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Abstract. The application of multi-agent systems to real-time environments is an interesting line of work that can provide new
solutions to very complex and restrictive systems such as real-time systems. A suitable method for real-time multi-agent system
development must take into account the intrinsic characteristics of systems of this type. This work presents an approach for
the development of real-time multi-agent systems. The proposed method is calledRT-MESSAGEand is based on the MESSAGE

methodology.

1. Introduction

One of the major problems in the field of multi-agent
systems is the need for methods and tools that facilitate
the development of systems of this kind. If the agents
are considered to have the potential to be used as a soft-
ware engineering paradigm, then it is necessary to de-
velop software engineering techniques that are specif-
ically applicable to this paradigm. Also, the accep-
tance of multi-agent system development methods in
industry and/or enterprise depends on the existence of
the necessary tools to support the analysis, design and
implementation of agent-based software.

Over the last few years, the application of software
engineering techniques to agents, known as Agent-
Oriented Software Engineering (AOSE) [16], has pro-
duced several related research studies. These works
have mainly centered on trying to search for develop-
ment methods which are able to model real complex
systems with clearly distributed characteristics.

These works are principally based on a view of the
system as a computational organization which con-
sists of different interacting entities. Some of the rel-
evant existing approaches are: the work of Kinny on
the BDI model [22], the GAIA methodology [30], the
works of Kendall [21] and Bursmeister [6], the AUML
approach [24], the specification of DESIRE [5], the
methodologies MAS-COMMONKADS [15] and MAS-
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SIVE [23], and more recently the works of TROPOS[26],
MaSE [29], MESSAGE [10] and INGENIAS [14]. The
majority of these approaches entail different phases,
models and/or artifacts in order to completely or par-
tially cover the multi-agent system development pro-
cess. However, due to their recentness, it is not
clear now how these methods will be able to obtain
widespread recognition in industrial environments.

In addition, techniques from the area of Real-Time
Systems (RTS) and more specifically from Real-Time
Artificial Intelligence Systems (RTAIS) have emerged
as useful tools for solving complex problems which re-
quire intelligence and real-time response times. In new
real-time systems, flexible, adaptive and intelligent be-
haviors are some of the most important ones. Thus,
the multi-agent system paradigm seems especially ap-
propriate for developing systems in real-time environ-
ments. Therefore, it is necessary to adapt the develop-
ment and later implementation of a multi-agent system
to environments of this type. In this paper,RT-MESSAGE

[17] is presented as a development method for real-time
multi-agent systems. This method is fundamentally
based on MESSAGEmethodology.

The rest of the paper is structured as follows: a
definition of the real-time multi-agent system concept
is presented in Section 2. The main aspects of the
RT-MESSAGEmethod are shown in Section 3. Finally,
some conclusions are explained in Section 4.
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2. Real-time multi-agent systems

This work has focused on time-critical environments
in which the system can be controlled by autonomous
agents that require communication to better achieve the
system goal. In such environments, agents need to act
autonomously while still working towards a common
goal. These agents require real-time responses and
must eliminate the possibility of massive communica-
tion among agents.

In accordance with these concepts, it is possible to
define areal-time agent(RTA) as:

A real-time agent is an agent with temporal restric-
tions in some of its responsibilities or tasks.

If the unfulfillment of its temporal restricted respon-
sibilities causes catastrophic consequences, the agent
is catalogued as ahard real-time agent. On the other
hand, if the unfulfillment of its temporal restricted re-
sponsibilities only causes a degradation in the response,
then the agent is catalogued as asoft real-time agent.

The following definition of areal-time multi-agent
system(RTMAS) is based on this definition of real-time
agent:

A real-time multi-agent system is a multi-agent sys-
tem where at least one of its agents is a real-time
agent.

The high-level communication processes through
agent communication languages is the main advan-
tage of the RTMAS with respect to classical real-time
systems. These languages allow for the exchange of
knowledge between entities of the system. It is impor-
tant to differentiate between RTMAS and distributed
real-time systems. In RTMAS, the communication pro-
cesses between agents are heavy and high-level. In
contrast, dedicated buses are usually employed in dis-
tributed real-time systems. These buses allow us to
have the communication temporally bounded, but this
communication is basically limited to a mere value in-
terchange.

As mentioned in the introduction, there currently ex-
ist different research works that attempt to present an
approach for multi-agent system development. Nev-
ertheless, these approaches do not take into account
the applicability of these systems to real-time environ-
ments. This promotes the need for a specific devel-
opment method which is oriented to systems of this
kind.

The development of a real-time multi-agent system
implies using a system architecture which is adapted
to incorporate all the related temporal features. InRT-

MESSAGE, a specific multi-agent system architecture,
is used in the development method. This architecture is
known as SIMBA (SIstemaMultiagenteBasado en AR-
TIS – ARTIS-based Multi-agent System –) [19]. SIMBA

is an architecture that allows multi-agent systems to
work properly in distributed real-time domains. The
SIMBA architecture constitutes an extension of the ap-
plicability of the ARTIS agent architecture approach for
real-time environments [3], since it allows for the de-
velopment of different related agents for hard real-time
environments. Basically, a SIMBA system is formed by
a set of ARTISagents which may have hard temporal re-
strictions. This set of agents controls the subsystem of
the real-time environment with hard critical constrains.
Additionally, the system may integrate different types
of agents, which cover other non-critical activities in
the system. SIMBA is made up of a multi-agent plat-
form for real-time agents with real-time responsibil-
ities and time-bounded services [28]. This platform
is prepared to incorporate heterogeneous agents using
standard agent-interaction processes.

3. RT-MESSAGE

The development method presented in this article is
based on existing approaches within the multi-agent
system and real-time system areas. Specifically,RT-
MESSAGEis based on the methodology for multi-agent
system development known as MESSAGE [9,10]. With
regard to real-time system development, it is based on
the RT-UML method [8].

MESSAGEis an agent-oriented methodology which
incorporates software engineering techniques and
which covers the analysis and design phases of multi-
agent system development. The methodology provides
a language, a method and a few guidelines on how to
apply the methodology. It is centered on the analy-
sis and design phases, but includes some ideas about
other activities such as implementation, tests and de-
ployment.

The selection of MESSAGE(Methodology for Engi-
neering Systems of Software Agents) is based on an
analysis of the features of several methods like MAS-
COMMONKADS, GAIA , MASE, or TROPOSpreviously
cited. A brief summary of this analysis is shown in
Table 1. MESSAGEincorporates specific features that
allow us to consider this methodology as the most ap-
propriate option. These features are the following:
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Table 1
General comparison

Kinny GAIA Burmeister MAS-C.KADS

Activities AD AD AD AD
UML OMT – – OO notation in some steps
Type of System Closed, non-dynamic Closed, non-dynamic Closed, non-dynamic Closed, non-dynamic
Orientation OO Extensions – OO Extensions Knowledge Engineering
Mobility NO NO NO NO
Real-Time NO NO NO NO
Toolkit – – NO YES

AgentEditor
Restrictions Only BDI agents High level Design Mx.

100 types of agents
Not Detailed Complexity of CommonKADS

Guide other act. NO NO NO Only sketched
Features of Interactions Not specified Independent interaction

model
KQML KQML

Agent Architecture BDI Independent Independent Independent
Own architecture

MASSIVE TROPOS MaSE MESSAGE

Activities ADI ADI AD(I) AD
UML YES YES YES (UML+OCL) YES
Type of System Closed, non-dynamic Closed, non-dynamic Closed, non-dynamic Non-dynamic
Orientation Iterative View

Engineering
Goal Basedi∗ Model Goal Based Software Eng. + Agent Theory

Mobility NO NO NO (in the future) NO
Real-Time NO NO NO NO
Toolkit NO In the future YES AgentTool only a Toolkit Guide
Restrictions – is not completed Max. 10 classes of agents –
Guide other act. – Initial requirements,

implementation
Implementation in the future YES

Features of Interactions KQML AUML design Independent, not broadcast AUML design
Agent Architecture Independent Basically independent.

JACK (BDI)
Independent Independent or JADE-oriented

(according to design)

– MESSAGEis one of the approaches that covers the
greatest number of aspects regarding the analysis
activity. For example, the domain model in MES-
SAGE allows us to specify the environment where
the agent is located. This point is very important
in real-time systems.

– The employment of UML throughout the entire
development process makes the approach easier to
understand and manage, primarily due to the po-
pularity and widespread use of UML. This makes
the methodology much easier for developers to
assimilate and use.

– The existence of specific methods for real-time
systems based on UML such as RT-UML can fa-
cilitate a possible integration of approaches.

– MESSAGEoffers some real application examples
that facilitate the comprehension of the different
steps. This is very interesting because the majority
of approaches have not developed real application
examples.

(A more detailed analysis can be seen in [17]).

However, MESSAGEdoes not directly allow for the
development of real-time multi-agent systems for the
following reasons:

– This methodology is a general approach and does
not take into account the specific needs of real-time
systems.

– Its low-level design phase should be adapted to the
specific case of real-time agents and their pecu-
liarities.

– An extension of the different models is necessary
in order to incorporate all the needed temporal
aspects.

– It is necessary to incorporate different goal types
in accordance with the criticalness of a goal.

The inability of MESSAGEto specify real-time sys-
tems makes it necessary to adjust and extend it. There-
fore,RT-MESSAGEis an extension of MESSAGEthat cov-
ers analysis, design and implementation of real-time
multi-agent systems. These activities are described in
points 3.1, 3.2 and 3.3. Other activities like verifica-
tion or validation have not been considered for the time
being.
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In order to illustrate the different steps of the method-
ology, we are going to show how it is applied in de-
veloping a real example. The selected example is the
management system of a port container terminal. A
port container terminal does a temporal storage of con-
tainers for maritime transport. The stored containers
follow a basic transport cycle. A basic cycle is the
arrival of a container by land to be loaded later onto
a ship, or the arrival of a container from a ship to be
loaded later onto a truck. Nevertheless, there can be
exceptions to these cycles.

The operations carried out in this kind of terminal
are included in the most complex tasks of the transport
industry. This is due to: the great diversity of entities
acting in the container import and export processes,
interaction with a dynamic environment and the dis-
tributed nature of the problem which is formed by a set
of independentsystems, but whose individual decisions
directly affect the performance of the others.

Because of these factors, it is very difficult to analyse
and to develop a single computer system with all the
necessary functionalities. This is the reason for dealing
with each task independently without losing sight of
the close relationship among the tasks. The multi-agent
system model seems to be an adequate framework for
dealing with the design and development of a system
which is flexible, adaptable to the environment, versa-
tile and robust enough for the efficient management of
a container terminal.

Moreover, the system has real-time restrictions such
as the following: load/unload a ship is temporally re-
stricted; a truck in the terminal has a deadline for pick-
ing up or delivering a container; the machinery man-
agement in the terminal has real-time restrictions in its
processes (for example, transtainers, special cranes for
container allocation movements in the storage area).

3.1. Analysis

The analysis process identifies all the characteris-
tics of the system that are essential. This allows for
a better understanding of the system and it facilitates
the design of the problem solution. In a multi-agent
system analysis process, the abstractions are different
from object-oriented approaches. Fundamentally, the
development process revolves around the concept of
agent. Other concepts such asgoals, tasks, rolesor in-
teractionsare also important and appear in the majority
of approaches. In our approach, it is necessary to incor-
porate the basic concepts that allow us to manage the

time and the temporal restrictions as crucial elements
in the system specification.

The set of models proposed in MESSAGE that are
extended inRT-MESSAGEare the following:

– Organization Model(OM): this model is focused
principally on the structure and the behavior of the
organizationand of the potential suborganizations,
as well as on the relations among the entities that
they contain.

– Goal/Task Model(GM): this model is focused on
the identification of the goals and tasks of the sys-
tem as well as on their existing relations.

– Agent Model(AM): in this model, every agent or
role of the system is individually specified, indi-
cating its main characteristics.

– Interaction Model(IM): this model is in charge
of modelling the interactions between agents or
roles of the system. The specification can define
complex interaction protocols.

– Domain model(DM): this model specifies the con-
cepts and their relationships in the problem domain
to be solved.

RT-MESSAGEuses the same set of MESSAGEmodels.
Therefore, some real-time extensions are made from
the models specified in MESSAGE. These extensions
will allow us to use this methodology to analyze multi-
agent systems for real-time environments. The differ-
ent models ofRT-MESSAGEare presented below. For
reasons of brevity, only the main issues of each model
are mentioned. A more detailed description can be
found in [17].

3.1.1. Organization model
The organization model allows us to express system

and environment entities as well as their interrelation-
ships. From the point of view of real-time systems,
it would be desirable to detect the entities that have
temporal restrictions in the first stages of the process.
In the model specification, it is necessary to define the
structural aspects of the organization and to define the
behavior of its entities. This definition is mainly ex-
pressed by an organization diagram where all the enti-
ties and their relations are represented.

The principal contributions ofRT-MESSAGEon the
organization model are the reinforcement of the arti-
facts for the system behavior specification [17]. The
possibility of using diagrams with temporal marks in
the behavior specification (diagrams of sequence, state
and activity) has been included. This inclusion allows
us to model the time as a crucial element in the orga-
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Table 2
External event list inRT-MESSAGE

Event Description Direction Arrival pattern Minimal time

Name of the event Brief description of the event Entity of the system which
must manage the event

Periodic/sporadic event Minimal time between two
different occurrences of
the event

Terminal

Marine Gate

Transtainer

Land Gate

Service Ag.

Bay

Bay Ag. Ship Ag.

1
*

1

*

1

*

1

* Ship DB

Container
DB

Machinery
DB

Fig. 1. Organization Model for the Port Container Terminal example.

nization. Also, the model includes the definition of an
external event list with potential temporal restrictions.
This list allows us to identify and control all the event
occurrences which may produce a system reaction with
a periodic or an aperiodic behavior. The different fea-
tures to be included in the event specification list are
shown in Table 2. Finally, the purpose description
schema of an organization has also been modified to al-
low for the definition of the main temporal restrictions
that are associated to it.

With respect to the example, the set of operations to
be conducted in the terminal is very extensive, but we
can identify a set of basic subsystems:

– Marine Side Interface.This system focuses on
loading/unloading containers to/from ships. Nor-
mally two or three gantry cranes are used to move
containers on each ship.

– Transfer System.It transfers containers from/to
the apron to/from the container storage yard. The

method used in the terminal is to employ yard
trucks to make the transports. Transtainers are
used to pick up or to put down a container on the
storage area of the yard.

– Container StorageSystem.Its purpose is to allo-
cate and to control the containers in the yard.

– Land Side Interface.It focuses on handling the
interactions with the land transportation modes.

By analyzing these subsystems, it is possible to sum-
marize the organization in the diagram expressed in
Fig. 1. Basically, the agents identified are the follow-
ing (represented by circles): Service agents, which are
in charge of the container storage problem, Transtainer
agents, which are in charge of the physical allocation
of containers, Land Gate agents, which control the land
side interface, Marine Gate agents, which schedule the
transfer system, and, finally, the Bay agent and the
Ship agents, which control the arrival of ships and the
loading/unloading of containers to/from these ships.
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G1_3
Storage

Optimization

Terminal
Configuration

Container
reallocation

Container
allocation

Storage
area

distribution

Zone
assignment

To do
movement

Position
selection

Transtainer
request

To do
movement

Position
location

Transtainer
request

State
monitoriz.

Fig. 2. An implication diagram between goals and tasks in the Port Container Terminal example.

3.1.2. Goal/Task model
This model attempts to answer the questions ofwhy,

who and howthroughout the analysis process:Why
refers to the goals that are defined for the system;who
refers to the agents that are responsible for the goal
fulfillment; howrefers to the set of tasks that are defined
to achieve the goals. The model is basically formed by
a set of implication diagrams to specify the relationship
between goals and tasks, a set of goal/task schemas and
a set of diagrams for the specification of the behavior of
each task. Figure 2 shows an example of an implication
diagram. In this case, the goalStorageOptimization
is described as a combination of tasks/subtasks. This
goal implies that the system will try to obtain the best
possible position for each container in the storage area
of the terminal.

The main extensions made on the MESSAGEgoal/task
model basically consist of the incorporation of a goal
taxonomy which attends to temporal criteria. Thus, it
is possible to distinguish betweenhard goals(with crit-
ical temporal restrictions),soft goals(with non-critical
temporal restrictions) andnormal goals(without tem-
poral restrictions). This also promotes the existence of
different types of tasks in the model according to their
temporal restrictions. For the specification of these
new types, it is necessary to extend the goal and task
schemas in such a way as to incorporate real-time char-
acteristics. For example, in a goal schema, it is pos-
sible to express aspects likedeadlineor criticalness.
Also, diverse diagrams that incorporate different tem-
poral marks have been included in order to support
temporal behavior specification. For example, a task

behavior specification with temporal marks for the task
“ to do movement” (included in tasks of the goalStorage
Optimizationpreviously presented) is shown in Fig. 3.
This task, which is done by the transtainer agent, con-
sists basically of the operation related to the physical
movement of a container in the storage area and is re-
stricted by different temporal parameters. Temporal
events, specification of the activities in the states and
notes with temporal restrictions are shown in this fig-
ure. Finally, the possibility of specifying common me-
thods in the area of Real-Time Artificial Intelligence,
such as anytime algorithms [7], multiple methods [13]
and anytime progressive algorithms [4] has been in-
cluded. These specifications can be done by means of
their corresponding state diagrams. For example, the
possible specification of an anytime progressive algo-
rithm is expressed in Fig. 4. This kind of task is formed
by an ordered set of methods. One method is exe-
cuted only if there exists available time for its complete
execution. All the methods solve the same problem,
and each method refines the solution provided by the
previously executed method.

3.1.3. Agent model
The agent model consists of a set of individual spec-

ifications of the identified agents and/or roles. Every
element of the agent model assembles the specific in-
formation of an agent or role including its relations
with other entities. In MESSAGEthe main difference
between an agent and a role is that an agent specifi-
cation describes inherent characteristics to the agent,
whereas a role describes characteristics that the agent
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ev_order_arrival

tm (max_time)

Moving Container

do / movecontainer

Calculating
Removals

done

Order Prioritizing

do /Priorize_order

Moving to position

do / movet2position

Executing Order

Finishing order

do / Finish_order

WCET = 10 mn
Period =
Deadline = 15 mn
Priority = 2

WCET = 1 mn
Priority = 2

WCET = 30 sc
Priority = 2

WCET = 5 mn
Priority = 2

done

Executing Removal

Performing
Removals

done

Fig. 3. Example of behavior specification with temporal restrictions.

takes in some situations [9]. From the point of view
of real-time systems, at the moment of specifying the
properties of an agent or a role, it is possible to identify
possible real-time characteristics in accordance with
the agent’s/role’s goals and tasks.

The principal contributions to the MESSAGEagent
model consist of the extension of agent identification
criteria, attending to functional and structural consid-
erations [17]. In some cases, agents can be identified
from the physical structure of the problem. In real-
time systems, physical restrictions that force the system
division into distributed entities are common.

Also, it should be possible to define real-time agents
and roles with critical or non-critical temporal restric-
tions. The corresponding schemas proposed in this
model for agent/role definition have been extended.
These extensions allows us to express the temporal re-
stricted responsibilities of agents or roles, taking into
account the different types of goals and related tasks
defined in the previous model.

3.1.4. Domain model
The domain model allows us to define the specific

concepts of the environment in which the agents are
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Handle Progressive Anytime

tm(period) / input = initial_state

Handle method 1

do / method_1

Handle method 2

do / method_2

Handle method 3

do / method_3

done done

done

C C

[enough_time]

[NOT enough_time]
[NOT enough_time]

[enough_time]

Fig. 4. Specification of a progressive anytime algorithm.

placed. From the point of view of real-time systems, it
is important to determine the variables of the environ-
ment that the agents must control. This is because the
control of these variables will determine the actions to
be carried out. Since time is an intrinsic feature of the
environment, the treatment of time should be natural in
the model. Therefore, it is necessary to consider the
specification of temporal information in systems of this
kind.

In our approach, the domain model represents fac-
tual knowledge of the environment through the use of
classical UML class diagrams. Moreover, some envi-
ronment variables may have temporal information as-
sociated to them, allowing for the representation of the
temporal evolution of these variables as explained in [1,
2]. Finally, the model allows the domain to be divided
into subdomains. The objective is to facilitate the spec-
ification of complex environments, since environments
of this kind are typical in real-time systems.

A part of the domain diagram of the port container
problem is shown in Fig. 5. The figure only shows a
subset of concepts related with the marine side of the
terminal. The diagram is like a class diagram without
methods.

3.1.5. Interaction model
This model captures the way in which the agents (or

roles) interchange information with other entities (and
also with the environment). In the case of real-time
systems, the possibility of incorporating temporal re-
strictions in the specification of some interactions is
mandatory. To do this, it is necessary to specify inter-
action protocols with a specific deadline and expected
quality.

The main contributions on the MESSAGEinteraction
model consist of extending the spectrum of possible in-
teractions to be developed [17].RT-MESSAGEincorpo-
rates the specification of interactions that have time as
an essential factor. To do this, the interaction schemas
and diagrams have been extended. Temporal informa-
tion has been incorporated to the interaction schema
offering the possibility of specifying concepts such as
the utility of the interaction or the expected duration
from the point of view of the initiator. The interaction
protocols are specified using AUML interaction dia-
grams [25] that are extended with temporal marks as
can be seen in the example shown in Fig. 6, where the
protocols are temporally restricted. The figure shows
two interactions in the terminal. In the first case, the
Land Gate agent employs a FIPA-query protocol to ask
for the possible allocation of an arrival container. There
exists a maximum time in which the interaction must be
finished. In the second case, the service agent employs
a FIPA-request protocol to send an allocation order to
the transtainer agent. The agreement or rejection of the
order is temporally restricted.

3.1.6. RT-MESSAGE analysis summary
In summary, the phases during the development of

the analysis activity inRT-MESSAGE are the follow-
ing(see Fig. 7):

1. The organization model is built viewing the sys-
tem as a single entity. The model shows its in-
teractions within the environment, identifying the
events which it must react to. It is also necessary
to estimate approximate response times for all the
identified events.
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-height
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Container

Fig. 5. Part of the Domain Model for the Port Container Terminal example.

2. Next, it is necessary to develop the goal/task
model, finding a correspondence among subgoals
and purposes identified in theorganization model.
The goal identification must take into account the
previously identified events that have temporal
restrictions to be managed by the system. The
goals must be classified according to the proposed
types. The task behavior specification must also
be started using diagrams which incorporate tem-
poral marks.

3. It is then necessary to develop the agent model,
generating the corresponding schemas, paying
special attention to the temporal aspects of those
agents with real-time responsibilities.

4. Next, the interaction model can be started. This
model allows for the specification of the possible
cooperation processes among the agents or roles
identified in the previous models. In this case, it
is necessary to specify a schema for every identi-
fied interaction, indicating the possible temporal
restrictions associated to it.

5. The domain model is then constructed parallel to
the whole process. It seems possible to start this
model at the beginning of the process, but first it
is important to determine the environment events

that must be controlled by the system, specify-
ing their possible temporal characteristics, and to
have a first idea of the needed entities in the sys-
tem. This model can be started once the organi-
zation model has been outlined.

3.2. Design

Design essentially consists of defining a solution for
the system model which was previously specified in
the analysis activity. This solution is assumed to be
the most appropriate for this analysis. In the design
process proposed inRT-MESSAGE, the following activi-
ties must be performed: denote the number and type of
agents in the system, define the internal structure of ev-
ery agent, design the communication protocols among
agents, distribute the system entities between physical
nodes and, finally, study the schedulability of the dif-
ferent agents of the system from the point of view of
real-time systems.

The design is developed from the artifacts obtained
in the different models of the analysis activity.RT-
MESSAGE focuses its work on the design of the set
of agents identified as real-time agents. Therefore,
the design steps are exclusively focused on the design
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LandGate Agent Service Agent

query(location?)

not-understood

refuse(blocked)

failure(location_manual)

inform(movement.location)

Service Ag. Transtainer Ag.
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refuse(reason)

agree

failure

inform(done)

ev_truck_arrival

10sc.

a

b

{b-a<=2sc.}

5sc.
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Fig. 6. Example of interaction protocol diagram with temporal restrictions.
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Interaction
Model

Agent
Model

Goal/Task
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Fig. 7. Summary diagram of the analysis activity.

Interaction
design

Deployment
definition

Agent
Identification

Ontology
refinement

Fig. 8. Steps in the architectural design.

of this type of agent, being able to apply MESSAGE

purposes to the rest of agents. InRT-MESSAGE, the
real-time agents are designed using the ARTIS agent
architecture.

The RT-MESSAGEdesign process can be divided in
two parts: an architectural design and a low-level de-
sign, which are explained in points 3.2.1 and 3.2.2,
respectively.

3.2.1. Architectural design
The architectural design consists of the design of

those aspects that affect the system as a whole. The
main objective at this point is to design the system from
a high-level point of view, identifying the number and
type of the agents in the system and detailing the inter-
agent relations and the required interaction protocols.

The process contains the following phases (see
Fig. 8):

– To define the structure of the specific agents in the
system and their probable relations. In the begin-
ning, each agent that has been identified and la-
belled as a real-time agent in the analysis process
will be treated as an ARTIS agent. By doing this,
the set of ARTIS agents in the system is defined, as
well as the organizational relations among them.
As mentioned above each identified ARTIS agent
will be designed according to the ARTIS agent ar-
chitecture in the low-level design. With respect to
the port container example, the set of ARTISagents
is defined through the previously identified agents
in the analysis models.

– To refine the system ontology, highlighting the tem-
poral aspects of the different elements. To do this,
some examples of the different identified events to
be managed by the system should be considered.
The environment specification is then refined and
new variables, which are managed by the system,
may be added. This specification takes the form
of a temporal frame hierarchy and it will be the
basic entry to the belief structure design of each
specific agent. The specification made in the do-
main model is easily transformed into a frame hi-
erarchy according to the necessities of an ARTIS

agent design.
– To design the interactions, constructing the pro-

tocols and specifying the necessary messages and
their contents. This consists of detailing the steps
of the identified protocols and specifying the nec-
essary inter-change messages as well as their con-
tent using variables which have previously been
identified. Depending on the detail achieved in the
interaction model, this work can cost more or less.
At the end of the process, the system interactions
must be completely specified.

– To define the deployment of the proposed system,
selecting where to place the different entities. This
consists of describing the distribution strategies
of the agents in specific computational devices.
Actually, the characteristics of the SIMBA plat-
form [19] are defined at this point. One important
aspect is the selection of the different locations for
the system resources as well as the possible aux-
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Fig. 9. Steps in the low-level design.

iliary agents. A deployment diagram is generated
as a result of this process.

3.2.2. Low-level design
The low-level design is in charge of developing the

internal components of the agents. In this respect, the
ARTISagent architecture is taken as the reference for the
internal development of real-time agents. Therefore,
the question at this level is how to construct or model
ARTIS agents from the available artifacts.

The process consists of developing the following ac-
tivities (see Fig. 9):

– To derive the components of eachARTIS agent. In
this phase, the interiors of each ARTIS agent are
established through the specification of their inner
components. Without going into detail, an AR-
TIS agent can be considered as an aggregation of
a control element, a belief structure and a set of
behaviors (represented by a hierarchy of resolu-
tion knowledge entities) which constitute the func-
tional component of the agent. A basic diagram
of these components is shown in Fig. 10. A more
detailed specification of the ARTIS agent architec-
ture is explained in [3]. With respect to the con-
trol module, it is basically an extension of a real-
time operating system. Therefore, it is an inherent
component of the ARTIS agent architecture.

– To design the belief structure of everyARTISagent.
The belief design of a specific agent depends on its
specific responsibilities within the organization as
well as its own tasks. The system ontology refine-
ment is taken as an input in this design process.
Each belief structure is based on the blackboard
model. It is a time-stamped database that is based
on the frame paradigm.

– To design the behavior of eachARTIS agent. The
behaviors correspond to the functional component
of the ARTIS agent and integrate the whole set of
possible actions of the agent in a specific situation.
In order to describe each identified behavior in an
agent, it is necessary to define the diverse entities

that make up the behavior (a detailed description
about these entities can be found in [27]). This
identification starts from the related task specifi-
cation of the analysis activity. There exists an en-
tity language in order to specify the behaviors em-
ploying specific ARTIScomputational entities. For
example, the translation of the behavior of the task
to do movementinto ARTIS entities is shown in
Fig. 11 (this task was previously shown in Fig. 3).

– To study the schedulability of everyARTIS agent.
The possible temporal restrictions of every ARTIS

agent are identified and expressed throughout the
entire development process. At this point, these
temporal restrictions are collected in order to study
the schedulability of each ARTIS agent. With this
temporal information, it is possible to realize an
off-line schedulability analysis for every devel-
oped ARTIS agent [12]. This analysis determines
the viability of the proposed design. If the ARTIS

agent is not schedulable, it is necessary to redefine
its design or even to modify the analysis in future
refinements.

3.3. Implementation

The system implementation is started once the multi-
agent system is designed. To implement the system, it
is necessary to implement every agent of the system on
a software platform that supports the social components
of this special kind of agent.

The multi-agent platform used in SIMBA offers us
special services to be used in the system implemen-
tation [19]. The platform is the social framework for
placing the different ARTIS agents that constitute the
SIMBA multi-agent system to be developed. The ser-
vices of the SIMBA platform are the following:

– It offers a communication environment which al-
lows for the sending and receiving of messages
among agents. It provides a library of predefined
functions that facilitates the developer’s work.

– It is FIPA-Compliant [11].
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Fig. 11. Translation to ARTIS entities of the taskto do movement.

– SIMBA is a distributed agent platform and can be
executed in several hosts.

– Light-weight transport of ACL messages is used
inside the agent platform. When a sender or re-
ceiver does not belong to the platform, messages
are automatically converted to FIPA string format.

The use of the platform allows the developer to focus
on the implementation of the logical aspects; that is, to
implement the components of every ARTIS agent iden-
tified. Therefore, we will focus on how to implement
an ARTIS agent in a SIMBA system.

To do this, there exists a development tool called
InSiDE (Integrated Simulation and Development Envi-
ronment) [20] which can be employed during the im-
plementation process of every ARTIS agent. This tool
is a visual toolkit which was developed to permit an
agent-oriented implementation of ARTIS agents. By
means of this toolkit, a user can build a prototype of
an ARTIS agent, which is directly translated to an em-
bedded system for a specific hardware [27]. InSiDE
provides sophisticated graphical tools for development.
This option allows the developer to detect failures in the
specification. InSiDE also incorporates a debugging
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Fig. 12. Transformation process performed by InSiDE.

environment and can simulate the real-time responsi-
bilities of an ARTIS agent in order to check its function-
ing. From the point of view of the agent specification,
InSiDE performs the schedulability analysis.

Currently, in the development of a real-time system,
the process must conclude obtaining a set of real-time
low-level tasks. In the case of an ARTIS agent, this
is not an exception and, therefore, a transformation of
the components designed for every agent in a set of
low-level tasks is necessary. The transformation of the
components obtained after the design process is per-
formed by means of the above mentioned tool. InSiDE
transforms the specification of an ARTIS agent into a
set of files that implements the real-time tasks. The
automatic transformation process mentioned above is
shown in Fig. 12. More information about this process
can be found in [18]. Moreover, ARTIS provides the
needed mechanisms for the management of the possible
shared resources.

After the process developed by InSiDE, the devel-
oper obtains a prototype of every ARTIS agent which
is directly executable over an extension of the RT-
Linux operative system. Therefore, a prototype of the
desired real-time multi-agent system is obtained once
each agent is implemented using the development tool.

4. Conclusions

This paper presents theRT-MESSAGEdevelopment
method for real-time multi-agent systems This method
attempts to integrate the development methods from

two different research areas, Multi-agent Systems and
Real-Time Systems. The method covers the activities
of analysis, design and implementation. For reasons of
brevity, only the main aspects of the method have been
outlined.

A real-world application for port container terminal
management has been developed usingRT-MESSAGEin
the analysis and design phases (a few examples of the
specification have been shown throughout the paper).
The application has been implemented in theTerminal
de Contenedores Maritima Valencianain the port of
Valencia (Puerto Principe Felipe).

One of the main problems detected using this ap-
proach is the gap between the design specification and
the implementation code. Future lines of research in-
clude improvement in the process of automatic code
generation through the development tool. The code
generated in InSiDE can be currently considered to be
a basic skeleton of the system. New forms of code gen-
eration need to be studied in order to obtain a more re-
fined code and thereby facilitate the developer’s work.
InSiDE should also include new integrated tools, such
as debugging techniques, for developing and testing a
complete real-time multi-agent system.
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