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1 Introduction

After almost a decade during which research on agent-oriented programming strug-
gled to deliver any concrete results, the last couple of years has seen an impressive
improvement in the quality of research in the area, as well as a considerable increase in
the number or researchers involved in it. This lead to the creation of two international
workshop series on the subject (4; 16; 25; 24).

In this paper, we describe on going work that is aimed at using the recent devel-
opments in agent-oriented programming for developing a simulation platform, called
MAS-SOC, which should be particularly suitable for the area of Social Simulation. This
work draws on a series of papers where we contributed both to practical extensions of an
agent-oriented programming language (1; 28; 3), as well as to its formal semantics (7;
27; 41). The variety of agent-programming languages and supporting tools now widely
discussed in the literature are aimed particularly to support the ever increasing transfer
of multi-agent systems technologies to Industry (see, e.g., the special section on the
“Industrial Uptake of Agent Technology” in issue 16 of AgentLink Néys{owever,
if such languages are to effectively improve the development of sophisticated industrial
applications, it is likely they will have similar, if not greater, impact on the development
of social simulations, where the notions of autonomous agents and multi-agent systems
are known to have introduced major advantages.

Whilst our approach draws on the progress of such programming languages, there
are still a great deal of multi-agent systems techniques that need to be incorporated.
In (36), a qualitative mechanism for regulating social exchange was presented; this
is one of the techniques we plan to incorporate into our social simulation approach.
Further, we still lack the means for specifying social structures explicitly (e.g., groups,
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organisations), which is very important for social simulation. To provide mechanisms
for specifying such structures as part of a system of BDI agents is ongoing work; this
is based particularly on the approach to organisations presented in (21). There is also
ongoing work on integrating our BDI agents with Semantic Web technologies, such as
ontologies (40). This is important not only for Semantic Web applications, but also for
Grid-based computing (18), as Grid infrastructures are currently drawing heavily on
such technologies. In the medium term, we plan to have our platform fully operational
for Grid-based social simulations.

One of our long term objectives is to introduce simulation mechanisms based
on the conceptual reconciliation of cognition and emergence: this is particularly in-
spired by Castelfranchi’s (14; 13) idea that only social simulation with cognitive
agents (“mind-based social simulations” as he calls it) will allow the study of agents’
minds individually and the emerging collective actions, which co-evolve determin-
ing each other. In others words, we aim (in the long term) at providing the basic
conditions for MAS-SOC to help in the study of a fundamental problem in the so-
cial sciences, which is of the greatest relevance in multi-agent systems as well: the
micro-macro link problem (15). The BDI architecture (34; 33) and logics (35; 39;
43), on which the agent language used here (and various others among the existing
agent-oriented programming platforms (4)) is based, has the advantage, as a model for
cognitive agents, as being the best known and most extensively studied one; further, it
has in very recent years started to attract again considerable interest in the major agent
conferences.

Although MAS-SOC is a fully functional simulation platform, which was first de-
scribed in (9), not many experiments have as yet been conducted with it. A simple
simulation to investigate social aspects of urban growth appeared in (23); it was com-
pletely developed in accordance with the various techniques which form the MAS-SOC
approach to social simulation (Section 8 brings another sample simulation). Because
there is little practical experience with the platform, we do not offer, in this paper,
benchmarking results as was the case of other JASSS Forum articles. Instead, we intro-
duce the various technical aspects of a platform which follows a paradigmatic change
that we think will have a major impact in the future development of large-scale social
simulations.

In the next section, we give an overview of the whole MAS-SOC approach to multi-
agent simulations. In the following sections, we describe each of the technologies that
form the MAS-SOC platform. Towards the end, we present a simple example which
shows how these various technologies are used and combined.

2 Overview of MAS-SOC

One of the main goals of the MAS-SOC simulation platform (MAS-SOC stands for
Multi-Agent Simulations for theSOCial Sciences) is to provide a framework for the
creation of agent-based simulations which does not require too much experience in
programming from users, yet allowing users to use state-of-the-art agent technologies.
In particular, it should allow for the design and implementation of simulations with



cognitive agents— a plethora of platforms for reactive agents exists, but that is certainly
not the case for more elaborate agents.

In our approach, agents’ reasoning is specified in a much extended version of
AgentSpeak(L) (32), as interpreted Bgson anOpen Sourcegent platforr based
on Java (6). Of particular interest is that the extensions allow for speech-act based
agent communication, and there is ongoing work to allow for ontologies as part of
an AgentSpeak(L) agent’s belief base.

The environments where agents are to be situated are specified in ELMS, a lan-
guage we have designed for the description of multi-agent environments (29; 2;
30). The development of an environment description language for our simulation plat-
form was needed because when a multi-agent system is a (completely) computational
system (i.e., not situated in the real world), this is an important level of the engineer-
ing of multi-agent systems. However, this level of agent-oriented software engineering
is not normally addressed in the literature, as environments are simply considered as
“given”. This occurs in particular in relation to cognitive agehts

The interactions among the simulation components (agent-agent, agent-
environment) are implemented with the SACI toolkit (21). The communication and
agent management infrastructure available with SACI makes it easy to run as systems
distributed over the Internet.

A graphical user interface is provided, which facilitates the specification of multi-
agent environments, agents (their beliefs and plans), and multi-agent simulations; it also
helps the management of libraries of these simulation components. From the informa-
tion given by the user, the system generates source codes for the AgentSpeak(L) and
ELMS interpreters, on which MAS-SOC is based. We now discuss each of the tech-
nologies associated with MAS-SOC in turn.

3 AgentSpeak(L)

The AgentSpeak(L) programming language was introduced by Rao in (32). The lan-
guage was quite influential in the definition of other agent-oriented programming lan-
guages. AgentSpeak(L) is particularly interesting, in comparison to other agent-oriented
languages, in that it retains the most important aspects of the BDI-based planning sys-
tems on which it was based. Its relation to BDI logics (35) has been thoroughly studied
(7; 8) and a working interpreter for the language (3) has been developed based on its
formal operational semantics (27; 8).

AgentSpeak(L) integrates notions of the BDI architecture and logic programming,
providing an elegant abstract framework for programming BDI agents. The BDI archi-
tecture is, in its turn, the predominant approach to the implementation of “intelligent”
or “rational” agents (43).

Figure 1 shows the abstract syntax of AgentSpeak(L). An AgentSpeak(L) agent is
created by the specification of a $tof base beliefs and a sps of plans. Thenitial
set of beliefgs just a collection of ground first order predicates. A plan is formed by
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Fig. 1. Syntax of AgentSpeak(L).

a triggering event(denoting the purpose for that plan), followed by a conjunction of
belief literals representinge@ntext The context must be a logical consequence of that
agent’s current beliefs for the plan to beplicable The remainder of the plan is a
sequence of basic actions or (sub)goals that the agent has to achieve (or test) when the
plan, if applicable, is chosen for execution.

AgentSpeak(L) distinguishes two types of goalshievement goalandtest goals
Achievement and test goals are predicates (as for beliefs) prefixed with opetators *
and ‘?’ respectively. Achievement goals state that the agent wants to achieve a state of
the world where the associated predicate is true. (In practice, these initiate the execution
of subplans) A test goalreturns a unification for the associated predicate with one
of the agent’s beliefs; it fails otherwise. thiggering eventdefines which events may
initiate the execution of a plan. Aeventcan be internal, when a subgoal needs to be
achieved, or external, when generated from belief updates as a result of perceiving the
environment. There are two types of triggering events: those relatedadditgon(* +')
anddeletion(‘- ’) of mental attitudes (beliefs or goals).

Plans refer to théasic actiongrepresented by the metavariablén the grammar
above) that an agent is able to perform on its environment. Such actions are also defined
as first-order predicates, but with special predicate symbols (called action symbols) used
to distinguish them from other predicates.

+concert(A,V) : likes(A)
«— lbook _tickets(A,V)

+lbook _tickets(A,V) : —busy(phone)
«— call(V);

Ichoose _seats(A,V)

Fig. 2. Examples of AgentSpeak(L) plans.



Figure 2 shows some examples of AgentSpeak(L) plans. They tell us that, when a
concert is announced for artistat venueV (so that, from perception of the environment,
a beliefconcert(A,V) is added, then if this agent in fact likes artigt, then it will
have the new goal of booking tickets for that concert. The second plan tells us that
whenever this agent adopts the goal of booking ticketsAfserperformance av, if
it is the case that the telephone is not busy, then it can execute a plan consisting of
performing the basic actiorall(V)  (assuming that making a phone call is an atomic
action that the agent can perform) followed by a certain protocol for booking tickets
(indicated by :.."), which in this case ends with the execution of a plan for choosing
the seats for such performance at that particular venue.

For AgentSpeak(L) to be useful in practice, various extensions to it have been pro-
posed (28; 1; 3). In particular, the formal semantics for speech act-based communica-
tion primitives given in (28) formed the basis for the implementation objen source
interpreterJason(6).

Through speech act-based communication, an agent can share its internal state (be-
liefs, desires, intentions) with other agents, as well as it can influence other agents’
states. Speech-act based communication for AgentSpeak(L) agents has already been
used, in a very simple way, so as to allow model checking (10; 5).

Despite the considerable improvement that has been achieved since the paradigm
was first thought out (38), agent-oriented programming languages are still in their early
stages of development. Industrial-strength applications usually require massive use of
data, thus a belief base that is simply an unstructured collection of ground predicates is
just not good enough.

Another shortfall of AgentSpeak(L), that reduces its applicability for the devel-
opment of semantic web multi-agent systems, is the absence of mechanisms to in-
dicate the ontologies that have to be considered by agents in their reasoning. This
shortfall imposes the assumption (adopted in (28), for instance) that all communicat-
ing AgentSpeak(L) agents in a multi-agent application have a common understanding
about terms that are used in the content of exchanged messages. This is clearly unreal-
istic for semantic web applications as they typically require the integration of multiple
ontologies about different domains.

In order to overcome these limitations in the language we plan to improve the se-
mantics of AgentSpeak(L) by first replacing the subset of predicate logic that is cur-
rently its subjacent logic, by more expressive Description Logics such as those of
OWL DL and OWL Lite (20). The idea is to allow AgentSpeak(L) agents to reason
about ontologies written in OWL. This way, applications written in AgentSpeak(L) can
be deployed on the Web and interoperate with other semantic web applications based
on OWL, a W3C standard.

A significant proportion of our planned future work in this area is to integrate agent-
oriented programming and semantic web technologies. We believe that AgentSpeak(L)
is a suitable framework to conduct this kind of research mainly for two reasons: it
has formal operational semantics and there is an interpreter for AgentSpeak(L) that
implements that semantics. Next, we discusizsbn



4 Jason

Jasonis the interpreter for our extended version of AgentSpeak(L), which allows agents
to be distributed over the net through the use of SACI (daonis availableOpen
Sourceunder GNU LGPL ahttp://jason.sourceforge.net (6).

One of the important characteristics ddsonis that, as we mentioned above, it
implements the operational semantics of an extension of AgentSpeak. Having formal
semantics also allowed us to give precise definitions for practical notions of beliefs,
desires, and intentions in relation to running AgentSpeak agents, which in turn underlies
the work on formal verification of AgentSpeak programs. The formal semantics, using
structural operational semantics (31) (a widely-used notation for giving semantics to
programming languages) was given then improved and extended in a series of papers
(27; 7; 8; 28; 41). However, for space limitation, we are not able to include a formal
account of the semantics of AgentSpeak here, so we will just provide the main intuitions
behind the interpretation of AgentSpeak programs.

Besides the belief base and the plan library, the AgentSpeak interpreter also man-
ages a set afventsand a set ofntentions and its functioning requires threelection
functions The event selection functiod'(;) selects a single event from the set of events;
another selection functiorbf) selects an “option” (i.e., an applicable plan) from a set
of applicable plans; and a third selection functiéh)(selects one particular intention
from the set of intentions. The selection functions are supposed to be agent-specific, in
the sense that they should make selections based on an agent’s characteristics (though
previous work on AgentSpeak(L) did not elaborate on how designers specify such func-
tions. Therefore, we here leave the selection functions undefined, however the choices
made by them are supposed to be non-deterministic.

Intentionsare particular courses of actions to which an agent has committed in order
to handle certain events. Each intention is a stack of partially instantiated plaTgts
which may start off the execution of plans that have relevant triggering events, ean be
ternal, when originating from perception of the agent’s environment (i.e., addition and
deletion of beliefs based on perception are external eventisitesnal, when generated
from the agent’s own execution of a plan (i.e., a subgoal in a plan generates an event of
type “addition of achievement goal”). In the latter case, the event is accompanied with
the intention which generated it (as the plan chosen for that event will be pushed on top
of that intention). External events create new intentions, representing separate focuses
of attention for the agent’s acting on the environment. A provision exists for internal
events corresponding to plan controlled update of beliefs, necessary to support limited
form of plan controlled register of deductions performed.

We next give some more details on the functioning of an AgentSpeak interpreter,
which is clearly depicted in Figure 3 (reproduced from (26)). In the figure, sets (of
beliefs, events, plans, and intentions) are represented as rectangles. Diamonds represent
selection (of one element from a set). Circles represent some of the processing involved
in the interpretation of AgentSpeak programs.

At every interpretation cycle of an agent program, the interpreter updates a list of
events, which may be generated from perception of the environment, or from the execu-
tion of intentions (when subgoals are specified in the body of plans). Beliefs are either
updated from perception or from plan controlled operations (the latter is not shown in



3) and whenever there are changes in the agent’s beliefs, this implies the insertion of
an event in the set of events. This belief revision function is also supposed to be agent
specific.

AgentSpeak(L) Agent

Beliefs Belief
Base

Events
Events /
Selected
Event
Internal
Events Plans
Relevant
Pans Beliefs
a4
Unify
Applicable Intended
Plans - Means

Plan
Library|

Beliefs

Selected 7
Intention /' Evecute
Intention

Intentions

Action
.
Context

| Update
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Intentions Push™. Tl New

:Ne/vl
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Fig. 3. An Interpretation Cycle of an AgentSpeak Program (26).

After Sp has selected an event, the interpreter has to unify that event with triggering
events in the heads of plans. This generates a set oflallant plans By checking
whether the context part of the plans in that set follow from the agent’s beliefs, the
interpreter determines a setapplicable plangplans that can actually be used at that
moment for handling the chosen event). Tiignchooses a single applicable plan from
that set, which becomes thietended plarfor handling that event, and either pushes
that plan on the top of an existing intention (if the event was an internal one), or creates
a new intention in the set of intentions (if the event was external, i.e., generated from a
perception of the environment).

All that remains to be done at this stage is to select a single intention to be executed
in that cycle. TheS; function selects one of the agent’s intentions (i.e., one of the
independent stacks of partially instantiated plans within the set of intentions). On the
top of that stack there is a plan, and the formula in the beginning of its body is taken
for execution. This implies that either a basic action is performed by the agent on its
environment, an internal event is generated (in the case that the selected formula is an



achievement goal), or a test goal is performed (which means that the set of beliefs has
to be checked).

If the intention is to perform a basic action or a test goal, the set of intentions needs
to be updated. In the case of a test goal, the belief base will be searched for a belief atom
that unifies with the predicate in the test goal. If that search succeeds, further variable
instantiation will occur in the partially instantiated plan which contained that test goal
(and the test goal itself is removed from the intention from which it was taken). In the
case where a basic action is selected, the necessary updating of the set of intentions
is simply to remove that action from the intention (the interpreter informs to the agent
effectors what action is required). When all formulae in the body of a plan have been
removed (i.e., have been executed), the whole plan is removed from the intention, and
so is the achievement goal that generated it (if that was the case). This ends a cycle of
execution, and everything is repeated all over again, initially checking the state of the
environment after agents have acted upon it, then generating the relevant events, and so
forth.

Some other features availableJasonare:

— speech-act based inter-agent communication (and belief annotation on infor-
mation sources). The implemented illocutionary forces aed: , untell
achieve , unachieve ,tellHow , untellHow ,asklf , askOne, askAll
andaskHow;

— annotations on plan labels, which can be used by elaborate (e.g., decision theoretic)
selection functions;

— the possibility to run a multi-agent system distributed over a network (using SACI);

— fully customisable (in Java) selection functions, trust functions, and overall agent
structure (perception, belief-revision, inter-agent communication, and acting);

— straightforward extensibility (and use of legacy code) by means of user-defined
“internal actions”;

— a clear notion of anulti-agent environmentvhich is implemented in ELMS (this
can be a simulation of a real environment, e.g. for testing purposes before the sys-
tem is actually deployed);

Jasonis distributed with an Integrated Development Environment (IDE) which pro-
vides a GUI for editing AgentSpeak code for the individual agents (see Figure 4).
Through the IDE, it also possible to control the execution of a MAS. There is another
tool provided as part of the IDE which allows the user to inspect the agents’ internal
states when the system is running in debugging mode (see Figure 5). This is very use-
ful for debugging MAS, as it allows “inspection of agents’ minds” across a distributed
system.

Interestingly, most of the advanced features are available as optional, customisable
mechanisms. Thus, because the AgentSpeak(L) core that is interprelashloys very
simple and elegant, yet having all the main elements for expressing reactive planning
system with BDI notions, we think thaasonis also ideal for teaching AOP for under-
and post-graduate studies.
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5 The ELMS Language

This section introduces the main aspects of the language we defined for the specifica-
tion of the simulated environment that is to be shared by the agents in a multi-agent
simulations. The language is called ELMEn{ironment DescriptiorLanguage for
Multi-Agent Simulation).

Besides the basic environment properties and objects, the language provides the
means for the specification of the “physical” part of simulated agents, which we refer
to as the “bodies” of the agents, as well as the various kinds of physical interactions,
through actions and perceptions that may happen between agents and objects, including
other agents in the environment.

We have developed a prototype of an interpreter for an environment definition lan-
guage, presented in detail in (29) and also in (2; 30).

5.1 Modelling Environments with ELMS

An environment description is a specification of the properties and behaviour of the
environment objects. In our approach, we also include in such specification the defi-
nition of the features of the simulated “bodies” of the agents. The modelling of such
“physical” aspects of an agent (or agent class, more precisely) includes the definitions
of its properties that may be perceived by others agents, the definitions of the kinds of
perceptions that are available for that agent, and the actions that the agent is able to
perform in the environment.

The definition of the environment includes mainly sets of: objects, to which we
interchangeably refer agsourcesof the environment; reactions that objects display
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when agent actions affect them; an (optional) grid to allow the explicit handling of the
spatial positioning of agents and objects in the environment; and the properties of the
environment to which external observers (e.g., the users) have access.

The objects that are part of an environment can be modelled as a set of properties
and a set of actions that characterise the object’s behaviour in response to stimuli. That
is, objects cameact—only agents are pro-active. Agents can be considered components
of the environment insofar as, from the point of view of one agent, any other agent is a
special component of the environment (however, only certain properties of an agent can
be perceived by other agents, and this must be specified by designers of agent-based
simulations). Thus, to define agents from this point of view, it is necessary to list all
properties that define the perceptible aspects of their bodies, a list of actions that they
are able to execute (pro-actively), and a list of the types of perception to which they
have access. From the point of view of the environment, the deliberative activities of an
agent are not relevant, since they are internal to the agent, i.e., they are not observable to
the other agents in the environment. As mentioned before, in the MAS-SOC approach
the mental aspects of agents are described with the AgentSpeak(L) language.

Quite frequently, spatial aspects of the environment are modelled in agent simu-
lations by means of a grid. Our approach provides a number of features for dealing
with grids, if the designer of the environment chooses to have one. In the constructs
that make reference to the grid, positions can be accessed by absolute or relative coor-
dinates. Relative coordinates are prefixed #y and ‘-’ signs, so(+1, —1, +0), for
example, refers to the position at the upper right diagonal from the agent’s current po-
sition. However, the grid definition is optional, as some simulations may not require
any spatial representation. Clearly, there are simulations where the topology resulting
from specific types of agent and object positioning is the main issue of interest for the
investigation for which the simulations are being used. In contrast, there are also simu-
lations where the existence of a topology is not relevant at all as, e.g., in a stock market
simulation, where the main issue under consideration relate to the agent interactions
themselves, and perhaps agents’ interactions with some types of resources. In order to
make ELMS as general as possible, we chose to make the grid an optional feature.

For the definition of the types of perception to which each agent class has access,
it is necessary to define which properties of the environment, agent bodies, and objects
are to be perceived. The conditions associated with each perceptible property can be
specified as well. That is, environment designers can control: which properties of ob-
jects will be accessible to the “minds” of the agents that are given access to a certain
perception type, and under which conditions each (potentially perceivable) property
will be effectively perceived. An action is defined as a sequence of changes in proper-
ties (of the environment in general, its resources, or agents) that it causes, along with
the preconditions that must be satisfied for the action to be actually executed in the
environment.

Note that our approach allows for quite flexible environment definitions. It is the
environment designer who decides which properties of the environment can be percep-
tible by agents, and which are observable by external users (as well as defining how
actions change the environment). Any properties associated with objects or with agents
themselves can potentially be specified as perceptible/observable properties.



5.2 Language Constructs in ELMS

The ELMS language uses an XML syntax, which can be somewhat cumbersome to

be handled directly. However, recall that environment specifications are to be obtained

from a graphical interface, so users do not need to bother about the language syntax.
The main types of ELMS constructs are listed below.

1. Defining agent bodies:

Agent Body: This construct defines a class of agent bodies for the agents that may
join a simulation within that environment. A specification of an agent-body
class contains its name, a list of attributes, a list of actions, a list of perception
types, and a optional “constructor” procedure that is executed when the “agent
body” instance is created. The list of attributes is defined as before; it charac-
terises the observable properties of this class of agent bodies, from the point
of view of the environment and other agents. It is then necessary to specify a
list of names for the actions that agents of this type are able to perform in the
environment. The set of perceptions is a list of the names of perception types
(see below) that are available to agents of this class (i.e., the information that
will be accessible to the agent’'s mind at every reasoning cycle).

The code sample beldvdefine an agent-body class nanmtsumer which

has five integer attributes, one of them initialised with a random value étbm

to 100. Agents defined in this class are able to execute three types of perception,
which will be explained later, and six types of actions. The constructor bellow
places the agent in a random cell where the preconditions are true, the cell must
not be ashop and may not have awner already. After the placement, some

values are set so that to the agent is defined as the owner of that cell.

<AGENT_BODY NAME="consumer">
<INTEGER NAME = "money"> 1000 </INTEGER>
<INTEGER NAME = "id"> "SELF" </INTEGER>
<INTEGER NAME = "home_x">0 </INTEGER>
<INTEGER NAME = "home_y">0</INTEGER>
<INTEGER NAME = "stamina">
<RANDOM MIN = "60" MAX = "100"/>

</INTEGER>
<PERCEPTIONS>
<ITEM NAME = "see_products"/>
<ITEM NAME = "self_info"/>
<ITEM NAME = "verify_products"/>
</PERCEPTIONS>
<ACTIONS>
<ITEM NAME = "walk_right"/>
<ITEM NAME = "walk_left"/>
<ITEM NAME = "walk_down"/>
<ITEM NAME = "walk_up"/>
<ITEM NAME = "buy"/>
<ITEM NAME = "rest"/>
</ACTIONS>
<CONSTRUCTOR>
<IN_RAND>
<PRECONDITION>
<EQUAL>
<OPERAND>
<CELL_ATT ATTRIBUTE = "shop">
<X>"X"<IX>

4 Part of the environment definition from the example shown in Section 8.



<Y>"YU</Y>
</CELL_ATT>
</OPERAND>
<OPERAND> "FALSE" </OPERAND>
</[EQUAL>
<EQUAL>
<OPERAND>
<CELL_ATT ATTRIBUTE = "owner">
<X>"X"<IX>
<Y>"YU</Y>
</CELL_ATT>
</OPERAND>
<OPERAND> -1 </OPERAND>
</EQUAL>
</PRECONDITION>
<ELEMENT NAME = "SELFCLASS">
<INDEX>"SELF"</INDEX>
</[ELEMENT>
</IN_RAND>
<ASSIGN>
<ELEMENT_ATT NAME = "SELFCLASS" ATTRIBUTE = "home_x" >
<INDEX> "SELF" </INDEX>
</[ELEMENT_ATT>
<EXPRESSION> "X"</[EXPRESSION>
</ASSIGN>
<ASSIGN>
<ELEMENT_ATT NAME = "SELFCLASS" ATTRIBUTE = "home_y" >
<INDEX> "SELF" </INDEX>
</ELEMENT_ATT>
<EXPRESSION> "Y"</EXPRESSION>

</ASSIGN>
<ASSIGN>
<CELL_ATT ATTRIBUTE = "owner" >
<X>+0</X>
<Y>+0</Y>

</CELL_ATT>
<EXPRESSION> "SELF"</EXPRESSION>
<IASSIGN>
</CONSTRUCTOR>
</AGENT_BODY>

Perception: This construct allows the specification of perception types to be listed
in agent-body specifications. A perception type definition is formed by a name,
an optional list of preconditions, and a list of properties that are perceptible.
The listed properties can be any of those associated with the definitions of
resources, agents, cells of the grid, or simulation control variables. If all the
preconditions (e.g., whether the agent is located on a specific position of the
grid) are satisfied, then the values of those properties will be made available to
the agent’s reasoner as the result of its perception of the environment.

Action: With this construct, the actions that may appear in agent-body definitions
are described. An action definition includes its name, an optional list of pa-
rameters, an optional list of preconditions, and a sequence of commands which
determine what changes in the environment the action causes. The list of pa-
rameters specifies the data that will be received from the agent for further guid-
ing the execution of that type of action. The possible commands for defining
the consequences of executing an action are assignments of values to attributes
(i.e., properties of agents, resources, etc.), and allocations or repositioning of
instances of agents or resources within the grid. Resources can also be instanti-
ated or removed by commands in an action. If the preconditions are all satisfied,
then all the commands in the sequence of commands will be executed, chang-



ing the environment accordingly. To avoid consistency problems, actions are
executed atomically. For this reason, they should be defined so as to follow the
concept of an atomic action (although this is again not mandatory); recall that
more complex courses of actions are meant to be part of the agents’ internal
reasoning.

<ACTION NAME="rest">
<PRECONDITION>
<EQUAL>
<OPERATOR>
<CELL_ATT ATTRIBUTE ="owner" >
<X> +0</X>
<Y> +0</Y>
<Z> +0</Z>
</CELL_ATT>
</OPERATOR>
<OPERATOR>
<ELEMENT_ATT NAME = "SELFCLASS" ATTRIBUTE = "id" >
<INDEX> "SELF" </INDEX>
</ELEMENT_ATT>
</OPERATOR>
</[EQUAL>
</PRECONDITION>
<ASSIGN>
<ELEMENT_ATT NAME = "consumer" ATTRIBUTE = "stamina" >
<INDEX> "SELF" </INDEX>
</[ELEMENT_ATT>
<EXPRESSION>
<RANDOM MIN = "60" MAX = "100"/>
</[EXPRESSION>
</ASSIGN>
</ACTION>

In the example above, an action nantedt is defined. It has no parameters,
but the agent must be on his home cell as defined as a precondition for the
action be executed, otherwise the action will fail. If the precondition is satisfied
thestamina attribute will receive a random value between 60 and 100 units.

2. Defining the Environment Objects and Space:

Grid Options: This is used for a grid definition, if the designer has chosen to
have one. The grid can be two or three dimensional, the parameters being the
sizes of the grid on the X, Y, and Z axes. Still within the grid definition, a
list of cell attributes can be given: the attributes defined here will be replicated
for each cell of the grid. Also as part of the cell definition, a list of reactions
can be defined for themThe code below exemplifies a definition of a two-
dimensional grid that has ten columns and ten lines, where each cell has an
integer that represents its owner (wheré means no owner) and a boolean
variable that keeps the information about whether the cell is a shop or not. In
this example, grid cells do not have reactions.

<DEFGRID SIZEX="10" SIZEY="10" SIZEZ="1">
<BOOLEAN NAME = "shop"> "FALSE" </BOOLEAN>
<INTEGER NAME = "owner"> -1 </INTEGER>
</DEFGRID>

5 Although the list of reactions is the same for all cells, this does not imply they all have the
same behaviour at all times, as reactions can have preconditions on the specific state of the
individual cells.



Resources: This construct is used to define the objects in an environment (i.e., all
the entities of the environment that are not pro-active). A definition of a re-
source class includes the class name, a list of attributes, and a set of reactions.
The attributes are defined in the same way as for the cell attributes (i.e., by
the specification of its name, type, and initial value). The reactions that a class
of resources can have is given by a list of the names identifying those reac-
tions. The resource definition is quite similar to the agent definition, the main
difference being that the resources have reactions instead of actions.

Reactions: This part of the specification is where the possible reactions of the ob-
jects in the environment are defined. For each type of reaction, its name, a list
of preconditions, and a sequence of commands is given. The commands are
exactly as described above for actions. All expressions in the list of precondi-
tions must be satisfied for the reaction to take place. Differently from actions,
where only one action (per agent) is performed, all reactions that satisfy their
preconditions will be executed “simultaneously” (i.e. in the same simulation
cycle).

There are some operational aspects of the simulations defined through other lan-
guage constructs not mentioned here. To more details see (30; 29).

5.3 Running ELMS Environments

The simulation of the environment itself is done by a process that controls the access
and changes made to the data structure that represents the environment (in fact, only that
process can access the data structure); the process is calka/tftenment controller
The data structure that represents the environment is generated by the ELMS interpreter
for a specification in ELMS given as input. In each simulation cycle, the environment
controller sends to all agents currently taking part in the simulation the percepts to
which they have access (as specified in ELMS). Perception is transmitted in messages
as a list of ground logical facts. After sending perception, the process waits for the
actions that the agents have chosen to perform in that simulation cycle.

The execution of a synchronous simulation in ELMS, from the point of view of the
environment controller, follows the steps below:

1. execute the commands in the initialisation section before the start of the simulation;

2. check which percepts from the agent’s perception list are in fact available at that
time (check which perceivable properties satisfy the specified preconditions);

3. send the resulting percepts (those that satisfied the preconditions) to the agents;

4. wait until the chosen actions (to be performed in that cycle) have been received
from all agent$;

5. the order of the actions in the queue of all received actions is changed randomly to
allow each agent to have a chance of executing its action first;

6. check if the first action in the queue satisfies its precondition for execution;

7. execute the action, if the precondition was satisfied,;

5 Agents send a message withide ” as its content if they chose not to execute an action in
that cycle.



8. if not, send a message witt@fail " as content to the agent;
9. remove the action at the front of the queue;
10. if there are any actions left in the queue, go to step 6;
11. check and execute all reactions defined for resources in the environment which had
their preconditions satisfied;
12. send the set of properties defined as “observables” to the interface or to an output
file previously specified;
13. if the step counter has not yet reached the maximum value defined by the user, go
to the step 2.

Note that this corresponds to the (default) synchronous simulation mode. An asyn-
chronous mode is also available.

5.4 Some Remarks on ELMS

In (37), Russel and Norvig define a number of characteristics that can be used to classify
environments is given. We refer to those classifications below so that we can charac-
terise the classes of environments that can be defined with ELMS.

Fully observable vs. partially observable: Using the ELMS approach, agents have
access only to the environment properties that the simulation designer has chosen
to make perceptible to them. Thus, making an ELMS environment fully or partially
observable is a designer’s decision.

Deterministic vs. stochastic: As ELMS environments can be only partially observ-
able, and given that there are multiple agents that can change the environment si-
multaneously, from the point of view of an agent, an ELMS environment can appear
to be stochastic.

Episodic vs. sequential:In ELMS environments, the current state is a consequence of
the previous one and the actions taken by the agents in it. With cognitive agents,
past actions may influence future actions, so each simulation cycle is unlikely to be
just an isolated episode of perceiving and acting (although it is possible to use this
approach for simple reactive agents, this is not what its intended use).

Static vs. dynamic: An ELMS environment is meant to be shared by multiple agents.
As various agents can act on this environment, an agent’s action may disable an-
other agent’s action. Thus, from the point of view of agents, the environment can
seem dynamic.

Discrete vs. continuous:ELMS environments tend to be discrete, through the use of
a grid to represent a physical space, although this is not compulsory.

To summarise, ELMS can be used to specify environments that are (from the point
of view of the agents): partially observable, stochastic, sequential, and dynamic; how-
ever, they are usually discrete. This class of environments is the most complex and
comprehensive, except for the class of environments that are continuous besides all
that. However, continuous environments are notoriously difficult to simulate; although
ELMS does not prevent that, it does not give much support in that respect either. We
believe that ELMS allows the definition of rather complex environments, supporting



a wide range of multi-agent applications (in particular, but not exclusively, for social
simulation).

There are many possibilities to evolve the work of environmental description with
the ELMS language. We are still developing it through the aggregation of more complex
language constructs, to ease the description of environments. Another possibility on
development, is the replacement of the input language by a restricted set from the OWL
language, what will open many other possibilities to use the structure that we developed
for the environment description and execution, as will be presented on Section 6.

Although the ELMS interpreter was been tailored for social simulation implemented
according to the MAS-SOC approach, it could potentially be useful for other applica-
tions as well.

6 Ontologies

An extension of our work above is a top level ontology for specifying environments,
through which a project-level, executable definition of a multi-agent environment can

be derived. Ontologies are known to be useful in many communication situations: be-
tween people, between people and systems, and also between systems themselves. In
this work, the use of environment ontologies adds three important features to the exist-
ing platform/approach.

First, ontologies provide a common vocabulary with which simulation developers
can specify environments. The developing of social simulations usually depends on the
work of a team with people from different areas, as social scientists and computer sci-
entists. It is possible that those developing the agents are not the same working on the
environments, interactions, and organisational schema. In such type of work small mis-
understandings may compromise the whole process. An environment ontology presents
a consensual model for an environment and agents; the essential properties of the envi-
ronment and agents’ actions and percepts must apply in all situations as defined by the
semantic relationships between the elements of the environment, which will all be ex-
plicitly represented in the ontology. For this reason, we think that defining environments
through ontologies aids the development of the simulation.

Second, an environment ontology is useful for agents acting in the environment
because it provides a common vocabulary for communication in and about the envi-
ronment. Such explicit conceptualisation is also essential to allow interoperability of
intelligent heterogeneous systems.

Third, environment ontologies are defined through an ontology editor with a graph-
ical user interface. This makes it easier for those unfamiliar with programming to un-
derstand and even design such ontologies.

6.1 An Ontology for Environments in Multi-Agent Systems

We have defined a top-level ontology for environments that limits the possible con-
structs in an environment definition. The hierarchy of concepts related to our view of
multi-agent environments can be seen in Figure 6. Table 1 shows the properties of the
main concepts, and explains them briefly.



ENVIRONMENT

ENTITIES
AGENTS
RESOURCES
ABILITIES
ENVIRONMENT ABILITIES
REACTIONS
AGENT ABILITIES
ACTIONS
PERCEPTIONS
GRID
Fig. 6. Top-Ontology
Concept | Concept Properties | Property Description
Grid Has Properties a list of properties
Do_Reactions a list of cell reactions
Size X, Size, SizeZ grid dimensions
Actions Has Conditions a list of preconditions
HasCommands |a sequence of commarids
Reactions  HasConditions a list of preconditions
HasCommands |a sequence of commarids
Perceptions HasConditions a list of preconditions
Has Properties a list of properties
Agent Do_Actions a list of actions
Do_Perceptions a list of perceptions
Resource Do_Reactions a list of reactions

Table 1.Properties of Environment Concepts

Using an ontology editing tool (e.g., Protéyeprogrammers can define their project
environment on the basis of the predefined top ontology. Generating the project ontol-
ogy can avoid various misunderstandings in all development stages from problem anal-
ysis to the specification that will be executed. For the agent programmers it will also be
clearer how the environment works, which actions each agent is able to perform, and
what it will receive as percepts. The programmer does not have to handle code directly,
which usually has a semantics that is subjective. Consequently, the ontology also facili-
tates the understanding of the simulation and the validation of environment design. This
editor generates an ontology representation in various formats; we work on the basis of
the W3C standard, the Ontology Web Language (GWL

7 http://protege.stanford.edu
8 http://iwww.w3.org/TR/owl-features/



6.2 Deriving an Environment Ontology

We present an example of an environment ontology to illustrate our approach. The en-
vironment has shops and consumer’s houses; the agents are shop owners, shopkeepers,
and consumers; resources are products.

To implement this example, the designer derivesAbent class, creating the sub-
classes of agentShopkeeper ) and Consumer ); derive theResource class creat-
ing classes such &oducts instantiate the necessary resources; derivdttion
Perception andReaction classes likewise as seen in the Figure 7. These are gen-
eral steps to define an environment.

ENTITIES
AGENTS
SHOPKEEPER
Do_Actions = change_price, create_product, change_sellQuality
Do_Perceptions = seeProducts, self_info
Has_Properties
id (integer)
money (integer)

CONSUMER
Do_Actions = walk_right, walk_left, walk_up, walk_down, buy, rest
Do_Perceptions = see_product, verify_product, self_info
Has_Properties
stamina (integer)
id (integer)
money (integer)
home_x (integer)
home_y (integer)
stamina  (integer)
RESOURCES
PRODUCTS
Do_Reactions = (none)
Has_Properties
id (integer)
type (integer)
retailer (integer)
owner (integer)
price  (integer)
created (integer)
sellQuality (integer)
realQuality  (integer)

Fig. 7. Sample Ontology

The example in the figure shows the classes (in uppercase) and some of the proper-
ties of the classes derived from the top ontology to define the sample environment. The
OWL ontology with the specific (derived) classes contains the information that is re-
quired to the ELMS interpreter for the generation of the environment controller process
used in the simulation.



7 MAS-SOC Graphical User Interface

A graphical user interface which facilitates the creation and running of simulations
is being developed. This interface gives access to what we call the MASBOEC

ager. Besides facilitating the creation of simulations, the MAS-SOC manager inte-
grates the various technologies used in our approach, such as the ELMS interpreter,
the AgentSpeak(L) interpretelgson see section 4), and the SACI infrastructure.

The first aspect of the MAS-SOC manager that should be mentioned is related to
the creation of libraries of plans, agents and environment (maintained in separate files),
which facilitates the reuse of those definitions in different simulations. The MAS-SOC
manager allows the creation and edition of each of these libraries. A file containing a
plan library consists of a series of plan definitions in the AgentSpeak(L) syntax. In
an agent library, each agéris represented by a name, a set of AgentSpeak(L) base
beliefs (the initial beliefs that agents of this type will have when the simulation begins),
and a list of pointers to plans (in fact, plan labels) in specific plan libraries. With this,
the AgentSpeak(L) source codes for the agents can be generated by the interface and
sent to the running instances of the AgentSpeak(L) interpreter. The information for an
environment definition is also prompted from the graphical interface, and the MAS-
SOC manager automatically generates the XML-based ELMS source code, which is
sent to the ELMS interpreter.

Figure 8 gives a flavour of the MAS-SOC user interface. It has the le of a
“workspace”, where one can create and edit libraries of plans, agents, and environ-
ments, which can then be used in defining a multi-agent simulation. Plans and agents
follow the straightforward syntax of AgentSpeak(L), and all necessary information for
an ELMS environment description if prompted via a form-like interface. Other features
of the MAS-SOC manager are the creation, execution and monitoring of the simulation,
which we are still improving. This part of the platform provides the integration of the
several systems forming the MAS-SOC approach.

In a simulation definition window of the user interface, the user determines the
set of individual agents and the particular environment that are intended for a given
simulation. From the environment definition, the MAS-SOC manager checks which
types of agents can participate in the simulation, and allows the user to choose, for each
of those types, the number of instances of individual agents that will be created (by
means of the SACI toolkit). Each of these agents runs an AgentSpeak(L) interpreter
with the source code generated by the MAS-SOC manager. After the user has informed
the chosen environment and the instances of agents, the simulation can be started off.
The execution of agents can aborted and new ones can be created through the MAS-
SOC manager.

An execution window then provides the information about the components of a sim-
ulation (agents and resources) which are active in a simulation. There are in fact two
levels of information about agents: their internal and external states. The internal state
gives information on an agent’s mental attitudes (e.g., its present beliefs and intentions)
at each simulation step, while its external state is related to the characteristics (proper-

%n fact, this refers taypesof agents, as each of these agent definitions may have various
instances in a simulation.



" Configuration | Simulation. | Execution | Agents

;#"Agems Name:agent_2
§ &= file_0.ag awakedrue) Add
= i Ise)
? Agent_1 i runningdfal —
i self_id(agent_2)
ent_2 E
7 Ag . —
Beliefs:
i Down
¥ Plans
¢ = file_0.pln
7 Plan.2 file_0.pIn:Plan_2 Add
2 Plan_3 file_1.pIn:Plan_4 -
emove
¢ = file_Lpln
Up
7 ? Plan 4 :| Plans:
ﬁj’ Emvironment . Down

Fig. 8. The MAS-SOC Manager GUI.

ties) of the agent that are perceptible to other agents through the environment. These two
levels of information on agents can be accessed separately from the execution window.

For the resources, one can observe the current values associated with their properties
(attributes).

8 Example

This is a simple example of a simulation that was built using our approach of multi-
agent simulation. It will be presented briefly; see (11) for more details and some dis-
cussion on the design choices of the simulation.

The simulation is composed by consumer agents, shopkeepers, and the environment
were they interact. The objective of the consumers is to buy everything in their wish-list,
paying a good price for good products. The objective of the shopkeepers is to increase
their profit, selling their products and sometimes cheating consumers.

8.1 The Environment

The environment, as mentioned in section 5.2, is represented byal0 grid, were
each cell has a boolean attribigieop and an integer attribut@wner which indicates
the agent owner of the place. Tehop cellsare uniformly distributed in the environ-
ment, while theconsumers’ housesre randomly distributed in the free cells. For each
shop there is ahopkeepeagent who offers for sale the products available in that cell.



When a consumer agent enters a shop its perceptions will allow him to obtain infor-
mation about all the products available in the shop. The perceptions include the product
number, type, price, quality (we refer to it asllQuality , defined by theshop-
keeperwhich can be different from the product’s actual quality).

The consumer’s houses a cell owned by consumer agent which has shep
attribute set afalse . The products bought by the consumers are stored on each con-
sumer’s house. When an agent enters carssumer’s housiéwill receive the complete
information about the products present in that cell. This perception is composed of the
same information about the products in the shop, but now it includes the product real
quality and product retailesfiopkeeper Ip With this information the consumer agent
will be able to evaluate whickhopkeepersheat and which do not.

Eachconsumeiagent has an amount sfamina(energy) used to walk through the
grid looking for the products that it wants. For each cell move staeninais automati-
cally decreased by 3 units (this is controlled by the environment).

There is a class of resources nanpedductsthat represents the items thastsop-
keeperhas to sell or that aonsumethas bought. The definition of this resource is in
the code sample below.

<RESOURCE NAME="product">
<INTEGER NAME "id"> "SELF" </INTEGER>
<INTEGER NAME "type"> 0 </INTEGER>
<INTEGER NAME = 'retailer">-1</INTEGER>
<INTEGER NAME = "owner">-1</INTEGER>
<INTEGER NAME = "price"> 0 </INTEGER>
<INTEGER NAME "quality"> 0 </INTEGER>
<INTEGER NAME "realquality"> 0 </INTEGER>
<INTEGER NAME = "created™> 0 </INTEGER>

</RESOURCE>

8.2 The Consumer agent

The consumer agent has as initial belief a list of products that it wants to buy, including
information such as the expected quality and price of the products. During the simula-
tion the agent accumulates information about where the products are available, the price
and quality of desired products, and the level of confidence in slachkeepeiWhen
the consumer enters a shop, with the information received through perceptions, it will
store the information about the products that are in the list of the consumer’s desired
products. When the consumer enters a house, it will receive the information about the
products that the cell owner had bought; with this information the agent will evaluate
theshopkeepers

The consumer will walk around the grid examining products in shops until its
staminalevel reaches some threshold, and then the agent will start buying the products
that fulfilled the expectations. The agent will go to the shops where he saw the product
with the best cost and quality, and will buy the product if the product is still available.
When the consumer'staminalevel reaches another threshold level, the agent will go
home to rest. At the home cell, the consumer executesdsie action to have its
staminalevel restored. After buying all the items in the list, the agent will return to its
home cell.

In this simulation, we defined three types of agents:



Consumer A: this type of consumer has the lowgaminalevels betweeis0 and70.
This means that this agent will do a shorter search for the products and prices.

Consumer B: this type of consumer has a middiaminalevel, betweery5 and85.

Consumer C: this type of consumer has the higlstaminalevel betweer$0 and100.
Agents of this type will do the longest search for the products and prices.

As mentioned before, the agents reasoning is defined using the AgentSpeak(L) lan-
guage. The following plan is executed when the consumer agent finds a product bought
with a good price and quality. It is used to raise the evaluation oftiupkeepewho
sold the product.
+lrefreshBeliefs (NUM)

: product(instance(INS),id(ID)) &

product(instance(INS),realquality(RQ)) &

product(instance(INS),sellquality(SQ)) &

RQ >= SQ

<- ?product(instance(INS),retailer(IDR));
?sellerEvaluation(IDR,Ev);
.addB(Ev,X,NewEV);

-sellerConcept(IDR,Ev);
+sellerConcept(IDR,NewEv).

8.3 The Shopkeeper agent

The shopkeepergent has to offer products in its shop. For each product that it cre-
ates, there is a cost proportional to ttealQuality of the created product. The
shopkeeper may choose to use any value as #edlQuality that will be pre-
sented to the consumer. If there is a big difference betweesett@uality and the
realQuality , the consumers will start avoiding to buy from tlsisopkeeperThe
shopkeepemay change the prices and thellQuality of the products along the
simulations, if it chooses to do so. As its products are sold, the agent needs to create
new products to replace the ones that have been sold.

We defined two types of shop-keeping agents:

Shopkeeper X: this type ofshopkeepewill sell its product with very little difference
between theealQuality and thesellQuality . This means that this agent
will not cheat the consumers, or will cheat seldom.

Shopkeeper Y: this type ofshopkeepewill try to cheat the consumers unless it does
not sell any good during a number of cycles.

8.4 Simulation Results

For this simulation, 3Ghopkeepeagents were instantiated and uniformly distributed
ina10 x 10 grid, and 15consumersvere randomly distributed on the free cells. The
shopkeeperwere divided equally, 15 of each type, and there were 5 consumers of each
type. Each consumer had 10 items in the list of items they wanted to buy. The simulation
was run for 200 cycles.

The performance of the consumer agent were measured by the following formula:
p = Totalcycles | s~ realQualityy. \whara],qst_purch is the cycle number when the

Last_purch sellQuality e
last purchase was made by the agent; this is done, of course, for each of the products




bought. This means that the agent performance decreases as the simulation progresses
(if no further purchases are made), and also decreases if the agent has been cheated by
theshopkeepers

The performance of thahopkeeperagent is measured by the formul® =
Final_money + Y (product_cost). This means that thehopkeepes performance is
equal to the sum of all money it has accumulated plus the sum abitef the unsold
products.

Using those formulae, the following results were obtained. The Consumer A agents
had the worst performance: they had as avera@eé points. Consumers B had the
best performance with an average%6 points (48% more than consumers A) and
consumers C had an average3of0 points. This can be explained by the fact that
the consumer A agents have not searched sufficiently to find good products with good
prices. Since they were the first to buy, they were cheated bghbpkeepersThe
consumer B agents, used the experience of agents A to recognise the cheaters, and had
the best performances. The consumer C agents did too much searching, and when they
decided to buy, another agent might have already bought the products they wanted to
buy, so they had to go after the second or third choice.

On the shopkeeper’s side, shopkeepers X had as avégdganoney units, while
shopkeepers Y hatb44 money units, a difference of almost 26%. The shopkeeper Y
agents (the ones that tried to cheat consumers) had the worse performance, because they
sold only a few products, mostly for the consumer A agents.

This example was aimed only at illustrating the use of the MAS-SOC approach.
The agents’ reasoning was defined using the AgentSpeak(L) language, which may be
executed using théasoninterpreter, and the environment was defined using the ELMS
language.

9 Final remarks

The strength of the MAS-SOC platform is its fully-fledged implementation of the op-
erational semantics of AgentSpeak(L). Its current weakness is the lack of binitein
action frameworkgprotocols) which would spare the programmer to manually define,
implement, and check the correctness of the forms of interactions between agents. Sup-
porting ontologies for such interaction frameworks is also currently missing, but there is
ongoing research on that subject. Introducing such indispensable elements is our current
plan regarding the immediate development of the platform.

Concerning the MAS-SOC approach to social simulatgmtjal organisationsvill
be our immediate concern. We plan to adopt a role-based approach to social organisa-
tion (17; 22), where roles, norms, and values, together with negotiation protocols and
strategies for solving conflicts, play a central role. That will demand the definition of
which built-in social frameworkswill be introduced in the platform to support such
notions.

Work on such social frameworks is already under way, focusing on the notions of
exchange values (19) and social control (12). Whatever final social elements we choose
to built into the platform, we will adopt the idea that social structures camified as



concrete structures ofgeneral environmenencompassing both tighysicaland the
socialstructures that the agents have to deal with.

This stance allows us to introduce the above mentioned social elements (norms,
roles, values, etc.) as standard constructs of the ELMS language, on equal footing with
the physical elements that the language already handles. We hope that, following this
track, we will be able both to refine the sound social simulation foundations underlying
our approach and to further elaborate the agent-programming platform that supports
MAS-SOC.
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