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Abstract. With the increasing popularity of component-based services and semantic 
web services, the idea of specification-driven service composition is becoming a reality.  
With the distribution of these autonomous services, a realizable goal will be the 
transformation of the Internet into a universal service repository. In such an environment, 
intelligent agents can play a significant role in configuring and enacting the workflow 
composition of the atomic distributed services to create entirely new higher-level 
services. In this work, there is a large-scale agent-based architecture to support such a 
distributed service environment.  Furthermore, we introduce an object-oriented modeling 
and software engineering approach towards the development, configuration, and 
operational control of the agents that manage processes in this cross-organizational 
workflow environment. 
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1. Introduction
     On-line businesses are beginning to adopt a developmental paradigm where high-level 
component-based services and semantic web services [20] are becoming sufficiently 
modular and autonomous to be capable of fulfilling the requirements of other businesses.  
We use the term "services-based cross-organizational workflow (SCW)" to describe the 
workflow interaction that occurs when one business incorporates the services of another 
within its own processes (also described as business-to-business (B2B) [3]). This term is 
also associated with the idea of a third-party organization that composes the services of 
multiple businesses (also described as virtual enterprise [9]).  Though there are many 
other related projects that define cross-organizational workflow, we further distinguish 
our work by defining an architecture that uses the autonomy of agent technologies.  

    In our work, the SCW environment incorporates the interoperability of general 
services, using the web services-oriented paradigm or using local invocation. In 
particular, this environment contains general services, web-based services, component-



oriented services, or invocation-based services.  In Figure 1, an example is given of a 
SCW environment for multiple travel-related businesses.  The initiating business is the 
travel agency company. The Travel Agency has internal services for managing 
customers’ accounts and credit card numbers.  However, the travel agency uses other 
third-party vendors to realize the hotel reservation and car rental reservations. The Hotel 
Reservation and Car Rental companies register their offerings as web services in a 
distributed registry, such as a UDDI registry [18].   The Travel Agency uses these 
registry services as a part of its internal workflow. In addition, the Travel Agency has a 
partnership with an on-line publishing company that publishes the finalized itineraries.  
In this case, the travel agency has a static connection with the partner organization and is 
able to access services directly over a shared network connection.
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Figure 1. The SCW Environment. 

     In the event that the Travel Agency has automated services to collect customer 
requests, local developers may desire to set up a SCW environment to automatically 
respond to these customer requests.  To support this scenario and possibly other business-
oriented routines, there is the need for a framework that supports some process and 
methodology for workflow-oriented service specification.  The workflow developers 
should be able to specify the process sequence of the local and distributed services.  In 
addition, the message exchange must be specified.  The specification methodology must 
contain support for non-functional concerns.  The combination of all of these 
specifications should be adequate to configure the SCW framework.   

     Agents in this environment are characterized as having weak agency [14], which 
means that they have proactive and reactive characteristics as well as knowledge of their 
environment.  In this work, we describe how an agent-based architecture can be used for 
the realization of this framework. In addition, we suggest the use of standard software 
engineering processes and languages for the specification of the aforementioned 
workflow processes and control.  In Section 2, there is a discussion of related research in 
this area and, in Section 3, we detail an approach toward the realization of the SCW 



environment.  In Section 4, we introduce a new approach to modeling agents for this 
environment.  Next, there is a discussion of the software developmental process for 
developing agent systems in this context.  Finally, we discuss our experiences using these 
approaches.

2. Related Research 
     There are other projects that also investigate the workflow composition of the services.  
Casati [6] in the eFlow environment uses flowchart approaches to specify the workflow 
composition of services.  Then, both the workflow and individual services are specified in 
an XML format.  Benatallah [2][22] conducts research that uses Unified Modeling 
Language (UML) [11] statecharts and agent-oriented methods for declarative peer-to-peer 
service composition.  The research does not specifically claim to handle workflow, but the 
process-oriented specification is related to workflow.  In addition, there is an architecture 
and object-oriented method for describing the process enactment. Benatallah's work is the 
most similar to our research and a comparison of the two approaches is given in Section 
8.  Previous research [12] has also described different approaches for inter-agent 
communication in multi-agent systems. 

     There are also projects that concentrate specifically on agent theories for workflow 
enactment of services.  Helal [9] uses an agent architecture for workflow enactment with 
consideration of services. Chen and Griss [7] also consider the use of agents for workflow 
with semi-structured specification languages.  Finally, Singh [17] discusses the workflow 
composition of services as a community of services.  The major emphasis in this work is 
an approach to the discovery of services.  In the following sections, the WARP approach 
will be defined and compared to the aforementioned related projects.  In the Discussion 
section, the innovations of this approach are discussed in detail. 

3. Overview of the WARP Approach 
     The Workflow Automation for Agent-Based Reflective Processes (WARP) is an 
approach for realizing the SCW environment, which builds on previous research.  The 
WARP architecture is divided into two layers, the application coordination layer and the 
automated configuration layer. The application coordination layer is the level in which 
the workflow instances are instantiated and the actual workflow execution occurs. The 
application coordination layer consists of two agents, the Role Manager Agent (RMA) 
and the Workflow Manager Agent (WMA). The RMAs have knowledge of a specific 
workflow role.  The WMA has knowledge of the workflow policy and applicable roles. 
When a new process is configured, the workflow policy is saved in a centralized database, 
which is used as the agents’ knowledge base.  The RMA plays a role in the workflow 
execution by fulfilling one or more services as defined by the workflow policy in the 
centralized database. 

    The RMA registers for workflow step-level events in a centralized event based on its 
predefined role.  When an initiation event is written into the event server, the RMA is 
notified. Subsequently, based on its localized knowledge of services and its workflow 
role, the RMA invokes the correct service.  The WMA has similar functionality, but 



instead registers for overall workflow level events (i.e. workflow initiation and 
nonfunctional concerns).  The WMA does not control the workflow execution, but in 
some cases it adds events to bring about nonfunctional changes to the execution of the 
entire workflow.

 At the automated configuration layer, agents accept new process specifications and 
deploy application coordination layer agents with the new corresponding policy.  This 
layer consists of the Site Manager Agents (SMA) and the Global Workflow Manager 
Agent (GWMA).  The GWMA accepts workflow representations/specifications from a 
workflow designer as input.  The SMAs discover available services and provides service 
representations to the GWMAs. This discovery can occur reflectively for local services or 
from a UDDI registry for distributed services. The GWMAs accept both of these inputs 
and writes the workflow policy to the centralized database.  The GWMA then configures 
and deploys WMAs to play certain specialized roles. At the completion of workflow-level 
configuration, the SMA configures and deploys RMAs to play each of the roles specified 
in the workflow database. A general view of the WARP architecture is shown in Figure 2. 
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Figure 2. The WARP Architecture. 

4. Agent-based SCW Software Process 
    Software design and configuration in the WARP environment consists of five main 
steps as illustrated in Figure 3.  In the first step, Site Manager Agents are deployed locally 
or with access to distributed services that are required for the cross-organizational 
workflow composition. This discovery can occur on services in UDDI registry or also in 
local component-based service registries. These SMAs search for relevant services, and, 
in the second step, save the service characteristics in the service–oriented data model.  



Also in the second step, with help from the Global Workflow Manager Agent, these 
service characteristics are captured in WARP models.  In the third step, a workflow 
designer accesses the available services as Service Representation Views (to be discussed 
in greater detail in Section 5).  The workflow designer then creates the cross-
organizational process models.  Once the process modeling is complete, in the fourth step, 
the GWMA captures the WARP models and extracts the raw information.   This raw 
process information is stored in the process-oriented data model.  Consequently, an 
integrated data model of both service and process data models is ready for agent access.  
In the final step, application-layer agents (Workflow Manager Agents and Role Manager 
Agents) access the integrated data model and configured themselves for workflow 
enactment in the SCW environment. The focus of this paper is on the modeling process; 
however in other work the agent self-configuration operations are presented in detail [4]. 

Figure 3. An Agent-Integrated Software Development Process for the SCW 
Environment. 

 In the following section, each of the five steps in the WARP development process is 
described in terms of the supporting object-oriented modeling approach.  This is followed 
in Section 6.0 by a concrete example of the object-oriented modeling approach based on 
the travel agency example discussed in Section 1. 

5. Object-Oriented Modeling for the SCW Environment 
    The WARP developmental process is an approach that combines human-based and 
agent-based modeling to gather information that can be used by agents to manage the 
SCW operation.   In defining the steps for the WARP development process, each of the 
underlying models are defined and discussed in this section. 
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5.1 Service Discovery and Service Capturing 
      Similar to the work  of Benatallah [2] and Singh [17] in the area of service discovery, 
we adopt the ideas of elementary services and service communities.  Elementary services, 
in the context of the WARP approach, are atomic component-based services, invocation-
based services, and/or web services.  In WARP, agents characterize these services and 
store them in an agent-accessible repository for later composition.  A service community 
is the workflow composition of elementary services.  In WARP, this service community is 
a virtual community because services are distributed.  Accessible to the agents is a data 
repository that maintains the information that defines the workflow-oriented composition 
specifications that make up this virtual community, as described further in Section 5.2.  
Site Manager Agents (SMA) are responsible for the automated capturing of service 
characteristics in the WARP environment.  The SMAs have two basic functions for 
gathering services, registry access and reflection.  In registry access (UDDI), SMAs use 
the access methods provided by the registry.  These access methods are relatively straight-
forward, such as the find_service and get_serviceDetail methods in the UDDI 
specification [18].  

          Figure 4a.  SMA Population Process Figure 4b. WARP Service Data Model 

The other function of the SMA is to gather service characteristics directly from the binary 
representations of the services.  The SMA makes use of reflective architectures to 
discover the operational semantics of certain services.  Reflection can be defined as a 
programming approach that has both a base language as well as a meta-language that 
describes the base language. Two such reflective approaches for component-service 
development are the JavaBean API and .NET. Such reflective approaches allow 
developers to determine the characteristics of previously deployed software.  The act of 
determining these characteristics at run-time is called introspection.  The SMAs are able 
to reflectively gather operations, pre and post conditions, directly from the previously 
compiled services, without the requirement of having initial source code or specifications, 
as described in previous work [4]. An overview of   the automated population procedure 
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is illustrated in Figure 4a, in which the SMAs operate on an object-oriented data model of 
service information, which is gathered by the aforementioned functions. This data model 
(Figure 4b) consists of four entities, Component, Operation, InputMessage, and 
OutputMessage.  The Component entity defines the components that are available for 
composition. A component is an independent software artifact. Multiple components may 
have the same name, so a unique identification (Service_ID) is associated with each. The 
component entity describes the component-oriented characteristics such as location and 
network path.   
In this research, an individual component may contain multiple elementary services. Thus 
the Component entity is an aggregation of the Operation entity, which specifies the 
independent elementary services.  Each service consists of a number of Input Messages 
and Output Messages as defined by the respective entities.  In these entities, the 
Input/Output Messages are further defined by their data type.  The Input/Output Messages 
contain a Value_Name field that stores the data.  Since message information is 
heterogeneous across different types of services, to normalize the data we create this 
agent-adapted field using ontological approaches. Input/Output Messages of multiple 
services are transformed into independent ontologies, and then a consensus ontology is 
used to help integrate these messages.  This consensus ontology is decomposed into the 
Value_Names.  Thus agents incorporate the integrated knowledge. This approach is 
presented in other work [21]. Finally, the unique identification numbers are used to 
distinguish components, services, and input/output messages that may be named similarly.  
5.2 Process Modeling 

Considering the fact that, in previous steps, elementary services have been discovered, 
captured, and stored by the SMAs, the next step in the WARP approach is where humans 
intervene to model the workflow composition of these services.  A service community can 
be defined as a repository of these compositions. In the specification of this service 
community, the WARP approach incorporates industry-standard modeling approaches, in 
particular UML.  In this section, a subset of the workflow modeling semantics is 
described in detail. 
     The workflow language here follows workflow terminology used commonly by 
researchers. In order to set the nomenclature for further discussion, the following set of 
definitions are adhered to throughout this paper. 

A task is the atomic work item that is a part of a process. 
A task can be implemented with a service.  (In complex cases, it may take multiple services to 
fulfill one task) 
An actor or resource is a person /machine that performs a task by fulfilling a service. 
A role abstracts a set of tasks into a logical grouping of activities. 
A process is a customer-defined business process represented as a list of tasks. 
A workflow model depicts a group of processes with interdependence. 
A workflow (instance) is a process that is bound to particular resources that fulfill the process. 



     The WARP approach separates the semantic modeling of the workflow from the 
specification of services that implement the model.  The task, role, process, and workflow 
model terms are used for workflow process specification.  However, the terms, service,
actor, and workflow instance, specify implementation-oriented information.  This is not a 
new approach, but one that is necessary to ensure that the services and the workflow 
modeling can evolve separately.  
     In the WARP approach, workflow processes are specified using UML activity 
diagrams and class diagrams. We introduce a new approach to modeling workflow in 
which workflow processes are specified using multiple views, which use different UML 
diagrams.  The advantage of this approach is that it promotes the separation of concerns
in workflow specification, thereby allowing greater and more effective specificity.  In 
addition, multiple agents can be deployed to implement the workflow process with respect 
to the individual concerns.  Currently, this approach has been investigated using the basic 
workflow patterns as defined by van der Aalst [19].  These patterns include normal 
sequence, parallel split, synchronization, exclusive choice, and simple merge.  The 
semantics of these patterns is similar to that provided in recent semantic web services-
oriented specifications such as DAML-S, OWL-S and industry web services standards 
such as WSFL, BPEL4WS, and BPML [16].  
     There are three major concerns that are specified in WARP-based models: structural, 
dynamic, and nonfunctional concerns.    The structural concerns deals with specification 
of workflow roles and how those roles are associated with specific workflow processes.  
From an implementation perspective, the description of underlying services must be 
considered in addition to their binding to workflow roles.  The dynamic concerns 
incorporate control flow and message flow for normal workflow operation.  
Nonfunctional concerns consider such things as performance, atomicity, and error-
handling.  Nonfunctional concerns tend to be peripheral concerns important to the 
operation of the workflow.  We adopt two groupings as specified by Kamath [15], failure 
atomicity and execution atomicity.   In the failure atomicity grouping, models must define 
sequence actions that must take place when errors occur.  The execution atomicity 
grouping includes specification of services and groups of services that are incompatible in 
the same workflow instance or across instances. 
     Using the WARP approach, the aforementioned three workflow concerns can be 
modeled using multiple models and views in UML, as summarized in Figure 5.  The two 
central models are the Control Model and Role Collaboration Model.  These models are 
described using control-based and information-based activity diagrams. One 
distinguishing feature of the WARP approach is the separation of control flow and 
message flow into two different activity diagrams.  The other WARP views are the 
Service Representation View, the Role Association View, the Workflow Structural View,
the Failure Atomicity Views, and Execution Atomicity Views. Each of these views is 
described in greater detail in the following sections. 
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Figure 5.  Overview of WARP Models. 

5.2.1 Service Representation View 
Since services are captured autonomously by the SMAs, there must be some 

representation such that the available services can be presented to the human workflow 
modeler.  In the WARP approach, visual representations are presented to the human 
designer prior to modeling.  The Service Representation View (Figure 6) allows the 
GWMA to represent the services available to be modeled in context of the organization 
housing them.  This view is represented in a UML class diagram, in which the class name 
represents a unique identifier of the organization and class operations are used to depict 
the independent services available within that organization.  Service composition can 
occur independently of organizational boundaries; however workflow modelers typically 
need knowledge of available organizations. In addition, this organizational name is later 
associated with the routing to the services.  

5.2.2 Role Association View 
The Role Association View (Figure 6) allows a modeler to define workflow roles based 

on the distributed services that the particular role will encapsulate.  This view is also 
illustrated in a class diagram.  This view builds on the Service Representation View such 
that additional classes are added to represent each of the roles.  These classes are then 
associated to the service-based classes.  An unnamed association assumes that all services 
from that organization are used or available to that role.  However, by listing specific 
service names as the association, a subset of services from the organization can be 
explicitly designated.  
5.2.3 Workflow Structural View 
    The Workflow Structural View (Figure 6) allows a modeler to specify which roles will 
be enacted in a particular workflow process.  The workflow structural view only provides
a composition of the workflow as the actual sequence of services is defined in the dynamic 
models discussed in Section 5.2.4. A class diagram is used that incorporates the workflow 
roles specified in the Role Association View.  The three views provided by the structural 
models, as shown in Figure 6, complement each other.   
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5.2.4 Dynamic and Nonfunctional Models 
    The semantics for the Control Model and the Role Collaboration Model follow closely 
to related work using activity diagrams for workflow [8].  Each role is illustrated with a 
new UML swim lane, as illustrated in Figure 7. Each time a role executes a specific 
service an activity state (oval) is placed in the swim lane.  The major difference that 
distinguishes the WARP approach is the use of the Control Model as an activity diagram 
that describes the sequence of actions, in addition to the Role Collaboration Model that 
describes the exchange of messages.  In the Control Model, standard fork and join 
notations are used and the transitions are illustrated with solid arrows.  In the Role 
Collaboration Model, the dotted arrow notation is used between messages.  Class 
notations are used between the services to illustrate the individual messages. The class 
name represents a message as defined by the modeler.  The attributes of this class are a 
list of the Value_Names, which act as the set or subset of postcondition messages of one 
service that serve as the set of precondition messages to the subsequent service.       
The workflow designer may also model common nonfunctional concerns. The first 
concern is the assurance of failure atomicity or recovery, when some domain-related 
problem occurs.  The Failure Atomicity Views consists of a Control Model and the Role 
Collaboration Model.  The major difference is that default values are stipulated with the 
Value_Name attributes.  In addition, agents can parse Failure Atomicity Views that mix 
control flow and message flow in one diagram.  This feature was allowed because the 
Failure Atomicity Views tend to consist mostly of control flows after the initial exception 
is realized. 
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Figure 7. WARP Dynamic Models. 
Agents in the WARP architecture monitor messages for the existence of these exception-
driven values.  The existence of these values serves as a trigger for the execution of the 
exception-handling-specific workflows (specified in the Failure Atomicity Views).  
Consequently, for each possible exception, there is a corresponding set of Failure 
Atomicity Views. 
    In addition, UML stereotypes are used to specify actions that must be taken to correct 
services that have been executed in the process of correcting the workflow state.  Several 
common actions represented as stereotypes are <<abort>>, <<roll-back>>, <<roll-back 
and abort>>, <<re-execute>>, <<roll-back and re-execute>>, <<initiation>>.  To 
illustrate this modeling approach in a concrete example, an incorrectly formatted customer 
identification scenario is shown in Figure 8.  In this scenario, a customer interface web 
service named getUserInfo is executed.  When a customer enters an invalid customer_ID 
the following service (verify) populates that field as not_valid.  This view shows that by 
using the <<roll-back and re-execute>> stereotype the initial service will be reset and 
executed again to correct the actions.
5.3 Capturing the Process Models 
    In the WARP architecture, GWMAs operate on information extracted from the WARP 
models and views as represented in the data model in Figure 9.  The main table for the 
process specification is the Workflow Policy table. Each record in this table defines a 
single process transition. A transition can be defined as the control flow between the 
completion of a service or group of services and the initiation of a subsequent service or 
group of services.  These services are grouped in the EventGrouping table.  There is also 
a Role table that defines a role based on a group of services. The FailureAtomicity table is 
used to capture the nonfunctional concerns of exception-handling, atomicity, 
performance, and security. All tables represent the long-term storage in the run-time 
operation of the workflow. 
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5.4 Agent Self-Configuration and Deployment 

    The final step in the WARP process is the configuration and deployment of the WARP 
application layer agents. Workflow Manager Agents assume workflow process 
responsibilities from the Workflow Policy entity in the process-oriented data repository.  
Through a sequence of queries, independent Role Manager Agents can be assigned roles 
as defined in the Role entity.  Both WMAs and RMAs can automatically self-configure 
themselves by collecting information from the process repository via a sequence of 
general data queries.  Since WMAs and RMAs are event-based, they register for events, 
such as service completion events, which serve as the stimuli for their actions.  The focus 
of this paper is on modeling; more details on the agent operation are given in [4].  
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Figure 10. WARP Control Model for the Travel Agency Process. 



6. Composition in the Travel Domain: A Workflow Modeling 
Example
     The use of the WARP development process is best demonstrated using a concrete 
example.  Though a full travel agency process, as shown in Figure 10, can be modeled 
using this approach, in the consideration of space, only a subset can be presented.  In this 
section, three of services from the travel agency domain are defined and modeled for 
workflow composition with respect to current web services-oriented specifications.

<portType name = "SampleCarRentalServicePortType">
<operation name = "makeReservation">

<input message ="tns:customerInformation"/>
<output message="tns:reservationInformation"/>
<fault message ="tns:reservationError"/>

</operation>
</portType>

<SOAP: Body xmlns:m "http:/www.example.org/
CarRentalService">

<m:reservationInformation>
<m:name> M. Brian Blake </m:name>
<m:pickupLocation> DullesAirport </m:destination>
<m:Date> 2/30/2003 </m:Date>
<m:RentalCompany> Hertz </m:RentalCompany>
<m:RentalAddr> 400 Industrial Drive </m:RentalAddr>
<m:Price> 35 </m:Price>
<m:ConfirmationID>GU2780 </m:ConfirmationID>

             (Others not shown)
</m:reservationInformation>

reservationInformation.xml (Output Message)
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Hotel Reservation
Service

customerInformation.xml (Input Message)

<SOAP: Body xmlns:m "http:/www.example.org/
CarRentalService">

<m:customerInformation>
<m:name> M. Brian Blake </m:name>
<m:destination> DullesAirport </m:destination>
<m:pickupDate> 2/30/2003 </m:pickupDate>

             (Others not shown)
</m:customerInformation>

Integration and Composition

Itinerary
Publishing

Service

<SOAP: Body xmlns:m "http:/www.example.org/
ItineraryPublishingService">

<m:itineraryInformaiton>
<m:name> M. Brian Blake </m:name>
<m:rentalCom> DullesAirport </m:rentalCom>
<m:RentalAddr> 400 Industrial Drive </m:RentalAddr>
<m:HotelName> Marriot </m:HotelName>
<m:HotelAddress>GU2780 </m:HotelAddress>

            (Others not shown)
  </m:ItineraryInformation>

Component,Service,
Operation

InputMessage and
OutputMessage

Value_Name Mappings
(RentalComp and RentalConfID)

itineraryInformation.xml (Input Message)

Figure 11. Sample Service Representation for Travel Agency Domain. 



6.1 Concrete Service Information and Mapping to WARP Data Entities
     The travel agency example considers a car rental service, a hotel reservation service, 
and an itinerary publishing service.  In Figure 11, we show the car rental and hotel 
reservation services to be composed and integrated with the itinerary publishing service.  
The input and output messages are represented using sample SOAP messages and the 
service itself is specified using WSDL notations. These are basic examples for illustration 
purposes as real services would consist of more information. As discussed in Section 5.1, 
an agent-generated Value_Name is used as a key to describe the mapping between two 
like elements that are not named identically (such as ConfirmationID and RentalID).  Also 
illustrated are the WARP data entities that relate to the particular input and output SOAP 
messages and the service-oriented WSDL notation. 
 In Figure 12a, there is a control model that shows that the car rental and hotel reservation 
services will be executed concurrently and the output of both services will be used to 
execute the itinerary publishing service.  Also in Figure 12b, the class notations show the 
subset of information that will be transferred between the services. In these class 
representations, the value_names are used as opposed to the actual element names from 
service messages.  Agents incorporate the knowledge to map similar fields with different 
cross-organizational naming.  Information is extracted from both of these models to 
further populate the WARP data entities to later serve as a knowledge base for the WARP 
agents.

<<HotelReservation>> <<CarRental>>

<< task>>
reserveRoom

<<task>>
makeReservation

<<task>>
publishItinerary

<<ItineraryPublishing>>

<<HotelReservation>> <<CarRental>>

Name
Date
Destination
........

<< Message Content >>
customerInfoMessage

<<ItineraryPublishing>>

<<FORK>>

<<JOIN>>

CustomerName
RentalConfID
RentalComp
RentalAddr
HotelName
HotelLocale
HotelConfID
..........

<< Message
ReservationMessage

<<task>>
publishItinerary

<<task>>
makeReservation

<< task>>
reserveRoom

Figure 12a. Control Model for the Travel Agency Domain

Figure 12b. Role Collaboration Model for the Travel Agency Domain



7. The WARP Prototype 
To evaluate the WARP architecture, a WARP prototype and experiment was 

developed. In Figure 13, the upper portion illustrates the high-level software design of the   
agent framework and lower portion illustrates the operational environment.  For the initial 
experimentation, the prototype used only invocation-based services.  Java Bean 
components were chosen for the implementation of component-based services.  Using 
Java Beans, Java introspection was used to simulate UDDI calls; invocation over the 
Java’s RMI registry among multiple Windows 2000 workstations was used to simulate 
distributed services.  Event-based communication was realized using JavaSpaces 
technology, which additionally had seamless integration to Java Beans.  The integrated 
data model is replicated on all machines using Oracle8iLite, a relational database 
management system that is operational in the personal computer environment. Java Bean 
services were registered both on Java’s RMI registry and given web accessibility using 
the Tomcat web server. 

<<WARP>>
Abstract Agent

<<WARP>>
DataObject

<<WARP>>
Communicator

<<Jini API>>
JavaSpace_Wrapper

<<Interface>>
RemoteEventListen

er Interface

<<WARP>>
xmlParser

<<WARP>>
Introspector

<<WARP>>
Invocation
Controller

<<EventServer>>
JavaSpace

<<WARP>>
ControlObject

<<WARP>>
Role Manager

Agent

<<WARP>>
Site Manager

Agent

<<WARP>>
Global Workflow
Manager Agent

<<WARP>>
Workflow

Manager Agent

<<WARP>>
QueryObject

<<WARP>>
InsertObject

Communicates via

<<WARP>>
Listener

registers to

JavaSpace
Client RMA

Java Bean Components

Windows2000 Workstation

JavaSpace
Client WMA

JavaSpace
Server

Oracle8iLite
DatabaseServers

Tomcat
Web Server

Windows2000
Server

Initial Experimentation
consisted of 2 RMA-
based workstations

Object-Oriented
Software Design

Operational
Environment

Figure 13. The WARP Prototype Environment and Software Design 
    The agent architecture was developed in UML using strict object-oriented design 
practices. The WARP Representations were captured using the Rational Rose developer 
tool. Using the Rose Extensibility Interface (REI), agents access the representations via 
the model (.mdl) file created by Rational Rose.  In this way, the Rational Rose tool was 
used as the workflow modeling and capturing tool.    



   Each type of WARP agent implicitly has all the functions of the Abstract Agent. Each 
agent can transmit events over the event server, register for events, and receive events.  
These communication functions are delegated to the Communicator class and the Listener 
classes.  The Communicator class is used to send and receive events, while the Listener 
class is used to register for events. The Listener class is activated when a notification 
returns based on an event registration or subscription. The implementation of the full 
WARP prototype is approximately 20,000 lines of program code and scripting. 
    Important experimentation was performed on the prototype to determine the efficiency 
of three modes of operation. Since the WARP approach consists of a centralized database, 
the system can work in three modes of operation. The first mode is configuration of 
agents at system initialization for both service availability and business process schema.  
Another mode is the reconfiguration at the beginning of each process. The final mode is 
re-configuration at the completion of each workflow step (service completion).  For the 
three modes, the overhead in the WARP prototype was approximately 11%, 14%, and 
25%, respectively.  These figures demonstrate the additional overhead when compared 
with a completely hard-coded system.  These numerical figures are promising with 
respect to reconfigurable systems that use technologies such as CORBA or COM+.   
Further details are given in [4]. 

8. Discussion
The first major contribution of this work is a reusable agent-based architecture and 

software process that supports the composition of distributed services. This is one of few 
projects that develop approaches using industry standard modeling notations such as 
UML [11].  Unlike related work in this area [1][8], we introduce the concept of multiple 
UML views to separate concerns in the modeling of the agent system that supports this 
SCW environment.  By using multiple views and software agents to extract the 
operational data, service evolution and process evolution can occur independently.  
Furthermore, a workflow designer can control this change by visually modeling the 
workflow design using COTS object-oriented software engineering tools.  This approach 
has been applied to a WARP prototype [5] where several successful scenarios were 
implemented with encouraging performance results. Consistency checking between these 
views is an important area of future work, which has been addressed by the authors in 
related research [10]. 
    Earlier work by Casati and Benatallah [2][6] consider complex workflow-oriented 
interactions with visual and text-based specification approaches.  Both adopt approaches 
to the service composition but have fairly rudimentary, non-agent-oriented interactions in 
the operation of their respective internal architectures.  The work of Helal [13], Chen [7], 
and Singh [17] all concentrate on the agent-oriented interactions for service composition. 
However, the service composition specification languages used to program their agents 
are neither visual nor do they seem capable of handling the complex workflow 
interactions that are supported in our work or the support given in the work of Casati and 
Benatallah. 



    The WARP approach follows the state of the art closely with the layered approach to 
proxy agents, coordination agents, and specification language.  In addition, our approach 
follows the state of the art of other related research (as Casati and Benatallah) by 
incorporating the use of both a visual language and a corresponding textual language for 
specification.  We extend the approaches of Casati and Benatallah by considering 
modeling and agent support for both the complex workflow-oriented interactions among 
the services and the complex interactions of agents internal to our architecture.  Prior 
related work has concentrated on either one or the other.  Another innovation in the 
WARP approach is the workflow based software developmental process in the creation of 
these composite systems, which is consistent with industry-standard software engineering 
lifecycles.  In fact, the use of industry-standard modeling languages, such as UML, makes 
the integration into industrial processes more realizable.   

9. Conclusions and Future Work 
This paper has described an object-oriented UML-based developmental process for 
modeling workflow-based service composition and incorporating a distributed agent 
architecture. Since input/output messages can be represented in heterogeneous formats, 
such as plain text, concrete objects, or XML, modeling approaches and agent support 
have a challenge to create operational patterns to deal with these formats. Another 
problem is support for heterogeneous methods of error-handling.  The approach taken in 
this work is to create new models for each error-handling case. We believe these cases 
could be more efficiently integrated into the standard operational models.  Future research 
would investigate extending this approach with advanced workflow patterns and 
interactions.  Further research is also to investigate agent-based negotiation and 
performance modeling of the Quality of Service scenarios. 
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