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Abstract. We present our Component-Based Agent Framework, which enables
a software engineer to design a set of agents by using avisua compo nent-based
toolkit (Sun’s BDK), and wiring together desired blocks of functionality. We
instantiate this framework in the RoboCup domain by implementing the neces-
sary components. The implementation also serves as a proof of the viability of
our framework. Finally, we use this implementation to build sample agents. The
proposed framework is a first step towards the merging of agent-based and
component-based design tools.

1 Introduction

As the Semantic Web [6] and Web services become increasingly ubiquitous we can
expect to see an increasing need for agents that can exploit these resources [9]. While
some of the agents will be highly complex, we expect that most of them will be sim-
ple agents of limited abilities, short lifespan, and built in order to solve temporary
problems. Software engineers that have to build these agents will, therefore, want
methods that allow them to very quickly develop agents that have the desired capa-
bilities. They will not want to spend time learning to use complex agent architectures
in order to build an agent that might only be used a dozen times. They will instead
prefer to use the tools that they have grown used to, such as visual component-based
development systems.

In this paper, we present our Component-Based Agent Framework (CBAF) aong
with SoccerBeans—an example application of this framework for the RoboCup [13]
domain. CBAF builds on our previous work on an agent architecture for RoboCup [5,
14] by integrating parts of the architecture with the Java Beans component model.
The framework is our first step towards the merging of agent-based and component-
based design methodologies and tools. Once our framework is instantiated for a par-
ticular domain, the resulting system allows the user to build agents using a visual
component-based devel opment program (BDK). In this way, the user does not need to
think about the domain-independent aspects of building an agent and can instead
focus solely on the domain-dependent aspects.
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2 TheComponent-Based Agent Framework Specifications

Despite the recent advances in the quality and the available features in current agent
frameworks, designing agent-based systems remains difficult. Both the rigid design
specifications of the framework and the necessity to understand the framework’s
implementation details have restricted the usability of current frameworks for design-
ing multiagent systems. The CBAF specifications enable a software engineer to de-
sign multiagent systems by simply wiring together the desired blocks of functionality
for each agent from a pool of available components, thereby circumventing the above-
mentioned problems. The frameworks based on the CBAF specifications are simple,
generic, and flexible, imposing minimal restrictions and providing a plethora of op-
tions for designing agentsthat will participate in a multiagent system.

The CBAF architecture is a component-oriented approach for designing agent sys-
tems. CBAF defines the specifications for a designer to create an agent framework
comprising a set of components that can be utilized by the user to develop sophisti-
cated agent behaviors and associate the behaviors with individual agents. Most of the
current agent frameworks implement a specific agent system, and a user of these
systems is expected to download the provided software and build his agents as exten-
sions to the system. The CBAF approach differs from such frameworks in that it adds
alayer of abstraction between the agent system implementation layer and the devel-
opment environment. The developed agent system will be domain-specific, but by
adding this restriction the learning curve for the user, before he can start building
applications using the system, becomes virtually non-existent. Figure 1 compares
CBAF with other current frameworks. CBAF does not provide any software libraries
for agent applications, just a set of rules to be followed by the designer while devel-
oping agent systems that can be used by the user for creating agent applications. We
show the usage, benefits, and applicability of the CBAF specifications by presenting
an implementation of a soccer simulation system based on the CBAF architecture.

Apications

Apolcatiors
Doomidi 1 speilic fue il Fronnerk,

Darnain irdepondent Agont Fravrowol: CBAF epec fications

Zizvaloprent Shvironment Covclopmont Envicor mont

M ajority of current Agent Framework s Component Based Agent Framework

Fig. 1. Comparison of agent frameworks.

José M. Vidal



Building Blocksfor Agent Design 3

2.1 CBAF specifications

The CBAF specifications defining the necessary environment settings and the rules of
agent system design to be followed by the designer and the user of the system are as
follows:

CBAF assumes a discrete, stochastic and episodic environment that can aso be
dynamic and partially observable with real-time requirements. Also, the set of ac-
tions that an agent can take must be bounded.

CBAF is a component-oriented approach. The development environment selected
for designing the agent system must support event-driven programming.

The agent framework based on the CBAF architecture must be designed as a set
of independent, self-contained, highly specialized components. A user must be
able to combine the components in various forms to create different plans or ac-
tivities for the agent. These activitieswill be associated to the individual agents.
The agent framework must include the following types of components:

= Agent component(s):

The agent component represents an individual agent in the multiagent system.
The component must be able to represent the internal states of the agent and the
external states of the surrounding environment. The agent component must also
receive sensor input from the environment and produce action output to the envi-
ronment. The agent will be associated with one or more activity components rep-
resenting the plans for the agent at design time. The scheduling mechanism for
these activities and the internal control flow for the agent must be decided by the
agent component. All variations of the above mentioned mechanisms must be
represented as separate agent components in the framework.

= Activity component(s):

The activity component is an interface between an agent component and the user-
defined activities or plans for the agent. The activity component must fully sup-
port the activity scheduling and agent communication mechanisms of the agent
component. The activity component must also alow the creation of plansinvolv-
ing complex, decision-making routines. A plan must be rooted by an activity
component and generated as a concatenation of rules based on the agent’s inter-
nal state. The rules can have a positive or a negative classification. For each clas-
sification, a new set of rules can be appended. This mechanism produces a data
structure like a decision tree. Each branch of the tree structure must be terminated
by an action to be performed by the agent when all the rules defined in the path
are satisfied. The activity component must be able to solve the plan by propagat-
ing events through the plan. The agent framework can have one or more activity
components satisfying all the above criteria.

= Decision components:

The decision components represent the rules used in plan generation for an agent.
The rules can be defied as individua decision components or as a collection of
the components chained together in some order. The framework must include al
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the decision components, so that the user is able to devise any rule that he wants
to usein hisplan.

=  Behavior components:

The behavior components represent the agent’s actions. Each rule set in a plan
has to be mapped to a behavior component. The framework must provide every
possible atomic action for an agent in the system as a behavior bean.

Figure 2 describes a sample CBAF architecture for the RoboCup domain.
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Fig. 2. The CBAF architecture. The sample behavior and decision components are
shown for the RoboCup domain.
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2.2 Challengesfor CBAF design

Some of the issues that need to be addressed for designing the framework described
above are:

e Which are the best behavior and decision components to provide to achieve the
desired goal s?

e The components have to be functionally independent, but they also rely on each
other for accomplishing their tasks and hence should be interactive and cohesive.
How do we achieve that?

e How should the components be combined to create new components?
e How do we deploy the whole system with multiple agents?

2.3 CBAF implementation with JavaBeans

The JavaBeans technology [11] by Sun Microsystems seems to be the most suitable
development environment for creating agent systems using CBAF. Java supports the
delegation event model for event handling, where an event source generates an event
and sends it to a set of event listeners. The listeners must be registered with the source
to receive notifications about specific event types. JavaBeans leverages the strengths
of Java by providing a rich framework for manipulating events and the relationships
between event sources and event listeners at design time. The Bean Development Kit
(BDK) provided by Sun Microsystems for application development using beans pre-
sents a smple way of associating two beans with each other. Linking can be done by
simply selecting the method that fires a particular event in the source bean and fol-
lowing it up with selecting the method that needs to be invoked on the listener bean
each time that event is fired by the source. The BDK automaticaly creates the
Adapter [7] class for combining the source bean with the listener. Above al, the in-
trospection and reflection mechanisms supported by Java and extended by JavaBeans
open up a plethora of options for aiding complex decision-making by the agents. This
paves the way for enabling the creation of a diverse set of applications using the sys-
tem toolkit. Finally, with JavaBeans, the agent properties can be modified at run-time.
This feature can be extremely useful while testing out different strategies for individ-
ual agents.

Among the currently available technologies, only JavaBeans provides al of the
above-mentioned features. While other development environments like Visua Studio
with Visua Basic or Visua C++ can aso be used for developing components as
DLLs (Dynamic Linked Libraries), they have limitations that add to the complexity of
the task of agent system development. While these environments support event han-
dling, combining the event source with the event listener is non-trivial. The Adapter
classinvoking the appropriate method in the listener component for each event gener-
ated by the source component has to be hand-coded. A similar case can aso be pre-
sented for other distributed computing technologies like CORBA and COM. Since the
above-mentioned technologies do not support introspection and reflection, the com-
ponents will be highly specialized and inflexible. Hence, these technologies would
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need a much higher number of components to support complex decision-making than
JavaBeans. Run-time modifications to agent properties would also be unavailable.

3  The Soccer Beans Framework

SoccerBeans is an implementation of the CBAF specifications for the RoboCup do-
main. The RoboCup domain is the world of simulated robotic soccer. The Soccer-
Beans agent system facilitates the creation of different soccer teams with minimal
effort on the user’s part. SoccerBeans is intended to be used as a pedagogical tool to
instigate research in multiagent systems. RoboCup proves to be an excellent test-bed
for study and research in multiagent systems’ design as it presents a complex, distrib-
uted, real-time, noisy, collaborative, and adversarial environment for extensive re-
search in agent based systems.

The RoboCup simulation system design is based on the client-server architecture.
The soccer server provides a virtua field and smulates all movements of a ball and
players, and controls a game according to rules. The multiagent system of soccer
players forms the client side. Each client controls the movements of one player.
Communication between the server and each client is done via UDP/IP sockets.

The SoccerBeans system consists of a pool of functional components developed as
JavaBeans (referred to from hereon asjust beans). The Pl ayer Foundat i on beanisa
highly specialized agent component that represents an individual player in the multi-
agent system. The bean handles all the communication, knowledge representation,
and activity scheduling aspects of the represented player. The Acti vi ty bean is the
CBAF activity component that glues together the Pl ayer Foundat i on bean with the
different player activities designed from the various decision and behavior beans
provided in the system. Eight decision and behavior beans have been developed so far
and work isin progress for developing additiona beans to further extend the capabili-
ties of the system. As will be shown later in this section, even with such a limited set
of components, the CBAF implementation using JavaBeans can support substantially
complex decision-making activities.

3.1 PlayerFoundation bean

The Pl ayer Foundat i on bean encapsulates al the low level details of the agent and
allows the user to concentrate on the real issues of planning and coordination. The
Dat agr amW apper class handles the task of communicating with the soccer server.
The player and server configuration information is static and is preserved in the Con-
fi gurationDat a class of the bean. The dynamic information about the surrounding
environment received from the server at every simulation step is preserved in the
player's Wor | dvbdel . The bean has a reference to the RobocupUtilities class,
which is a library of utility functions defining the various actions a player can take.
The activity scheduling mechanism of the Pl ayer Foundat i on bean supports both
the BDI and the Subsumption architectures. The design of the Pl ayer Foundat i on
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bean is very closely based on the Biter platform [5]. (Please refer to the paper on Biter
for further information about the above mentioned classesin the Pl ayer Foundat i on
bean.)

The Pl ayer Foundati onBeanl nfo class exposes many properties of the
Pl ayer Foundat i on bean. These properties differentiate the players from each other
and can be manipulated by the user at design time and, if required, aso at run time.
The nane and t eam properties define the player’'s name and team. A value for
pl ayer Nunber is assigned to the player by the server when the initial connection is
established. The player’s starting position before kickoff and after every goal can be
set by thei nitial Locati on property. Age defines the number of cycles for which
the ghost of a dynamic object is preserved in the world model. The di spl ay property
pops up a new window that graphically displays the player’s world model. This can
be very useful while debugging. If the debugFi | eNane is not empty, then the
Pl ayer Foundat i on bean spits out the debug information into that file. The file
defining the player and server configuration information must be entered in the con-
fi gFi | eName field. Host name and por t Nunber for the soccer server must be de-
fined in the corresponding fields for the bean. The version information is used in
establishing the initial connection with the server. This value must be set to 5.00 for
the SoccerBeans system. If the player is a godlie, then the goal i e property must be
set to true. The player must be set onl i ne only after all the other properties are de-
fined and &l the activities are added to it. Thisinitiates the socket connection between
the server and the player.

As defined by the Pl ayer Foundat i onBeanl nf o, the Pl ayer Foundat i on bean
acts as an event source for the Acti vi t yEvent events. The bean provides methods
for adding and removing the listeners. The Act i vi t yEvent events are fired to pass
references of the source bean and the current input to the listeners. The Activity
beans are the recipients of these event natifications in the SoccerBeans system. While
firing these events, the Pl ayer Foundat i on bean can invoke either of the addAc-
tivity, canHandl e or handl e methods on the listener bean. The addActi vity
method is invoked on an activity at the instant when the activity is registered with the
player at design time. The references of both the activity and the player are exchanged
a that instant. The canHandl e method determines if the concerned activity can han-
dle the current input to the player. As part of the Pl ayer Foundat i on bean’s activity
scheduling mechanism, the canHandl e method is invoked for all registered activities
at every instant when anew input is received by the player from the server. The han-
dl e method then executes the concerned activity. Exactly one matching, uninhibited
activity is selected for execution at each simulation step.

The Pl ayer Foundat i on bean is not a recipient of any event notification and
hence does not expose any methods for invocation.
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3.2 Activity bean

The design of every new plan or activity for an agent beginswith the Act i vi t y bean.
The activities are generated as sets of rules with each branch of the resulting decision
tree terminated by an action to be performed by the agent. Thus, if a particular set of
rules defined in a path are valid for a player and its surrounding environment then the
player performs the action defined at the end of that path. The rules are designed by
combining the various decision beans, while the actions performed are defined by the
behavior beans. The root of each such pathisanActi vity bean.

The ActivityBeanl nfo class exposes two properties for the Acti vi ty bean,
the name of the activity, and the i nhi bi t s property. The list of other activities that
are subsumed by this activity must be declared in thei nhi bi t s property. The activi-
ties must be referred to by their name, and delimited by commas.

As defined in the CBAF specifications, the Act i vi t y bean acts as glue for associ-
ating a player to one of its activities. The bean isan Act i onEvent event listener and
implements the addActi vity, canHandl e and handl e methods declared in the
ActivityLi stener interfface. These methods are exposed for invocation by the
Pl ayer Foundat i on beans through the Acti vi tyBeanl nfo class. Each activity
comprises two decision trees. The tree associated with the canHandl eLi st ener in
the Acti vi ty bean determines if the current environment settings are favorable for
performing the activity. The other tree is associated with the handl eLi st ener inthe
Activity bean and defines how the activity must be executed. The first tree is
solved by the canHandl e method, while the second tree is executed by the handle
method.

The decision trees in the Acti vi ty bean comprise some decision and behavior
beans linked with each other in some sequence. For both canHandl e and handl e,
the Acti vi ty bean provides add and r enove methods for decision and behavior
beans. The ActivityBeaninfo class exposes these methods. The structure of both the
methods for solving the trees is identical. A Functi onal i t yEvent event defining
the current state of the world is fired from the method and the notification is sent to
the decision or behavior bean adjacent to the Acti vi t y bean in the chain. Both De-
ci si onLi stener and Behavi or Li st ener interfaces listen to Functionali -
tyEvent events and are implemented by the decision beans and the behavior beans
respectively. If the next bean in the chain is a decision bean, the Activity bean
invokes the deci de method on the decision bean. If it is a behavior bean, then the
behave method is invoked. The notification is propagated further in the appropriate
path by the decision beans until it hits the behavior bean where it is terminated. For
canHandl e, the behavior bean sets the canHand! e flag in the Act i vi t y bean either
directly or via an intermediate decision bean. This determines whether the activity can
be performed in the current cycle with the given environment. If the activity is appli-
cable then, as part of the SoccerBeans system’s scheduling mechanism, all other ac-
tivities applicable for the current cycle that are inhibited by this activity are elimi-
nated. The activity that is handled for the current cycle is selected from this new list
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of applicable plans. For handl e, the behavior bean typically sends a message to the
soccer server describing the player’s action for the current cycle.

3.3 Decision beans

As described in the CBAF specifications, the decision beans enable a user to define
rules for generating plans. Every possible condition that the user might need to check
for making his/her decision must be encompassed by the published set of decision
beans in the framework. The user must be able to define any rule by using either a
single decision bean or combining a collection of them in some form. Plans are gener-
ated by chaining such rules with an Acti vi t y bean at the head and a behavior bean
at the talil.

For every path in a plan, a decision bean is preceded by either an Acti vi ty bean
or another decision bean, and is followed by a behavior bean or another decision
bean. Whenever a decision has to be made, a message has to be propagated through a
chain from the Act i vi t y bean towards the behavior bean via the intermediate deci-
sion beans. This is achieved in SoccerBeans by sending Functi onal i t yEvent
event notifications through the chain. The event object provides the listener with a
picture of the agent’s current internal state. Every decision bean implements the De-
ci si onLi st ener interface for listening to the Functi onal i t yEvent event notifi-
cations. The deci de method for each decision bean performs the necessary computa-
tion and sets the deci si on flag appropriately. The path to be pursued is selected
based on the value of the flag, and the event notification is propagated further in that
path.

As discussed above, a decision bean can be linked to either another decision bean
or a behavior bean. Also, two different chains of beans will be connected to the deci-
sion bean, one for each possible value of the deci si on flag. For both chains, a deci-
sion bean provides add and r enove listener methods for connecting to both types of
beans.

The following decision beans have been developed for the SoccerBeans system to
date:

331 DInputType bean

The input received from the soccer server is represented as Sensor | nput , while the
action event generated by the Pl ayer Foundat i on bean to elicit an action for the
current cycleis represented as Event input in the SoccerBeans system. The DI nput -
Type decision bean can be used to classify player behaviors based on the type of
input propagated by the Functi onal i t yEvent. The DI nput TypeBeanl! nf o class
exposes the i nput Type property of the DI nput Type bean. The valid entries for the
property are Sensor | nput and Event .






