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Abstract. One of the main challenges for the successful application of agent-
based systems in mobile and embedded devices is enabling applicatitwpdeve
ers to reconcile the needs of the user to the capabilities and limitations of agents
in the context of environments with changing and often limited resoureces. |
this paper we present an attempt to move towards a solution through e-fram
work for defining and reasoning about agents in a manner that is nroatuta
reconfigurable at run-time. Departing from the theoretical basisddtbby the
SMART framework, we extend it to enable the definition of fully re-confidnle
component-based agent architectures. The guiding principles of higaagh are

an architecturally-neutral model that supports a separation betweees$hep-
tion, behaviour and structure of an agent.

1 Introduction

The spread, and rise in influence of, embedded and mobileetewith limited compu-
tational power, which have found favour in many aspects efyalay life, from mobile
phones to personal digital assistants (PDAs), providesuategooint to the tradition
of desktop computing. In line with this profile, there is alsoincreasing demand for
integratingthe various different kinds of such devices in order to pifevan environ-
ment where access to information and services is availatldeseamless manner, while
transcending physical location and computing platform.

Agent-based systems have a key role role to play in the effigmtovide and support
such integration, since agents embody several of the edjaharacteristics for effec-
tive and robust operation in ubiquitous environments [4, AZentral area of concern
for supporting agents operating in such heterogeneousosmuents, which place dif-
fering and varying demands and limitations on them, is theld@ment of appropriate
agent architectures for the device and environment withiickvthey are operating. We
identify below three specific challenges for the developntdrarchitectures in such
environments.

— The heterogeneity of operating environments and devicéssnia practically im-
possible to adopt a single optimal design for an agent actite. For example, a
purely BDI-based approach for agents on all types of devitagsimply be overly
complex for a number of limited devices that do not need td wéh complicated
tasks and as such would not benefit from planning capakildiea sophisticated



representation of beliefs. Instead, we should enable dpeed to create solutions
that are tailored to specific devices and application domaifthout constraining
them to specific architectural approaches.

— The necessity to have multiple types of agent architectwede providing the
required level of flexibility, also introduces new challesgsince it increases the
overall complexity of the system design. A multiplicity athitectures also makes
it more challenging to choose the best for a specific sitnatio

— Finally, the agent architecture should be able to deal wghunpredictable nature
of computing devices and the environments they operateonekample, devices
may stop operating due to power failure but it is importaiat #gents are able to
keep some information about their state to retrieve wheml¢hvéce is restarted.

In this paper, we address just these issues by presentingdal foy agent con-
struction that isconceptually groundednd architecturally neutral It is conceptually
grounded by the understanding of agent systems providedighrsMART [10] and
it is architecturally neutral because a number of differegent architectures can be
expressed through the constructs provided. Through tl@etagpnstruction model we
advance the current state of the art for agent-orientedvaoét engineering in three
ways. Firstly, we provide an agent construction model thdr@sses the specific needs
of agent construction on mobile devices. Secondly, thrahghmplementation of the
model we identify some specific techniques that can be useddfapting to changes
in device capabilities and operating environments. Fnal a result of this work we
identify some more generalised features that can informctimstruction of agents in
other settings beyond ubiquitous computing.

We begin by introducing a series désideratathat our agent construction model
should fulfil, and then outline some of the key design deosithat guide its devel-
opment as well as clarify its position within the context gpécation development.
Subsequently, the agent construction model itself is pteskefollowed by a discus-
sion of its implementation for devices supporting the Jakdi@o Edition. Finally, we
conclude and compare our approach to others.

2 Design Principles

2.1 Desiderata for an agent construction model

In order to address the range of concerns raised above avid@smme statement of re-
quirements for the agent construction model, we identity fitlesiderata. Although the
set is not exhaustive, we consider it to be the minimum necgset of requirements.

Abstract Agent Model An agent construction model that addresses the issueslraise
above must be based on some understanding of how we can nyefgkan a
manner that is independent of the agent architecture. Tloiwsathe comparison
of alternative architectures at this matastractlevel, ultimately providing applica-
tion developers with more informed choidesforethey proceed to provide specific
implementations for the domain in question. In our case,stharT framework
provides such an abstract agent model (as discussed in®ac?).



Architecturally neutral The construction model should not lead to the construction
of only a limited range of agent types, but should allow thdegt possible range
of architectures to be defined using the same basic condaptsder to achieve
this, there are two possible avenues to explore. One opgiom define a generic
agent architecture and describe other architecturesrrstef this generic architec-
ture, something that Bryson et al. suggest [6]. Apart fromittherent difficulty in
constructing any general, all inclusive model, the drawtsc¢his approach is that
there may be features of other architectures that canretttlitbetranslatedto the
generic one. The second option is to provide an architdttumautral model, so
as to avoid this translation problem. Here, the challenge ovide a model that
is specific enough so that it actually offers something tacthvestruction of agents,
but general enough to support the development of a wide rahgechitectures.
Through an appropriate architecturafigutral model we can consider a range of
architectures based on a common set of agent-related efiimtsaof agents and
without losing expressive capability.

Modularity The model should allow for modular construction of agentssTs nec-
essary both in order to meet general software engineerimgeens and to delineate
clearly the different aspects of an architecture. As disedsn Section 2.3, our
approach calls for a separation between describing agetgsms of theiicharac-
teristics theirstructureand theirbehaviour Such a fine-grained approach can lead
to a better understanding of the overall functioning of therd as well as how it
can be altered, since the different aspects of the architeetre clearly identified
and the relationships between them made explicit.

Run-time reconfiguration The reality of current computing environments is that ctesng
are often required as the system is running. With large systhat can contain dy-
namic, complex dependencies between various parts, it@atito be able to re-
configure agents at run-time. Reconfiguration may mean girayimore function-
ality to an agent or changing the way it behaves in order teebeteet application
requirements.

2.2 SMART

The agent construction model is basedssmRT [10] (Structured, Modular Agent Re-
lationships and Types), which provides us with the fourtdeati agent concepts that
allow us to reason about different types of agents, and taéarships between them,
through a single point of view. We chos®ART because it provides us with the appro-
priate agent concepts without restricting us to a speciéntarchitecture. Furthermore,
SMART has already been successfully used to describe severahgxagent architec-
tures and systems (e.g. [8, 9]).

We avoid here a more complete presentatiors@ART and focus on just those
concepts that are used for the agent construction modesskneesMART provides a
compositional approach to the description of agents thadised on two primitive con-
ceptsattributesandactions Attributes refer to describable features of the environine
while actions can change the environment by adding or remgoattributes. Now, an
agent is described by a set of attributes and a sefpébilities where capabilities are
actions an agent can perform. An agent §aals where goals are sets of attributes that



represent desirable states of the environment for the a@artop of this basic concept
of an agentsMART adds the concept of @aautonomous agemis an agent that generates
its own goals througmotivationswhich drive the generation of goals. Motivations can
be preferences, desires, etc., of an autonomous agenttlns it to produce goals and
execute actions in an attempt to achieve those goals.

This approach to agent description fits well with our requieat for architecture
neutrality but does not sufficiently address our requiregsiéor modularity and run-
time reconfiguration. In Section 2.3 we discuss how the date capabilities of
SMART are enhanced to cope with these requirements.

2.3 Description, Structure and Behaviour

While sMART is suitable fordescribingagents, it lacks the necessary featurescton-
structingagents. For the purposessMART, this was not a problem since the intended
purpose was to provide a theoretical framework that woutnhathe description of a
number of different agent systems. However, for our purpdtss crucial to be able to
provide tools that facilitate the construction of agenh#ectures. Nevertheless, we do
not want toreplacethe descriptive capabilities &fMART, since they offer some use-
ful features as discussed above. Rather, we complementulithnadditional aspects,
which are identified below.

SMART allows systems to be specified from an observer's point of.vigents
are described in terms of their attributes, goals or actiaps in terms of how they
are built or how they behave. In other words, the focus is @what and not the
why or how. We call this a descriptive specificatigrsince this essentially describes
a situation without analysing its causes nor the underlgingctures that sustain that
situation. However, these are just the issues we need t@sslgrithin a construction
model. Thereforealongwith the descriptive specification we need to have the ghiit
specify systems based on their structure, - the individuddling blocks that make up
agents - as well as their behaviour. We call these other viesvstructural specification
and the behavioural specificatigrrespectively.

The structural specification enables the identificatiomefrelevant building blocks
or components of an agent architecture. Different sets itdibg blocks and different
ways of connecting them can enable the instantiation oédifit agent types. By con-
trast, the behavioural specification of an agent addreksgzocess through which the
agent arrives at such decisions as what actions to perfanes€l' specifications, along
with the descriptive specification, provide a more compjatture of the system from
different perspectives. It is interesting to note that passible to begin from any one
of these views and derive the remaining two, but the cormedgoce is not one to one.
Several behavioural and structural specifications couldfga single descriptive spec-
ification andvice-versa

For example, let us consider an agent operating on a usebdentevice, whose
purpose is to determine what physical devices (e.g. prjeleix machine, laser printer)
and information services (e.g. local weather informatioraps of the building) are
available for use in a conference room, and, based on thertugoals of its user,
identify the devices that are relevant to the user or quesyiriformation services for
the required information. Alescriptive specificatioaf such an agent may state that the



Descriptive Specification Behavioural Specification Structural Specification

Attributes: Step 1: Active Devices Discover

Agent Owner = Ronald Ashri Discover available devices

Allowed to Use Devices = True Step 2: Active Information Services Discovery
Discover available info services

Capabilites: Step 3: Devices Evaluation Component

Search for devices Evaluate suitability against goals

Search for infromation services Step 4: Information Services Evaluation Component
Notify user about device

Goals: Step 5: Information Services Query Component

Find laser printer Get results from info service if

Get directions to closest restaurant one discovered User Notification Component

Fig. 1. Distinguishing between description, structure and behaviour

agent belongs to a user, has certain right with regards ®saotg devices and services
in the conference room, has the goals of printing an overaiktlve user’s presentation
and finding out where the closest restaurant is, and so faftiehavioural specification
may state that this agent begins its operation by colledtifagmation about available
devices and services, then filters for those that are bdstidioi the user’s goals, and de-
cides whether to inform the user about them or interact thiredth them to achieve the
goal. Astructural specificatiomay state that the agent has different components, each
able to handle specific functionalities such as searchinglisetooth-enabled devices,
communicating with information services or directory ageand so forth. The differ-
entaspects are illustrated in Figure 1. This separatiomd®st the different views allows
us to change some aspects without necessarily impactingeoathers. For example,
the behaviour could be altered so that the agent reportseofirth device that fits the
required profile, rather than attempting to find the best dhe.structural specification
could also be based on a tightly integrated control looperdtian a component-based
approach.

The agent construction model reflects these levels by allpdirect access to these
different aspects of agents, based on a clear decouplihg atrthitectural level.

2.4 Component-Based Construction

In order to support the division of an architecture’s diéfieraspects as described above,
and to satisfy the requirement for modularity and re-coméigility, we take a component-
based view of agent architectures.

Component-based software engineering is a relatively nemdtin software engi-
neering [7, 11]. Separate developments within the fieldsbpdai-oriented computing,
re-usable software code, formal methods, and modelingukges have all steered re-
search towards a component-based approach [16]. Compaareninderstood as units
of composition that can be deployed independently, whithial-party coordinates
their interactions [18]. Interaction with a component @géace through a well-defined
interface, which allows the implementation of the compdrewvary independently of
other aspects of the system.

There are three main benefits to architecture design faligwei component-based
approach, in line with our aims. Firstly, describing to dése an agent architecture



through the composition of components promotes a cleaestification of the differ-
ent functionalities and allows for their re-use in alteiveatontexts. Secondly, different
types of components can be composed in a variety of ways fewecthe best results
for the architecture at hand. Finally, by connecting theralos agent model afMART
to component-based software engineering we bring it muxtecito practical develop-
ment concerns within a paradigm that is not foreign to dqyeis.

2.5 From SMART+ to Applications

Applications

Domain Support increasing

Architectures
actSMART y
SMART

Fig. 2. From sSMART+ to applications

In this section, we clarify the relationships between theraigonstruction model
which, from now on, we will refer to aactsMART, the abstract agent modeMART,
and the application level. These clarifications serve ticaté how the work presented
here can be used within the context of the agent developnieoésgs.

The relationships are illustrated in Figure 2. At the mostiatt level liesSMART.
Then, actsMART represents an extension 8SMART to deal with theconstructionof
agents. Architectures for agents, which can range fromi@tn-independent archi-
tectures, such as BDI, to application-specific architextucan thus be designed using
the framework provided bgctsMART, and based on the concepts providedsmMART.
We should note that application-independent architestare not always required and
may not always be advisable. For example, an agent dedittatkghling with requests
for quotes on fast-changing financial information, whergfggenance optimisation is
crucial, would benefit from an application-specific arctiitee tailored to that situa-
tion. Conversely, agents expected to deal with a varietyhahging tasks and complex
interactions with other agents, such as sophisticatedtiagigns, might benefit from
a more generic and sophisticated deliberative architectone of the benefits of our
approach is that while it distinguishes between the diffecases, it can still consider
them within the same conceptual and practical framework.

The next level is domain-specific support, which involveprapriate middleware
to support agent discovery and interactions between agetite specific distributed
environments in which the applications operate, as weltlasraomponents that could
supplement agent capabilities. Finally, specific applicest can be built, making use of
all the layers below.

3 Components

The first step towards developing our agent constructionelhed discussed above, is
to introduce and defineomponentas the basic buildings blocks for an agent. These can



be considered as the structural representations of onermr nelated agent functionali-
ties, which are considered at two different levels. Atdistract levelthe functionality

is described in generic terms, which we will present shoalythe implementation
level the abstract functionality is instantiated through thesalccomputational mech-
anisms that support it. The reason for distinguishing betwthese different levels is
so that we can usgenericcomponent types to specify an agent architecture at a high
level of abstraction without making direct reference to die¢ailed behaviour of each
component. This allows us to move between the differenidentile retaining a good
understanding of the overall architecture, and identgyivhich specific components
best suit each of the generic functionalities.

ActiveDevices DeviceEvaluation UserNotification
Discovery (Sensor) (Controller) (Actuator)

T

Userlnput ServiceQuery
UserGoals
(Actuator;
(Sensor) (InfoStore) ( )

]

InformationServices InformationService
Discovery ]
(Sensor) (Controller)

InfoServiceReplies
(Sensor)

Fig. 3. Example Agent Architecture

Generic Component Types From here on, we set out the terms that can be used to
describe components at abstractlevel. We begin by dividing components into four
generic types, each one representing a class of functipfatithe agent.

We use the example architecture illustrated in Figure 3 pdedx each generic com-
ponent type. The diagram presents an architecture for am,dggsed on the example
discussed in Section 213The domain specific functionality of components is as fol-
lows. Information about available devices and informaservices is collected by the
ActiveDevicesDiscoveandinformationServicesDiscoveppmponents. The user pro-
vides information through th&serinputcomponent, which defines the goals of the
user. These goals are stored in eerGoalscomponent. Based on these goalshee
viceEvaluatiorand thelnformationServiceEvaluatioocomponents choose which of the
devices and services are relevant to the user. Informagionces are queried through
the ServiceQuencomponent and replies are received by lf@ServiceRepliesom-
ponent. Finally, the user is notified about relevant devasesreplies from information
services through theserNotificationcomponent.

! Note that while this architecture is sufficient for illustrating the agent coatm model and
how it can benefit agent design we do not claim that it is a complete desiguch a type of
agent.



The genericfunctionality of the components can be divided into infotima col-
lection (sensors), information storage (infostores),isien-making (controllers) and
finally those directly able to effect change in the environtm@ctuators). These four
generic types of components, described in more detail hedawbe used to describe
a wide range of agent architectures and fit particular weth&éocontext of ubiquitous
devices, where there is clear distinction between the eatenvironment to the device
and the agent itself.

— Controllersare the main decision-making components in an agent. Thadysin-
formation, reach decisions as to what action an agent sipaufdrm, and delegate
those actions to other components.

— Sensorare able to sense environmental attributes, such as sigoaighe user or
messages received from other agents. They provide the nieangh which the
agent gains information from the environment.

— Actuatorscause changes in environmental attributes by performitigresc

— Infostoresare components whose main task is that of storing informatkuch
information could be anything from the beliefs of an agentutthe world, to
plans, to simply a history of the actions an agent has peddran a representation
of its current relationships.

Component Statements The internal operation and structuring of components, irre-
spective of their type, is divided into a functionally-sffiecpart and a generic part. In
this subsection, we describe the generic operation thairsmon to all components.
In addition, we describe what types of information compasean exchange and how
that information is processed by a component.

Each component accepts a predefined set of inputs and psodycedefined set of
outputs. A component generates an output either as a dagebnse to an input from
another component, a signal from the environment or anriatesvent. For example,
a sensor component attached to a thermometer may produaggrt every five min-
utes (based on an internal clock), or when the temperatureeels a certain level (an
external signal), or when requested from another compdiasrd response to the other
component).

In actsMART, inputs and outputs share a common structure; theystatements
which have aypeand abody The body carries the main information (e.g., an update
from a sensor), while the type indicates how the informatiothe main body should
be treated. We make use of three types of statements, destrdbow.

— INFORM-type statements are used when one component simply pagsesation
to another component. In order for one component to inforathaer of something,
it must be able to produce theaFORM-type statement as an output and the other
must be able to accept it as an input.

— REQUESTtype statements are used when one component requiresyafrem
another component. In this case, the receiving componemepses the request
and produces amFORM statement that is sent to the requesting component. The
mechanisms through which statements are transmitted friercomponent to an
other are introduced in Section 4.



— EXECUTE-type statements are used to instruct a component to exacpecific
action. Typically, controller components send such staté@mto actuators so that
changes can be effected in the environment.

The information within a statement’s body is, in its mostgehform, is described
throughattributes as per the definitions given in Section 2.2. Attributes candb
vided along the lines adirchitecture-specifiattributes andlomain-specifi@attributes.
Architecture-specific attributes are attributes that arly celevant within the internal
scope of an agent architecture. For example, a BDI-baséitesture could define at-
tributes such aplans beliefs intentionsand so forth? Architecture-specific attributes
can be considered as defining tiiernal environment of an agent. Domain-specific
attributes define features that are relevant to the envieoiiwithin which the agent
is operating. So, in the case of the example above, thesbuéés may include fea-
tures such adevice namgocation and so forth. Generic agent architectures, such as
BDI-based typically make use of both types of attributesluding domain specific at-
tributeswithin the architecture-specific attributes. Thuglan may prescribe an action
to contact a service, as identified by @srvice nameThe components of an AgentS-
peak(L) architecture, for example, could then manipufdées andbeliefs and have
some generic way of manipulating themain-specifiattributes. However, a developer
may also choose to develop an agent that has no architespgagific attributes, creating
components that can directly manipulate domain-spectiitbates.

while active and not executing do
listen for statements

if statements received then
store statements

if call to execute then
retrieve stored statements
while stored statements not empty do
if INFORM then
update relevant attributes
if REQUEST then
retrieve relevant attributes
create INFORM statement
push statement to outbound stack
if EXECUTE then
push statement to execution stack

pop statements from execution stack and perform actions

send statements to other components

Fig. 4. Component Lifecycle

Component Operation An outline of the component operation is shown in Figure 4.
Components begin their operation in an inactive state, ba¢ @ctivated (by the shell
that is described in Section 4, perform any relevant ingt&ion procedures and wait
for receipt of statements or for the command to execute bghike#. When a statement

2 This approach was followed by d’Inverno and Luck when formalising#tSpeak(L) [9].



is received, it is stored within the component until the comgnt enters its component
execution phase. At this point, all statements received bynaponent are processed.
The processing of statements may result in the componefdrpeng a set of actions
or firing statements itself. This process stops when the oot is de-activated.

The reason that components store statements instead afgleath them imme-
diately is that components can be made to react immediatedy @ach statement is
received through external control, as we discuss in theseption. In other words, the
behaviour of a component within the context of the entirdidecture (i.e., when it acts
or sends messages) depends on an external controller.

At any given time, the state of a component, in terms of thermftion to be ma-
nipulated, is given by the set of statements that have nat pesessed yet, the set of
statements in the execution stack, the set of statemeni® iautbound stack and any
attributes that the component manipulates. Depending @isgikcific implementation
of a component it may be possible to interrogate componentséir individual states.
We discuss this issue further in Section 5.

With components, we are able to differentiate between tfierdint tasks an agent
architecture needs to perform, from a structural persypedti contrast, the composition
of components and the control of the flow of information betwéhem provides the
behavioural specification. In the next section we see hasvishinanaged.

4 Shell

Agent Shell
Controller Execution Sequence
Infostore
Link Management
T T T
1! sensor ! | Actuator
1! ! v Agent Descriptions
[

Fig. 5. Agent shell

As discussed in Section 2.4, the basic principles of a corpbased approach
is that components should be independent of each other antbtirdination between
them should be handled by a third-party. The design of thepomrnts presented above
achieves independence by defining the interface of the coenis so that interaction
is reduced to the exchange of statements, with no considea to where a statement
arrives from. The third-party coordination is achieved tgcmg components within a
shell which acts as thehird partythat manages the sequence in which components exe-
cute and the flow of information between components. Thisagament takes place by
defininglinks between components and tieecution sequenad components. The ba-
sic aspects of a shell are illustrated in Figure 5. We userdifft representations for the



different types of components in order to aid the illustatf agent architecturesen-
sorsare dashed rectanglésfostoresare rounded corner rectanglestuatorsare con-
tinuous line rectangles, arabntrollersare accented rounded corner rectangles. Com-
ponents are placed within a shell, links are created betwegerponents to allow the
flow of statements, and an execution sequence is definedditicerd the shell can be
used to maintaidescriptionsf agents in terms of attributes, capabilities and goals. We
consider each of these aspects in more detail below.

Links Information flows throughinks that the shell establishes between components.
Each link containpathsfrom astatement-producingopmponent to thetatement-receiving
components. Each component that produces statements in&saadociated to it that
defines the components that should receive those staterhais also ensure that, in
the case of ®EQUESTstatement, the reply is sent to the component that prodineed t
request. Thus, links manage paths, which are one-to-oatars$hips between compo-
nents. They are usually unidirectional, except in the cAseREQUESTStatement, for
which aniINFORM may be returned in the opposite direction.

The shell then uses the information within links to coorténthe flow of state-
ments between components. Ultimately, this coordinatepedds on the choices that a
developer makes, since it requires knowledge of each coemt@nd how they can be
composed.

By decoupling the handling of statements between comperfenin the compo-
nents themselves, we gain considerable flexibility. We canage the composition of
components and the flow of information without the composémtmselves needing to
be aware of each other. It is the architecture developesisttaensure that the appro-
priate links are in place. At the same time, we have flexibilit altering links, and it
becomes easier to introduce new components. Furthermasi, toansformations can
be performed on a statement from one component to the otlegrsiare compatibility
if the output of one component does not exactly match theiredjunput for another.
For example, if a sensor component provides informatiomfadhermometer based on
the Celsius scale, while a controller that uses that inftionanakes use of the Fahren-
heit scale, the link can be programmed to perform the negesisamsformation. These
features satisfy our requirement for facilitating the m&fgguration of architectures.

Execution SequenceApart from the management of the flow of information, we also
need to consider the execution of components for a compiete of agent behaviour.
This is defined via aexecution sequendbat is managed by the shell. Execution of a
component includes the processing of statements recdlvedlispatch of statements
and the performance of any other actions that are requitegleXecution sequence is an
essential part of most agent architectures and, by plabmgeisponsibility of managing
the sequence within the shell, we can easily reconfiguregibhypoint during the oper-
ation of the agent. For many architectures this may be pwetdyential, but there are
cases in which concurrent execution of components is dbgrg., the DECAF archi-
tecture is based on a fully concurrent executioalbEomponents [13]). In general, the
issue of supporting complex execution sequence constraats as conditional paths
and loops, is considered to be an issue that goes beyond dpe sf this research,



and there is a wealth of existing research that can be act¢sseddress this need.
For example, recent developments within the field of Sernaifb Services provide a
process model language for describing the operation of aseslice [1]. Nonetheless,
through our proposed mechanisms, we facilitate the negessparation of concerns to
enable the integration of such work within the scope of agettiitecture development.
In Section 5, where we present an implementatioaa$MART we only implement a
sequential execution sequence, which is sufficient for ament purposes.

Agent Description The description of the agent as a whole is maintained by tak sh
The shell can store a number of attributes that describegir@ @wner, its location, user
preferences, etc. The level of detail covered by this dpson is mostly an application-
specific issue, and this information can either be provideecty to the shell by the
developer, or collected from the various components. Tledl shuld query a compo-
nent that is able to provide information about current limegtfor example, and add
that to the profile of the whole agent. Likewise, it may keepeeord of the current
goal an agent is trying to satisfy, or the plan it is pursuifige capabilities collecting
and providing attributes describing the agent within thellshay be particularly useful
in a situation in which a developer wants to export a view ef éigent for debugging
purposes, or when some information needs to be advertigell,as the agent's capa-
bilities.

Agent Design With the main aspects of the agent construction model ireplae now
briefly describe the agent design process. Agent desigmbegih an empty shell. We
could envisage implementations of shells being providegiwronment owners, which
would ensure compatibility with their environment, whiléoaving the agent developer
relative freedom as to the structure and behaviour of thetagi¢ghin the confines of the
shell. Then, based on the purpose of the agent, the necessaponents for sensing,
acting, decision-making (controllers) and informatioorage can be identified. If such
components already exist, the main task of the developer ietide on the desired
behaviour, in terms of execution sequence and flow of inftionaand whether any of
the outputs of components need to be transformed in order &digned with the input
needs of other components.

The components are then loaded into the shell, and linksefisas an execution
sequence, can be defined. With the execution sequence i fit@coperational cycle
of the agent can begin. Agent operation can be suspendedppest by stopping the
execution sequence. This operational cycle can be modifiealtering the execution
sequence, and modifying links between components.

5 Implemenation of actSMART

In order to evaluate the viability of the agent constructioodel, we have developed an
implementation of the ideas described above in Java. Thatirestoolkit consists of

a core set of applications programming interfaces (APIa) tepresent the basic code
required for defining a shell, components and links betweamponents. This core has



been programmed using solely classes supported within ti@l&linformation Device
Profile (MIDP) of the Java 2 Micro Edition [14]. As such, theeddeas can be used by
wide range of devices, from workstations to limited caggbihobile phones.

We then provide two extensions to the core, one for more golhv@evices such as
desktop and laptop computers and one for mobile devicgsectigely. The extension
for powerful devices provides enhancements to the cord, asi@ graphical user inter-
face for building entities and run-time loading of compatsethat are not possible for
limited capability devices. Furthermore, in order to spapdhe development process,
we can define the required components, attributes, link®aadution sequence within
an XML file and use that to create an agent in the desktop emviemt. The extension
for mobile devices provides functionality which is specificmobile devices such as
permanent record stores and user interfaces for mobilee®vin both cases we can
manage the information flow between components at run-tgweedl as change the ex-
ecution sequence within the limits of the types of execusiequence that we currently
support.

The user interfaces provided witittsMART, for both the mobile and desktop de-
vices, allow direct access to all the relevant informationtlze state and operation of
an agent as well as the capability to manipulate each ageatwd®le or individual
components. As such, they can serve as the basis for effefltlugging tool for agents
as well as a means to manipulate and change agent configurdtioing run-time.

5.1 Implementing an architecture

In order to illustrate some of the benefits of this approachfobile devices we have
implemented the architecture and scenario described itio8ex:for a MIDP 2.0 com-
pliant device using the J2ME Wireless Toolkit, which pragdan environment that
can simulate various mobile devices and the operation of Mépplications within
them.3. The discovery of available services and devices is sirad|awith the mobile
device using the APIs provided by MIDP 2.0 (Generic Conmeckramework) for net-
work communication and communicating via TCP/IP with ingleglent processes that
provide the relevant information. We avoid here detailestdetions of the exact state-
ments exchanged between components, due to a lack of spat&cus on some of
the specific implementation issues for mobile devices.

Adapting to changes in the environmentPervasive environments present a constantly
changing set of devices and services to interact with asagathodes of interactions.
For example, a device may be able to communicate with othécetethrough a variety

of low-level protocols such as 802.11b wireless, Bluetamtleven SMS messages as
well as higher level agent language communication protodgy isolating the func-
tionality required for these different types to dedicatedsor components we can dy-
namically choose which to use at runtime based on devicebddjes. For example,
upon initialisation a shell can determine if a device sufgpBiuetooth communication
and accordingly activate and link the Bluetooth-enabletdsecomponent. Similarly a

8 http://lwww.java.sun.com/j2me



device can determine that a certain protocol, although @tep by the device, is not
supported by anything else in the environment, and by caresezg unlink and deacti-
vate the component, thus minimising the load the agent plac¢he device.

Suspending operation A particularly useful feature cictSMART was the easy access
it provides to the state of individual components and thenbge a whole. This allowed
us tosuspendhe operation of the agent either through a user command en e
device was interrupted (e.g. by a phone call). The MIDP apfibtn management model
allows us to write the relevant information to the persistenord store of a device, thus
allowing us to resume operation from where we left off. Tleiatfire can also be used to
periodically save data in order to be able to recover opmrattthe device unexpectedly
switches off.

Modifying the architecture
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Fig. 6. Extended Ubiquitous Agent Design

Finally, through the mechanisms provided by Java mobilécgeechnologies, and
particularly,over-the-airprovisioning of MIDP applications we can take advantage of
the flexibility afforded byactsSMART to replace existing architectures with modified
versions that they can support more functionality. For gdamin Figure 6 the basic
architecture is extended to support interaction with otlssr devices that can provide
profiles of their owners. The bold components are the additior modified compo-
nents over the existing architecture. They allow the usérgat another goal, which is
handled by the new components to store, evaluate and sdigto other devices.

5.2 Discussion

The implementation of the architecturedntsMART has provided useful experience as
to the suitability of the model for agent construction in aquiitous computing envi-



ronment setting. Although the implementation of interacs with other sources was
based on a simulation of the environment, the APIs used asettirectly supported
by the majority of high-end mobile phone devices.

The fine-grained control over every aspect of the agent égisfisantly in testing
and debugging, since components can be tested individaradlymore importantly, they
can be tested in connection with other components withajutireg an instantiation of
the entire architecture. Moreover, the state of each coemtoand the agent as a whole,
is clearly defined, and changes to individual componentd@tite overall architecture
are easy to achieve.

6 Conclusions

A component-based approach to agent design is, of coursenigue. The majority
of current agent toolkits (e.g. [19, 15, 3, 17]) support ssng of component-based
approach. However, they do not explicitly support the dafiniof arangeof architec-
tures. A notable exception is JADE [3] that provides limiwgoport for agent archi-
tectures and does not constrain the developer to a specdicHowever, at the same
time it does not aid the developer by providing a concepgugibunded construction
model, such aactsMART. We note, that the generic nature of JADE could allow for the
use ofactsSMART in conjuctionwith it, enabling developers to take advantage of both a
dedicated agent construction model and the extensivesinfictural support provided
by JADE.

Methodologies for agent development have also introdugedas notions. The
most relevant example is the DESIRE design method [5], wbenepositional design
is an integral part of the methodological approach propo€ethponents, are seen as
encapsulating processes and composition of componetteisfore, a composition of
processes. Our approach is complimentary to DESIRE simesmibe seen asstricting
many of the concepts already supported within DESIRE. Weigeca more lightweight
approach to component-based approach that is more spedifefining the individual
components and the ways that they can communicate. Ouragphas been developed
with ubiquitous computing devices in mind, so the concepap marticularly well to
them, and ease of application in practical developmentrenmients so that the agent
construction model is easily understood and maps directiynplementation. Using
this morelightweightapproach we are able to describe very simple architectses,
as just a reactive agefif to more complex architecturés, while retaining a clear
separation between an abstract specification level andigabicnplementation.

The approach offers several real contributions to the sththe-art as follows: it
addresses development concerns directly by providing Gldes between conceptual
models and implementation; it builds on existing theoedtiwork while adopting the
most valuable practical developments; and it tackles sdntleedmplementation con-
cerns of mobile devices and is supported by a sound foundd@pproach that is easily
realisable in practice.

“In our case a reactive architecture would consist of just sensorsllitikectly to actuators.
5 We have used the same approach to describe complex negotiating axptecaures [2].



References

1.

10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

A. Ankolenkar, M. Burstein, J. R. Hobbs, O. Lassila, D. L. MartinASM. Drew McDer-
mott, S. Narayanan, M. Paolucci, T. R. Payne, and K. Sycara. DAWWeb Service De-
scription for the Semantic Web. In I. F. Cruz, S. Decker, J. EuzendtPa L. McGuinness,
editors, The First Semantic Web Working Symposipages 411-430. Stanford University,
California, 2001.

. R. Ashri, I. Rahwan, and M. Luck. Architectures for Negotiating Atge In V. Marik,

J. Muller, and M. Pechoucek, editorslutli-Agent Systems and Applications, lilolume
2691 ofLNAI, pages 136-146. Springer, 2003.

. F. Bellifemine, A. Poggi, and G. Rimassa. Developing Multi-agent 8ysteith JADE. In

C. Castelfranchi and Y. Legpance, editordntelligent Agents VII. Agent Theories Architec-
tures and Languagesolume 1986 of NCS pages 89-103. Springer, 2001.

. F. Bergenti and A. Poggi. Ubiquitous Information Ageritgernational Journal of Cooper-

ative Information System$1(3—4):231-244, 2002.

. F. T. Brazier, C. Jonker, and J. Treur. Principles of CompoBased Design of Intelligent

Agents.Data and Knowledge Engineeringl:1-28, 2002.

. J. Bryson and L. A. Stein. Architectures and Idioms: Making Pregyie Agent Design. In

C. Castelfranchi and Y. Legpance, editordntelligent Agents VII. Agent Theories Architec-
tures and Languagesolume 1986, pages 73-88. Springer, 2001.

. J. Cheesman and J. DanielsUML Components: A Simple Process for Specifying

COmponent-Based Softwargddison-Wesley, 2000.

. M. d’Inverno, D. Kinny, M. Luck, and M. Wooldridge. A Formal 8gification of dAMARS.

In M. P. Singh, A. S. Rao, and M. Wooldridge, editdrggelligent Agenrs 1V: Proceedings of
the Fourth International Workshop on Agent Theories, Architectuneld anguagesvolume
1365 ofLNCS pages 155-176. Springer, 1996.

. M. d’'Inverno and M. Luck. Engineering AgentSpeak(L): A Fotr@amputational Model.

Journal of Logic and Computatioi(3):233—-260, 1998.

M. d’Inverno and M. LuckUnderstanding Agent Systen&pringer, 2nd edition, 2004.

D. D’Souza and A. Wills. Objects Components and Frameowrks with UMAddison-
Wesley, 1998.

T. Finin, A. Joshi, L. kagal, O. V. Patsimor, S. Avancha, V. Korok¢ Chen, F. Perich, and
R. S. Cost. Intelligent Agents for Mobile and Embedded Devit¢eternational Journal of
Cooperative Information Systepisl(3—4):205-230, 2002.

J. Graham and K. Decker. Towards a Distributed Environmente@ahAgent Framework.
In N. Jennings and Y. Lesperance, editdrgelligent Agents VI Agent Theories, Architec-
tures, and Languagesolume 1757 oL NCS Springer, 1999.

J. . E. Group. Mobile Information Device Profile for the Java 2 MEdition - Version 2.0.
Technical report, Java Community Press, 2002.

H. Nwana, D. Ndumu, L. Lee, and J. Collis. ZEUS: A Tool-Kit foriBling Distributed
Multi-Agent SystemsApplied Artifical Intelligence13(1):129-186, 1999.

I. Srnkovic, B. Hnich, T. Jonsson, and Z. Kiziltan. Specificatiomplementation and De-
ployment of ComponentsCommunications of the ACM5(10):35-40, 2002.

V. Subrahmanian, P. Bonatti, J. Dix, T. Eiter, S. Kraus, F. OznaghR. RossHeterogeneous
Agent SystemdMIT Press, 2000.

C. Szyperski. Component Software: Beyond Object-Oriented Programmimgddison-
Wesley, 1998.

T. Wagner and B. Horling. The Struggle for Reuse and Domainpkntdence: Research
with TAEMS, TDTC and JAF. In T. Wagner and O. Rana, edittmfrastructure for Agents,
MAS and scalable MAS, Workshop in Autonomous Agents pages 17-23, 2001.



