems
are inherently distributed. The importance of coordination can be illustrated
through two perspectives. On the one hand, a MAS is built by objective depen-
dencies which refers to the configuration of the system and which should be
appropriately described in an implementation. On the other hand, agents have
subjective dependencies between them which requires adapted means to program
them, often involving high-level notions such as beliefs, goals or plans.

This paper presents STL+4, a new coordination language which is aimed
at providing a coordination framework for distributed MAS made up of au-
tonomous agents. It can be considered as a platform which allows to describe
the organizational structure or architecture of a MAS, with means to dynami-
cally reconfigure it. It is conceived as a basis for the generic multi-agent platform
CODA?2, STL++ is based on the coordination model ECM which is a model
for multi-grain distributed applications.

The rest of this paper is organized as follows. Section 2 briefly reviews co-
ordination theory, models and languages. Section 3 examines the question of
coordination in the field of MAS. Section 4 introduces the ECM model and
gives a thorough description of STL++4 which is an instance of ECM. Section
5 illustrates the application of STL++ to a MAS implementation. Section 6
is dedicated to a discussion of ECM and STL++. In the last section we draw
some conclusions and outline future work.

2 Coordination Theory, Models and Languages

Coordination can be defined as the process of managing dependencies between ac-
tivities [47], or, in the field of Programming Languages, as the process of building
programs by gluing together active pieces [13]. To formalize and better describe
these interdependencies it is necessary to separate the two essential parts of a
parallel application namely, computation and coordination. This sharp distinc-
tion is also the key idea of the famous paper of Gelernter and Carriero [13]
where the authors propose a strict separation of these two concepts. The main
idea is to identify the computation and coordination parts of a distributed appli-
cation. Because these two parts usually interfere with each other, the semantics
of distributed applications is difficult to understand.

To fulfill typical coordination tasks a general coordination model in computer
science has to be composed of four components (see also [39]):

1. Coordination entities as the processes or agents running in parallel which
are subject of coordination;

2 Coordination for Distributed Autonomous Agents.



2. A coordination medium: the actual space where coordination takes place;

3. Coordination laws to specify interdependencies between the active entities;
and

4. A set of coordination tools.

In [13] the authors state that a coordination language is orthogonal to a
computation language and forms the linguistic embodiment of a coordination
model. Linguistic embodiment means that the language must provide language
constructs either in form of library calls or in form of language extensions as a
means to materialize the coordination model. Orthogonal to a computation lan-
guage means that a coordination language extends a given computation language
with additional functionalities which facilitate the implementation of distributed
applications.

The most prominent representative of this class of new languages is Linda
[12] which is based on a tuple space abstraction as the underlying coordination
model. An application of this model has been realized in Piranha [11] (to mention
one of the various applications based on Linda’s coordination model) where
Linda’s tuple space is used for networked based load balancing functionality. The
PageSpace [16] effort extends Linda’s tuple space onto the World-Wide-Web and
BoNITA [54] addresses performance issues for the implementation of Linda’s in
and out primitives. Other models and languages are based on control-oriented
approaches (IWIM /Manifold [2] [3], ConCoord [30], Darwin [46], TooLBUS [7]),
message passing paradigms (CoLa [29], ACTORS [1]), object-oriented techniques
(Objective Linda [38], JavaSpace [63]), multi-set rewriting schemes (Bauhaus
Linda [14], Gamma [4]) or Linear Logic (Linear Objects [8]). A good overview
on coordination models and languages can be found in [50].

Our work takes inspiration from control-oriented models and tuple-based
abstractions, and focuses on coordination for purpose of MAS distributed imple-
mentations. In order to stress coordination issues in MAS, we introduce major
concepts of MAS and analyze where coordination takes place in such systems.
This forms the subject of next section.

3 Coordination in Multi-Agent Systems

3.1 What is an agent?

In this section, we try to sketch the fundamental characteristics of what consti-
tutes an autonomous agent. Avoiding to give a new definition and being con-
scious of the difficulty of the task because of the great variety of existing agent
paradigms, we propose to adopt a definition proposed by Franklin and Graesser
[23] which should be completed by the definition of Wooldridge and Jennings
[70] (see also an answer to the article of Franklin and Graesser in [69]).
Franklin and Graesser define an autonomous agent as follows: "An au-
tonomous agent is a system situated within and a part of an environment that
senses that environment and acts on it, over time, in pursuit of its own agenda



and so as to effect what it senses in the future.” This definition is further ex-
plained: ” Fach agent is situated in, and is part of some environment. Fach senses
its environment and acts autonomously upon it. No other entity is required to
feed its input, or to interpret and use its output. Each acts in pursuit of it’s own
agenda. (...) Each acts so that its current actions may effect its later sensing,
that is its actions effect its environment. Finally, each acts continually over some
period of time.”

Next to a discussion caused by the presentation of this paper at the time
of the conference, Franklin and Graesser proposed a first attempt to give an
operational definition of an agent, which should allow to describe an agent in
terms of the requirements of the definition given above. The description of an
autonomous agent could be made by the description of (1) its environment, (2)
its sensing capabilities (i.e. its sensors), (3) its actions (i.e. the changes produced
in the environment), (4) its drives (preferences or primative motivators) and (5)
its action selection architecture (depending of its internal and external sensing
and in the service of drives).

Wooldrige and Jennings give the following definition of an autonomous agent
[70]: ”... a hardware or (more usually) software-based computer system that en-
joys the following properties:

— autonomy: agents operate without the direct intervention of humans or oth-
ers, and have some kind of control over their actions and internal state;

— social ability: agents interact with other agents (and possibly humans) via
some kind of agent-communication language;

— reactivity: agents perceive their environment, (which may be the physical
world, a user via a graphical user interface, a collection of other agents,
the INTERNET, or perhaps all of these combined), and respond in timely
fashion to changes that occur in it;

— pro-activeness: agents do not simply act in response to their environment,
they are able to exhibit goal-directed behaviour by taking the initiative.”

This definition is considered by Wooldridge and Jennings as a weak notion
of agency. In contrast to it, they define a strong notion of agency, which adds
to the weak notion, concepts applied to humans, i.e. mentalistic notions such as
knowledge, beliefs, intentions, etc. (see [57] for an example).

The definition of Wooldridge and Jennings completes well the one of Franklin
and Graesser, especially by requiring autonomy and communication. Autonomy
gives an agent the capacity to make independent decisions. From our point of
view, it also means that each agent possesses its proper temporality in the sense
that it runs concurrently to other agents (for a discussion about concurrent im-
plementation issues of agent systems, see [15]). Agents should also be able to
communicate in some way, be it through the environment or directly to one
or more agents. This capacity is essential, because agents are always ”living”
in an (often structured) environment inhabited by other agents, i.e. in a soci-
ety of agents which is called a multi-agent system. The next section discusses
communication in more detail.



3.2 Communication between agents
Communication between agents can be considered as follows:

— The capacity to exchange information with other agents. An agent must have
a partner to communicate with, either by having an identifier of the partner
or by communicating anonymously through predefined interfaces masking
the identity of the receiver.

— The intention or the type of the message; this is often realized using illocutary
speech acts [59]. Examples are request, deny, propose, confirm.

— A common syntax for expressing the information exchanged.

A common understanding of a message. This can be achieved if both agents

share a common information model (which is often referred to as ontology

[26] or ontological commitments); it is the context of the interpretation of

symbols.

The research has lead to several agent communication languages (ACL)
whose most representative is KQML [20], which is the de facto standard ACL.
KQML comes along with KIF (Knowledge Interchange Format [24]) which pro-
vides a syntax for message content along with ontologies.

We want to stress that a lot of agent languages, aimed at facilitating the
building of agent applications, choose ad hoc solutions for the syntax and seman-
tics of messages. Often, applications do not necessitate to formalize illocutions
and ontologies for their systems, but they introduce implicit interpretations of
the messages being exchanged.

Exchange of information between agents can be at least reduced to four basic
paradigms:

— Peer-to-peer communication: messages are sent to well known agents, i.e.

agents can identify their partners.

Broadcast communication, i.e. sending a message to everybody.

Multicast communication, i.e. sending a message to a group of agents.

— Generative communication: communication is realized through the envi-
ronment: agents generate persistent objects (messages) in the environment
which are sensed (read) by other agents. A message can consist of raw data
or can be pre-structured like a tuple.

Most of the time, agent languages realize one of these paradigms. Peer-to-
peer is the most used. Generative communication is less known in the agent
community. As we will see, STL++ offers peer-to-peer, multicast and generative
communication.

We consider also Anonymous Communication where agents put and read
messages on well defined ports (communication interfaces); these ports are con-
nected to other ports belonging to other agents. This means that an agent has no
identifier of other agents. Connections between ports can be done by an external
specialized agent (a coordinator agent) or as a result of the matching of ports
which depends on ports’ characteristics.



3.3 Coordinating agents

Agents have interaction capacities in order to exchange information with other
agents within a MAS. Communication is a necessary condition to achieve coor-
dination. Coordination in MAS is a key element for the design of such systems,
in order to achieve that the community of agents acts in a coherent manner.
Coordination is necessary ([31] and [34]):

— for preventing anarchy or chaos in order to achieve a common global goal
(the agents must not be necessarily aware of it);

— for meeting global constraints (e.g. such as to resolve a problem in a specific
period of time);

— for exchanging distributed expertise, resources or information;

for managing dependencies between agents’ actions;

for efficiency.

Due to the necessity of coordination in DAT systems, the research in this field
has lead to several techniques. According to Nwana [31], they can be classified
in four categories:

1. Organizational Structuring techniques [18] [28] [67] [36]: a priori organization
patterns are defined in order to implicitly define the agent’s responsibilities,
capabilities, connectivity and control flow. They are fix long-term relation-
ships between agents. In such systems, master/slave or client/server patterns
are typically used.

2. Contracting techniques: the Contract Net Protocol [62] [51] [32] [17] is based
on a decentralized market structure metaphor.

3. Multi-agent Planning techniques: [25] [35] agents build a plan that describes
all actions and interactions necessary to achieve their respective goals. Plan-
ning can be centralized or decentralized.

4. Negotiation techniques (significantest part of DAI research in coordination):
”...negotiation is the communication process of a group of agents in order to
reach a mutually accepted agreement on some matter” [10]. In negotiation
techniques, agents reason about beliefs, desires and intentions of other agents
[64]. Three categories of techniques have raised (see [31]): (1) game theory-
based negotiation [45] [55] [40]; (2) plan-based negotiation [41] [5] [6] [49];
and (3) human-inspired and miscellaneous Al-based negotiation approaches
[64] [10] [56] [19].

Most coordination models and languages offer tools to express the coordina-
tion part of a distributed application, most of the time restricting themselves
to express the communication between the components of an application. DAT
has developed some techniques, among which negotiation plays a central role,
dealing with high-level concepts coming from the strong notion of agency. With
STL++ we intend to profit from the experience acquired in coordination the-
ory in order to offer appropriate means to program distributed agent systems,
focusing on the weak notion of agency, at least in a first stage. STL++ can also
be viewed as an agent-based software engineering language.



3.4 Languages for Constructing Agent Applications

The research in the agent field has lead to several agent languages for facilitating
the design and the implementation of agent-based applications, covering weak
or strong agency. These languages should fill the gap often encountered between
agent theory and agent applications. We give a brief overview of existing agent
languages.

Concurrent object-oriented languages are a good basis for implementing
MAS, because of the similarity between concurrent objects and agents. Fisher
[22] even claims that a MAS is simply a system consisting of concurrently execut-
ing components. Agent-oriented Programming and its implementation AgentO
[60] are based on a societal view of computation; agents are programmed in
terms of their mental state. Thomas has developed PLACA [65] which improves
AgentO with planning and communication requests for action via high-level
goals. Concurrent MetateM [21] [37] implements concurrently executing agents
and communication via asynchronous broadcast and multicast; the language
uses temporal logic specification to implement agents. APRIL [48], a process
oriented symbolic language, offers multi-tasking, powerful message-passing fa-
cilities and pattern-matching, allowing to construct most agent architectures.
MAIL [27], which is based on APRIL, implements pre-defined abstractions on
which MAS prototypes can be constructed. AgentSpeak [66] allows agent pro-
grams to be written and interpreted in a manner similar to that of horn-clause
logic programs; it consists of aspects of concurrent-object technology. DAISY
[52] is composed of CUBL, a distributed object-oriented language, and MAP,
based on CUBL, offering limited communication primitives. HOMAGE [53] is
an environment for MAS with object-oriented paradigms. Agents can be dis-
tributed on the Internet and communicate through different protocols. MIX [33]
is a distributed framework for the cooperation of multiple heterogeneous agents,
using a declarative language for describing agents. Telescript [68] is an agent
language for constructing mobile agents that execute in virtual locations and
can communicate with each other.

4 STL++, a Coordination Language for Multi-Agent
Systems

Because of the inherent distributivity of MAS, agent languages should have
means to clearly describe the coordination part of a MAS application. STL++
applies theories and techniques known from coordination theory and languages
in distributed computing to better formalize communication and coordination in
MAS applications. STL++ can be considered as an agent language that focuses
on the organizational structure of MAS. It is aimed at giving basic constructs
to implement more elaborated agent languages with powerful tools, such as in
the planned platform CODA.

STL++ is based on the ECM coordination model presented in the next
section. STL++ will then be explained in details.



4.1 Coordination using Encapsulation: ECM

ECM?3 is a model for coordination of multi-grain distributed applications. It uses
an encapsulation mechanism as its primary abstraction (blops), offering struc-
tured separate name spaces which can be hierarchically organized. Within them
active entities can communicate anonymously through connections, established
by the matching between the communication interfaces of these entities, thus
viewing these last as black boxes.

ECM consists of five building blocks:

1. Processes, as a representation of active entities;

2. Blops, as an abstraction and modularization mechanism for group of pro-
cesses and ports;

3. Ports, as the interface of processes/blops to the external world;

4. FEvents, a mechanism to react to dynamic state changes inside a blop;

5. Connections, as a representation of connected ports.

Figure 1 gives a first overview of the programming metaphor used in ECM.

According to the general characteristics of what makes up a coordination
model and corresponding coordination language, these elements are classified in
the following way:

1. The Coordination Entities of ECM are the processes of the distributed ap-
plication;

2. There are two types of Coordination Media in ECM: events, ports, and
connections which enable coordination, and blops, the repository in which
coordination takes place;

3. The Coordination Laws are defined through the semantics of the Coordina-
tion Tools (the operations defined in the computation language which work
on the port abstraction) and the semantics of the interactions with the co-
ordination media by means of events.

An application written using the ECM methodology consists of a hierarchy
of blops in which several processes run. Processes communicate and coordinate
themselves via events and connections. Ports serve as the communication end-
points for connections which result in pairs of matched ports.

Blop. A blop is a mechanism to encapsulate a set of objects. Objects residing
in a blop are per default only visible within their “home” blop. In Figure 1, two
blops are shown. Blops have the same interface as processes, i.e. a name and
a possibly empty set of ports, and can be hierarchically structured. Blops are
an abstraction for an agglomeration of objects to be coordinated and serve as a
separate name space for port objects, processes, and subordinated blops as well
as an encapsulation mechanism for events.

3 Encapsulation Coordination Model.
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Fig. 1. The Coordination Model of ECM.

Processes. A process in ECM is a typed object, it has a name and a possibly
empty set of ports. Processes in the ECM model do not know any kind of process
identification, instead a black box process model is used. A process does not have
to care about to which process information will be transmitted or received from.
Process creation and termination is not part of the ECM model and is to be
specified in the instance of the model.

Ports. Ports are the interface of processes and blops to establish connections to
other processes/blops, i.e. communication in ECM is handled via a connection
and therefore over ports. Ports have names and a set of well defined features
describing the port’s characteristics. Names and features of a port are referred
to as the port’s signature. The combination of port features results in a port
type.

Port Features. Features of pairs of ports must comply with each other for
ports to match. Ports are characterized through the communication paradigm
they support, namely point-to-point stream communication (with classical
message-passing semantics), closed group (with broadcast semantics) and black-
board communication. The communication feature is mandatory and must be
supported by all ECM realizations, that is, each language binding of the ECM
model must provide means to specify a minimal set of port features.

Port Matching. The matching of ports is defined as a relation between port
signatures. Four general conditions must be fulfilled for two ports to get matched:
(1) both use the same communication paradigm; (2) both have the same name;
(3) both belong to the same level of abstraction, i.e., are visible within the same
hierarchy of blops; and (4) both belong to different objects (process or blop).

Conceptually the matching of process ports can be described as follows. When
a process is created in a blop, it creates with its port signature a “potential”



in the blop where it is currently embedded. If two compatible potentials exist
in the blop, and if conditions (1)-(4) are fulfilled, the connection between the
corresponding ports is established and the potentials disappear.

Connections. The matching of ports results in the following connections:

— Point-to-point Stream. 1:1, 1:n, n:1 and n:m communication patterns are
possible;

— Group. Messages are broadcast to all members of the group. A closed group
semantics is used, processes must be member of the group in order to dis-
tribute information in it;

— Blackboard. Messages are placed on a blackboard used by several processes;
they are persistent and can be retrieved more than once in a sequence defined
by the processes.

Events. Events can be attached to conditions on ports of blops or processes.
These conditions will determine when the event will be triggered in the blop.
Condition checking is implementation dependent (see STL++’s event definition
as an example of how to define event semantics on ports).

4.2 The Coordination Language STL++

We designed and implemented a first language binding of the ECM model,
called STL*. STL is a realization of the ECM model applied to multi-threaded
applications on a LAN of UNIX workstations. STL materializes the separation
of concern as it uses a separate language exclusively reserved for coordination
purposes and provides primitives which are used in a computation language to
interact with the entities. The implementation of STL is based on PT-PvM [43],
a library providing message passing and process management facilities at thread
and process level for a cluster of workstations. In particular blops are represented
by heavy-weight UNIX processes, and ECM processes are implemented as light-
weight processes (threads). More details about STL can be found in [42].

However, it turned out that the separation of code can not always be main-
tained. Although the black box process model of ECM is a good attempt to
separate coordination and computation code, dynamic properties proved to be
difficult to express in a separate language. This is for example reflected in STL
by the primitives which must be used in the computation language in order to
use dynamic coordination facilities of STL. Dynamic properties can not be sep-
arated totally from the actual program code. Furthermore, a duplication of code
for processes may introduce difficulties to manage code for a distributed appli-
cation. These observations lead us to the development of a new coordination
language, called STL++.

Starting from the experience acquired with STL, STL++ implements the
conceptual model of ECM by enriching a given object oriented language (C++)

4 Simple Thread Language.



with coordination primitives. It allows us to take advantage of some of the
well known object oriented programming concepts, namely inheritance, polymor-
phism, modularity, strong typing and templates. The single language approach
of STL++ separates conceptually the coordination from the computational part
of an application. This contrasts with STL which uses two languages, and hence
supports a separation at code level.

A STL++ application is a set of classes that inherit from the base classes
of the library (see Figure 2). The main class of an application must inherit from
World, which is the default blop containing all other entities.

{ vorld |
Met aBl op vorl d

Bl op |

L Agent |
H Por t

Bl ackboar dP

SynchsP |  SStreanP
AsynchSP_ |— KKStreanP

StreanP

Bl ackboar dC

[ STL++ }——{  Connecti on

SynchSC 1  SStreanC
AsynchSC —{  KKStreanC

Communi cat i on

Pri maryF MsgSynchr |

Secondar yF Lifetime |

StreanC

Fig. 2. Simplified class hierarchy in STL++

Blops. A blop must be declared as a class, which inherits from the base class
Blop. The user must call initBlop () in order to initialize the blop. The creation
of a blop results in the initialization of all enclosing blops, ports and agents (as
ECM processes are named in STL++). Blops can be parameterized like normal
objects in C++.

As manager of its enclosed entities, the blop creates agents as well as events,
and binds events to ports. In STL++, new blops can be dynamically created
during execution of a program. Blops are implemented as heavy-weight UNIX
processes (like in STL).

Agents. In STL++, ECM processes are named agents. They are objects, which
are instances of the base class Agent. They can be created directly by blops,
through events or by other agents. An agent object must be initialized by the
user with initAgent ().



For communication purposes, agents can dynamically create ports of prede-
fined types through instantiation of a port class.

Agent termination is implicit: the agent disappears along with its ports and
data, when the corresponding object terminates. Regarding the implementation,
an Agent object is embedded in a light-weight process (thread).

Ports and Connections. In accordance with the ECM model, every port is
endowed with one or several names and a set of features. STL++ distinguishes
Primary and Secondary Features for ports.

Primary Features, which define the main semantics of a port, and therefore
the basic port types, encompass:

1. Communication. This feature captures ECM communication paradigms;

2. Msg Synchronization. This feature gives to the connection the usual se-
mantics of message passing communication. Possible values are synchron
and asynchron;

3. Orientation. This feature defines the direction of the data flow over a con-
nection: there are three possible values, namely in (in-flowing), out (out-
flowing) and inout (bi-directional).

Secondary Features, which define characteristics for specific types of ports,
are:

1. Saturation. This feature, ranging from 1 to INF (infinity) by integer values,
defines the number of connections a port can have;

2. Lifetime. This feature, ranging from 1 to INF (infinity) by integer values,
indicates the number of data units that can pass through a port before it
decays;

3. Data Type. This feature defines the type of data authorized to pass through
a port. Possible types can be basic data types, tuples of basic data types or
undefined.

Filters on ports can be defined. They can range from boolean functions test-
ing specific properties on values flowing through ports, to transformation rou-
tines modifying values.

Matched ports result in connections which are first-class entities. In STL4+4,
four basic port types are defined, corresponding to the combinations of the pri-
mary features as displayed in Table 1. Note that, provided that ports match, it
yields four basic connection types.

Blackboard port type The resulting connection, as a result of the matching
of ports of this type, has a blackboard semantics. The number of participating
ports is unlimited. Messages are persistent objects which can be retrieved using
a symbolic name. An agent reading/writing a message does not have to be aware
of the agent that has written or that will read this message. Moreover, messages
are not ordered. To access the blackboard, the following Linda-like primitives
are provided: put() (non-blocking), get() (blocking) and read() (blocking).
Blackboard connections are persistent: if all the ports involved in a blackboard



Port Type|Communication|Msg Synchronization|Orientation
Blackboard |plackboard asynchronous inout
Group group asynchronous inout
S-Stream  |stream synchronous in or out
KK-Stream |stream asynchronous in or out

Table 1. Basic port types with their primary feature’s values.

connection disappear, the connection still persists in the blop space with all the
information it carries, so that new ports can later on reconnect to the blackboard
and recover the pending information.

Group port type. The resulting connection has a closed group semantics.
The number of participating ports is unlimited. Each member of the group can
broadcast asynchronously messages to every participant in the group. Messages
are stored at the receiver side. Thus, if a port in a group disappears, then the se-
quence of information that has not been read is lost. The primitives for accessing
the group are: get () (blocking) and put () (non-blocking).

S-Stream port type. The semantics of a connection resulting from the
matching of two S-Stream ports (S for synchronous) has the same semantics
as the S-Channel defined in [2], in particular this connection is uni-directional.
This connection always results from the matching of contradictory oriented ports,
namely a producer and a consumer (see Table 1). In contrast to other connec-
tions, this connection never contains data, due to its synchronous nature. So
the destruction of the producer or the consumer never causes loss of data. The
primitives for accessing the port are get () (blocking) and put () (blocking).

KK-Stream port type. The semantics of a connection resulting from the
matching of two KK-Stream ports (K for keep) is analogous to the asynchronous
KK-Channel defined in [2], with its specific semantics when a port disappears
from one end of the connection. As for S-Streams, this connection always results
from the matching of contradictory oriented ports. This connection is not dis-
connected from one side if it is disconnected from the other side, therefore it is
persistent. Another port can later on reconnect to the connection. If the connec-
tion is broken at its consuming port, the next new matching port will consume
all pending data. If the connection is broken at its producing port, the con-
suming port will be able to continue to consume all data in the connection. The
primitives for accessing the port are get () (blocking) and put () (non-blocking).

Communication between Agents. Communication between agents is real-
ized through connections which are the result of matched ports. In accordance
with the ECM model, the matching is realized as a relation between port sig-
natures. In STL++, ports to match, must belong to the same blop and must
comply at name and at feature levels: (1) Name level. A port may have several
names; in this case, each name belongs to a different connection. Two ports
match at name level if they share at least one name; (2) Feature level. Two de-



Feature Values Compatibility = true iff
Communication blackboard, stream, group(P1.F = P2.F

Msg. Synchronization|synchron, asynchron P1.F = P2.F

Orientation in, out, inout (P1.F = in and P2.F = out)

or (P1.F = P2.F = inout)

Saturation {1,2,...,INF} Always compatible

Data Type typeName or UNTYPED P1.F =P2.F

Lifetime {1,2,...,INF} Always compatible

Table 2. Compatibility for Features F for two Ports P1 and P2

grees of matching are considered: exact and plug-in matching. They are described
hereafter.

We define for each feature £ a member function compatible(Feature *f)
that verifies if another feature is compatible to this one.

For new secondary features, the user has to implement an appropriate mem-
ber function compatible (Feature *f) which returns true if f is compatible to
this feature. This mechanism allows to introduce new secondary features very
easily. Table 2 gives an overview of the already present compatibility functions
used by the STL++ runtime system.

If for two ports all secondary features are identical in order to match, we
call this exact matching; any other relationship between port features is called
plug-in matching.

By introducing several names for each port, STL++ allows a port to be con-
nected to different connections. Figure 3 shows three examples: a) an output port
is connected to two other input ports; b) a group port is connected to two group
connections; c¢) a blackboard port is connected to two blackboard connections.
Data written on such multiple connection ports are echoed on every connection.
For stream connections, 1:1, 1:n, n:1 and n:m communication patterns can be
built. Likewise, several blackboards can be connected to a single port. The same
can be done with group ports.

Events. An event is a member function of a blop which will be triggered by a
condition function attached to a port object.

Conditions on ports are verified either when data flow through the port or
when a blop/agent accesses it. Agents can also directly raise events defined in
their blop.

Events are instantiated with a specific lifetime which determines how many
times they can be triggered. After an event with lifetime 1 has been triggered,
a blop is not tuned anymore to handle subsequent events of the same type;
in order to handle such an event again, the event handling routine must be
re-installed which is usually done in the event handling routine of the event
currently processed.

The following predefined conditions trigger an event:



Fig. 3. Ports with multiple connections: a) stream b) group c¢) blackboard

— accessed(p). The port has been accessed;

— unbound (p). The port does not belong to any connection;

— saturated(p). The port is saturated;

— msg-handled(p, int n).n messages have been handled;

— terminated(p). The port has lasted longer than its lifetime.

5 Application

5.1 The Framework

In order to illustrate how STL++ can be used, we present a specific model
of MAS which adresses a range of applications in the framework of collective
robotics and their simulations.

The model is composed of an Environment and a list of Agents. The Environ-
ment encompasses a list of Cells and a set of Objects which will be manipulated
by the agents. Every Cell contains a list of Neighbour Cells, which implicitly sets
the topology, and the set of objects actually available on it at a given time.

The architecture of an agent is displayed on figure 4. An agent possesses
some sensors to perceive the world within which it moves, and some effectors to
act in this world, so that it conforms with the definition of agents presented in
section 3.1. Moreover, in the context of New Artificial Intelligence [9], it com-
plies with the prescriptions of physically embodied agents and simulated embodied
agents [71]. The implementation of the different modules presented on Figure 4,
namely Perception, State, Actions and Control Algorithm depends on the appli-
cation and is the user’s responsibility. In the Perception module, the designer
specifies the type of perception of the agent . The State module encompasses the
private information of the agent . The Actions module typically consists of the
basic actions the agent can take . The Control Algorithm module is particularly



important because it defines the type of autonomy of the agent: it is precisely in-
side this module that the designer decides whether to implement an operational
autonomy or a behavioral autonomy [71]. Operational autonomy is defined as
the capacity to operate without human intervention, without being remotely
controlled. Behavioral autonomy supposes that the basis of self-steering origi-
nates in the agent’s own capacity to form and adapt its principles of behavior:
an agent, to be behaviorally autonomous, does not only need the freedom to be-
have/operate without human intervention (operational autonomy), but further
the freedom to have formed (learned or decided) its principles of behavior on its
own (from its experience), at least partly.

e SO

Environment

Fig. 4. Architecture of an agent.

The specific application we consider tackles a quite common problem in col-
lective robotics which is still given a lot of consideration: agents are in charge of
regrouping objects distributed in their environment. The innovative aspect of our
approach rests indeed on a system integrating operationally autonomous agents:
every agent in the system has the freedom to act on a cell (the agent decides
by itself which action to take). Therefore, there is not in the system any type
of master responsible for supervising the agents, nor any type of cooperation
protocol, thus allowing the system to be more flexible and fault tolerant.

5.2 A Preliminary STL++-based Implementation

For this preliminary implementation, the Environment is made up of a torus grid
with a four connectivity (each cell has four neighbors). Agents comply rigorously
with the model previously introduced (Figure 4). They sense the environment
through their sensors and act upon their perception at once.

To put to good use distributed systems, the Environment is split into sub-
environments, each of which being handled by a blop, as indicated on Figure 5,
thus providing an independent functioning between sub-environments. Note that
blops have to be arranged in accordance with the topology of the environment
they implement.



Fig. 5. Splitting an environment made up of cells into four blops.

We introduce several variants of the KKStreamP port class: KKStreamP_i and
KKStreamP o ports are respectively input and output KKStreamP ports with
saturation set to N; KKStreamP_iN and KKStreamP_ oN are respectively input
and output KKStreamP ports with saturation set to N.

The implementation distinguishes two types of agents: (1) agents used for
purpose of implementation on a distributed platform (init, initSimRobot and
tazi) and (2) agents intrinsic to the MAS application (simRobot and subEnv).

Global Structure. The meta-blop world is composed of an init agent, re-
sponsible for the global initialization of the system, and a set of predefined blops
(called se), each one handling a sub-environment.

Init has two ports (of type KKStreamP_o) for every blop to be initialized
(Figure 6). The role of init is twofold: first, to create through its cre_SimRbs
port the initial agents simRobots within every blop; secondly, to set up through
its cre_SubEnv port the sub-environment (size, number of objects, etc.) of every
blop.

Blop se. Figure 6 shows the basic organization of STL++ agents within a
blop se and their coordination through ports. The following types of agents are
present: initSimRobot, taxi, subEnv and simRobot agents.

Each blop has ten static ports: four KKStreamP_o out-flowing direction ports
(north_o, south_o, west_o, east_o) and four KKStreamP_i in-flowing direction
ports (north_i, south_i, west_i, east_i), which are used for simRobot migration,
and two KKStreamP_i ports, namely i_SimRobot and i_SubFEnv used respectively
for the creation of the initial simRobots and for the initialization of the subEnv
agent.

For the time being, the topology between blops is set in a static manner, by
creating the ports with appropriate names. The four in-flowing direction ports
of a blop match with ports of its inner agent initSimRobot. The four out-flowing
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Fig. 6. init agent and blop se: solid and dotted lines are introduced just for a purpose
of visualization

direction ports of a blop match with ports of its inner agent taxi.

initSimRobot Agent, newSimRobotEvt Event. The initSimRobot agent is
responsible for the creation of simRobots. It has two static ports: newArrival and
init. The newArrival KKStreamP_iN port is connected to all in-flowing direction
ports of the blop within which it resides. As soon as a value comes to this port,
initSimRobot copies it onto its init KKStreamP_oN port. In the meantime, the
newSimRobotEvt event is triggered and it will create a new simRobot agent,
which through its creation port will read the value that was previously written
on the init port of the initSimRobot agent. Transmitted values are for instance
the state of the agent to create.

simRobot Agent. This agent (code in Figure 7) has two static ports (reg_ans
of type BlackboardP and creation of type KKStreamP_i) plus to_tazi a dynamic
KKStreamP o port. As already stated, this agent reads on its creation port some
values (its state). All reg_ans ports of the simRobot agents are connected to a
Blackboard, through which these agents will sense their environment (perception)
and act into it (action), by performing put/get operations (Linda-like out/in)
with appropriate messages. The type of action depends on the type of control
Algorithm implemented within the agent (see Figure 4). The to_tazi port is used
to communicate dynamically with the tazi agent in case of migration: the state of
the agent simRobot is indeed copied to the tazi agent. The decision of migrating
is always taken by the subEnv agent.

subEnv Agent. The subEnv agent handles the access to the sub-environment



class simRobot:Agent {
public:
simRobot () ;
~simRobot () {};
private:
BlackboardP *req_ans;
KKStreamP_i *creation;
KKStreamP_o *to_taxi;
}

simRobot: :simRobot () {
ByteTempl<32> state, answer;
ByteObject<32> *req;
initAgent();
req_ans = new BlackboardP ("SUBENV-SIMROBOT") ;
creation = new KKStreamP_i("SIMROBOT-INIT");

Msg stateTp(state); // Message

boolean noMigration = TRUE;

creation->get (0, stateTp); // Initialize

while (noMigration) { // Perception/Action

req = make_req();
Msg requestTp("request", req->id, #*req);

req_ans->put (0, requestTp); // Put request

Msg answerTp("answer", req->id, answer);

req_ans->get (0, answerTp); // Get answer
control (answer) ; // Control Algorithm

state = update_state(answer);
noMigration = migrate_p(answer);

}

to_taxi = new KKStreamP_o("MIG" + req->id); // For migration
to_taxi->put (0, stateTp); // Transfer state
exit (0); // To taxi

Fig. 7. Implementation of class simRobot.

and is in charge of keeping data consistency. It is also responsible for migrating
simRobot agents, which will cross the border of a sub-environment. It has a
static in_out port (of type BlackboardP) connected to the Blackboard and a
static KKStreamP_o port to_tazi connected to the tazi agent. Once initialized
through its init KKStreamP_i port, the subEnv agent builds the sub-environment.
By performing put/get operations with appropriate tuples, subEnv will process
the requests of the simRobot agents (e.g. number of objects on a given cell,
move to next cell) and reply to their requests (e.g. = objects on a given cell,
move registered). When the move of a simRobot agent will lead to cross the
border (cell located in another blop), subEnv will first inform this agent it has
to migrate and then inform the tazi agent a simRobot agent has to be migrated
(the direction the agent has to take will be transmitted).

The tari Agent. The tazi agent is responsible for migrating simRobot agents
across blops’ boundaries. It has four static direction ports (of type KKStreamP o),
which are connected to the four out-flowing direction ports of the blop within



which it stands. When taxi receives on its static KKStreamP_i port requ the
direction towards where the simRobot agent has to migrate, it will create a
dynamic KKStreamP_i port con_SimRbsin order to establish with the appropriate
simRobot agent a communication, by means of which it will collect all the useful
information of the agent (state). These values will then be written on the port
corresponding to the direction to take and will be transferred to the newArrival
port of the initSimRobot agent of the concerned blop inducing the dynamic
creation of a new simRobot agent in the blop, thus materializing the migration.

6 Discussion

6.1 STL4+ as a coordination language

As a coordination language for distributed programming, ECM along with
STL++ present some similarities with several coordination languages, and par-
ticularly with the IWIM model [2] and its instantiation MANIFOLD [3]. However
they differ in several important points:

— One might be inclined to identify blops with IWIM managers (manifolds).
This is not the case, because blops are not coordinators that create explicitly
interconnections between ports. The establishment of connections is implicit,
resulting from a matching mechanism, depending on the types and the states
of the ports. This is definitely a different point of view in which communi-
cation patterns are not imposed. Furthermore, the main characteristics of
blops is to encapsulate objects, thus forming a separate name-space for en-
closed entities and an encapsulation mechanism for events. Nested blops are
a powerful mechanism to structure private name-spaces, offering a hierarchi-
cal model which is more explicit than in TWIM.

— ECM generalizes connection types: either stream, blackboard or group. This
adds powerful means to express coordination with tuple-space models and
does not restrict to channels. Refined semantics can be defined in virtue of
port characteristics (features).

— In ECM, events are not signals broadcast in the environment, but routines
belonging to blops. They are attached to ports with conditions on their
state that determine when events are launched. Events can create new blops,
processes (agents) or ports, and attach events to ports. Their action area is
limited to a blop.

— Interconnections evolve through configuration changes of the set of ports
within a blop, induced by events and also by the processes (agents) them-
selves. In fact, the latter can create other processes (agents), and create and
destruct ports, thus yielding to communication topology changes.

— Instantiations of the ECM model implement a separate coordination lan-
guage for STL (as for Manifold) or integrate the model in an existing com-
putation language for STL++.

— Concerning the range of applications, STL++ is especially adapted for dis-
tributed artificial intelligence.



ECM and STL++ present similarities with several other coordination models
and languages like Linda [12], Darwin [46] or ConCoord [30]. We mention few
other specific characteristics of our model. Like several further developments of
the Linda model (for instance Objective Linda [38]), ECM uses a hierarchical
multiple coordination space model, in contrast to the single flat tuple space of
the original Linda. Processes (agents) get started through an event in a blop,
or automatically upon initialization of a blop, or through a creation operation
by another process (agent); Linda uses one single mechanism: eval (). Processes
(agents) do not execute in a medium which is used to transfer data. In order
to communicate, they do not have references to other processes (agents) or to
ports belonging to other entities; they communicate anonymously through their
ports.

6.2 Implementing coordination in MAS with STL++

Several DAI coordination techniques such as multi-agent planning and negoti-
ation are designed for strong agency applications, comprising the exchange of
high-level information such as plans, knowledge, beliefs or intentions. Thus they
do not treat basic coordination involving the communication topology between
agents, which constitutes the basis of more complex strategies. Organizational
structuring techniques try to give this basis by supplying an a priori organiza-
tion by long-term relationships between agents. This technique has shown good
results, especially with master/slave or client/server patterns, sometimes us-
ing blackboard architecture. STL-++ tries to resolve weaknesses encountered in
organizational structuring, especially by offering means for dynamical reconfigu-
ration, and by using semi-locality for the management of agents (in blops), thus
avoiding centralization. STL++ also offers a complete set of communication
primitives, ranging from peer-to-peer, group to blackboard communication.

STL++ can also be considered as an agent language for constructing agent
applications, stressing on the coordination part of a MAS. It is comparable
to several other agent languages. It must be stressed that STL++ is directly
embedded in an object-oriented language and not realized with high-level syn-
taxical constructs, as it is done for many other agent languages. STL++ is
close to APRIL [48] in the sense that it has similar goals, namely to be con-
ceived as a platform oriented to the implementation of enhanced multi-agent
systems. In STL++4 the management of messages is simple: they are tuples.
Filters on ports are used to achieve the functionality of pattern matching on
messages. Concurrent MetateM [21] shares also some features with STL++:
the latter enhances communication with blackboard and peer-to-peer (synchron
and asynchron) paradigms.

STL++ has some characteristics that make it especially aimed at imple-
menting MAS. Most important are the following:

— Blops constitute a mechanism which allows to construct a structured set
of different environments, each of which is a closed private coordination
space with communication interfaces to other environments. A set of complex
interconnected and hierarchically organized spaces is often desirable in MAS.



— Realizing agents as black boxes is a good way to implement autonomous
agents. An agent owns exclusive control over its internal state and behaviour;
it can define by itself its ports. It is seen from external views (its environ-
ment) as a delineated entity presenting clear interfaces. Being distinct from
the outside (the environment), an agent is embodied in its environment com-
posed by its surrounding blop and the agents living in it.

— Ports are a adequate way to implement sensing and acting capacities of
agents. In fact, agents should perceive and act through different means,
which is enabled in virtue of the possibility to define port types and sev-
eral instantiations of them. A port perceives specific data; this is enforced
with the data type feature of ports and the filter mechanism. Furthermore,
filtering provides some easy means to limit perception to a range of values,
or to retrieve only selected information.

— As agents and environments are aimed at evolving in time, dynamicity is
an important point in MAS. This leads the design of STL++ to allow
reorganizing blops and to create and destruct new ports, thus yielding to
new communication topologies (configuration); an agent is able to adapt its
sensing.

— With autonomy comes the notion of proper temporality. In its implemen-
tation, STL++ try to fullfil this requested point by embedding agents in
light-weight processes.

7 Conclusion

In résumé, we presented ECM a coordination model and an instantiation,
namely STL++, a platform to implement MAS by expressing the organiza-
tional structure and the communication between agents.

A first prototype of STL++ is being developed in C++ on top of PT-
PVM [43], a software platform providing rich message passing facilities for light-
weight processes (threads), which is itself built on top of PVM.

STL++ is still to be extended in order to encompass as many generic coordi-
nation patterns as possible, yielding in templates at disposal for general purpose
implementations. Future works will consist in: (1) carrying on the implemen-
tation of the STL++ library and (2) developing a graphical user interface to
facilitate the specification of the coordination part of a distributed application.

The mapping of ECM blops onto heavy-weight UNIX processes and ECM
processes (agents) onto threads is not the only possible realization of the ECM
model of coordination. We are currently working on an instantiation of the ECM
model to coordinate applications on the World Wide Web [58] [44], where ECM
blops are used to represent a LAN of a WAN application and ECM processes
the physical machines of a LAN.
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