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Abstract – Scalable agent systems must be able to evolve and adapt to a changing environment.  Everything is Alive (EiA) is a compositional middleware architecture useful in building scalable, adaptive systems, including agent systems.  EiA uses plugin capabilities compatible with the Eclipse.org framework, but these capabilities are extended using the E2 platform to allow plugins to be removed or replaced.  Capabilities, described in WSDL, may also be transferred to other E2 platforms using a variety of protocols.  This paper describes how we developed the EiA agent system using E2 and includes descriptions of several useful plugins.
1. Problem
Everything is Alive (EiA) is a vision of the coming Internet of Things where computing is pervasive and everything is alive — that is, a world where common objects, includ​ing inanimate and abstract ones, can have indi​vidual identities, memory, processing capabilities, and the ability to communicate and sense, moni​tor, and control their own behaviors [1].  With technology becoming smaller and cheaper per feature, we will begin to find unutilized computational power all around us.  The EiA middleware architecture is being developed anticipating this untapped potential.  EiA agents will be composites of capabilities that define roles.  EiA agents must be able to communicate with each other.  Over time, an EiA agent must be able to evolve to add (or remove) capabilities. 
Many agent systems today are closed and homogenous in design.  The Small Unit Operations (SUO) Communicator agent system [2], the predecessor of the EiA Agent System, had several desirable characteristics including the ability to send/receive human readable XML based messages, apply run-time role assignments, filter and execute automated tasks, and provide a publish/subscribe connection to other agents.  But, in the SUO system, all functionality for all agents was included in each agent at design time.  During run-time, an agent received its role and mission, which activated relevant capabilities (code modules) already present in the agent.  Dynamic capability inclusion was left as a later puzzle.
2. Approach

Agent Capabilities
In recent years, some AI texts have used agents as a metaphor to explain why several apparently diverse capabilities, speech, vision, reasoning, persistent memory, etc. should be covered under one course.  The area of agents has itself been difficult to characterize in terms of necessary functions that all agents must have, e.g., mobility, intelligence, etc.  Meanwhile, various middleware frameworks are beginning to provide compositional backplanes into which any collection of capabilities can be plugged.  Our work is in this latter spirit.  EiA is currently focused on achieving dynamic composition in an environment where capabilities may be passed from one agent to another.  EiA does not take any specific stand on how intelligent or mobile an agent must be – it just assumes an agent is a locus of processing with the ability to access capabilities which themselves can be local or remote and that agents can communicate with other agents using an agent communication language.  We are mainly focused on the backplane and the notion of modularity via plugins (code mobility) and services (capabilities that remain remote).  If an EiA agent does not already contain the necessary capabilities to solve some problem, it may request them.   

Capability Composition Framework 

Eclipse is an established open-source software component plugin development environment. Plugins are Java components with well defined XML interfaces.  E2, an architecture described in a companion paper [3], extends the Eclipse platform by adding dynamic service attachment, on-demand plugin loading and unloading, message transport, and web service compatibility.  E2 provides a modular base for developing middleware applications, including agents.  It supports modular capability development and run-time capability deployment, features missing from the predecessor SUO agent system.  EiA takes advantage of work done on both the SUO and E2 systems to demonstrate an agent system that is more modular and extensible.  It supports code reuse by making available any network reachable web service or Eclipse plugin.  Existing applications then provide stepping stones for a future where things all around us are able to communicate and benefit from each others’ functionalities.

The Eclipse project formalizes the middleware idea of plugins – modular pieces of code includable at run time.  These plugin components have XML interfaces which hold metadata about the plugin, run-time requirements of the plugin code, and they define extension points for other plugins.  Extension-points describe an expected interface for extension providers in the form of an XML schema, which encapsulates a component, separating interface from implementation.  Any extension designed to provide the functionality for a given extension-point must explicitly name the extension-point and conform to its schema.  The Eclipse platform allows multiple extensions for any one extension-point.  It is even possible for the code describing the extension-point to also provide the corresponding extension so that a single code set plays both roles.  
These same plugin concepts are implemented by the E2 subsystem of EiA.  The E2 Platform gives us a wide range of flexibility.  Programmed in Java, it provides for both loading and unloading plugins.  E2 manages a list of plugins using a PluginRegistry object.  This registry is a data structure which holds only basic information taken from each plugin’s key component – the plugin.xml file.  This XML file describes environmental conditions necessary for successful execution of the plugin it represents.  Versioning information, libraries used, other plugins required, and extension provision and use are all explicitly described.  Any Java-based program can be used by E2 when accompanied by the right XML description.  That program may be used locally or remotely.  A plugin.xml file for each plugin must be placed in a directory known to E2.  Platform users may add directories to E2’s knowledge base at runtime.  These directories may be remote as long as a valid URI is provided in place of the directory (see restrictions on java.util.File’s constructor for more information).  If a plugin remains remote, it can be treated as a web service.  E2 can be used to minimize resource use in large multi-agent systems.  Only classes used will be loaded.  It is also possible to unload them once they are no longer needed.  Optimization in load time is achieved by minimizing the amount of information searched.  A plugin may be used in multiple ways. In the case of static methods, those methods may be called in a single statement via the E2 Platform.  No direct reference to the object is necessary.  This use case also covers web service like plugins.  If the method required is not static, the calling plugin requests an instance of that object from the platform.  Once an object reference is acquired, all non-static methods are available.  

Plugin Library
One of the goals of the EiA project is to develop a collection of reusable plugin capabilities (Figure 1).  These plugins should be useful in their own right for constructing various middleware applications but can be assembled together to provide agent capabilities.  There is no claim that the current set of plugins is necessary or sufficient for constructing agents, just that they are useful and help explain how to construct a scalable, evolvable collection of agents.
Message Transport – A key capability needed by any but standalone EiA agents is communication, implemented via the E2 Message Transport Plugin.  Using this plugin provides EiA agents with a messaging capability useful for communication outside the local agent boundaries.  Messages can be used to make run-time role assignments, pass capabilities, share APIs, trigger coordinated work flows, or simply alert the receiver of a notable event.  The messages handled by this plugin in the EiA system use an XML representation of the agent communication language defined by the Foundation for Intelligent Physical Agents (FIPA) [7].  The EiA agent system implements its own set of communicative acts, keeps track of communication participants, transfers content, and passes information to locate the related ontology.  Publish and subscribe messages limit which agents may be involved in any given conversation.  Filters are also used to limit incoming or outgoing messaging, much like those found in an email client.  The Message Transport implementation makes use of the Mediator Design Pattern [13].  Any capability needing to communicate with the outside world calls a method of the Message Mediator.  Based on the network connection and system settings, the mediator chooses which available transport will send the message.  Details of how to use a given transport are localized to the mediator.  At the implementation level, the mediator defines an extension point in WSDL.  Using this extension point, any number of transports may implement the extension definition which makes them eligible for use by E2.  At present, EiA makes use of standard electronic mail protocols for message transport.
Roles – EiA currently implements three separate roles: ranger, sensor, and robot.  

· The ranger role implements an instance of a ranger and follows orders from its superiors who are defined by the ontology.  Specific subscriptions are setup based on ontology information pulled from a central knowledge base. 

· A sensor represents a thin implementation of a communication agent responsible for notifying subscribed agents when an event occurs.  

· The robot role provides a way for other agents to send control commands to an ARIA Robot.  
Initially, an agent is generic until it receives a message assigning it a role.  Role assignment is simplified using the E2 platform and consists of three phases: assignment, setup, and execution.  The initial assignment happens in the form of an XML message originating from a recognized authoritative agent.  Once a role assignment is received, a role management plugin gathers necessary capabilities to facilitate the role’s definition.  Setup is the active collection of necessary capabilities to fulfill the role assigned.  EiA’s Message Transport plugin described above provides an avenue to request abilities from a third party broker agent. When a requested ability is contracted, it is added to the agent’s capability graph for later use.  Execution of the role begins once all requirements are met.  A role ends when its defined life cycle is complete, the necessary environmental conditions change, or when another assignment is made which changes an agent’s role.  
Generic User Interfaces – EiA makes use of E2’s generic user interface plugin library, displayable on any GUI-capable operating system.  The design is based on the Standard Widget Toolkit (SWT) [14].  The E2 platform uses an XML form to specify SWT and JFaces capability.  It is up to the display plug-in to interpret that content thus producing one instance of the interface.
Natural Language Interface – In addition to XML-messaging and generic user interfaces, EiA agents can support a Menu Based Natural Language Interface (MBNLI) [6].  MBNLI consists of a user interface, a (possibly remote) parser, and a (possibly remote) engine.  The engine’s API is the target language.  A MBNLI grammar translates a domain-specific English subset of words and phrases, using a predictive parser, into the engine’s API.  One example application is a plugin that translates commands like, “Robot, - go forward - 3 feet” into the command language of the ARIA Robots.  The commands appear as cascaded menus to the human user, and specifying commands is via a completion-based dialog.  Speech-based interfaces can also be built using the same command composition facilities [16]. 
Aspects and Digital Licensing – We are beginning to explore how to modularly add aspect-oriented computing into the EiA architecture.  Aspects are meta-plugins that operate on reified information that is being passed in communication paths between modules.  Examples of aspects are security (checking access rights might block a communication), logging, caching, monitoring, and licensing.  A digital licensing capability is being prototyped that combines several services (plugins):
· A Discovery service finds plugin interfaces that can match some needed capability.  UDDI is a default discovery service for searching web service registries for services matching some query.
· A Negotiation service uses some means to negotiate a contract for use of the capability.  A degenerate form is no negotiation because the service is free.  Immediate agreement could occur if the service owner simply posts a standard contract that is acceptable.  Iterative negotiation could occur if two parties must reach an agreement or if there are alternative plugin implementations varying in utility and cost.
· A Digital Rights portion of the contract specifies use limitations on when or how a service can be used.  We are using W3C’s Open Digital Rights Language (ODRL) and extensions to explore how to filter messages [18].

· A MicroPayments service logs and manages payments according to payment policies.  An E2 compatible Micro-Licensing Agent (MLA) manages both account information and policies.  It verifies the paying agent’s account which may be stored remotely.  Once the account is verified, MLA generates the micro-license and a payment receipt.  
Workflow – Workflow is made up of a network of structured tasks.  Decisions must be made about who, when, and at what cost these tasks should be performed.  Task order, synchronization, real-time progress tracking, and target information must all be addressed.  A suite of plug-ins will be required to accomplish a robust workflow implementation.  EiA currently contains a rudimentary form of workflow within the roles supported.  A companion project in progress demonstrates workflow automation via a planner that assembles workflows from start and end state conditions and a set of operators but that has not yet been integrated into E2.
3. Conclusions
EiA is a step on the path to understanding how to use middleware design patterns to develop scalable, evolvable collections of agents.  The E2 platform’s class loader architecture, message passing, and support of SOAP, WSDL and UDDI help EiA agents interoperate with conventional middleware. We observe that the burden is on the agent community to demonstrate interoperability with conventional computing environments if agent systems are ever going to scale into widespread use.
Related Work
COUGAAR – Cognitive Agent Architecture (Cougaar) is a multi-year DARPA Project that, in part, focuses on an agent composition architecture [10, 11].  Communication is performed via asynchronous message-passing using RMI shipped over a variety of transport protocols.  Each agent is directly addressable due to a DNS-like namespace, and is composed of a common core.  Each agent may have additional plugin capabilities which modify its behavior.  Instead of one plugin requesting a reference to a plugin matching the given criteria, COUGAAR uses a distributed blackboard concept.  Any communication to another plugin is posted to the local blackboard.  The posting plugin must then wait for responses.  Ultra*Log is the continuation of the Cougaar project from 2001 to 2004.  The primary objective of Ultra*Log is to extend Cougaar to be survivable by adding robustness, security, and scalability.
E-Commerce Automation – E-Commerce applications must operate in dynamic, distributed environments.  Activities related to e-commerce include “identifying requirements, brokering products, brokering vendors, negotiating deals, and making purchase and payment transactions” [9].  Chen stresses the usefulness of workflows to agent cooperation.  He found that “agent cooperation and workflow cannot replace each other, but may plug into each other” [9].  

Future Work
Parallels with agent architectural patterns are emerging in the grid community.  Fault-tolerance, replica management, workflow execution, enclaves, policy management, and dynamically created communities with a single purpose are common among grids and agent systems [4, 5].  Future work on EiA will aim at discovering these common architectural patterns.  EiA must also handle previously unknown environments so ontology mediation (e.g., via  adoption of W3C’s Web-Ontology standard) will be necessary.  Conversational control as described by FIPA would help in developing protocols for some EiA target applications.  Many other directions are now made possible by having a fairly simple modular framework that supports agent evolution.
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Figure 1:  EiA Class Diagram



























